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Capillary  electrophoresis  (CE)  has  long  been  regarded  as  a powerful  analytical  separation  technique  that
is  an  alternative  to  more  traditional  methods  such  as  gel  electrophoresis  (GE)  and  liquid  chromatography
(LC).  It  is  often  touted  as  having  a number  of  advantages  over  both  of  these,  such  as  speed,  flexibility,
apillary electrophoresis
peed
ensitivity
ample size
epeatability

portability,  sample  and  reagent  requirements  and  cost,  but also a number  of  disadvantages  such  as  repro-
ducibility  and  sensitivity.  Microchip  electrophoresis  (ME),  the  next  evolutionary  step,  miniaturised  CE
further  providing  improvements  in speed  and  sample  requirements  as  well  as  the possibility  to  perform
more  complex  and  highly  integrated  analyses.  CE  and  ME are  seen  as  a  viable  alternative  to GE, but  are
often considered  to  be  inferior  to LC.  This  review  will  consider  the strengths  and  weaknesses  of  both  CE
and  ME  and  will  challenge  the  common  conceptions  held  about  these.
ost
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. Introduction

As this review is submitted it is exactly 30 years ago to the month
hat the seminal paper entitled ‘zone electrophoresis in open-
ubular glass capillaries’ was published in Analytical Chemistry by
orgenson and Lukacs [1].  Using 75 �m internal diameter capillar-
es, a 30 kV power supply and a homemade fluorescence detector,
eparations of amino acids, dipeptides and amines with efficien-
ies of 400,000 plates/m were obtained and immediately generated
xcitement within the separation community. There was of course

larger diameter capillaries (300 �m)  over a decade before [3],  nor
to the work of Everaerts and others in the 70s [4],  by mentioning
the work of Jorgenson and Lukacs first, but it is this work more than
any other that history (and citations) indicates has defined capil-
lary electrophoresis (CE) as it is most widely known today. Then,
almost 20 years ago now, the next evolutionary step occurred with
implementation of electrophoresis in flat planar microchips (to give
microchip electrophoresis, ME)  by Harrison, Manz and Widmer
[5,6]. Miniaturisation of the entire electrophoretic process resulted
arlier work undertaken in Europe and this has been covered in
n outstanding contribution by Righetti that simply must be read
y every practising ‘electrophoreticist’ [2].  There is no intention to
ownplay the work of Hjertén, who showed separations in slightly

DOI of original article: 10.1016/j.chroma.2011.10.064.
∗ Tel.: +61 3 6226 2154; fax: +61 3 6226 2858.

E-mail address: mcb@utas.edu.au

021-9673/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.09.062
in separations being performed in seconds as opposed to minutes,
and has spawned a new generation of research to make a �TAS
or lab-on-a-chip. It is therefore a fitting and appropriate time to
critically reflect upon the technique and its current state.

CE and ME  occupy a unique position within the separation

science community and are in many ways a hybrid between tra-
ditional slab gel electrophoresis (GE) and liquid chromatography
(LC) and are ultimately always compared with these two. When
compared to GE, CE and ME  have a number of advantages. First and

dx.doi.org/10.1016/j.chroma.2011.09.062
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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oremost, the ability to use higher electric fields due to more effi-
ient heat dissipation in a capillary/microchip than a gel results in
eparations taking tens of minutes rather than several hours, and
his is reduced to 2–3 min  in microchips. Second, they are much
asier to automate than a gel and do not require staining or scan-
ing steps. Third, CE and ME  are much better for quantification than

 gel. Because of these reasons CE was rapidly uptaken for its ability
o separate nucleic acid fragments which was one of the key tech-
iques used to initially sequence the human genome [7]. For these
easons CE is now routinely used for many applications that were
reviously done with GE, but there are several reasons why GE is
till used. For many applications it is necessary to fraction-collect
ands for subsequent analysis, and it is much easier to obtain a
ufficient amount of material from GE than CE or ME.  Addition-
lly, gels form the basis of a number of multi-dimensional systems,
ith 2D systems comprising IEF and PAGE and the various blot-

ing techniques (such as Western blots) being regularly used for
roteins. These approaches are not easy to implement in CE and
ave only been demonstrated in research labs in microchip format

n the past 3–5 years. Finally, gels are multi-lane devices, allow-
ng the simultaneous analysis of many samples at once. CE and

E typically do not. While there are a number of multiplexed CE
nstruments available from a number of companies, these are con-
iderably more expensive than single capillary instruments, which
re in turn more expensive than equipment for GE.

When compared to LC, CE and ME  are seen as complementary
nalytical techniques for the analysis of non-volatile analytes. The
ituation is therefore different than GE, in which CE and ME  do
xactly the same thing but ‘better’, but when compared to LC the
ame outcome might be achieved, but not in exactly the same
ay. There are many reports in which we are told that CE (and

y extension, ME)  is ‘better’ than LC for a number of reasons. First
t can provide separations that are much more efficient and much
aster. Second, the sample size of CE is smaller as only tens of nL
re injected into the capillary, making it ideal for the analysis of
carce and precious samples. Third, it is very flexible, and with the
ame instrument it is possible to perform a number of different
eparations simply by changing the electrolyte within the capil-
ary. Fourth, that it is more portable than LC, particularly when
mplemented in microchips. Fifth it is a cheap alternative to LC as
apillaries cost a tenth of the price of a LC column and uses much
ess solvent. But we are also told that it has a number of limitations.
irst, the limits of detection are poor when compared to LC. Sec-
nd, it suffers from poor repeatability and it is therefore unreliable
nd difficult to use in a routine environment. Despite these limita-
ions, CE has thrived where LC has struggled [8] and CE has been
articularly important for the separation of large molecules such
s nucleic acids, proteins and oligosaccharides, the resolution of
nantiomers, and has found widespread use in the biotechnology,
harmaceutical and food industries.

In this review, the intention is to take a closer and more recent
ook at some of the advantages and disadvantages of CE and to
rovide an objective evidence-based analysis of the current liter-
ture to rationalise these. There are many instances where CE has
eplaced GE, and also where it has not because of the genuine need
o do those remaining tasks on gels. The debate on GE is there-
ore much less contentious than the comparison of CE (and ME)  to
C, and thus this review will be focused on this comparison and
n addressing the advantages and disadvantages mentioned above
nd trying to present this in light of the most recent developments
ithin both of these fields. On some of these topics it has been easy

o find suitable evidence. For others it has not. CE (and ME)  and LC

re multi-faceted and highly intricate in their own right and there
ill be examples of each that far eclipse the performance of the oth-

rs, but wherever possible, literature using similar conditions and
amples has been identified to try and provide an objective basis
r. A 1221 (2012) 42– 55 43

upon which to draw conclusions. This literature has been sourced
from the more general and widespread use of CE, ME  and LC, and
is heavily focused on the use of commercial instrumentation, but
there are examples of each from research laboratories to highlight
some of the more recent developments within the field to provide
an up to date comparison. It is necessary to declare up front that the
writer is a practitioner of CE and ME,  with limited practical experi-
ence with LC, so it must be realised that this is the perspective from
which this review has been written.

2. Speed

The ‘advantage’ of CE that is nearly always mentioned first is
speed. Many readers will have seen a large number of examples
showing that CE can provide much faster separations than LC.
The caveat here is that some of these are contrived to deliber-
ately make CE look favourable when compared to LC. How well
CE performs with real and complex samples is a more consid-
ered and appropriate comparison. To illustrate the differences,
two  examples have been selected: the first is the separation of
a small number of structurally similar compounds, the second a
more comprehensive analysis of one class of compounds to profile a
sample.

For the first example, the separation of the drug, itraconao-
zle (ITC) and its active metabolite, hydroxyitraconzaole (HITC) has
been selected [9].  CE is often a good choice for the separation of
drugs and their metabolites because there are often only very minor
differences in structure and it can be quite challenging to separate
them without the benefit of the higher efficiency of CE. In this case,
HITC differs from ITC by a single hydroxyl group (MW  change from
705 to 721). There are a large number of examples similar to this in
the literature and this specific example has been selected because
CE and LC were performed on a large number of the same sam-
ples in the same laboratory at exactly the same time. Fig. 1 shows
the separation of these analytes and an internal standard by LC (A)
and CE (B). In LC a single peak is obtained for HITC while in CE two
peaks are obtained due to the separation of diasteroisomers, clearly
demonstrating the superior resolving power of CE. The LC method
was  based on a C18 column and native fluorescence detection
(�ex = 260 nm,  �em = 366 nm)  and took 14 min, while the CE method
was  based on MEKC and used UV absorbance detection (214 nm)
and took 8 min. The LC method was  isocratic, meaning that samples
could be injected every 14 min. The CE method had a 1 min  condi-
tioning step between injections, and when accounting for the time
for movement of the vials, then a sample could be injected roughly
every 10 min. Thus the CE method took approximately 60% of the
time of the LC method, excluding sample preparation times, and
potentially provided more information due to the ability to sepa-
rate the HITC diastereoisomers. However, in this example there was
a difference in sample preparation, with LC only requiring a pro-
tein precipitation (evaporated to dryness and redissolved) while
CE employed liquid–liquid extraction (evaporated to dryness and
redissolved). Thus the sample preparation was slightly shorter on
the LC method because of the use of the more sensitive and selec-
tive fluorescence detector. The UV absorbance detector used for CE
required more extensive sample cleanup to isolate the targets from
the matrix and allow the sensitivity to be improved through stack-
ing. When considering the entire process, there is little difference
in the time required to analyse samples by CE and LC, and thus the
speed benefit of CE is not readily apparent.

The second application in which to consider speed is the sep-
aration of serum N-linked glycans. This is not only a very difficult

and challenging separation problem that is highly topical at this
point in time but there are also a number of separations of these
by traditional CE and LC, as well as more recent evolutions of both
of these. As both techniques require the glycans to be derivatised,
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Fig. 1. Separation of the antifungal drug itraconazole (ITC) and hy

he sample preparation time has not been considered on the basis
hat it will be similar in both approaches. Fig. 2(A) shows the CE
eparation of 8-amino-1,3,6-trisulfonic acid (APTS) derivatised N-
lycans. This separation is certainly not new, but in this recent
aper the authors designed a complete workflow allowing routine
nalysis with a 48 capillary array instrument for high throughput
lycomics [10]. The separation requires approximately 34 min  and
pproximately 35 individual peaks can be identified. Fig. 2(B) shows

 normal-phase LC separation of N-linked glycans after derivati-
ation with 2-aminobenzamide (AB) [11]. All sample preparation,
ncluding release of the glycans and derivatisation, is performed in
6-well plates and occurs over 2–3 days in a completely automated

anner, with a subsequent 2 days required for complete analysis.

omewhere between 14 and 20 peaks were identified and the sep-
ration time was reduced significantly from 3 h to approximately

ig. 2. Comparison of the separation of N-linked serum glycans by: (A) CE after derivatisat
ith  APTS [15] and (D) ultra high pressure LC after derivatisation with AB [16].
Time (min)

itraconazole (HITC) from human plasma by: (A) LC and (B) CE [9].

24 min  on a newly introduced 15 mm column. These two  exam-
ples are highly topical at the moment given the strong interest
in glycomics for the development of diagnostics, especially since
MS  alone is incapable of distinguishing different positional iso-
mers that occur within glycans. In this case, the CE method requires
35 min  while the LC method needs about 25 min, and thus CE does
readily demonstrate superior speed. However, what is illustrated
is the superior resolution of CE as approximately 50% more peaks
are observed in CE than LC. Similar resolution on LC would require
a longer time, thus there is some credible evidence to support the
notion that CE is faster than LC, although the difference may  not
be as significant as is commonly implied. However, a big difference

in terms of speed can be gained from the multiplexing capability.
The CE system can separate 48 samples simultaneously in 35 min,
while the LC method cannot. While multiplexing can be applied

ion with APTS [10], (B) LC after derivatisation by AB [11], (C) ME after derivatisation
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o LC and there are a few reports of 4- [12] and 9- [13,14] column
ystems in the literature, these are not as widespread as those for
E and do not yet show the same level of multiplexeing (8-, 12-,
8- and 96-capillary variants are all commercially available with
E). Thus, for situations when a large number of samples need to
e analysed, multiplexing with CE will produce sample times that
ill be very difficult to match by LC.

The comparison above is made using current commercially
vailable CE and LC equipment that is widely used around the world
oday. It is appropriate and timely to consider more recent develop-

ents within both CE and LC for a more up-to-date comparison. In
E, there has been considerable effort focused on performing sep-
rations in microchips and Fig. 2(C) shows the separation of APTS
erivatised N-linked glycans from serum in a microchip containing

 22 cm spiral microchannel with a field strength of 750 V/cm [15].
he separation is achieved in under 3 min  and when compared to
ig. 2(A) it can be seen that there is a very minimal change in res-
lution with in excess of 30 peaks being identified. This strongly
ndicates the ability of this platform to provide very rapid and highly
fficient separations of complex samples. In LC, the development
f ultra high pressure LC has been one of the main technological
dvances and Fig. 2(D) shows the separation of AB-derivatised gly-
ans from serum using a 100 mm × 2.1 mm column packed with
.7 �m particles [16]. The separation is complete within 16 min  and
as a 14 min  retention time window allowing the detection of 45

eatures. What perhaps did not show up clearly from comparing
urrent CE with LC becomes much more pronounced when com-
aring microchips to ultra high pressure LC, with the microchip
eparation being much more rapid while also providing a similar
umber of peaks. When ME  separations are multiplexed to per-

orm simultaneous separations which can be achieved on some of
he Caliper Labchip® instruments (www.caliperls.com), through-
ut is enhanced even further to an extent that is very difficult to
chieve by LC.

Based on these two examples, it is clear that CE can be signif-
cantly faster than LC when multiplexed or miniaturised, but on a
omparison of CE with a single capillary with a high efficiency LC
olumn, the speed advantage of CE is certainly disputable.

. Flexibility and simplicity

CE (and to a lesser extent ME)  is renowned for its simplicity
nd flexibility and this is one of the most frequently cited advan-
ages of this technique. It has a number of different separation

odes allowing analytes to be separated in a number of differ-
nt ways and it is possible to change between these in a simple
nd cost-effective manner. Separations can be performed by zone
lectrophoresis, isotachophoresis (ITP), isoelectric focusing (IEF),
els/sieving matrices (GE/SE), electrkinetic chromatography (EKC)
nd electrochromatography (EC). Of course, chromatography has
ts different separation modes as well. Separations by normal phase
NPLC) or Hydrophilic interaction (HILIC), reverse phase (RPLC), size
xclusion (SEC), ion exchange chromatography (IC) and ion exclu-
ion chromatography (IEC), and it is even possible to perform pI
ased separations using chromatofocusing. The difference in terms
f flexibility and simplicity comes in the ease with which you can
hange from one mode to another. In LC, you need to change the
olumn and mobile phase. In CE and ME,  in all instances, except EC,
o change from one separation mode to the other is simply a matter
f changing the composition of the separation electrolyte. But there
s greater flexibility than that. In chromatography, if there is a need

o increase the capacity of the column, then you need a new column.
n EKC, the electrophoresis variant that allows LC selectivity to be
chieved for neutral species, column capacity is simply a function of
he concentration of the additive in the separation electrolyte. Thus
r. A 1221 (2012) 42– 55 45

it is readily feasible to optimise the amount of ‘stationary phase’
independent to the mobile phase conditions. The advantage of the
flexibility of CE is illustrated in Fig. 3 which shows the separation of
plasma proteins by both capillary isoelectric focusing (A, [17]) and
a capillary size separation of SDS–protein complexes performed
using a linear polyacrylamide polymer (B, [18]). The different selec-
tivity of the separation is significant, but importantly these two
complementary methods are useful because the isoelectric focus-
ing separation allows determination of pI and evaluation of charge
heterogeneity while the size based allows evaluation of the molec-
ular weight of the protein, parameters which are important for
characterisation of protein therapeutics.

While the flexibility and simplicity that can be achieved by
electrophoresis is one of its greatest attributes, the increase in pop-
ularity of MS  detectors has quickly countered this advantage. MS
is an exceptionally powerful detector offering the ability to detect
and quantitate overlapping components with a unique molecular
mass and with the use of powerful accurate-mass MS  instruments
that are becoming frequently more common, it is possible to deter-
mine the identity of unknown peaks. As such it is one of the most
intense areas of CE and ME  currently being researched and is dis-
cussed in several excellent reviews [19–23].  Despite the power of
this approach, interfacing to the MS  in a way that preserves the
resolving power of the separation without compromising the per-
formance of the MS  is challenging. This is most commonly achieved
using an electrospray ionisation interface, and is much more com-
plex than the interface required for LC due to the need to ensure a
stable electrophoretic current and a stable electrospray is obtained.
To achieve these, a make-up flow of solvent is used, typically 100
times the flow of the capillary, and this greatly improves the stabil-
ity of the system, however at the expense of instrument simplicity,
reliability and robustness and through dilution of the capillary
effluent which compromises sensitivity. The other important issue
is that it is preferable to use volatile electrolytes to ensure efficient
ionisation in the MS,  and is typically limited to combinations of
ammonia and formate, acetate or (bi)carbonate [24]. The flexibility
and simplicity of being able to rapidly change separation mech-
anisms is greatly diminished and EKC, one of the most powerful
modes of electrophoresis, is problematic due to the high currents
and non-volatile additives used. EKC–MS can be performed by only
partially filling the capillary with additive, or through the use of
alternative interface, such as atmospheric pressure photoionisation
interface [25], but these approaches either result in a reduction in
resolution or are not widespread. If it is a requirement that a MS
detector be used, then many of the advantages of CE and ME  are lost
and LC is a more attractive option, but if this is not a requirement,
then it the CE and ME  may  be considered to be more flexible and
versatile than LC.

4. Portability

The instrumental simplicity purportedly gives CE and ME  an
inherent ability for miniaturisation. While recent effort has been
focused on microchips, there are a number of commercial and
research CE instruments that have been presented and these have
been recently reviewed by Ryvolová et al. [26]. Focusing specifi-
cally on commercial instruments, the smallest commercial portable
CE that is currently available is from CE Resources (www.ce-
resources.com). It has a size of 32 cm × 23 cm × 15 cm and weighs
6 kg when using internal conductivity, electrochemical or LED-
based absorbance detectors (as shown in Fig. 4(A)) and is capable

of operating on an internal battery for up to 3 h. The instru-
ment features a carousel and pressure system for liquid handling
and automation and can apply up to 25 kV, thus the only com-
promise in performance maybe the need to use slightly lower

http://www.caliperls.com/
http://www.ce-resources.com/
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Fig. 3. Separations of plasma proteins by: (A) capillar

oltages than is typically used in the laboratory. The comparison
o portable LC instrumentation is surprisingly not as favourable as

ight be expected. There are currently two commercially avail-
ble LC instruments. The first published commercially available
nstrument was the Minichrom® [27]. This was developed and com-

ercialised in Russia in the late 90s and features two dual piston
umps allowing gradient capability, fixed wavelength absorbance
etection, and has a size of 41 cm × 25 cm × 23 cm and weighs
.5 kg without accessories. This was followed shortly afterwards
y the Chance® Portable LC system introduced by Knauer in 1999
www.knauer.net). This isocratic LC system (shown in Fig. 4(B))
as an approximate size of 11 cm × 19 cm × 40 cm and weighs only
.5 kg. It contains a fixed wavelength UV detector, operates up to

00 bar (5800 psi) at flow rates from 1 �L to 10 mL/min and can be
owered from a car battery. An additional pump to perform gradi-
nts can be added for an extra 1.5 kg. For a total weight of 5 kg it

ig. 4. Photographs of: (A) commercially available portable CE (www.ce-resources.net), (B
E  [29], and (D) research grade portable IC.
lectric focusing [17] and (B) capillary SDS-PAGE [18].

is possible to obtain a fully portable LC system for performing gra-
dient separations with a weight and power requirement similar to
that of a portable CE, although the LC system requires manual injec-
tion while the CE can sequentially analyse several samples through
the use of its autosampler. Nevertheless, this comparison suggests
that the ‘portability’ advantage that CE has over LC is not neces-
sarily true. Of course, this does not consider the use and transport
of reagents, but in reality, the weight and volume of these is much
less than that of the equipment itself and is only likely to be of rele-
vance in deciding between the two  techniques for on-site analyses
if chemicals difficult to transport are required.

When considering research grade instruments, as the review by
Ryvolová et al. discusses portable CEs, the focus here will be on

portable ME  instrumentation. The space, weight and power sav-
ings made when making ME  instrumentation are typically achieved
with smaller high voltage power supplies and a reduction in

) commercially available portable LC (www.knauer.net), (C) research grade portable

http://www.knauer.net/
http://www.ce-resources.net/
http://www.knauer.net/
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apability. One exception is the Mars Organic Analyzer (MOA), a
icrofluidic amino acid analyser developed by the Mathies group

28]. This weighs 11 kg with a peak power utilisation of 15 W.
he instrument includes a laser and optical detection system, pro-
uction and control of electrophoresis potentials, actuation of the
icrofluidic valves and pumps through two rotary pumps, and

ontrol of the electrophoresis temperature. The compromise in per-
ormance is that a maximum voltage of −15 kV can be applied. This
s sufficient to detect amino acids in soil at concentrations 1000
imes lower than the GC–MS systems previously sent to Mars on
he viking missions. On a weight basis, this not an extremely light
nd portable instrument, particularly when compared to the com-
ercial portable CE and LC systems discussed above, but the MOA

as been designed for complete remote operation and thus must be
ully self sufficient, unlike the instruments above. One of the small-
st ME  instruments reported to date is shown in Fig. 4(C) [29]. The
ystem has a size of 7.6 cm × 5.7 cm × 3.8 cm and weighs less than
40 g and includes a solid-state laser, a photodiode for detection
nd a high voltage power supply for separation, although it is lim-
ted to a maximum voltage of 154 V and 30 �A. Even with this low
oltage, the authors were able to demonstrate the indirect detec-
ion of explosives and an endocrine disruptor in river water within

 min. While small, it is important to realise that this has been
chieved by limiting its instrumental flexibility, but its applicabil-
ty has been maintained through using ITP which integrates sample
retreatment and separation. In the area of LC, there has been a
ery recent report of a light weight portable system for open tubu-
ar IC by Kiplagat et al. [30]. Their system is shown in Fig. 4(D) and

as housed in a 25 cm × 15 cm × 8 cm plastic box with a weight less
han 1 kg. The miniature air pressure cylinder provides a maximum
ressure of 700 kPa (100 psi) through a pressure regulator to pres-
urise a 5 mL  eluent chamber with detection by direct conductivity
sing a homemade capacitively coupled contactless conductivity
etector (C4D). This pressure is sufficient to use long narrow diam-
ter open tubular capillary columns (100 cm × 30–75 �m ID). The
hole system was powered through a USB port, through which
ata acquisition also occurred and the system was  operational
or up to 8 h. The performance of the system was demonstrated
ith the on-site analysis of 6 cations in river water, and while a
owerful demonstration of the potential of miniaturisation, the
ompromises required to reduce the weight and power resulted
n separation times of 40 min. This again shows that even when the
erformance of the ME  and LC systems are slightly compromised
o enhance portability that there is still a slight edge in terms of
erformance per weight/power that can be obtained through the
se of electrophoresis.

. Sample size

The next ‘advantage’ of CE (again by extension, ME)  often quoted
s the much smaller sample requirements, as ‘only nL are injected
nto the capillary’. This statement should however be interpreted
n light of the actual requirements for analysis, and is nicely artic-
lated in recent work by Büscher et al. [31]. They compared CE,
C and GC each coupled with TOF-MS for metabolomics to deter-
ine the best separation platform for quantification of central
etabolic intermediates and key cofactors. Using a selection of 91
etabolites, which because of isomers reduced to 75 compounds
ith distinct molecular mass, comparison was made using specific
arameters, such as coverage, matrix effects, isomer separation and

 number of general considerations such as sample volume, time

nd reproducibility. Other points from this work will be consid-
red later, but for now the focus will be on the sample volume. The
uthors found that the minimum sample amounts were 50 pmol
2.5 pmol on-column) for the GC/TOF-MS, 250 pmol (200 pmol
r. A 1221 (2012) 42– 55 47

on-column) for the LC/TOF-MS, and 400 pmol (0.2 pmol on-column)
for the CE/TOF-MS. They noted that the on-column amount for CE
was  100 times lower than that of LC but that a minimum volume of
10 �L was  required in the sample vial when using an autosampler.
Thus, they concluded that there was no real difference in sample
requirements between these three separation platforms. This out-
come is likely to be similar to the majority of cases in CE and that
the smaller sample size requirement of CE is therefore debatable.
This work did not consider microchips, but in practice, a volume
of 5–10 �L of sample is typically employed in microchips, with
smaller volumes having problems with evaporation.

It is reasonable to ask if there is any real advantage in the
smaller volume of sample that can be analysed by CE (and ME).
There is at least one area in which the answer to this question is
a most resounding yes and that is the analysis of single cells. The
internal contents of a single cell are on the order of the injection
volumes typically employed in CE, making the technique ideally
suited to this type of analysis. As such, there has been a con-
siderable amount of interest in the ability to analyse single cells
in capillaries and microchips [32–34].  Early work involved injec-
tion of a single intact cell into the capillary, lysis of the cell and
separation of the intracellular contents. This is a very powerful
approach, but it is destructive and given that there is consider-
able variation between cells it becomes necessary to analyse a
statistically relevant number of individual cells in order to be able
to draw any scientific conclusions from the results. This limita-
tion can be overcome if the intracellular contents can be sampled
without destruction of the cell, and this was demonstrated a few
years ago by Woods et al. [35]. Using a 770 nm ID capillary the
outer diameter was tapered from 150 �m to 2.5 �m at the tip by
etching with HF. Analysis was  performed by positioning the tip of
the etched capillary against the cell and causing a slight depres-
sion in the surface. A small voltage (2–3 kV for 3–6 s) was then
applied to form a small nanopore in the membrane, thus allow-
ing the intracellular contents to be injected into the capillary. As
little as 2% of the internal volume was injected and while this is
a truly exciting development in single cell analysis, it is not with-
out its issues. It is currently exceptionally manually tedious (but
this drawback might be addressable in microchips) and there will
always be the question of the effect of the analytical measure-
ment on the behaviour of the cellular system. However, this does
clearly indicate that there are some emerging applications in which
the small volume of sample injected into CE and ME  will be of
value.

6. Cost

The final ‘advantage’ of CE to be discussed is that of cost. The
purported cost advantage of CE is frequently stated with little or
no substantive evidence, presumably because it is assumed to be
obvious. In fact, there is very little evidence within the scientific (or
general) literature of a full cost comparison between LC and CE. The
only documentation where a full cost analysis has been reported
was  in relation to a multiplexed CE system (12 channel) for genetic
analysis compared to conventional agarose gel electrophoresis [36].
While CE with GE have not been specifically compared at other sec-
tions of this review, it is useful here because of the general scarcity
of information regarding cost. Considering the running costs (cap-
ital costs were approximately the same) and the analysis of 12
samples, the CE system came out at $6.40 per analysis while the
agarose gel system was $38–68. Interestingly, 90% of the cost in

the gel system was  labour costs, whereas in CE this comprised
50% of the CE cost, and the CE labour cost was 10–20 times lower
than that of the gel system, indicating the much higher level of
automation that can be achieved with a CE when compared to a



48 M.C. Breadmore / J. Chromatogr. A 1221 (2012) 42– 55

Table 1
Estimated costs of GE, LC and CE.

Technique Instrument cost Technical service cost Reagent costs (100 tests)

Tricyclic antidepressant
LC $46,000 $5000 $1150
CE $45,000 $5000 $700

Serum  proteins
GE $20,000 $2200 $200
CE  $45,000 $5000 $20
LC  $46,000 $5000 $140
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Haemoglobin
CE  $45,0

rom LeLe et al. [38].

el. An application note from Industrial Bio Development Labora-
ory (http://www.ibdl.ca) compared single channel CE to that of
DS-PAGE with a mini-gel, and found that the cost of CE was $6.82
or 30 samples, compared to $5.71 for SDS-PAGE [37]. No specific
etails were given on how these costs were calculated but it appears
hat the cited cost covers only the consumable costs and did not
onsider labour. Given the difference in labour costs discussed by
mirkhanian et al. it is likely that if these were included the CE
ethod would be again be cheaper, but it is unclear by how much.
When CE is compared to LC, the best assessment of relative costs

ound was from 2001 in a book chapter by LeLe et al. who  compared
he cost of CE, GE and LC based on the authors’ experiences in a clin-
cal lab [38]. Their data have been reproduced (Table 1) and as can
e seen the capital and service costs for LC and CE were similar,
ith the LC running costs ranging from 1.5 to 7 times those of the
E costs for 100 samples. The authors commented that labour costs
ere not included in this comparison because in their experience

he times required for analysis by LC and CE were similar. They also
oted that the main difference in cost between the two  techniques
as due to the fact that capillaries were cheaper than columns.
ased on current prices, 10 m of capillary can be purchased for $150
www.polymicro.com), while for LC a guard and analytical column
ill range from $500 to $1400 (www.sigmaaldrich.com) and in rou-

ine use there is no reason to believe that the lifetime of a capillary
ould be in any way less than that of a LC column. It was unclear
ow the capillary and column costs were included in the data in
able 1. It is important to note that from a clinical laboratory per-
pective it is likely that all solvents and solutions are outsourced
including water) and the cost for both CE and LC solutions will
e similar, with the only major benefit being the reduced volume
equired for CE (3–5 mL  per day) when compared to LC (typically

 flow rate of 1–4 mL/min). Given that the time requirements per
ample by CE and LC are similar, the cost for 1 sample will be sim-
lar, but each additional sample will cost more for LC but will not
nduce any additional costs for CE. When LC is downscaled through
he use of a capillary column (typical flow rates of 0.2 mL/min), the
C consumable costs in Table 1 will be reduced by approximately
–10×. Even with this reduction, the CE cost per sample is still likely
o be cheaper but the case may  be much more marginal with this
omparison.

In a manner similar to the earlier discussion relating to the
otential advantages offered by the speed of CE, it is clear from
he above examples that while there may  be a cost benefit of single
apillary CE over LC, the real benefits only start to materialise when
sing larger batches of samples.

. Sensitivity

An issue that has been of interest to the author for a number
f years is that of the sensitivity of CE, and this is one of those
ften-stated disadvantages of CE (and by extension ME). The reason

hy the detection limits achieved are inferior to those achieved
ith LC is ultimately due to the use of narrow diameter capillaries.

mall diameters are required to enable rapid dissipation of the heat
enerated by the application of the high voltage needed to achieve
$5000 $20

the highly efficient separations that are characteristic of CE. But this
ultimately means that volume injected in CE (typically 10–50 nL) is
much smaller than in LC (typically 10–50 �L). With physically less
analyte to detect, it is therefore not surprising that the detection
limits in CE are lower. Exactly how much lower depends upon the
actual comparison made.

In order to see exactly how much less sensitive is CE than LC,
it is useful to compare them on an equal footing in order to try
and elucidate the differences in sensitivity. Starting in the mid  90s,
Chervet et al. [39] published one of the first reports on nanoflow
LC. They used a 30 cm × 75 �m ID capillary packed with 5 �m C18
particles, a 20 nL injector which was split 1:10 with a flow splitter,
and an off-column UV detector featuring a 3.0 nL detection cell with
an 8 mm optical path length. Detection limits for 5 standard pro-
teins were 17–42 pg (8.5–21 �g/mL based on an injection volume
of 2 nL), and for BSA was 17.5 �g/mL. This is an important place to
begin the discussion because it allows almost a direct comparison
with protein separations performed using CE in which the injec-
tion volume will be similar. Also, because this LC method uses an
absorbance detector, which is arguably the most common form of
detection in CE, it provides an opportunity for a robust compari-
son given that this form of detection is path-length dependent and
thus suffers from losses in sensitivity when miniaturised (i.e. it is a
concentration dependent detector). Work from the same period by
Recio et al. on the separation of milk proteins using a Beckman CE
with a 75 �m ID capillary and on-capillary detection (with a path
length of 75 �m)  gave a detection limit of 5.0 �g/mL for BSA [40].
This is actually lower than that of the nanoflow LC system, thus on
an approximately equal footing, CE is not less sensitive than LC at
all. If this is taken to its logical end and a similar detector optical
path length had been used on the LC system, then CE would give
greatly superior sensitivity.

Consider now a more recent example, involving two arti-
cles published within the last 5 years, both using MS  detection
which has become a highly favoured detection method over the
past 10 years because it is a mass dependent detector and is
not compromised in the same way as an absorbance detector
when miniaturised, but in this case using small molecules (plant
hormones) to negate the potential inherent advantage that CE
may  have over LC for the separation of proteins. The nanoflow
LC–MS/MS method developed by Izumi et al. used as an ion-trap
MS and a 15 cm × 75 �m ID capillary packed with 3 �m C18 paticles
[41] and the their separation is shown in Fig. 5(A). They obtained
detection limits from 0.2 to 18 fmol for a number of zeatin hor-
mones (Table 2). Ge et al. reported a CE–MS/MS method for the
same zeatin hormones also using an ion-trap MS  [42] and their
separation is shown in Fig. 5(B). Using a 50 �m ID capillary and
non-stacking conditions in which the dried extract was  prepared
in background electrolyte (BGE), they obtained detection limits
of 5.8–12 fmol. The LC–MS/MS method was 100 times more sen-
sitive than the CE–MS/MS method for trans-Zeatin O-glucoside,

but the CE–MS/MS method was  1.4 times more sensitive than the
LC–MS/MS method for trans-zeatin. If instead of redissolving the
extract in BGE, water was  used in order to induce field amplified
sample stacking, then the LODs of the CE–MS/MS approach were

http://www.ibdl.ca/
http://www.polymicro.com/
http://www.sigmaaldrich.com/
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Fig. 5. Separation of plant horm

educed by 10–20 times, and the CE–MS/MS gave detection lim-
ts up to 17 times lower than the LC–MS/MS method, and at worst

as only 3 times higher. While this may  initially appear to be an
nfair comparison as the CE method is using sample enrichment
hrough stacking, a closer examination of the details reveals that
his is perhaps not such a significant issue. First, both methods had

 similar sample preparation process: extraction, evaporation and
edissolution. Thus to induce stacking in the CE method, it is simply

ecessary to redissolve the sample in water, not BGE, and thus there

s no real difference or increase in the time required to induce stack-
ng. Second, stacking allows the injection volume to be increased,
ut in this work there was no change in injection volume between

able 2
omparison of nanoflow LC–MS/MS [41] and CE–MS/MS [42] detection limits for plant ho

Nanoflow LC–MS/MSa CE–MS/MS

fmol uM 

trans-Zeatin O-glucoside (ZOG) 0.17 1.9 

trans-Zeatin (Z) 18 2.1 

Dihydrozeatin (DZ/DHZ) 8.5 1 

trans-Zeatin riboside (ZR) 0.2 1.9 

Dihydrozeatin riboside (DZR/DHZR) 0.33 0.89 

a Dried extracted dissolved in water/acetic acid (100/0.05, v/v).
b Dried extract dissolved in BGE.
c Dried extract dissolved in water.
 by: (A) LC [41] and (B) CE [42].

the stacking and non-stacking methods. Finally, the sample for the
LC method was dissolved in an aqueous buffer that did not contain
acetonitrile (which was  used in the mobile phase in that work) thus
there will be a natural column-front focusing that will have a similar
effect to the stacking process in the CE method. Thus, both methods
employ a certain amount of on-line focusing, and in this respect can
therefore be regarded as approximately equal. What is exception-
ally interesting about this comparison is that there is a sheath flow

in the CE–MS/MS method (4 �L/min) while the LC–MS/MS method
used a nanospray emitter, yet even with dilution from the sheath
flow the CE method was  able to achieve very similar detection lim-
its. This is actually a very important point to consider given the

rmones using an ion trap MS.

 (non-stacking)b CE–MS/MS (stacking)c

fmol CE/LC (LC/CE) uM fmol CE/LC (LC/CE)

11 65 0.09 0.53 3.1
12 0.68 (1.4) 0.18 1.1 0.06 (17)

5.8 0.69 (1.4) 0.11 0.65 0.08 (13)
11 56 0.07 0.41 2.0

5.2 16 0.05 0.29 0.89 (1.1)
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Fig. 6. Separation of inorganic anions by: (A) IC with suppressed conductivity detec-
0 M.C. Breadmore / J. Chro

rend towards miniaturisation in microchips and the current use of
anoflow LC–MS for proteomic and metabolomic studies. The ques-
ion must be asked why capillary LC methods would be preferred
ver CE methods on this basis, particularly given the above compar-
son of these two separations. This work also makes a strong case for
he development of robust and reliable sheath-less nanoflow inter-
aces for CE, because if these can be developed, then the sensitivity
f CE will be superior to that of nanoflow LC.

These two examples show that when the dimensions of the LC
ystem are reduced to a similar scale to that of CE, there is not really
ny difference in sensitivity. The problem with this comparison is
hat LC typically uses columns with 2–4 mm  ID, and not the 75 �m
D mm sized columns used above, and thus returning to an earlier
oint raised above, the often-stated difference in sensitivity is due
o the fact that less sample is physically injected onto the CE sep-
ration capillary than in LC. How much of an influence does this
ave? Ahrer et al. have developed both LC–MS and CE–MS meth-
ds for the detection of non-steroidal anti-inflammatory drugs
NSAIDs) in environmental waters using the same quadrupole MS
43]. LC–MS was performed using a 2 mm column with 100 �L of
ample injected onto column, resulting in detection limits from 0.1
o 1 �g/L for 7 NSAIDs. CE–MS was performed using a 50 �m cap-
llary with a sheath flow of 4 �L/min and approximately 22 nL of
ample was injected, giving detection limits from 20 to 134 �g/L.
he amount of sample injected into the capillary was  4544 times
ess in the CE case, but the detection limits were only 94 times
igher than those achieved by LC–MS. This difference in sensitiv-

ty of about two  orders of magnitude is what many people would
xpect and there are many similar reports that can be found in the
iterature demonstrating similar differences in sensitivity. But this
s not always the case.

Recently, the author’s research group has undertaken the devel-
pment of complementary IC [44] and CE [45] methods for the
eparation of inorganic anions and cations for the detection of
mprovised explosives. This is useful work to examine for a number
f reasons. First, considerable time was spent developing the opti-
ised conditions on both platforms, for both anions and cations.

econd, both platforms used conductivity detection, with the IC
ystem using a contact conductivity detector while the CE had a
apacitively coupled contactless conductivity detector (C4D). Third,
n the IC system for anions, the background conductivity was low-
red after separation by using a suppressor, while the cation system
ad to be performed in the non-suppressed mode, which is also
sed for CE. This therefore allows a direct comparison to be made
etween CE with conductivity detection and to then gauge the

nfluence of suppression. As expected from the results (shown in
ig. 6), the CE method is faster for both anions and cations, requiring
pproximately half of the time needed for the IC separations. More
nterestingly, data on the detection limits are shown in Table 3.
he detection limits for CE are on average 2.7 times higher than
hose for non-suppressed conductivity detection of the cations and
0 times higher than suppressed conductivity detection for the
nions. The fact that CE is only 10 times worse than IC with sup-
ressed conductivity detection will come as a surprise to many. It

s also worth noting at this point that we have also developed CE
ethods using indirect absorbance detection for these ions using

ight-emitting diodes as a light source and these give LODs which
re 10× higher than those obtained by conductivity detection [46],
nd approximately 5 times lower than using a conventional deu-
erium lamp. Thus, prior to the use of contactless conductivity
etection, CE would have been around 100–500 times less sensitive
han IC, and this is probably more in tune with the preconception

f most scientists.

From the literature discussed above, CE is at worst 10–100 times
ess sensitive than LC. What may  surprise people even further is that
n the examples used above there has been no attempt to improve
tion [44], (B) CE with contactless conductivity detection [45], and (C) ME with
top–bottom contactless conductivity detection [61].

the sensitivity of CE by using stacking to allow the injection of larger
volumes of sample (and hence more analytes) to be injected. There
are of course numerous approaches that can be employed to per-
form on-line concentration and these will not be discussed here
as they have been covered in more detail in a number of specific
reviews devoted to this topic [47–51].  These reviews show that
it is relatively easy to achieve enhancements in sensitivity from
10 to 500 using approaches that exploit hydrodynamic injection,
such as large volume sample stacking, isotachophoresis, dynamic
pH junction and sweeping. Enhancements from 1000 to 100,000
can be easily achieved using electrokinetic injection by techniques
such as field-amplified sample injection, electroaccumulation and
electrokinetic supercharging. In relation to the specific examples
discussed above to compare the sensitivity of CE with LC, there are
numerous methods showing sensitivity enhancements of NSAIDs
from 100 to 10,000 [52–56],  with the lowest detection limits
reported being 10 ng/L [57]. Enhancements for inorganic anions and
cations as high as 100,000 have been reported, with detection lim-
its for anions of 8 ng/L [58], and 1 ng/L for heavy metals [59,60].

When combined with on-line preconcentration, it is clear that CE
can easily achieve detection limits considerably lower than those
obtained with LC.
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Table  3
Detection limit data for the separation of inorganic anions and cations by IC [44], CE
[45] and ME  [61].

ICa CE MEc

Anions (�g/L)
Fluoride 2 26 2.9
Acetate 12.6 110
Chlorite 8.2 92
Chloride 2.2 27 5.2
Nitrite 4.4 41
Cyanate 4.8 53
Chlorate 7.2 69
Benzoate 27.4 240
Nitrate 5.4 52 9.3
Sulfate 3.1 44 14
Phosphate 8 81
Thiosulfate 7.6 52
Thiocyanate 5.5 66
Perchlorate 8.4 84

ICb CE MEc

Cations (�g/L)
Sodium 14 52 6.9
Ammonium 12 31 5.4
Methylammonium 22 58
Potassium 32 53 22
Ethylammonium 34 129
Manganese(II) 30 40
Magnesium 13 73 8.4
Calcium 25 48 12
Strontium 60 120
Barium 115 240
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a

Suppressed conductivity detection.
b Non-suppressed conductivity detection.
c Based on 2× signal-to-noise.

To conclude this section, it would be remiss not to discuss
icrochips and the perception that the sensitivity is even worse

n ME  than it is in capillaries. While there is as yet no absolutely
erfect comparison between the performance of capillaries and
icrochips (using the same detector, BGE, analyte set, etc.), the
ork of Mahabadi et al. [61] using C4D electrodes both above and

elow the microchannel gives a good comparison with the inor-
anic ion separations above. The LODs in their system were 5–10
imes lower than those discussed above for CE and are compara-
le to those obtained by IC (Table 3). While this is impressive, it

s important to note that these separations were not performed
ith the same BGE or requirement for analyte resolution pertain-

ng to the earlier example and the LODs were calculated at 2× the
aseline noise, rather than the more commonly used 3× which was
sed in the CE and IC work. Mahabadi et al. also used a highly intri-
ate microchip which had electrodes both above and below the
icrochannel and is therefore more akin to a capillary C4D detector,

ather than the more common and more easily fabricated approach
f using only electrodes on the top or bottom of the microchannel,
hich is about 10× less sensitive [62]. Even so, it is clear from this

tudy that ME  is equally as sensitive as CE and under the correct
ircumstances there may  be no loss in sensitivity when moving to
he microchip platform.

In summary, CE and ME  can in general be considered to be less
ensitive than LC. The exceptions are when stacking is used in CE
nd when the LC column dimensions approach those that are used
n CE. In these cases, the sensitivity of CE can equal and even surpass
hat obtainable by LC.

. Repeatability
In addition to sensitivity, the repeatability and reproducibility
f migration times, peak areas and peak height and the general reli-
bility of CE have often been stated as reasons why  LC is preferred
r. A 1221 (2012) 42– 55 51

over CE, particularly for routine applications. There is some truth
in this perception of CE, but it is important to recognise that there
has been considerable research into addressing these issues over
the past decade and some of these studies will be discussed in the
following paragraphs.

It is an obvious requirement for analytical precision to be
achieved that the same amount of sample should enter the capil-
lary for each replicate injection. Differences in the volume injected
will obviously impact upon the peak heights and areas, but in CE
they will also impact upon the migration time. This is due to the
way  in which the electric field is distributed along the capillary
in relation to the relative conductivities of the sample and elec-
trolyte. Any variation in the length of the injected sample plug will
obviously cause a change in this electric field distribution and this
will impact upon the migration time. Commercial CE instruments
have highly advanced pneumatic control in order to achieve precise
sample injection, and significant developments occurred within
these instruments in the 90s to improve the injection repeatabil-
ity. However, pneumatic injectors require perfect sealing between
the pressure source and the sample vial and constant viscosity and
temperature in order to ensure the same volume of sample is intro-
duced at each injection. The alternative is to introduce a defined
volume of sample, and this has been achieved in CE through the use
of a rotary injector similar to those used in LC and should provide
repeatability similar to that exhibited in LC [63]. When five suc-
cessive 10 nL injections were made using this approach, migration
time and peak area repeatability of less than 1% was obtained. While
promising, this approach clearly needs more validation to establish
that it is a viable alternative to the more commonly used pneumatic
injection approach employed in most instruments today. The abil-
ity to physically define the injection volume also has important
application in microchip CE. This might be accomplished through
appropriate design of the microchannel and should, when other
issues are resolved, lead to improved analytical performance in ME.

Reproducible injection is not the only sample-related issue in CE.
CE is also susceptible to variations in the composition of the sample,
and this is a particular problem when using electrokinetic injec-
tion. This occurs because with electrokinetic injection any change
in sample matrix causes a change in the electric field applied to
the sample and, in turn, this impacts upon the number of ions that
migrate into the capillary [64–66].  What is perhaps less obvious is
that variation in the sample matrix is also important with hydro-
dynamic injection. For example, Van der Schans et al. showed that
there is considerable variation in peak shape and migration time
for the separation of dsDNA when the amount of salt in the sample
changes [67]. What are the potential solutions? The ideal approach
is to ensure that the electric field is distributed over the sample the
same way  for every injection. This may  be achieved by removing
the analytes from the sample matrix, through for example, off-line
liquid–liquid or solid-phase extraction. However, this is not ideal as
it requires additional time and expense. An alternative approach to
minimise the significance of variations in sample composition is to
ensure that, relative to the separation electrolyte, this variation is
small. In other words, if the concentration of NaCl in a sample varies
from 1 to 3 mM,  which is a 2 mM variation, having a BGE with a con-
ductivity equivalent to 200 mM NaCl would result in this variation
being about 1% of that of the BGE, which is likely to be inconsequen-
tial. The alternative is to prepare the sample in a solution (often
the BGE) such that there is no change in conductivity, however this
approach is infrequently used as it does not promote field-amplified
stacking (but may  be adapted to induce isotachophoretic, dynamic
pH junction or sweeping for on line concentration).
Repeatable migration times are also critical to obtaining repro-
ducible peak heights and areas. Analytes move through the
capillary due to the combination of electrophoresis and electroos-
mosis, and its minor variations in this latter component that are
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Fig. 7. Migration time and efficiency repeatability of protein separations of a 5 �m
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D  capillary coated with 0.5 mM DODAB.

eproduced from [70].

esponsible for many of the repeatability issues in CE. The majority
f separations to date have been performed in fused-silica capillar-
es, and the problem with this is that silica is an amorphous material
hat does not have a highly defined surface and therefore the first
equirement to obtaining a highly repeatable electroosmotic flow
EOF) is to generate a highly consistent and repeatable surface
harge. Historically, this was addressed by conditioning capillaries
ith alkali and it is not uncommon to find that new fused-silica cap-

llaries are immediately treated with 1 M NaOH to generate as many
ilanol groups on the surface as possible in an attempt to provide

 fully charge-saturated and hence repeatable surface. This treat-
ent may  or may  not be followed by flushing the capillary with
ater and/or acid prior to conditioning with the separation elec-

rolyte. There may  also be short combinations of these conditioning
teps performed between each injection. Indeed, almost every CE
ractioner has their ‘own’ conditioning protocol that works for
hem. The second requirement to obtaining a repeatable and repro-
ucible EOF is to ensure that nothing from the sample adsorbs

rreversibly to the surface, which will change the surface charge
nd hence the EOF. This latter point has, for decades, been a spe-
ific issue for protein separations and considerable time and effort
as been devoted to addressing this issue.

Perhaps the best currently available approach to provide a con-
istent and repeatable surface charge is to modify the inner surface
f the capillary with a non-covalent semi-permanent coating, and
he current state of this approach is covered in excellent reviews
y Lucy et al. for protein separations [68] and by Huhn et al. for use
ith CE–MS [69]. These coatings are prepared by flushing the cap-

llary with a solution of the coating agent in between separations,
t the beginning of each day, or at some time interval as required
o obtain sufficient repeatability. The coating agent may  be neu-
ral, cationic or anionic and a single coating agent may  be used to
enerate a single layer on the capillary wall, or two coating agents
an be used to generate multiple layers of alternating charge. Both
mall molecules, such as surfactants, and large molecules, such as a
olymers, can be used. There are many advantages to this method,
uch as simplicity, low cost, and excellent repeatability. The reviews
entioned above give explicit examples of a number of approaches,

ut for illustrative purposes two examples will be discussed here.
he first is very recent work by Gulcev et al. who showed impres-
ive repeatability using dioctadecyldimethylammonium bromide
DODAB) as the coating agent for 5 �m capillaries [70]. Fig. 7 shows
he migration time and average separation efficiency for the sepa-
ation of 4 model proteins through 210 separations over a period
f 17.5 h without regeneration of the capillary surface coating. The

elative standard deviation (RSD) for migration time was  less than
.8% over the first 150 runs, and less than 1.9% over all 210 runs.
apillary-to-capillary repeatability was also excellent, with RSDs of
.0–1.3% for 10 successive separations in 3 different capillaries. The
r. A 1221 (2012) 42– 55

second work is that of Puerta et al. who synthesised a new cationic
polymer, poly-LA 313, for coating capillaries [71]. The intra-day RSD
of the EOF for two  capillaries was  0.4%, but much more impres-
sively, the inter-day reproducibility of the EOF was 1.2% for 17
capillaries coated on 14 different days over a year, indicating that
this coating agent created a highly repeatable surface. The intra-
day repeatability was  also good with migration time repeatability
within 0.2%, but the inter-day repeatability was poor and regenera-
tion of the coating with a 26 min  procedure rectified this, producing
a RSD for the EOF of less than 0.6%. This coating was also found
to be very stable when organic solvents were present in the BGE,
with RSDs for EOF over 30 separations of 0.4% and 1.5% when the
BGE contained 20% and 50% of MeOH, respectively, and 0.4% and
1.2% when the BGE contained 20% and 50% MeCN, respectively.
The authors also mention that this coating agent was also highly
suited for use on polydimethylsiloxane, and thus could be useful
to improve migration time repeatability in microchips, which is an
important factor that has yet to receive any considerable attention.

Even taking into account all of these factors, there are still some
residual issues that will cause changes in migration time between
runs, leading to poor repeatability. One simple solution discussed
by Schmitt-Kopplin et al. was  to use a mobility-scaled axis for the
electropherogram, rather than a time-scaled axis, by removing the
variation in EOF [72,73]. Fig. 8 shows selected electropherograms
from 76 separations of p-hydroxybenzoic acid and vanillic acid in
both: (a) time-scaled and (b) mobility-scaled axes. The migration
time of RSDs were 4.19% and 4.63% for p-hydroxybenzoic acid and
vanillic acid, respectively, which is reduced to 1.46% and 1.48%,
respectively, when translated to the mobility scale. Thus, simply
by measuring and accounting for the EOF, in a manner similar to
the way in which retention factors are calculated for LC, it is pos-
sible to significantly improve the repeatability of the position at
which peaks occur, thereby improving the performance of CE both
qualitatively and quantitatively.

Assuming the instrument is functioning properly and the
method has been designed properly, can CE work reproducibly in
a routine environment? The answer is yes, and there are a num-
ber of reports now showing that CE can match the performance
of LC in a routine environment. Theurillat et al. presented data on
the performance of a CE assay for the detection of lamotrigine in
human plasma and serum over a 4 year period from 1998 to 2001
[74]. The authors discussed the rationale behind implementation
of a CE method over that of LC, noting that the two platforms pro-
vided comparable performance with precision and sensitivity, but
that sample preparation for CE was  simpler (protein precipitation
and direct injection of acidified supernatant, compared to liquid-
or solid-phase extraction for HPLC) and the sample throughput was
higher (9 min  for CE, 13 min  for HPLC). Evaluation of quality con-
trol data from 1998 to 2000 (n = 71) revealed RSD values of 9.15,
8.45 and 2.07% for the migration times of lamotrigine, the inter-
nal standard and the migration time ratio, respectively. All but 8
controls were within the target range of ±10% of the drug level,
with those 8 being within ±20%. The authors also analysed 288
external inter-laboratory quality control samples, and were ranked
24/56 in 1998, 19/67 in 1999, 43/69 in 2000 and 35/72 in 2001,
with an average ranking of 45.6%. This was  the only CE method
in the inter-laboratory study and the results clearly indicate that
CE performed equally well to assays based on immunoassays, LC
and GC. Weykamp et al. recently presented results on a 6 year
study of a reference measurement system for haemoglobin [75].
Data were presented from 14 laboratories, 3 in Japan, 8 in the
USA and 1 in Sweden, from 12 inter-laboratory comparison stud-

ies over the period 2001–2006. All laboratories used methods
approved by the International Federation of Clinical Chemists, with
6 using LC–MS and 8 using CE. The data showed that there was
no difference in haemoglobin outcome between laboratories that
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Fig. 8. Comparison of: (a) time scale and (b) mobility scale for the CE separation of p-hydroxybenzoic acid (left) and vanillic acid (right). The insert in (a) shows the variation
in  migration time of p-hydroxybenzoic acid.

Reproduced from [73].
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Fig. 9. Protein separations performed on the Agilent Bioanalyser 2100 i

sed LC–MS versus those that used CE methods (0.1 mmol/mol vs
.0 mmol/mol) but that the MS-group had a significantly higher
ariation in haemoglobin (0.7 mmol/mol vs 0.4 mmol/mol). These
wo reports clearly show that if the method is developed prop-
rly and the instrument maintained, then CE is just as reliable and
rovides equivalent data to other analytical methods, particularly
C.

It is worth concluding this section by again considering
icrochips with discussion of some unpublished work taken from

he undergraduate teaching program in the author’s department.
he final year analytical undergraduate course utilises the Agi-
ent Bioanalyser and associated protein kit to introduce students
o the microchip platform in an application-oriented experiment.
he students run a number of standard proteins, and then a series
f samples including protein shakes, cow and soy milk and some
aliva samples. In addition to exposing students to microchips,
his experiment also aims to introduce the use of internal stan-
ards to improve both qualitative and quantitative performance.

ig. 9 shows some results obtained during the development of this
xperiment, with the computer-generated gel image on the left
epresenting the raw data. It can be seen from this image that there
s a slight drift in migration time, as indicated by the time of the
analytical chemistry undergraduate unit at the University of Tasmania.

first alignment marker (the band at the bottom of each gel lane)
changing from 25 to 28 s over the course of 11 separations. The
average migration time of this marker is 26.6 ± 0.9 s, giving a 3.5%
RSD (n = 11), indicating that the intra-chip repeatability is poorer
than that which can be obtained in a capillary. This can be cor-
rected for by using two  alignment markers (right image in Fig. 9),
and this also aids in improving inter-chip repeatability as well. This
is the approach used commercially and can be used to accurately
size and quantify both DNA [76] and proteins [77] with accuracy
and precision similar to that obtainable by other methods. With
the improved understanding of repeatability in CE and ME that
we now have, it is likely that this will lead to improved absolute
performance on the microchip platform as well.

9. Final comments

CE and to a lesser extent, ME,  have been available for a consider-
able number of years, and it is clear from the discussion above that

many of the conceptions held about CE and ME  are not necessarily
true. It can be quicker, use less sample and reagents, be simpler
and more portable and, cheaper, but these generally require spe-
cific and specialised implementation. On the direct comparison of
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 single capillary system with a single column LC, there is no sig-
ificant difference in many of these attributes, but the situation
ay  be different when a ‘holistic’ view is taken and all of these are

equired. It is also clear that the sensitivity of CE is inferior to that of
C when capillaries are compared with conventional LC columns,
ut it is less apparent when LC is performed with capillary columns
nd when on-line enrichment strategies are used. The repeatability
f CE and ME  has improved and can now match the general repeata-
ility of LC. Even so, CE is still often considered to be inferior. Indeed

n the comparison of GC, LC and CE with TOF-MS for metabolomics
y Büscher et al. they stated that “In our experience, CE is the least
uitable platform because its separation power and sensitivity are
quivalent to both LC and GC, but it lacks the robustness required for
nalyzing biological samples” [31]. This view is most likely shared
y other practitioners of CE, and from the authors’ experience, is
ot just restricted to biological samples, but there is a general lack
f robustness in general.

So what needs to be done? The instrumentation needs to be
obust. There has been significant improvement in performance
ince the early commercial instruments became available, but per-
aps it is time to consider different ways in which CE experiments
an be performed. The current design used in all commercial instru-
ents has been around for 20 years already. To paraphrase a friend

nd colleague ‘if you turn a LC system upside down it will still func-
ion as a LC, but if you turn a CE upside you will only create a mess’.
he growing opportunities in microchips to perform separations in

 and 3 dimensions will allow creative solutions, but only if we  are
repared to think beyond conventional approaches and start con-
idering electrophoresis not chromatography. This has been used
o great affect recently to create microfluidic multidimensional sys-
ems such as 2D gels and Western blots by using the novel ability
o move in 2 dimensions, but many simple electrophoretic systems
n chips are still performed in uni-dimensional manner similar to

hat is done in capillaries.
But even more importantly, the chemistry underlying CE sep-

rations needs to be robust as well. CE can be used successfully
n an environment where the same method and the same chem-
stry are employed routinely, but in an environment where the
hemistry is regularly changed, CE is a less attractive option. One
f the most attractive options of CE is its flexibility and versatility,
ut this may  come at the expense of repeatability and robustness.

 great deal of progress has been made from thinking about CE
rom an electrophoresis perspective and not from a chromatog-
aphy one, but we are still not there. In many instances method
evelopment begins by optimising the separation and perhaps the
lternative of designing the separation to be compatible with the
ample preparation rather than the other way around, might be
ne avenue towards improving robustness. The powerful array
f on-line CE concentration mechanisms has primarily been used
or sample enrichment, but there is also significant potential for
ntegrated sample pre-treatment as well as enrichment, and it
s likely that this will play a role in the development of func-
ional and usable lab-on-a-chip assays that are simple, reliable and
heap.

As it has always been, the future of electrophoresis lies not in
ompeting directly with chromatography, but rather in focusing
n those areas where chromatography has limitations, and this is
ikely to be dominated with microchips over the next decade. Elec-
rophoresis is inherently much more amenable to microchips than
C and the first commercially successful lab on a chip products have
ll been based on electrophoresis. This is unlikely to change any-
ime soon and the development of the recent microfluidic system

or the detection of lithium in whole blood for point-of-care diag-
ostics [78] will pave the way towards next generation portable
nalytical technology. The challenge is ensuring that the knowledge
eveloped and gained from capillaries is appropriately transferred

[
[
[
[
[
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into microchips to make functional, reliable and robust portable
analytical systems.
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