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he first observations of electro-

phoresis were made in 1807 by

Ferdinand Frederic Reuss. Arne
Tiselius (1902-1971) introduced elec-
trophoresis as an analytical technique
in 1937 (1) and was rewarded with a
Nobel Prize for it in 1948 (2). One of
his PhD students was Stellan Hjertén
(1928-), who further developed the
technique in open tube electrophoresis.
His thesis was published in English in
1967 in Chromatographic Reviews (3)
and he has been rewarded many times
over the years for his pioneering work,
most recently he was given the 2011
CASSS Award for Separation Science
(4). Other pioneers in the field include
Virtanen (5) and Mikkers and Everaerts
(6) who performed electrophoresis in
200-pm PTFE and glass tubing. In
1981, Jorgenson and Lukacs made the
important step to apply 75-pm fused-
silica capillaries (7); afterward capillary
electrophoresis (CE) really took off.

What Is

Capillary Electrophoresis?

CE can be described as an automated,
analytical version of the conventional
electrophoresis techniques. The two side-
bars in this article explain the separation
principles of CE. The main advantages
of performing electrophoresis in a capil-
lary are the magnificent efficiencies and
the automation possibilities. Because of
the small diameters of the capillary, typi-
cally in the 20-100 pm inner diameter
range, the Joule heat dissipation is very
efficient. Consequently, high voltages,
usually up to 30,000 V, can be applied
before excessive Joule heating becomes
an issue. Applying high voltages results
in fast separations with very little band
broadening.

Usually, the capillary is made from
fused silica, so on-column UV detection
is feasible. Therefore, time-consuming
staining and destaining procedures as
seen with slab-gel electrophoresis are
no longer needed. The combination
of the small-inner-diameter capillary
and on-column UV detection means
that automated equipment has been
developed with peaks resulting in elec-
tropherograms, simplifying quantitative
analysis. Small bands show as efficient
peaks with high plate numbers.

Electrophoresis separates analytes
that differ in charge-to-size ratio, so
charge is a prerequisite for separation
by CE. Several solutions have been
created to induce charge and size dif-
ferences in a capillary, as well as to add
extra separation mechanisms. Table I
lists some of the most frequently used
modes of CE.

CE is applicable over a wide range of
analytes. Anything from small anions
and cations to chiral separations, large
proteins, DNA, cell organelles, and
even complete cells and viruses have
been analyzed with CE. The small scale
of CE makes it a very green technique.
Typically, a 50-cm long, 50-um i.d.
capillary has a capillary volume of 1 pL.
Most often the separation medium is
aqueous. So, the consumption and cost
of chemicals are very low.

The small scale of the techniques also
means that only a few nanoliters of sam-
ple are injected. This is advantageous for
application areas in which sample size is
an issue, such as bioanalysis or the dis-
covery phase of drug development.

Orthogonality
Electrophoresis is a fundamentally
different separation technique from
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Table I: The different modes of capillary electrophoresis
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Capillary zone electrophoresis (CZE)

Aqueous or nonaqueous electrolyte,
preferably a buffer

Mobilities in free solution

Micellar electrokinetic chromatography
(MEKC)

Microemulsion electrokinetic chromatog-
raphy (MEEKCQ)

Electrolyte with micelles-microemulsions

Partitioning into micelles—-microemulsions (pseu-
do-stationary phase) by hydrophobic-ionic inter-
actions, combined with electrophoretic mobilities

Chiral CE

Electrolyte with chiral selectors

Mobility differences between enantiomers
because of differential interaction with chiral
selector

Capillary electrochromatography (CEC)

Capillary packed with solid phase and

Partitioning between stationary and mobile

aqueous or nonaqueous electrolyte

phase by hydrophobic-ionic interactions, com-
bined with electrophoretic mobilities

Capillary gel electrophoresis (CGE)

Electrolyte with linear, noncrosslinked
polymers

Size and charge. Size only (constant charge and
size ratio) for SDS-gel applications

Isotachophoresis (ITP)

Discontinuous system with leading
and terminating electrolyte

Moving boundaries

Capillary isoelectric focusing (clEF)

Discontinuous system with ampholyte
creating a pH gradient

Isoelectric point

chromatography. Chromatographic
separations are based on partition dif-
ferences of the analytes between the
stationary and mobile phase. Elec-
trophoresis is based on differences in
migration of charged particles in an
electric field. Consequently, chromatog-
raphy and electrophoresis are comple-
mentary tools in the analytical chemist’s
toolbox. Of course, there are separation
problems that can be solved with both
techniques. But, even so, there are prob-
lems for which one technique proves
superior. The art of good analytical
science is to select the tool that uses the
strength and thus robustness of a tech-
nique rather than apply it at the limit of
its capabilities and, therefore, have it be
intrinsically less robust.

Practical Aspects

of the CE Capillary

Initially, fused silica was used as a
capillary column because of its inert
nature, UV transparency, and low cost.
However, “inert” is not a very apt word
in this case. The use of fused silica for
CE results in the so-called electro(end)
osmotic flow (EOF, see sidebar). As can
be understood from the origin of it, the
EOF is sensitive to anything influencing
the capillary wall and the protonation
or deprotonation of the silanol groups.
Thus, for good precision it is important
to understand and control the EOF pro-
cess well. Early on, we understood the
importance of caustic rinsing procedures
to condition new fused-silica capillaries.

Presequence and prerun conditioning

procedures have been (and should be)

the point of attention for all method

developers because these procedures are

method specific. Besides conditioning of

the wall, there can be other reasons for

preconditioning steps:

* refreshing the separation medium to
prevent buffer depletion;

* reducing analyte—wall interactions;

* preventing carryover from highly
concentrated sample components;

e and flushing out late-migrating com-
ponents that are of no interest.

Table IT lists examples of potential
conditioning steps (8). The simplest
step, rinsing with the separation buf-
fer, should always be part of the prerun
conditioning. Other steps might be
added as needed.

Still, a good conditioning scheme is
sometimes not sufficient to control the
stability, magnitude, and direction of
the EOF and cannot always sufficiently
suppress analyte-wall interactions. In
light of this, coating procedures have
become more and more common, espe-
cially adsorbed coatings. These can be
divided into two groups, static adsorbed
and dynamic coatings. Examples of the
static adsorbed coatings are polymer
coatings such as the cationic polybrene
and the anionic dextran sulfate and
poly(vinylsulfonic acid). These coat-
ings are very stable and effective as
double- and triple-layer coatings, also
called successive multiple ionic polymer
layer (SMIL) coatings (see reference 9

for a review). If properly applied, these
coatings are stable for many runs and
the coating polymer does not need to
be present in the background electro-
lytes (BGE). This gives more flexibility
to optimize the BGE independent of
the coating. SMIL coatings are being
applied in many commercial kits, such
as CEofix (Analis), and also for many
CE-mass spectrometry (MS) analyses
of proteins.

The other group of adsorbed coat-
ings are the so called dynamic coatings.
These have to be present in the BGE for
an effective, repetitive, and reproducible
effect. Dynamic coatings can be ionic
surfactants such as cetyl trimethylam-
monium bromide (CTAB), monoamines
such as triethanolamine, diamines such
as putrescine, or polyamines such as
spermine. To demonstrate how well-
used these coatings are, here are two
examples from the pharmacopeias:
Triethanolamine is being used in the
pharmacopeial method for the enantio-
meric purity of S-ropivacaine (Figure
1 [10,11]) and putrescine is being used
in the pharmacopeial method for the
separation of erythropoietin (EPO)
isoforms.

As discussed, anything influencing
the capillary wall can affect precision
and reproducibility. Therefore, it is
also important to realize that a capil-
lary has a history and to stick with
one application per capillary. Fur-
thermore, after method development
the capillary has probably “seen”
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Table II: Possible preconditioning steps

Background electrolyte (BGE)

Obligatory, simplest possible preconditioning step, often sufficient
e Cleans out sample components
Refreshes the BGE to avoid buffer depletion effects

e Some BGE components interact with the surface, which in its turn can affect the equilibration
time needed

Applied voltage

Stabilizes the EOF

e Apply a voltage with polarity opposite to the run voltage to reduce carry-over

Water e To bracket solvents that are not compatible

Sodium hydroxide

If harsher treatment of the capillary wall is needed (highly concentrated samples [analyte and
matrix], sample components with strong wall interactions)

e Not compatible with some capillary coatings

Strong acids, such as H;PO, or HCl

Harsher treatment than BGE or water, but without deprotonation of the silanol groups of the
capillary wall

e Zeta-potential decreased (EOF slower) using the same pH in the BGE if acidic rinse is applied instead
of a sodium hydroxide wash. This effect is less when applying EOF-modifying BGE components.

Organic solvents

e Other cleaning properties than aqueous solutions
¢ Do not use directly after sodium hydroxide rinse
e Some solvents, such as acetonitrile, can swell the polyimide outer coating

e Some solvents are not compatible with coated capillaries

Detergents, such as SDS

e Might be beneficial for some matrices, such as biological samples (40)

e Some detergents cause permanent changes to the capillary wall

Wait step

e Time to equilibrate

* |In some software the way to program a dip

Dynamic coating solutions

e Do not always need to be added to the BGE, sometimes it suffices to flush between runs or
before the start of a sequence

Dip capillary end

Cleaning the injection end of the capillary by dipping into water after preconditioning and
before sample injection can improve injection precision

separation buffer components or rins-
ing solutions that did not make it to
the final method. So after method
development, it is a good practice to
recheck the final optimized condi-
tions on a fresh capillary.

There are other details, such as the
cutting of the capillary, that are part
of good CE working practices that are
important to get sharp, reproducible
peaks. Although not difficult (12)
and easy to check, improper cutting
often gives rise to loss of efficiency
and resolution (see Figure 2 ). Even a
broken outlet might result in sloping
baselines or tailing peaks. Remove
the outer polyimide coating a few
millimeters from the inlet and outlet
of the capillary. This will reduce car-
ryover and give better precision. This
is important especially when using
solvents that make the polyimide
swell, such as acetonitrile. Remov-
ing the polyimide from the inlet and
outlet is not advisable for some coated
capillaries because it might damage
the inner coating.

Do the Pharmaceutical

and Biotech Industries

Really Use CE?

So, is CE really being used in indus-
try? An academic friend recently
remarked that industry must be using
CE less than before since the num-
ber of scientific publications from
industry is declining. Others have
made similar remarks. Other rumors
are that CE is not reproducible and
robust, so it cannot be used for qual-
ity control (QC). Additionally, people
think that CE methods cannot be
validated, and even that regulatory
bodies such as the United States Food
and Drug Agency (FDA) do not like
CE. Are these comments really sup-
ported by the facts?

The facts are that there are many
successful methods during all stages
of development within industry,
although this cannot be fully proven
by publications. There are adopted
methods in use including applica-
tions from the pharmacopeias such as

the United States Pharmacopeia (USP)

and European Pharmacopoeia (Ph.
Eur.) (for a selection of these meth-
ods, see Table III; for a review see
references 13 and 14). Of course, to
get as far as this, these methods have
to be successfully validated. Experi-
ences from the field and sometimes
reports in peer-reviewed publications
show that for CE, similar robustness
and reproducibility is possible, as
with other techniques and methods
such as high performance liquid
chromatography (HPLC). There

are several successful intercompany
studies using multiple modes of CE
(15-21). The recent increase in sales
of instruments show that CE is still a
growing market.

Furthermore, there is a good knowl-
edge base within the regulatory bod-
ies of CE techniques. Representatives
actively participate in symposia and
are part of organizing committees
such as for CE in the Biotechnology
& Pharmaceutical Industries (CEPh-
arm). This CASSS-run meeting has
seen a steady attendance from industry,
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Figure 1: The enantiomeric purity
determination of (S)-ropivacaine.
Capillary: 80.5 (72.0) cm X 50 pm
fused silica; background electrolyte
(BGE): 100 mM phosphoric acid, 88
mM triethanolamine, and 10 mM DM-
B-CD, freshly prepared and filtered
over 0.45-pm pore size PTFE filters; BGE
pH: 3.0; applied voltage: 30 kV (current
42 pA) with initial ramping of 500 V/s;
temperature: 30 °C; injection: 50 mbar
X 5 s; detection: UV absorbance at
206 nm with 4 nm bandwidth; prerun
conditioning: 1 min flush of water, 4
min of 0.1 M sodium hydroxide, 1 min of
water, and 4 min of BGE (before the start
of a sequence the capillary is rinsed for 10
min with 0.1 M sodium hydroxide or for 30
min for a new capillary); capillary storage:
stored dry after a rinse for 10 min with
sodium hydroxide, 10 min with water,
and 10 min from empty vials; sample:
2 mg/mL ropivacaine hydrochloride
solution for injection, directly injected
without further sample preparation.
Quantification by internal normalization
of corrected peak areas. The %RSD for
the amount of (R)-ropivacaine in this
sample was 8%. Sample preparation
of other ropivacaine products: higher
concentrations of solution for injection
are diluted with water to 2 mg/mL.
Ropivacine HCI substance is dissolved in
water to 2 mg/mL.

vendors, and regulatory bodies, and
had its 14th meeting this year.

If one submits CE methods to reg-
ulatory bodies, they receive the same
attention as other submitted methods.
Just as with other methods, one must
justify the need for the method and
provide the thorough information
needed for reviewing the submission,
irrespective of the technology used.

Capillary Electrophoresis

www.chromatographyonline.com
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Electrophoresis means migration of charged particles in an electric field. The driv-

ing force F, for the migration is the charge ¢ of the analyte and the strength of the

electric field £, so F_ = g-E. Upon movement, friction occurs. This friction F,is

influenced by the size or shape (677) of the analyte, its velocity v_, and the viscos-

ity m of the medium. In equilibrium, the driving force and friction are in balance,

g-E = 6nrm-v_ The velocity of an analyte is then dependent on its charge, size

or shape, the electric field strength, and the viscosity. Because charge and size are

analyte-dependent attributes, we have here our mechanism of separation.

In CE we often talk about mobility instead of velocity. The electrophoretic

mobility p_is the velocity independent of the field strength and is an intrinsic

property of the analyte in a given medium: B = 2, /E = q/(6nrm). Because

analytes can carry either a positive or a negative charge, electrophoretic separa-

tions are bidirectional. Analytes of interest have to carry charge, which means

selecting an electrolyte pH that favors protonation or deprotonation of the

analytes. In the figure above, the green and red vectors mark the electropho-

retic mobilities. In CE, all analytes also experience an electroosmotic flow (see

sidebar, “Electrophoresis in a Capillary: The Electroosmotic Flow”). The elec-

troosmotic mobility is dependent of the pH and indicated with the blue vector.

The total mobility of an analyte, also called apparent or effective mobility, is the

vectorial sum of the electrophoretic mobility and the electroosmotic mobility.

These mobilities can either be positively or negatively charged. At a high pH,

the electroosmotic flow can be so high as to drag even negatively charged ana-

lytes to the negative cathode. The advantage of this is that all analytes move in

the same direction and can all be detected. At a low pH, the separation remains

bidirectional and selective detection is possible by putting the detector at the

appropriate side.

Applications from the
Pharmaceutical Industry

CE is being used by the pharmaceuti-
cal and biotech industry in all phases of
drug development: not only for identity,
assay, and purity analysis of the active
pharmaceutical ingredient (API), but
also for other types of applications such
as physical-chemical characterization
(pK, logP, and logD determinations and
drug—protein binding), analysis of coun-
terions, formulation development sup-
port, conformation of results obtained by
other techniques, and troubleshooting.
Because of the proprietary nature of the

drug substances being investigated in the
pharmaceutical industry, many of these
applications never get published. Here
are some examples that illustrate the use
of the different CE modes.

Capillary Zone Electrophoresis
There are many similar methods that

are successfully being applied for the
determination of drug countercations and
counteranions. Mostly, these methods use
indirect UV detection. An excellent book
chapter on ion analysis was written by De
I'Escaille and Falmagne (22). Figure 3
shows an example of the determination
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Table IlI: CE tests in the European Pharmacopoeia (Ph. Eur.) and the US Pharmacopeia (USP)

Aprotinin 580

(Limit of) Des-Ala-aprotinin and
des-Ala-des-Gly-aprotinin

A low-pH CZE system in which the polypep-
tide impurities are identified by their relative
migration time and quantified by internal
normalization.

Aprotinin concentrated
) 579
solution

Des-Ala-aprotinin and
des-Ala-des-Gly-aprotinin

CZE method similar to method for aprotinin
substance.

Erythropoietin

concentrated solution 1316

Identification

Isoform separation in a CZE system.
Identification by comparison with reference
solution. Quantification by internal normaliza-
tion and comparison with specification table in
pharmacopeia.

Galantamine HBr 2366

Enantiomeric purity

Chiral separation. Limit test in which the enan-
tiomer peak in the sample solution is com-
pared with the enantiomer peak in the diluted
racemic reference solution.

Glutathione 1670

Related substances

A CZE system at pH 1.8 for the separation of
related substances. Quantification by peak
areas corrected for migration and response
differences.

Levocabastine HCI 1484

Related substances and organic
impurities

A CD-MEKC system at high pH for the organic
impurities determination, including diastereo-
isomers. Quantification by internal normaliza-
tion of the peak areas. Instead of a constant
voltage, the current is controlled in gradient
steps.

Ropivacaine HCI

(monohydrate) 2335

Enantiomeric purity

A low-pH chiral system with triethanolamine
as BGE co-ion and DM-B-CD as chiral selector.
Quantification by corrected peak areas.

Somatropin 951

Identification: charged variants

Separation is performed on a pH 6.0 CZE
system. Somatropin is identified by injecting
a mixture of sample and reference solution,
which should result in one peak. The deami-
dated charge variants of somatropin migrate
with a relative migration between 1.02 and
1.11 compared to somatropin.

Somatropin

concentrated solution 950

Identification: charged variants

Method similar to somatropin substance.

Somatropin for

P 952
injection

Identification: charged variants

Method similar to somatropin substance.

of bromide as potential impurity in HCI
drug salts with CE and direct UV detec-
tion (23). Indirect UV detection has
limited loadability and linearity and is
less suitable for determining the pres-
ence of a large excess of chloride because
electromigration dispersion of the highly
concentrated chloride peak may impair
the resolution. The direct-UV bromide
determination was optimized with respect
to the resolution of the chloride and the
bromide peaks by statistical experimental
design using a multivariate optimization
program. A sample matrix containing a
high concentration of an ion such as chlo-
ride may cause antistacking. However, if
the mobility of the chloride ion is lower
than the mobility of the bromide ion, the
high chloride concentration may contrib-
ute to a sample self-stacking effect. Fur-
thermore, the buffer co-ion must be care-

fully chosen with respect to its mobility to

achieve an efficient separation system (23).

An example from the biotech industry
is the charge heterogeneity determination
of proteins such as monoclonal antibod-
ies. Yan He of Pfizer (24) published a
rapid analysis on short, dynamically
coated fused-silica capillary. The pH,
concentration of the separation buffer
(e-amino caproic acid), concentration of
the triethylenetetramine (TETA) dynamic
coating, the capillary internal diameter,
and the applied field strength were inves-
tigated and optimized. He also evaluated
the effects of between-run flushing of the
capillary and the data acquisition rate.
Compared with other existing methods
for charge variants analysis, this method
had several advantages including a short
run time, rapid capillary conditioning
and simple sample preparation. At the
MicroScale Bioseparations (MSB 2012)
meeting in Geneva, Switzerland, Bernd
Moritz of Roche showed that the same
methodology on a longer capillary results

in improved resolution of the isoforms, at
the cost of longer analysis times (25).

The pharmacopeial test method for
identity and assay of erythropoietin
(EPO) is also a capillary zone electro-
phoresis (CZE) method with a dynami-
cally coated capillary, in this case with
putrescine (1,4-butanediamine). Long
rinsing procedures are required, but when
optimally conditioned, the method shows
highly resolved and efficient peaks for
the EPO isoforms (26). In the pharma-
copeial identification and charge variants
test method for somatropin, somatropin
concentrated solution, and somatropin for
injection, deamidated charged variants
migrate after the main peak (27).

Micellar Electrokinetic
Chromatography and Microemulsion
Electrokinetic Chromatography

In micellar electrokinetic chromatog-

raphy (MEKC), micelles are added
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Figure 2: Sample zone and peak
distortion by badly cut or broken
capillary: (a) Conditioned capillary filled
with BGE; (b) inlet BGE vial replaced by
sample vial; (c) injection of sample; (d)
inlet BGE vial back in place, migration
ongoing; (e) blue: peak shape that results
from the distorted zone shape; red: peak
shape if the capillary inlet had been
straight and the sample zone normal.

to the separation solution to separate
uncharged analytes. Uncharged analytes
partition between the more lipophilic
inner part of the micelles and the
hydrophilic aqueous buffer. So part of
the time they move with the micelles,
and part of the time with the EOF.
Their migration order will depend on
the strength of the interaction with the
micelles: the more lipohilic the analyte,
the stronger the interaction. That means
that uncharged analytes will show an
effective mobility that is becween the
mobility of the micelles and the mobility
of the EOF. Charged analytes will expe-
rience both this chromatographic effect
and the electrophoretic forces, and their
net mobility is harder to predict.

An elegant example of a MEKC
method was published by K. Persson-
Stubberud (28,29). She developed,
validated, and submitted for regulatory
approval one method for the quantifica-
tion of ibuprofen and codeine and the
determination of degradation products

n
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Figure 3: Determination of bromide in
hydrochloride drug salts using CE with
direct UV detection. Capillary: 50 pym
i.d., effective length 41.5 cm, fused silica,
extended light path (bubble factor 3);
background electrolyte: 60% acetonitrile
and 100 mM methanesulfonic acid
adjusted to pH 1.3 with triethanolamine;
sample: local anesthetic HCl salt
containing 0.3% (w/w) bromide; voltage:
-15 kV; temperature: 20 °C.

in commercial tablets. Factorial design
was used for both method development
as well as robustness testing.

If the analytes of interest are more
lipophilic, using microemulsions in
microemulsion electrokinetic chro-
matography (MEEKC) might be a
better solution than using micelles as
additives for optimal separation. An
interesting approach in problem solv-
ing using MEEKC was nicely demon-
strated by McEvoy (30). Suppositories
containing paracetamol were dissolved
and analyzed with the same micro-
emulsion, making sample preparation
simpler.

Chiral CE

CE is a strong tool for chiral separations
since the chiral selector is dissolved in
the separation buffer. If the dynamic
complexation with the chiral selector
differs between the enantiomers or if
their complexes differ in mobility, they
can be separated. Because the chiral
selector is in the separation solution,

a whole series of chiral selectors can

be screened in a short time. On top of
that, the amount of chiral selector and
its concentration in the buffer can vary.
Variation of the chiral selector concen-
tration is an important parameter in
method optimization.

www.chromatographyonline.com

Although one can fairly successfully
predict interaction of a compound with
a selector, it is still virtually impossible
to predict enantiomeric separation; for
example, see Figure 4 and references
31 and 32. Consequently, it is advis-
able to test as many selectors as possible
in a screening experiment. The most
frequently used chiral selectors are cyclo-
dextrins, as they are UV-transparent and
a wide variety of substituted cyclodex-
trins are commercially available. Figure 4
shows the enantiomeric purity separation
of S-ropivacaine, a method that has been
taken up in the pharmacopeias. Under
exactly the same conditions (BGE: 100
mM phosphoric acid, 90 mM trietha-
nolamine, 10 mM DM-B-CD), some
of the enantiomer pairs are very well
separated (for example, resolution of 7.5
between DLDD and LDLL), and some
are not separated at all, such as DLDL
and LDLD. All chiral forms of the tet-
rapeptide showed association complexes
with the cyclodextrin, as was observed by
migration time shifts for all after adding
the cyclodextrin to the buffer. The main
difference was the association differences
for the enantiomer pairs (23).

Isoelectric Focusing

Within the biotech industry, conven-
tional isoelectric focusing (IEF) has
been replaced by capillary isoelectric
focusing (cIEF) in many cases. cIEF is
cither performed on a short coated cap-
illary with whole-column detection, on
a so-called imaging instrument (icIEF),
or on a traditional CE instrument. In
both cases, the sample is mixed with
ampholyte and the capillary is filled
with this mixture. When the voltage

is applied, the ampholyte forms a pH
gradient through the capillary and the
proteins migrate in this pH gradient
until they reach the pH where their net
charge is zero — that is, where the pH
equals the isoelectric point (pI). The
main advantage of performing IEF in
a capillary is its speed and quantitative
capabilities. There are generic methods
and standard kits available. Traditional
ampholytes are being used, although
some have better UV properties than
others. The major parameters for
method optimization are in the sample
prep procedure, that is, desalting and
the amount of urea needed.
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Figure 4: The separation of the 16 stereoisomers of the tetrapeptide Tyr-Arg-Phe-
Phe-NH,, presented as eight enantiomer pairs.

Yan He compared cIEF with CZE for
monoclonal IgG (24) and found that
overall, icIEF showed better separation
of acidic isoforms, whereas CZE showed
better separation of basic isoforms.

Capillary Gel Electrophoresis

In capillary gel electrophoresis (CGE), a
noncrosslinked linear polymer is used to
form the sieving gel. Again, the instru-
ment automation and improved quantita-
tion properties make the capillary format
interesting. A huge application area is the
analysis of DNA, although the capillary
form of sodium dodecyl sulfate—polyacryl-
amide gel electrophoresis (SDS-PAGE)
for proteins receives more attention in

the pharma industry. Commercially, the
term CE-SDS also is being used for the
capillary format of SDS-PAGE. There are
commercial kits available for molecular
weight determinations of proteins and for
the charge heterogeneity determination
of monoclonal antibodies (19). With UV
detection, Coomassie blue sensitivity is
achieved, and with laser-induced fluo-
rescence (LIF) detection silver staining
sensitivity is possible. All of the CGE
applications for DNA, RNA, and proteins
are also available on chip-sized analyzers.

Capillary Electrochromatography
In the early days of capillary electro-
chromatography (CEC), there was also

a distinct interest within pharma for

the potentials of this technique. CEC
combines a chromatographic partition
mechanism with a flat electroosmotic
flow profile. A capillary is packed with
LC column material and the flow is cre-
ated by applying a high electric field. For
uncharged compounds, the separation
mechanism is purely chromatographic,
although differences in migration order by
micro-LC and CEC on the same column
have been observed (33). For charged
compounds, the separation is the result of
both chromatographic and electrophoretic
interactions. An example from industry
using chiral CEC is found in reference
34. Currently, to my knowledge, inter-

est in CEC in industry has decreased,
partly because of the issues with repro-
ducibility of the capillaries (packing and
frit making), and partly because of the
introduction of ultrahigh-pressure liquid
chromatography (UHPLC). It would be
interesting to see if the reduced particle
size from UHPLC and the increasing
knowledge about packing reproducible
capillaries revives interest in CEC.

CE-MS

Although it is hard to get an overview
because much remains unpublished,
CE-MS is being used sparsely within the
pharma industry and when it is used, it is
mainly for characterization. In early drug
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discovery, CE-MS can be used for the
simultaneous determination of pK values
of very small amounts of drug mixtures
(35,36). Also, for impurity profiling
purposes CE-MS is interesting as an
orthogonal technique to LC-MS. Visky
and colleagues used CE—electrospray
(EST)-MS-MS for the impurity profiling
of galantamine hydrobromide in stressed
extended release capsules (37). Recently,
Whitmore published the tryptic mapping
of a protein digest with CE-MS. Tryptic
peptide mapping is routinely used in

the biotech industry to confirm primary
sequence, to determine cell line stability,
and to analyze post-translational modifi-
cations. With CE-MS, complementary
information was obtained compared to
LC-MS (38). The peptides found with
CE-MS and not with LC-MS contained
three amino acids or fewer and included
two peptides in the critical complemen-
tary binding domain. At CEPharm 2011,
there was a special session dedicated to
CE-MS that also included a workshop.
The high attendance demonstrated an
increasing interest from industry to
expand the characterization of (protein)
pharmaceuticals with CE-MS.

Renewed Interest from Pharma
From discussions with users from the
pharma industry, it seems that the use

of CE declined in the first decade of this
century, especially for small molecules.
The reasons for this varied. Specialists
moved on to managerial functions or
disappeared in all the reorganizations.
Equipment improvement halted for some
time, and application kit development
was slow, with the kits developed mainly
for protein pharmaceuticals. It also took
time for industry to investigate this new
technique sufficiently to come up with
good working practices. In many cases,
the expectations were high and the results
were, therefore, disappointing. Many peo-
ple treated CE the same as LC, but these
techniques are fundamentally different, so
good working practices from the one are
not applicable to the other. Sensitivity and
precision suffered as a result. The smaller
capillary diameter in CE (compared to
the HPLC detection cell) makes for a
smaller detection pathlength, although
higher efficiencies intrinsically give higher
concentrations in the sample zone. With
the development and increased knowledge
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Electrophoresis in a Capillary: The Electroosmotic Flow

B

1]

Capillary wall

If a silica capillary is filled
with an (aqueous) medium,
the silanol groups in the capil-
lary wall deprotonate and
the wall becomes negatively
charged. The extent of the
deprotonation depends on the
pH of the medium.

Positively charged cations

Double layer ~%-‘ :-’i%‘:'.a".' in the medium (mostly the
@® ® ® @® @® buffer cations) are attracted to
® @ @ @ the negatively charged wall.
@ ® @ ® They form a double layer at
Bulk @ ® ® the wall that partly compen-
® ° ® sates the negative charge. The

® diffuse part of the double

layer forms the plane of shear
when the voltage is applied.

The excess of positively charged cations in this layer make it move to the negatively

charged cathode when the voltage is applied and drag along the bulk liquid. The flow
that thus occurs is called the electro(end)osmotic flow, the EOF. The EOF has a flat
profile, so it does not result in band broadening, and sharp peaks with good resolution

are maintained.

The size of the EOF depends on many factors. The first of these is the pH of

the medium. At a low pH, the EOF is slow and at a high pH, the EOF is very fast.

Between pH 4 and 7, a small increase in pH results in a large increase in EOF. Other

parameters influencing the EOF are the ionic strength of the medium, temperature,

viscosity, the dielectric constant of the medium, and applied field strength. For example,

you can manipulate the EOF by coating the capillary wall covalently or dynamically.

of appropriate injection and stacking tech-
niques for CE, sensitivity similar to that
of LC methods has been achievable.
Currently, the revival of CE in the
pharma industry seems to come from
the biotech area. Here, CE does not
“compete” with HPLC or UHPLC, but
is an automated and quantitative alterna-
tive to traditional gel electrophoresis.
Application kits have improved over the
years, thanks to many efforts and input
from industry, and CGE and cIEF seem
well-established in the bigger biotech
companies. Companies that want to
produce biosimilars find CE methods
in the pharmacopeias and need to con-
sider the use of CE as well. Also, smaller
innovator companies are becoming more
and more interested in the now well-
established cIEF and CGE methodology.
From experience with the “translated
from gel electrophoresis” methods, there
is now also an expansion toward other
CE modes, especially CZE, and this is
visible in the biotech industry.

Keys for Success
The presence of well-developed kits and
improved equipment does greatly assist
companies in getting started with CE.
Companies that start with CE find that
it is not sufficient to buy an instrument
and application kits and that they need
to invest in training and good contact
with industrial experts. Over the years,
the CE user community has learned a
lot about good CE working practices,
and it is this knowledge that needs to be
spread further for proper implementation
of the technique. Combined with good
practice, knowledge about injection and
enrichment techniques are the keys.
Another driver for the revival of CE in
industry is the increasing application of
CE-MS. The sheath-flow interface has
been on the market now for some time
and, although still in the hands of special-
ists, is increasingly robust and easier to
handle. The announcement of the launch
of a new commercial sheathless interface
that seems more sensitive is welcomed.
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From several areas, there is evidence that
CE-MS gives results that are complemen-
tary to LC-MS, and therefore it is a tool
not to be missed for characterization and

profiling.

Key Risk Factors

More compendial methods will increase
the use and implementation of CE
methodologies in the pharma industry.
For compendial methods, proprietary
consumables are not acceptable. For
instance, CE-SDS and (i)cIEF methodol-
ogy are firmly implemented in biotech
and pharma, yet we still see an increasing
market. However, these methodologies
contain proprietary consumables (such as
capillary coatings and separation medium
compositions), which hinders their
becoming compendial, because compen-
dial methods require general availability
and independence from equipment brand.
Unfortunately, this is not the current
situation. Equipment requirements for
the successful application of kits is highly
appropriate and justified, if properly doc-
umented. For both equipment and appli-
cations we need more suppliers for CE use
to be able to grow further. The only way
to increase the use of a technique comes
through general availability.

For the firm implementation of a (or
any) valuable tool in the pharmaceutical
analysis toolbox, we need well-educated
scientists and technicians. That naturally
includes tools such as experimental design
or chemometrics, quality by design, and
statistics. Proper training is required not
only on the science of the (new) technique,
but also on good working practices and
the requirements on highly-regulated
pharmaceutical analysis. Markus Bliimel
of Novartis undetlined this in his presen-
tation at MSB 2012 in Geneva. CE-SDS
methodology was implemented in R&D
quality control in his company. Initially,
more than 50% of the sequences run
showed issues that could be anything
from spikes, ghost peaks, tailing peaks,
shifting migration times, or blocked capil-
laries. The method standard operating
procedures (SOPs) were then updated with
attention paid to the details of good work-
ing practice such as cleaning, capillary
cutting, and rinsing, and the analysts were
retrained on these practices. As a result,
now more than 95% of the sequences
run without issues (39). A decade ago,
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scientists in industry were still allowed time to implement new
technology and take time to develop a better and faster analytical
toolbox in the long run. Nowadays, the balance seems to have
tipped over to short-term project deadlines, which impedes the
implementation of new technologies. Yet, someone needs to fill

the gap between theory and practice.

Concluding Remarks

CE techniques have huge potential, and their use in industry
is increasing. Many routine, stable, robust, and sensitive CE
methods are successfully being used in pharmaceutical and
biotech analysis. There are several authority-approved appli-
cations, but there should and could be more. This is certainly
achievable if we realize that a good method is something
more than a good separation.

To achieve that, we need properly trained staff in all
areas, that is, science, good laboratory practices (GLP),
good manufacturing practices (GMP), and good working
CE practices. The triangle (academia—vendors—industry)
needs to work closely together to ensure that there are
no gaps in knowledge transfer. Furthermore, additional
instrument and application development is needed, as well
as more competition to stimulate this. The way into the
pharmacopeias is through nonproprietary methods, collab-
orative studies, and open discussions. The CE user network
is paramount for sharing experience and good working
practice, for as Einstein already noted, “In theory, theory

and practice are the same. In practice, they are not.”
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