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Separation and analysis of colloidal/nano-particles including
microorganisms by capillary electrophoresis: a fundamental review
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Abstract

A review is presented on the CE analysis of colloidal/nano particles. Topics discussed include the CE separation of polymeric, inorganic,
microbial (i.e. viruses, bacteria, fungi, and whole cells), and sub-cellular particles (i.e. mitochondria and nuclei). Several of the encountered
difficulties in analysis are presented as well as the methods employed to overcome them.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Capillary electrokinetic separation methods have been
used in several formats (i.e. capillary zone electrophoresis
(CZE), capillary isoelectric focusing (CIEF), capillary iso-
tachophoresis (CI), and capillary gel electrophoresis (CGE))
to analyze and characterize a wide variety of analytes from
simple inorganic ions[1–3], small organic molecules[3],
peptides[4,5], to proteins[4] DNA and RNA[6]. The funda-

Abbreviations:CZE, capillary zone electrophoresis; CIEF, capillary isoelectric focusing; CI, capillary isotacophoresis; CGE, capillary gel electrophore-
sis; EH, electrophoretic heterogeneity; LDV, laser Doppler velocimetry; G6PDH, glucose-6-phosphate dehydrogenase; LIF, laser induced fluorescence;
PSPs, polystyrene particles; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]propanesulfonic acid; PANI, polyaniline; PPy, polypyrrole; MPCs, mono-
layer protected gold clusters; MEAV2+(NO3

−)2, N-(methyl)-N′-(ethylamine)-viologen dinitrate; TMV, tobacco mosaic virus; HRV, human rhinovirus;
ACE, affinity capillary electrophoresis; VLDLs, very low density lipoprotein receptors; EOF, electroosmotic flow; TFFF, thermal field flow fractionation;
MARK, microbe and radiolabel kinesis; DCIP, 2,6-dichlorophenolindophenol; FISH, fluorescence in situ hybridization; CCD, charge coupled device;FEP,
fluorinated ethylene-propylene; G/R, green to red; ECC, electrokinetic capillary chromatography
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mental factors governing the separation of these molecules
have been understood for some time[7,8]. Movement oc-
curs because charged species will move toward the direction
of opposite charge when an electric field is applied. The
solution around the molecule also imposes a frictional drag
on the molecules as they move; therefore, the net mobility
of a molecule (at equilibrium) is represented by theEq. (1):

µ = q

f
(1)
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whereµ is the electrophoretic mobility,q the net charge
andf the translational friction coefficient (which is equal to
6πηR, whereR is the particle radius andη is viscosity). Of-
ten times the mobility is spoken of in terms of charge to size;
however, it is understood that size relates directly to the fric-
tional coefficient. This relationship was derived for spheri-
cal particles, which is a reasonable assumption unless very
large molecules such as proteins, DNA and RNA are con-
sidered, then other models must be used[9]. These models
still allow a fairly accurate prediction of the electrophoretic
mobility. The reason CE is such an attractive technique for
molecular analytes is because of the low sample consump-
tion, fast analysis times, ease of automation and, of course,
the extremely high efficiencies obtainable. In fact, for most
of these analytes only a few factors contribute to the over-
all band broadening process, which enables the attainment
of high efficiencies. The factors that contribute to total band
broadening (σ2

t ) are indicated inEq. (2):

σ2
t = σ2

D + σ2
�T + σ2

I + σ2
det + σ2

�κ + σ2
�h + σ2

W + σ2
HD

(2)

whereσ2
D represents the variance from longitudinal diffu-

sion, σ2
�T is the variance from the temperature profile,σ2

I
is from the finite injection zone length,σ2

det is from finite
detection width,σ2

�κ is variance from conductivity differ-
ences,σ2

�h is from siphoning effects,σ2
W from wall inter-

actions, andσ2
HD is from hydrodynamic injection[10]. For

inorganic ions, small organic molecules, and small peptides
only the first three terms contribute significantly and cannot
be controlled to a large extent by the operator. When working
with large proteins or other macromolecules, the term from
longitudinal diffusion can often be neglected, since they
have diffusion coefficients much lower than those of small
molecules. However, the band broadening term for wall in-
teractions is often significant. In fact, under ideal conditions
the Gaussian peak shape is the sole result of the distribution
induced by longitudinal diffusion; therefore proteins, with
minimal diffusion coefficients, would theoretically display
a rectangular peak shape under these conditions (in reality,
a situation quite difficult to produce). The fact that all enti-
ties of a particular molecular analyte are exactly identical to
each other also simplifies matters. (This is not the case for
colloidal analytes; the special problems they present will be
discussed later.)

Recently, CE has been extended to include colloidal or
nano-particles, which differ considerably from the afore-
mentioned analytes. Colloidal particles typically have at
least one dimension that ranges in size from the lower
tens of nanometers to a few micrometers, while molecular
sizes are usually expressed in terms of angstroms. A fun-
damental understanding of the electrophoretic process is
more complicated for such particles. No longer can the rel-
ative electrophoretic mobility be estimated by considering
the molecular weight and the expected charge. In fact, the
molecular weights and overall charges are rarely known,

unless measured beforehand by alternate techniques. These
particles typically exhibit a wide distribution of charge, size,
and shape; all of which can vary with experimental condi-
tions and time. Frequently a single sample will have a distri-
bution of properties and therefore electrophoretic mobilities.
This quality is often referred to as electrophoretic hetero-
geneity (EH)[11]. This is not a problem when considering
small molecular species or ions which are individually iden-
tical. The EH is an additional term that contributes to the to-
tal variance of the peak width in CE. Under conditions where
all other sources of variance could be suppressed, EH alone
would give rise to a broad and often irregular peak shape. The
total variance from wall interactions can also be a problem
for colloidal/nano particles. The potential for an enormous
number of charges (if positive) and hydrophobic moieties
on their surface can greatly increase the chance of wall in-
teractions. In addition, the size of the particle itself and the
fact that it is actually present as a heterogeneous solution
increases the chance that it will physically contact the wall,
which can sometimes retard its forward movement. In addi-
tion to the factors that affect variance, other factors that af-
fect colloidal analysis are: particle–particle interactions and
the stability of individual particles. Though molecules are
constantly bombarding one another due to simple Brownian
motion, this generally does not have an effect on their mea-
sured mobility or the mobility of other small molecular ana-
lytes in solution. This is not the case for colloidal particles,
as sometimes the particles will adhere to each other once
they come into contact, altering their mobility. This can also
be a source of capillary clogging, if aggregation occurs to a
large extent. In terms of stability, many biological colloids
are susceptible to extremes of pH, osmolarity differences, or
high electric fields, which can cause damage or rupture the
structures. These are among a few of the factors affecting
the analysis of colloidal particles by CE, many more exist.
The aforementioned examples illustrate a few of the com-
plicating factors that researchers in the field must deal with.
This may explain why relatively little has been published
in the area of colloidal or nano-particle CE, until recently.

Colloids such as polymeric particles (latex and others) are
used in a number of different applications such as size stan-
dards[12], or immunoagglutination tests, where antibody
coated polymer particles are an important part of the tech-
nique[13–15]. Inorganic colloidal particles have been exten-
sively used in bioapplications such as DNA detection[16],
immunospecific cell separations[17–19], and MRI contrast
reagents[20]. The importance of biologically-related col-
loidal particles cannot be overstated; viruses, bacteria, and
fungi, while important for pathological reasons, also provide
antibiotics and vaccines. Structures such as liposomes have
been used widely in the cosmetic industry, as drug delivery
agents, and as model systems for many biological mem-
branes[21]. Since these colloidal/nano particles are used in
many ways and are important for a number of reasons, the
careful characterization (in term of size and surface prop-
erties) of these particles is also essential. Techniques that
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currently exist for the characterization of such particles are
often very time consuming and complex. For instance, the
size of inorganic and polymeric particles is typically char-
acterized by laser light scattering, which is a notoriously
difficult technique. The surface of these particles can be
characterized by laser Doppler velocimetry (LDV), another
complicated technique[22]. Biological characterization is
typically performed by flow cytometry, which is very time
consuming and prohibitively expensive. Surface character-
ization of these particles is done by microelectrophoresis,
which is a labor intensive technique. CE is superior to these
techniques because it can provide rapid information on both
size and surface characteristics in a very simple manner.
These are the main reasons why there has been an effort
to extend CE to colloidal/nano analysis. Although CE may
have initially appeared to be unsuitable for these types of
analyses, researchers have made significant strides in devel-
oping CE as a very competitive technique for the analysis
of particles. The aim of this review is to present the past and
present findings on the CE analysis and characterization of
colloidal/nano particles, including polymeric colloids, in-
organic colloids, and biological colloids (viruses, bacteria,
fungi, whole cells, and other cellular constituents). Another
function of this review is to describe the ways in which
various researchers have overcome the analytical difficulties
initially presented by colloidal/nano-analytes.

2. CE of colloidal/nano-particles

2.1. CE characterization of polymer particles

Much of the initial work on the CE of colloidal polymer
solutions was performed on polystyrene particles. Jones
and Ballou evaluated different experimental conditions
for the separation of numerous carboxylated and sulfated
polystyrene particles of various size and charge[23]. More
specifically, they focused on the effect that experimental
parameters had on the efficiency, resolution, and mobility
differences. It was found that much cleaner electrophero-
grams resulted when using a very high pH (10.71) running
buffer. The number of theoretical plates also generally in-
creased at higher pHs (Fig. 1); however, this was not the
case for the mobility differences or the resolution. They
exhibited similar patterns of an initial rise in number of
theoretical plates, then a sharp fall near pH 8.5, and finally,
a slight increase at pH 11[23]. The peaks were poorly
shaped at low pHs though, and it was stated that a signifi-
cant amount of error in the calculations of theoretical plates
and resolution may have resulted from this. Voltage exper-
iments were done at the optimal pH (10.71) and showed
that the mobility difference of the particles became larger
at higher electric fields. There was also an observed shift
of each particle’s mobility towards more negative values at
higher applied voltages. A possible explanation offered was
that the viscosity of the buffer decreased as a result of Joule

Fig. 1. Electropherograms of seven-component latex mixture at four pH
values: (A) 6.64, (B) 7.21, (C) 8.49, and (D) 10.71. Peaks 1–7 correspond
to particles of 0.030, 0.079, 0.070, 0.100, 0.200, 0.500, and 1.16�m di-
ameter, respectively. Capillary: 55 cm length, 75�m i.d., 40 cm to detec-
tor, 30 kV. Phosphate buffer adjusted with appropriate amounts of NaOH.
Reproduced from[23] with permission.

heating. Another theory, not experimentally tested, was that
shearing of the ionic atmosphere around the particles may
have occurred at high electric fields, thereby uncovering
more of the negatively functionalized surface. The resolu-
tion of the particles increased at higher electric fields, while
the efficiency differed significantly for each particle.

In a subsequent publication, it was shown that resolu-
tion and efficiency were in fact independent of the electric
field, contrary to what was seen previously[24]. Upon care-
ful consideration of all sources of band broadening in CE,
it was concluded that the main contributions were from the
finite injection zone length and the electrophoretic hetero-
geneity of the particles. Since these factors are independent
of the electric field, the efficiency and resolution should be
as well. After plots of current versus electric field were con-
structed, it was clearly evident from the deviation in linear-
ity (when using a non-temperature regulated capillary) that a
significant amount of heating was occurring inside the capil-
lary. Similar plots using a thermostated CE device exhibited
only slight deviations. The assumption that Joule heating
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was responsible for the increase in mobility of the particles
and that this in turn affected efficiency and resolution was
correct, as indicated by the plots of mobility versus applied
potential.

Work by Radko et al. focused on how well the CE of
polymeric particles corresponded to electrokinetic theory
[25]. After several experiments with various sized sulfated
polystyrene particles at several ionic strengths, the conclu-
sion was reached that the measured mobility was consistent
with that predicted by the Oveerbeek–Booth electrokinetic
theory. However, the presence of a “hairy layer” from ex-
tended polymer chains on the particle surface hindered a
complete explanation. Electrophoretic heterogeneity was
determined to be the most dominant factor contributing to
band broadening in this case, but thermal effects from Joule
heating also contributed (though a thermostated system was
used), especially at high ionic strengths and electric fields.

Rosenzweig and Yeung were able to determine the pres-
ence of minute amounts of glucose-6-phosphate dehydroge-
nase (G6PDH) inside human erythrocytes (red blood cells)
with a CE immunoassay method involving the use of anti-
body coated latex particles[26]. By measuring the change
in light scattering of particles passing through a 20�m cap-
illary, the extent of agglutination of the particles could be
ascertained; the aggregated (and thus larger) particles scat-
tered the laser beam more than smaller single particles. Since
the G6PDH induced agglutination of the particles and higher
concentrations induced more agglutination, the amount of
G6PDH could be indirectly determined by measuring the
degree of light scattering. When the contents of a lysed ery-
throcyte were placed inside the capillary, the degree of light
scattering (extent of agglutination) gave a direct indication
of the amount of G6PDH present in a single human red
blood cell.

Duffy et al. used a specialized CE instrument with
laser-induced fluorescence detection (LIF) to identify single
polymeric particles[27]. The electrophereograms exhibited
sharp spikes corresponding to the individual particles. Sig-
nificant differences were observed between the borate and
borate–SDS running buffers in which the experiments were
performed. SDS containing buffers produced faster migra-
tion times and a narrower range of times than did simple
borate buffers (Fig. 2). Adsorption of SDS monomers to
the particle surface was believed to be responsible for this
effect. Since SDS is negatively charged, it tended to further
enhance the negative charge on the particle and resulted
in faster migration times in the reversed polarity mode.
Two-dimensional plots could also be constructed using the
LIF signal and the particle mobility; these plots provided
an alternate tool for characterizing the particle size.

There have been a small number of publications in which
the electrophoretic mobilities of colloidal polymer particles
were determined by CE and then compared to the values ob-
tained by laser Doppler velocimetry (LDV) measurements
[28,30]. The electrophoretic mobility measurements were
used to characterize the colloidal particles in terms of sur-

Fig. 2. Individual detection of microspheres. 6.0�m diameter micro-
spheres were diluted in either (A) borate–SDS buffer or (10 mM borate,
10 mM SDS, pH 9.3) and (B) borate buffer (10 mM borate, pH 9.3). The
top trace in (A) and (B) corresponds to an electrokinetic injection (5 s at
−100 V/cm) of several microspheres in a suspension. Similarly the bot-
tom trace corresponds to the selective siphoning (1 s,−11.2 kPa) of one
microsphere held on a slide by micropositioning the capillary injection
on top of the microsphere. Separations were carried out at−400 V/cm in
a 50�m i.d., 36.3 cm long poly-AAP coated capillary. Reproduced from
[27] with permission.

face charge or size. This can be done since it is well-known
that the mobility of a particle is strongly dependent on its
charge-to-size ratio. The degree by which either parameter
is experimentally altered (while holding the other constant)
can be observed by the corresponding change in the mo-
bility measurements. Fourest et al. initially published work
comparing the electrophoretic mobilities obtained by the
two methods (LDV & CE) for a number of colloidal sub-
stances such as: sulfated and carboxylated polystyrene par-
ticles (PSPs), as well as SiO2, Al2O3, and TiO2 particles
[28]. The effects of buffer type, as well as the concentration
of the colloids injected, on the measured mobilities were
investigated. Their results showed that the mobility of the
polystyrene particles (measured by LDV) was dependent on
the concentration of supporting electrolyte, but more inter-
estingly, on the nature of the supporting electrolyte as well.
The smaller and less charged cations (Li and Na) of the sup-
porting electrolyte produced much more negative mobilities.
The anions of the electrolyte were not expected to have an
effect on the measured mobility since the polystyrene par-
ticles (PSPs) are anionic in nature and for the most part
cations are expected to be present in their diffuse layer. This
was similar to the effect noticed by Tsukagoshi et al. for
carboxylic acid and phenylboronic acid-modified polymer
particles[29]. There was also an observed effect on the con-
centration of the PSPs on the measured mobilities. At higher
concentrations, the mobility was much more negative and
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a corresponding increase in solution conductivity was also
observed. The effect was attributed to the dissociation of the
functional groups on the surface of the PSPs and was not
seen when a supporting electrolyte was present (LDV). The
mobilities of the PSPs obtained by both CE and LDV were
compared directly and shown to be similar, except for those
particles possessing a very high mobility. These particles
were thought to be very sensitive to the surrounding envi-
ronment, having large fluctuations with only slight changes
in buffer composition.

VanOrman Huff and McIntire also examined the elec-
trophoretic mobilities of polystyrene particles by using CE
and LDV methods[30]. The mobilities of the particles were
again found to be very similar for the two techniques, ex-
cept when the particles possessed a positive charge. The
large discrepancy between the two methods for amine la-
tex particles was attributed to the possibility of interaction
between the positive particles and the negatively charged
surface of the capillary used for CE. The effect of surfac-
tant adsorbed to the surface of the particles also was stud-
ied. The absolute magnitude of the electrophoretic mobility
of sulfated polystyrene particles decreased as higher con-
centrations of a neutral polymeric surfactant were added to
the run buffer. The observation was explained by a decrease
in zeta potential (ζ: zeta potential, which is proportional to
electrophoretic mobility) which declined to a limiting value
as surfactant was added and the particle surface became sat-
urated. The authors stressed that systems such as this are
only useful under certain conditions. First, the analyte must
not interact with the capillary walls, or else the decrease in
mobility cannot be attributed solely to adsorption of surfac-
tant to the surface of the particle. Any surfactant adsorbed
to the capillary wall would lessen the interaction and cause
a corresponding change in electrophoretic mobility. The an-
alyte must be detectable, and lastly, the solution of analyte
must be stable over time.

Hlatshawayo and Silebi also performed experiments on
negatively charged PSPs with added SDS[31]. Several
anionic PSPs were separated and identified using their
specific experimental conditions. The detergent CHAPS
(3-[(3-cholamidopropyl)dimethylammonio]propanesulfonic
acid) was used to a limited extent by Radko et al. How-
ever, this study was more concerned with the upper size
limits of molecular sieving by a polymeric network than in
characterization of the polymeric particles[32]. Thus, far
there has been only a single attempt to separate unmodified
PSPs of various sizes[33]. The separations observed were
thought to be due to ion adsorption from the run buffer
and the acidic residues remaining on the particles from the
polymerization process. Differences in the optical spectra
of the particles helped in the identification of the peaks
in the electropherogram. Experiments at several different
pHs and voltages yielded only minimal changes in effi-
ciency and mobility, but there appeared to be a definite
relation between particle size and electrophoretic mobility
[33].

There have also been CE experiments on other colloidal
polymer particles, such as the work published by Janca
et al. on the CE of polyaniline (PANI) particles[34]. When
polyaniline is formed in the presence of certain stabilizers
(i.e. poly(N-vinylpyrrolidone) or poly(vinyl alcohol)), anal-
ysis and characterization of the resulting polymer particles
is easily performed. However, it is much more difficult when
the particles are formed in the presence of colloidal silica,
since simple separation methods such as centrifugation can
no longer be applied. (The silica is similar in size to the
polymer particles.) These experiments were an attempt to
examine the feasibility of using CE to analyze the chemical
uniformity of polyaniline particles formed in the presence
of colloidal silica. Investigation of the influence of both pH
and ionic strength on zeta potential indicated the possibility
of separating polyaniline (PANI) and polypyrrole (PPy) par-
ticles from colloidal silica (Percoll) in the pH range of 4–11,
provided the ionic strength was not too high[34]. However,
when the individual mobilities of all three (PANI, PPy, and
Percoll) were measured, and the reciprocal values plotted
versus the zeta potential, it was seen that PPy particles could
not be easily separated from the colloidal silica, but PANI
particles could. A mixture of PANI and Percoll was sub-
jected to CE and a slight separation was obtained. However,
it was noted that the PANI peak shifted towards the Percoll
peak when a mixture of the two was analyzed, compared to
what was found when the particles were analyzed individu-
ally (Fig. 3). The authors speculate that this may be due to
the formation of aggregates in the mixture[34].

The separation and characterization of a series of acrylic
styrene copolymer particles was performed by Vanhoenacker

Fig. 3. Electrophereograms of the individual PANI–PVP and silica–PVP
composite particles and of the separated mixture of both detected at a
wavelength of 330 nm. Capillary: 75 cm length, 75�m i.d., 20 kV, 0.02 M
sodium tetraborate run buffer, pH∼ 9.5. Reproduced from[34] with
permission.
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Table 1
Characteristics and mobility data of particles

Chemical composition Particle diameter (nm) Amount acid (%) Zeta potential (mV) Electrophoretic mobility (S.D.), (10−4 cm2/V s)

2-EHA/AA 65 5 −54 −5.03 (0.03)
2-EHA/MAA 68 5 −56 −5.48 (0.05)
2-EHA 69 0 −59 −5.75 (0.05)
2-EHA/MAA 50 3 −59 −5.94 (0.06)
2-EHA/MAA 270 3 −66 −7.13 (0.05)

Experiments carried out in a 75�m × 67 cm (58.5 cm effective length) capillary, buffer consisted of 5 mM NaH2PO4 adjusted to pH 9 with NH3, 30 kV.
Reproduced with permission[35].

et al. [35]. Particles of roughly the same size but varying
compositions (different percentage of acrylic monomers)
were analyzed to determine the effect of surface chem-
istry on separation. The opposite experiments were also per-
formed (i.e. same chemical composition, but different size
particles) to determine the effect of size on separation. The
particles of differing chemical composition gave a separa-
tion but, as is mostly the case for these types of particles,
displayed poor efficiency. In this case, the measured zeta
potentials for each particle showed variation (a logical con-
clusion given the differing compositions) and allowed for
a separation to be obtained. Slightly more complex behav-
ior was displayed by the particles which varied in size but
not chemical composition. The largest particles, having the
most negative zeta potential, were detected last. The trend
followed for smaller particles; those possessing less nega-
tive zeta potentials were detected before those that had more
negative potentials. There was not, however, a linear re-
lationship between the increase in electrophoretic mobility
and the increase in zeta potential (both negative in value)
(Table 1). This observed deviation was attributed to the re-
laxation effect, which differs for particles of different sizes.
Mixtures of acrylic and urethane particles were also ana-
lyzed but aggregation caused difficulties in separation[35].

One factor relevant to all studies on colloidal particles has
always been debated. That is, whether or not the separation
mechanism is electrophoretic in nature or based on some
other mechanism (i.e. size or particle–wall interactions).
The earliest results indicated that separation was based on
particle–wall interactions, since a strong dependence on size
to separation was observed regardless of the charge/mass
ratio. It should be pointed out that the capillaries used in this
study were treated with a cationic surfactant (cetyltrimethyl-
ammonium bromide), which may have affected the results
[36]. Currently, it appears that electrophoretic mobility dom-
inates as the separation mechanism since excellent relation-
ships are observed between charge/size ratios and migration
times [33,34,39]. The observed independence of electric
field on band broadening observed by some researchers
reinforces this notion, by indicating a lack of particle–wall
interaction[24]. The measurements of the mobility of poly-
meric particles by LDV, as well as the good agreement
of those measurements to those obtained by CE establish
the consensus that is presently held: that the separation of
polymeric particles is mainly electrophoretic in nature.

2.2. Inorganic particles

The first attempt at a separation of inorganic colloidal
species was done in 1991 by McCormick for silica sols[37].
A separation was obtained for a series of silica particles
ranging in size from 5 to 500 nm. The standard buffer was a
5 mM ammonium hydroxide and 9.3 mM ammonium chlo-
ride solution. This buffer permitted a partial separation of
several of the particles in a relatively short time (<20 min).
Higher concentrations (2× standard) resulted in much better
resolution of the smaller particles, but prohibitively long mi-
gration times for larger particles also resulted. These results
are not unexpected since the increase in ionic strength not
only slows the electroosmotic flow, but also causes a com-
paction of the diffuse layer, akin to what was found for poly-
meric particles (see previous section of the review). Similar
experiments were performed on derivatized silica particles
to examine their potential usefulness in CEC; however, the
micro electrophoresis format was utilized[38].

Some similarities exist between polymeric & inorganic
particles. Among those found by Fourest et al. were: (i)
measured mobilities (by LDV) exhibited a dependence on
the ionic strength; when the ionic strength increased, the
mobility decreased, similar to PSPs; (ii) the colloidal oxides
showed a change in mobility (as measured by LDV) when
the concentration injected changed. Difficulty arose in the
analysis of colloidal oxide particles by CE though, since
they aggregated to a large extent in some buffers but not
in others (this is one of the main differences between the
colloidal mineral oxides and polymeric particles). Due to
this problem, results for LDV of oxide particles were not
compared to those for CE. It was concluded that CE is best
used as a complimentary method to LDV for the charac-
terization of colloidal particles. While CE is advantageous
for separations, analysis is not possible without altering
the natural environment of the colloid (a compatible run
buffer must be used). In the same sense, LDV is capable of
obtaining mobility data on unaltered samples, but problems
occur if more than one colloid is present. Later publications
by this group showed the complementary nature of the two
techniques[39]. When mixtures of particles were prepared
and subjected to analysis, as opposed to the single entities,
these shortcomings and advantages became apparent.

Some degree of similarity in the CE behavior of poly-
meric and mineral oxide particles was also observed by
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Fig. 4. Capillary zone electrophoretic separations at four electric field
strengths of a mixture containing 0.015% (v/v) each of��-Al2O3 (1),
Fe3O4 (2), and TiO2 (3) particles in 5.00 mM carbonate buffer, pH 10.6.
The x-axis has been converted from units of migration time to apparent
mobility. Capillary effective length: 30.3 cm, total length: 37.0 cm, 96�m
i.d. Reproduced from[40] with permission.

Ballou and Petersen[40]. The separation and characteri-
zation of Al2O3, TiO3, Fe2O3, Fe3O4, and UO2 particles
had been performed previously[41,42]. In this instance,
the same particles were analyzed under two different high
pH systems, in order to optimize results. CZE results of
��-Al2O3, Fe3O4, and TiO2 in 5.00 mM carbonate buffer,
pH 10.6, show a good separation of the three particles. At
low electric fields (below 300 V/cm) (Fig. 4) the selectivi-
ties and efficiencies appeared to be independent of electric
field. This was in good agreement with results obtained for
PSPs in a thermostated system[24]. However, at high elec-
tric fields the efficiencies dropped significantly (41%). The
efficiencies of PSPs also displayed changes at higher elec-
tric fields in a non-thermostated system. The changes in both
cases (mineral oxides and non-thermostated PSPs) were at-
tributed to deviations from an Ohm’s law plot, which gives
an indication of significant Joule heating inside the capil-
lary. However, the efficiency of mineral oxide peaks was
observed to decrease, while the opposite was true for PSPs.
Aside from these findings; the focus of the study was the
optimization of the separation of the particles in two differ-
ent buffer systems: carbonate and pyrophosphate. At high
buffer concentrations, selectivities were enhanced, while ef-
ficiency decreased for both systems. The results also showed
excellent run-to-run reproducibility. The R.S.D. for the mi-

gration time of a UO2 standard was 0.092% for triplicate
runs.

Ferrofluids have also been characterized using CE[43].
Ferrofluids are simply magnetic particles stabilized in
non-magnetic carrier fluids. Similar to polyaniline particles,
these substances acquire their charge from the stabilizers
that are present during their formation. A series of cationic
and anionic ferrofluids were analyzed by standard tech-
niques of varying the pH, ionic strength and voltage. Mini-
mal changes were observed in the measured electrophoretic
mobility of all particles when the pH was varied over the
range of 5–12. There was, however, a significant decrease
in the measured mobility of a cationic ferrofluid in the pH
range of 2–4. The investigators stated that better resolution
was obtained between the ferrofluid particles and impuri-
ties present when lower voltages were used (15 kV versus
30 kV). There is, however, no mention of the effect of volt-
age on the measured mobility that is sometimes observed in
these systems (i.e. particulate). A comparison of the values
of electrophoretic mobilities obtained by micro- and capil-
lary electrophoresis revealed that the CE values were lower
in every instance. However, the reasons for this were not
discussed.

The surface charge on gold nanoparticles arises from
strongly adsorbed citrate ions and not from artificial mod-
ification or pH dependent functionalities, as is the case for
polymeric and mineral oxide particles. Since gold particles
possess a surface charge, they are able to be analyzed by CE
just as are other charged colloidal/nano particles. Schnabel
et al. were among the first to subject such gold particles to
analysis by CE[44]. The aim of their study was to char-
acterize the gold nanoparticles by size. The separation of
these particles was less important since mixtures of these
are rarely found under normal circumstances. There was an
observed inverse relationship between particle diameter and
electrophoretic mobility; however, it was only evident at
high ionic strengths (I = 0.006 mol/l) (Fig. 5). Use of too
high of an ionic strength caused difficulty in the analysis

Fig. 5. Dependence of the electrophoretic mobility of the Au nanoparticles
at given ionic strength on their core diameter. Capillary i.d.: 75�m,
total length: 35.0 cm, effective length: 27.0 cm. Ionic strength: 0.006 mol/l
(acetic acid/Na acetate, pH 5). Reproduced from[44] with permission.
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because compaction of the diffuse layer surrounding the
particles occurred and lead to a corresponding flocculation
of the particles.

Templeton et al. utilized CE to probe the dispersity of
functionalization on tiopronin MPCs (monolayer protected
gold clusters)[45]. Reactions were carried out to both dis-
place tiopronin from the surface of the MPCs and to attach
additional groups upon the tiopronin itself. Since methods to
characterize the dispersity of such particles are not prevalent,
a new technique utilizing CE was attempted. Samples of the
tiopronin MPCs andN-(methyl)-N′-(ethylamine)-viologen
dinitrate (MEAV2+(NO3

−)2) modified MPCs were ana-
lyzed at a pH of 9.3. The negatively charged surface of
the tiopronin MPCs yielded a series of wide overlapping
peaks appearing at a migration time of 12–20 min (the EOF
appeared at 3.7 min). On the other hand, the positively
charged MEAV groups resulted in a sharp peak appearing
at ∼2.0 min. Calculations using the mobility data indicated
that the effective charge on the tiopronin MPCs was−7.4,
and that of the MEAV MPCs to be+8.1. These values were
both significantly different from the number of functional
groups estimated on the surface, but not unexpected, since
the effective charge is also the result of the screening that
may occur from the ionic atmosphere formed around the
particle by the surrounding buffer[45].

2.3. Viruses, bacteria, and fungi

Early work in microbial analysis by CE was performed in
1987 by Hjerten et al. who demonstrated that Tobacco mo-
saic virus (TMV) andLactobacillius caseiwere transported
similarly close to the EOF[46]. Electropherograms for each
were obtained using a 100�m i.d. capillary (coated with
methylcellulose or linear polyacrylamide) and an appropri-
ate Tris buffer. The TMV virus was studied again later by

Fig. 6. CE separation of three different batches of purified HRV2. Virus recovered from cell supernant (A); virus recovered from cell pellet, lower fraction
of sucrose gradient (B); and higher fraction of the sucrose gradient (C). Peaks marked with asterisks were present only in sample B. Virus concentration,
∼0.25 mg/ml in 1:10 diluted BGE without SDS added. Capillary, 50�m i.d. × 50.0 cm, uncoated; effective length 41.5 cm. Buffer, 100 mmol/l borate,
pH 8.3, containing 10 mmol/l SDS. Voltage, 25 kV. IS,o-phthalic acid 20�g/ml. Reproduced from[49] with permission.

Grossman and Soane who determined that the orientation of
the virus had an effect on its electrophoretic mobility[47].
Since the virus is oblong in shape, different orientations re-
sulted in more or less frictional drag from the surrounding
fluid. Higher electric fields aligned the virus more with the
direction of the electroosmotic flow and created less fric-
tional drag. An increase of more than 6% in the measured
electrophoretic mobility was observed over the range of the
electric fields studied.

Kenndler and co-workers exhaustively studied the human
rhinovirus (HRV) in a number of publications. The first was
a study to determine the isoelectric point (pI) of the human
rhinovirus[48]. This was followed by a CE study showing
that the HRV peaks could be reproducibly identified[49].
When HRV was analyzed using CE, a large peak consis-
tently appeared at 3.6 min (seeFig. 6). A series of experi-
ments then ensued to unequivocally assign the peak to the
human rhinovirus. First, the virus was heated to denature it.
The denaturing not only resulted in the loss of RNA from
the viral capsid, but also various other structural changes.
After the heated sample was subjected to CE, the main peak
disappeared and a new peak at∼4.8 min appeared, presum-
ably from the released RNA. In order to determine whether
or not this peak was in fact RNA, the virus was treated with
RNase both before and after heating. Results showed that
the major peak at 3.6 min was unaffected by treatment with
only RNase; however, when the virus was heated first and
then treated with RNase, the peak at 4.8 min disappeared.
Several small peaks also appeared, most likely from the
degradation of the RNA peak by RNase. The use of mono-
clonal antibodies also helped the absolute identification of
the peak at 3.4 min as HRV. These antibodies caused aggre-
gation of the HRV and when the sample was centrifuged,
a decrease in the peak identified as HRV was observed. It
is worth noting that small amounts of SDS, deoxycholate,
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Triton X-100-R or some combination of the these surfac-
tants were added to the run buffer for all of the experiments
reported by this group. This was done to prevent adsorption
of the virus to the capillary wall. In later work, the identi-
fication of other products that resulted from denaturing of
the virus, namely, the 80S and 135S structural units, was at-
tempted[50]. By using specific monoclonal antibodies (in
one instance an antibody that binds exclusively to only sub-
viral particles) the 80S particles could be centrifuged out of
solution. After subsequent analysis of the supernant by CE,
there was a decrease in the peak tentatively labeled as 80S,
while the native virus peak was unaffected. The identifica-
tion of the 135S particles was not successful.

A number of different serotypes of the human rhinovirus
were also studied by Okun et al.[51]. The previous charac-
terization by CE of the HRV2 serotype provided significant
proof that peaks obtained indeed belonged to HRV, but in
this case a post column infectivity assay was employed to aid
in the identification of three more HRV serotypes: HRV14,
HRV16, and HRV49. After the appropriate conditions were
found, (i.e. pH and type of detergent) the different serotypes
exhibited different electrophoretic mobilities. They varied
from 9.6×10−9 to 22.7×10−9 m2/V s. Fractions were then
collected from the capillary and healthy HeLa cells were
incubated with each fraction. Those fractions which corre-
sponded to the eluting HRV2 and HRV14 cells showed the
highest rates of infectivity (as determined by cell lysis), thus
confirming the existence of infectious viral particles.

Affinity capillary electrophoresis (ACE) is a relatively
new technique, but has provided a great deal of information
concerning the interaction of a wide variety of molecules
and macromolecules. For a comprehensive review of these
methods, see[52]. ACE was used by Okun et al. to determine
the extent of interaction between HRV and certain mono-
clonal antibodies[53]. A continual shift in the initial peak
belonging to the native retrovirus was observed upon incu-
bation with increasing amounts mAb 8F5, until an excess
of mAb 8F5 was added, which caused a peak for free mAb
8F5 to appear. Similar observations were made with HRV14
and mAb 17-IA confirming complex formation. These ex-
periments were extended to determine the stoichiometry be-
tween the monoclonal antibodies and HRVs[54]. The mAb
to HRV ratio was determined for two cases: high affinity
and intermediate affinity systems. For the high affinity sys-
tem, a constant amount of mAb 3B10 was incubated with
increasing amounts of HRV2. The aggregated viruses were
centrifuged and the remaining mAbs were analyzed by CE.
By plotting the peak area of mAb obtained by CE analysis
versus the amount of HRV2 added, a linear binding curve
was constructed. Thex-intercept of such a curve can be used
to determine the stoichiometry between the two analytes.
For this case, a ratio of 1:18 HRV to mAb was obtained.
For the intermediate system, a constant amount of mAb 8F5
was incubated with varying amounts of HRV2. In this case
a peak for both the free mAb 8F5 and the complex were ob-
served (the sample was not centrifuged), but as more HRV2

was added, a decrease in the free mAb peak was clearly
evident. This data was used to construct a similar binding
curve, but since this was a case of intermediate binding, the
curve was not linear and resulted in a slight underestimation
of the stoichiometry. The obtained ratio was 1:28, but by
considering the viral symmetry and the foreseen underesti-
mation, the experimental ratio was determined to agree well
with the expected number of 1:30. Comparable results were
acquired by stoichiometric studies of HRV2 with VLDLs
(very low density lipoprotein receptors)[55].

The only attempt at studying a virus other than the hu-
man rhinovirus was by Mann et al. on an adenovirus[56].
The experiments were carried out using PVA coated capil-
laries approximately 57 cm in length and a 25 mM sodium
phosphate buffer. Use of non-coated capillaries resulted in
blank electropherograms, presumably from viral adsorp-
tion to the capillary wall. The electrophereograms from
successful experiments yielded a major peak at 9–10 min
along with minor trailing peaks. The viral activity was
measured for several collected fractions and found to be
highest in the region of 7–10 min, where the main and
minor viral peaks resided. Protein based estimates for the
concentration of virus injected were 4.9× 1010 particles/ml
(STD ± 2.2 × 1010). The pH and the ionic strength were
optimized at 7 and 25 mM phosphate, respectively.

Bacteria can be as much as 102–103 times larger than
viruses; the increasing size leads to increased complexity.
Viruses are known to exist mainly in one of two forms:
helical or icosahedral. While viral capsids are composed
entirely of protein, they typically contain only a few types.
By their very nature, viruses are highly symmetrical, uniform
and simplistic. This is not the case for bacteria; they can
adopt an enormous variety of shapes and sizes, both among
and within species. The outer membranes also have a large
number of lipids, proteins, and techoic acids.[57]. The wide
variety of physiological differences makes characterization
of bacteria by CE somewhat more difficult than viruses.

Ebersole and McCormick were among the first to success-
fully subject bacteria to analysis by capillary electrophoresis
[58]. In their publication, broad single peaks were obtained
for a series of four bacteria:S. pyogenes(peak co-migrates
with another),S. agalactiae, S. pneumoniae, andE. faecalis,
using 250 cm long, 100�m i.d. capillaries (seeFig. 7). The
bacteria tended to migrate close to the electroosmotic flow
(EOF) front when short capillaries were used; these capillary
dimensions (especially the length) allowed sufficient time
for the bacteria to distance themselves from the EOF front
and from each other. Artificial mixtures of the bacteria were
separated and fractions were recovered with greater than
98% purity in most cases. Culturing of the collected frac-
tions showed significant numbers of colonies with little or
no contamination. This demonstrated the ability of the tech-
nique to allow cells to remain viable during analysis. Pfetsch
and Welsch were able to separateP. putida, Pseudomonas
sp. andA. euthrophusunder similar conditions (250�m i.d.
250 cm length capillaries)[59]. The electrophoretic bands
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Fig. 7. CZE separation of a ternary mixture ofS. agalactiae, E. faecalis, andS. pneumoniaebacteria. Reproduced from[58] with permission.

for the bacteria were considerably wider than those normally
obtained for molecules, similar to[58], this was partially at-
tributed to the variation in surface charge-to-size ratio and
thermal field flow fractionation (TFFF) effects. Baygents
et al. used CE to confirm results produced by MARK (mi-
crobe and radiolabel kinesis) studies on two types of bacteria
(A1264 and CD1) obtained from sediments and river water
[60]. Retention data from MARK studies displayed a best fit
to a bimodal distribution. CE analysis, using a moderately
long fused silica capillary (47–57 cm) and a 10−2 M MOPS
buffer, confirmed the existence of two distinct bacterial pop-
ulations having slightly different electrophoretic mobilities.
A large collection of electrophoretic mobility data for sev-
eral different bacteria was collected in[61]. Broad but re-
producible peaks were apparent for each bacterial species
using 50�m i.d. capillaries 80 cm in length with a 10 mM
phosphate buffer. Activity measurements were also reported
in this publication by introducing a small amount of an ex-
ogenous electron acceptor (2,6-dichlorophenolindophenol,
DCIP) along with an oxidizeable substrate (glucose) into the
run buffer. A valley appeared in the electropherograms be-
tween the migration times of the bacteria (Escherichia coli)
and the DCIP. This valley represented the region of reduced
DCIP theE. coli produced using glucose as a substrate and
also indicated that viable and active cells were being ana-
lyzed. Yamada et al. compared the separation ofC. cartae
and A. tumifaciensby CE to capillary gel electrophoresis
(CGE) [62]. CGE outperformed CE in terms of peak pu-
rity; peaks for CGE were generally greater than 98% pure,
while those for CE were only 90% pure. Due to the na-
ture of CGE, however, the overall analysis time was much
longer than for CE. Since the peak area of the bacteria cor-
related well with the number of cells injected, the cell pop-
ulation could accurately be monitored over the course of
several days. (Accurate as determined by comparison with
fluorescence in situ hybridization (FISH) techniques.) Us-
ing any of the aforementioned techniques, the CE separa-
tion of bacteria was only possible if there were sufficiently
large differences in the electrophoretic mobilities. In addi-

tion, compared to CE of molecules, the peak capacity was
small due to the small differences in migration times and the
large peak widths[59]. Consequently, the CE separation of
microorganisms and other cells was not widely pursued.

Recently, Armstrong and co-workers established a
method that yielded separations of intact microorganisms
with short analysis times and sharp peaks. These “appar-
ent efficiencies” were attributed to the use of a very dilute
(0.025% (w/w)) polymer additive (polyethyleneoxide). In
one particular study, this method enabled the effective sep-
aration of M. luteus, E. aerogenes, P. fluorescens, and S.
cerevisiaein less than 10 min, with a capillary having di-
mensions of 100�m i.d. and 27 cm length (seeFig. 8) [63].
For the first time, capillary dimensions, migration times,
peak resolutions, and “apparent efficiencies” were compara-
ble to the best molecular separations. The exact mechanism
for the resulting separations was not completely understood
in the early reports[64–66]. However, it was clear that the
size, shape and charge of the particles affected the sepa-
ration. It was subsequently shown that aggregation played
a significant role in obtaining single reproducible peaks
[67]. Visible microscopy of cell solutions before injection
into the capillary displayed a good correlation between the
number of peaks in the resulting electropherogram and the
extent of aggregation of the cells in the solution. There
was a marked reduction in the number of peaks by brief
sonication of the microbial samples just before injection.
Experimental results showed that larger aggregates migrated
through the capillary slower than single cells. Upon soni-
cation, the aggregates were dissipated, allowing the single
cells to migrate freely through the capillary. This uniform
solution allowed a single peak to be obtained[65].

The technique was used for a number of applications in-
cluding determination of cell viability, quantitation of bacte-
ria, and identification of the bacteria responsible for urinary
tract infections[64–66]. Quantitation of bacteria was accom-
plished by dissolving a varying number of dietary tablets
containing bacteria in run buffer and relating the peak area
obtained to concentration of cells injected[64]. The resulting
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Fig. 8. Capillary electropherogram showing the separation of three bacteria and baker’s yeast (S. cerevisiae) where small amounts of 600,000MW PEO
are added to the running buffer. Note the relatively short migration times and the high efficiency. The arrow denotes the migration time of the EOF marker
mesityl oxide. Conditions: 8:1 dilution of 4.5 mM TRIS, 4.5 mM boric acid and 0.1 mM EDTA in water with 0.5% PEO. Capillary: 100�m × 27 cm
(20 cm to detector), 10 kV. Reproduced from[63] with permission.

calibration curve yielded anR2 value of 0.995 (cell counts
compared to flow cytometry data). In conjunction with nu-
cleic acid dyes, the calibration plots could be used to de-
termine the number of viable cells in a given population.
Analysis of L. acidopholustablets utilizing this technique
revealed that only 60% of the cells were viable. In further
experiments the analytical figures of merit for determining
cell viability by CE were determined[65]. A mixture of
two bacteria and yeast were separated, identified, quantified,
and the viability of each determined in a single run (Fig. 9)
[65]. In a separate report,S. saprophyticusandE. coli (the
two main causative agents of urinary tract infections) were
identified in urine using a direct injection technique[66].
The major constituents of the urine matrix (e.g. urea and
salts) migrated near the EOF while the bacteria migrated as
a single sharp peak, several minutes later.S. saprophyticus
generally had longer migration times thanE. coli, allowing
a differentiation between the two bacteria.

The use of a dilute polymer additive for CE bacterial anal-
ysis subsequently was used by other groups as well. Shintani
et al. used a system consisting of sodium alginate polymer to
obtain ultra high efficiencies for certainSalmonellastrains
[68]. Electrophoretic peaks forS. enteritidiswere vastly im-
proved when 0.01% sodium alginate was added to the run
buffer and a similar, but smaller, effect was observed for
S. typhimurium. A good correlation was found for injection
cell number and the detection signal in relative fluorescence
units (R2 = 0.9992).

Several mechanistic aspects of the dilute polymer tech-
nique were studied using very specialized equipment
[69–71]. By using a charge-coupled device (CCD) camera
coupled with laser induced fluorescence, moving pictures
of the capillary electrophoresis process could be taken
(Fig. 10). The movies revealed that under certain conditions

a band compaction process occurred inside the capillary as
the bacteria traveled under the applied voltage (Fig. 11).
This phenomenon appeared to be one of the reasons for the
very narrow bandwidth of the peaks. Several factors and the
influence each had on the compaction process were investi-
gated[69]. Increasing the ionic strength of the buffer pro-
vided slightly more efficient and reproducible peaks, while
increasing the pH served mainly to decrease electrophoretic
heterogeneity and force the microbes toward the cathode.
Different polymers were also considered and it was found
that polyvinylpyrrolidone could also induce compaction,
while polyacrylamide and poly (acrylamide-co-acrylic acid)
could not. Different molecular weights of the polymers in
the run buffer could be used to cause compaction to occur,
but as higher molecular weights were used, longer migra-
tion times resulted. Wider injection plugs also produced
longer migration times.

Several proposed pathways for the unusual compaction
behavior were discussed in a recent publication[70]. The
first proposed mechanism involved the presence of a “hairy”
layer near the surface of the microbe from the dilute ad-
sorbed polymer, not unlike the hairy layer proposed by
Radko et al. for polymeric particles. The electrokinetic
movement of small ions is slowed within this “hairy-layer”
creating a localized region of lowered conductivity. If this
results in a concurrent, significant local enhancement of the
electric field, focusing can occur. This type of focusing is
well-known for molecular analysis, but unlike molecular
analysis, the sample here is not intentionally dissolved in
a solution of lower ionic strength to create the effect. In
addition, no other experimental focusing techniques such as
pH gradients or sweeping were employed. A shape induced
differential mobility model was also proposed. Some bacte-
ria such asE. coli andB. infantisare rod shaped, similar to
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Fig. 9. Electropherograms showing the simultaneous separation ofB. infantis, L. acidophilus, and S. cerevisiaeand detection of (A) live (green
fluorescence curve, top electropherogram) and (B) dead (red fluorescence curve, bottom electropherogram) cells. TBE buffer (w/0.025% PEO), capillary:
100�m × 30 cm (20 cm effective length), 15 kV. Reproduced from[65] with permission.

TMV, and may exhibit varying mobilities based on their ori-
entation in the capillary under an applied electric field. The
differential mobilities may facilitate collisions between the
bacteria and cause them to aggregate, as bacteria are known
to do. It is believed that the polymer may serve a two-fold
function in this process: to slow the EOF and allow sufficient
time for the process to occur and to aid in particle–particle
interactions. The last of the three proposed mechanisms
was the “field-induced aggregation model“. This model was
based upon a recent theory which suggests that some col-
loidal particles (under certain specific circumstances) will
form disc-like aggregates that align themselves perpendic-
ularly to existing electric field lines[72]. Zheng and Yueng
also investigated the mechanism underlying the compaction
of bacteria in a polymer-based system[71]. Using a CCD
camera coupled to a microscope, bacteria could be imaged
at the single bacterium level. Visualization of the bacteria
under the applied electric field showed that they moved at
different speeds depending on their angular orientation with
respect to the direction of flow, just as TMV do. Those at 0◦
(parallel to flow) moved fastest, while those at 90◦ (perpen-
dicular to flow) moved slowest. The bacteria collided and
agglomerated as they traveled, due to the varying velocities.
The chances of another collision then increased due to the

larger size of the newly formed aggregate. This “sticking”
of the bacteria also contributed to the attainment of very
narrow bandwidth of the CE peaks. It is important to note
that the traditional term for efficiency does not apply to
these types of systems. If the cohesive forces between the
agglomerated bacteria are greater than the dispersive forces
within the capillary, then there is no band broadening and
the peak width is independent of migration time.

Use of coated capillaries has also yielded successful re-
sults in the analysis of bacteria and other microorganisms
by CE. The coating serves to prevent adsorption of bacte-
ria to the fused silica surface and to suppress the electroos-
motic flow enough to allow the bacteria to travel mainly
under the influence of their own electrophoretic mobility.
A. oxydanswas analyzed using a polyvinyl alcohol coated
capillary and found to possess a positive charge since de-
tection was possible only under normal polarity[73]. The
electrophereograms contained groups of peaks and were at-
tributed to both aggregation and heterogeneity of the bac-
teria. Similar to results obtained by other groups, the num-
ber of spurious peaks from aggregation was reduced after
sonication[67]. In addition, the heterogeneity and distribu-
tion of peaks also changed depending on the growth phase
of the bacteria. Buszewski et al. analyzedP. fluorescens, E.
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Fig. 10. CCD–LIF set-up. Reproduced from[69] with permission.

coli, B. cereusandP. vulgarisusing acrylimide coated cap-
illaries of extremely short length (8 cm effective). All peaks
were detected in less than 7 min when reverse polarity was
employed, howeverP. fluorescensandE. coli could not be
resolved from each other (seeFig. 12) [74]. CIEF of yeast
cells was accomplished by Shen et al. using a hydroxypropyl
methylcellulose coated capillary[75]. The isoelectric points
ranged from 5.2 for yeast cells in the early log phase of

Fig. 11. Time resolved photographs showing the CE compaction of the
injected sample zone and subsequent movement toward the cathode of
Bifidobacteria infantis. At time = 0 s, the sample is the light zone between
∼1.0 and 3.0 cm. Buffer: 0.0025% PEO (Mw = 600,000) in 3.94 mM
TRIS/0.56 mM boric acid/0.013 mM EDTA, pH 9.1. Injection time: 2 s.
Voltage: 7.5 kV. CE apparatus: homemade equipment with a 6 cm detection
window. Reproduced from[70] with permission.

growth to 6.4 for cells in the stationary phase of the cell life
cycle. An attractive feature of this method was that as little
as five yeast cells could be detected in a single experiment.

2.4. Mammalian cells, cell subunits and other
biological particles

A majority of the work published on the analyses of
mammalian cells was focused on red blood cells. Zhu
and Chen analyzed a variety of RBCs (human, chicken,
porcine and rabbit) using a wide bore (0.45 mm) fluorinated
ethylene-propylene (FEP) capillary[76]. Addition of hy-
droxypropyl methylcellulose to the run buffer was crucial,
without it single well-shaped peaks were not obtained. Sur-
prisingly, the migration time of RBCs for each species var-
ied significantly: chicken was detected at 28.3 min, porcine
at 32.8 min, rabbit at 26.6 min and human at 14 min. When
mixed samples were injected, the individual species did not
interfere with each other and single peaks with consistent
migration times were still obtained. However, a few factors
degraded the experimental results. First, the FEP tubing
broke down when subjected to high voltages and became
useless after∼200 runs. Second, storage of the cells for
extended periods of time affected the migration times[76].

Tsuda, et al. detected single red blood cells through
a series of spikes which overlaid a broad peak spanning
roughly 20 min[77]. The number of spikes resulting from
absorbance detection at 430 nm correlated well with a
method that involved use of a microscope and individual
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Fig. 12. Separation of four bacteria species on 8.5 cm distance using acrylamide modified capillary with suppressed EOF. Buffer: Tris pH 8.0, detection
at 210 nm,V = 20 kV, injection 100 mbar s. Reproduced from[74] with permission.

counting of the RBCs, to construct an electropherogram.
Using a more dilute injection of RBCs resulted in a much
cleaner electropherogram, which allowed individual RBCs
to be more easily distinguished from aggregates based on
the peak height. Red blood cells have also been studied in
micro-gravity [78]. Values for the electrophoretic mobil-
ity of RBCs were higher in micro-gravity than in normal
gravity. It is believed that micro-gravity could have had a
number of effects on the analysis of RBCs by CE. CCD
images of the capillary revealed that the cells do not settle
to the bottom of the capillary under reduced gravity; there-
fore, there is less interaction of the cells with the walls of
the capillary. It is also believed that micro-gravity induces
changes in the morphology of the cells and may reduce
the viscosity of the run buffer, both of which could have
resulted in the increased electrophoretic mobility[78].

Some of the simplest eukaryotic cells in nature are hu-
man RBCs which possess no nucleus or other specialized
organelles. Indeed the pinnacle of cellular analysis by CE
would then be the study of cells more complex than bacteria,
yeast, viruses or RBCs. Recently, a method to differentiate
between apoptotic rat cerebellar granule cells and normal
cells utilizing CE was introduced by Gou et al.[79]. Two
peaks were detected in the electropherogram resulting from
an injection of granule neurons subjected to induced apop-
tosis, using a 100�m i.d. capillary, 80 cm in length. When
larger capillaries were used for electrophoresis, thermal band
broadening caused an overlap of peaks, while use of smaller
i.d. capillaries caused rupture of the cells. Optimization of
pH and voltage resulted in two distinct and sharp peaks dif-
fering by 5 min in migration time. The procedure was tested
against a staining method using methyl green pironin dye.
An excellent correlation between the two methods for de-

termining the percentage of apoptotic cells as a function of
incubation time with the apoptosis inducing agent was ob-
served. The authors mention the potential for this method in
the diagnosis of Parkinson’s disease[79].

He et al. demonstrated a method for the viability assess-
ment of boar sperm[80]. Several factors that contributed
to the reproducible attainment of both a single peak and
a steady green to red fluorescent signal (for determination
of live and dead cells, respectively) were outlined. Three
factors had profound effects on the success of these exper-
iments: (i) use of a semen extender for suspension of cells
(cells placed in typical CE buffers are not stable and pro-
duced many peaks), (ii) appropriate ionic strength (varying
the ionic strength had a dramatic effect on the green to red
(G/R) fluorescence signals and increased the signal obtained
for background contaminants) and (iii) use of a polymer
additive (the addition of 0.01–0.05% PEO afforded both
better peak shape and shorter analysis times). When a com-
pletely optimized system was used and a calibration curve
constructed using the G/R signal (Figs. 13 and 14), the via-
bility assessment of two samples was determined to be 37%
and 82%, respectively (in agreement with flow cytometry
measurements).

Arriaga and coworkers have analyzed intact intracellu-
lar structures (i.e. mitochondria and nuclei) utilizing CE
[81–84]. Many assays exist for studying large collections
of these species, however, these data represent an aver-
age for the entire organelle sample. Previously, there was
no way to look at single organelles or variations within
a group. CE-LIF though, along with a highly sensitive
detector capable of rapid data acquisition, has allowed
the detection and characterization of single organelles.
This technique has been used to determine the amount of
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Fig. 13. Electrophereogram showing EOF marker peak (A) and boar sperm peaks (B)–(E). Generally, a cluster of peaks was observed if boar semen
sample was washed and suspended in running buffer: (B) for green fluorescence signal and (C) for red fluorescence signal. A single sharp peak for sperm
was easily obtained if boar semen was suspended in boar semen extender (X-CELL): (D) for the green fluorescence signal and (E) for red fluorescence
signal. The running buffer consisted of 1 mM Tris, 0.33 mM citric acid, and 1% fructose with a pH of 6.9. All samples were injected for 10 s at 0.5 psi,
and a 1.0 kV voltage was applied. Reproduced from[80] with permission.

cardiolipin (a phospholipid) in a mitochondrion (from NS1
cells) to be 2.2 amol (assuming 1000 mitochondria/cell)
[81]. It has also been used to determine the average num-
ber of mitochondria per cell to be 52, and the distribution
of protein per mitochondrion (for MAK mouse hybridoma
cells)[82]. The electrophoretic mobility of single mitochon-
dria was measured and found to fall within the range of
−1.2×104 to−4.3×104 cm2/V s for NS1 cells (Fig. 15) and
−0.8× 104 to −4.2× 104 cm2/V s for CHO cells[83]. Mo-
bility measurements were also performed on the individual
nuclei of NS1-mouse hybridoma cells in a similar manner
[84].

Liposomes are spherical particles comprised of a lipid bi-
layer and an aqueous core. They form spontaneously when
a dried film of lipids is agitated and/or sonicated in the pres-
ence of an aqueous solution. They are interesting in that they
can be used as model systems for studies on biological mem-
branes, as carriers in the cosmetic industry, and for drug de-
livery systems[85]. CE has been employed to a large extent
to examine these particles and characterize them in terms of
rigidity, permeability, surface charge, and stability[86–91].
The rigidity of liposomes was probed by altering the tem-
perature of the capillary during electrophoresis[86]. It was
assumed that if liposomes behave ideally, the migration time
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Fig. 14. Standard viability curve for boar sperm (y = 0.043x + 0.3676,
R2 = 0.974). Semen sample was diluted with BTS extender. Reproduced
from [80] with permission.

would increase proportionally with the viscosity of the so-
lution. Experimentally, however, a sharp discontinuity was
observed in the plot of migration time versus viscosity. This
could only be explained by a change in the hardness of the
liposome; a soft liposome can distort in response to the in-
creased friction caused by the increase in viscosity. This
would, in turn, alter the expected migration time. A particle
which remained rigid, such a latex bead, would not display
such behavior and this was supported experimentally. Peak
broadening from increased amounts of anionic lipids incor-

Fig. 15. Electrophoretic mobility distribution. The migration time for
detected events with signals higher than 0.02 V were used to calculate
the electrophoretic mobility of the event. Bins are 0.225× 10−4 cm2/V s
wide. The mitochondrial isolate was analyzed in triplicate. The height of
the thick bar represents the average; the thin line represents one standard
deviation. Separations were performed at−200 V−1 in a 27.4 cm 50�m
i.d. poly-AAP coated capillary. 10 mM HEPES, 250 mM sucrose buffer.
Reproduced from[83] with permission.

porated into the liposome structure was also attributed to a
change in the rigidity of liposomes[87,88]. Studies utilizing
CE have shown that slight changes in pH and buffer iden-
tity do not have a significant effect on the stability or per-
meability of liposomes[89,93]; however, elevated tempera-
tures can cause contents to be released very quickly as the
liposomes are destroyed. Standing for long periods of time
and osmotic differentials cause a slow release of contents,
however, there is no degradation of the liposomes them-
selves from this[90]. Extremes of pH though, along with
high concentrations of organic solvents and detergents all
cause deterioration of liposomal structure[89]. In addition
to characterization by CE, liposomes have been used as an
additive for electrokinetic capillary chromatography (ECC)
[87,89]. In view of the success of a wide variety of other
psuedophases and additives, this was not surprising. Probing
of the strength of a complex between thermo/pH sensitive
polymers and cationic nonphospholipid liposomes was also
accomplished via CE[92].

Though many CE studies have revealed information
about the surface characteristics and size of liposomes, li-
posomes have also been constructed with specific sizes and

Fig. 16.Fig. 1A schematic representation of the dependencies of reduced
(dimensionless) electrophoretic mobility,µr , of nonconducting spherical
particles on the product of the reciprocal of the thickness of electric
double layer,κ, and particle radius,R (panel A), and that on the reduced
(dimensionless)ζ-potential of the particles,ζr (panel B). The curves are
drawn on the basis of the results of Wiersema et al.[97] (panel A)
and O’Brien and White[96] (panel B). Corresponding values of reduced
ζ-potential (panel A) and ofκR (panel B) are indicated near the curves
outside the panel. Reproduced from[94] with permission.
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surface qualities in order to obtain information about the
fundamental reasons for their separation[94]. The electrical
double layer surrounding a particle is known to influence
its electrophoretic mobility. Generally, as the ionic strength
of a solution increases the thickness of the double layer
and the zeta potential both decrease. It is also true that for
most cases, as the ionic strength of a solution is changed,
the mobility is proportionately altered. However, there is
a special case in which this trend is not obeyed; this case
if referred to as the “relaxation effect”. Because the ionic
cloud surrounding a particle cannot establish itself instan-
taneously when it moves, the atmosphere is distorted. In
front of the particle the atmosphere has not completely
formed and the cloud behind it has not completely dissi-
pated. This causes a displacement of the center of charge
of the ionic atmosphere and a pull on the particle itself,
since the atmosphere and the particle are opposite in charge
[95]. This effect was found to be the fundamental factor
governing the size dependent separation of liposomal struc-
tures [94]. The theoretical dependence of electrophoretic
mobility on the �R factor (i.e. the reciprocal of the dou-
ble layer thickness times the particle radius) and the zeta
potential was found to exhibit unique behavior when the
relaxation effect was taken into account (Fig. 16) [96]. The
experimental results supported the theoretical prediction:
that the electrophoretic mobility of a particle can become
independent of and even decrease with increasing zeta po-
tential at low ionic strengths, when the relaxation effect is

Fig. 17. Dependencies of reduced electrophoretic mobility of liposomes
on reducedζ-potential calculated on the basis of the surface charge
density of the liposomes. Liposome preparations are L-179, -187, and
-188. Tris–HCl buffer (pH 8) is of ionic strengths of 0.0011, 0.0054, and
0.0268. Reproduced from[94] with permission.

present[94]. The measured mobility of a highly charged
distearoylphosphatidylcholine–distearoylphosphatidylglyce-
rol–cholesterol liposome at low ionic strength (κR ∼ 10)
displayed such a decrease with increasing zeta potential
(Fig. 17). Additionally, a set of two pairs of liposomes
were constructed so that the size of the liposomes differed
within each pair (by 68 nm in one case and 100 nm in the
other). The liposomes were also tailored to have similar
charge densities within each pair and to have different
charge densities from one pair to the other (the pair with
the smaller size difference was higher in surface charge
density). When analyzed, the pair having the larger size dis-
parity was not as effectively separated as the group which
possessed the larger surface charge density. This behavior
was said to directly point to a “relaxation effect”-governed
separation mechanism.

3. Concluding remarks

Capillary electrophoresis is becoming a valuable tool for
the analysis of colloidal/nano particles because of its speed,
simplicity, and separating capabilities. Many problems and
difficulties that have been associated with the analysis of par-
ticles by CE, such as wall adsorption, aggregation, stability,
poor efficiency, reproducibility, and electrophoretic hetero-
geneity have been circumvented by use of a variety of ex-
perimental approaches. These include use of wall coatings,
use of dilute polymer additives, compatible buffers, pretreat-
ments, and general care to find appropriate conditions suit-
able for analysis. The importance of colloidal/nano particles
and the limitations of current methodologies have driven
researchers to find newer, more effective CE approaches.
Characterization of polymeric particles, inorganic particles,
viruses, fungi, bacteria, red blood cells, and organelles has
all been done utilizing CE. These experiments have provided
an understanding of fundamental electrophoretic theory, the
possibility of diagnosing a variety of diseases, and the abil-
ity to separate and identify viable cells. In order to become a
widely useful and popular technique for the analysis of col-
loidal/nano particle systems additional work must be done.
There needs to be a better theoretical understanding of these
systems. Frequently the separation mechanism(s) and elec-
trokinetic behavior are not well understood. Consequently
optimization of each system is usually done by “trial and
error”. Also, the applicability of these techniques needs to be
expanded. There is limited data on many colloidal systems,
such as gold nano-particles, simply because of the perceived
difficulties of using CE with these substances. There also
needs to be a general improvement in the reproducibility of
these methods. Of course, this is a factor that affects CE in
general. As these issues are resolved, our understanding of
these systems improves, and CE is extended to include other
colloidal particles, the use and wealth of information ob-
tained from the CE analysis of colloidal/nano particles will
continue to grow.
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