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Distortion of the starting zone upon its electrophoretic migration toward the detection window gives rise to both symmetric
caused by diffusion, sedimentation in the horizontal section of the capillary and the curvature of the capillary, and asymmetri
having their origin in Joule heating, sedimentation in the vertical section of the capillary, pH and conductivity differences
the sample zone and the surrounding buffer, solute adsorption onto the capillary wall, and association–dissociation of com
tween the analyte and a buffer constituent or between analytes. Interestingly and importantly a theoretical study shows tha
pH and conductivity differences as well as adsorption and all of the above interactions when they are characterized by a fast
netics do not increase the zone broadening (or only slightly), because the sharpening of one boundary of the zone is abou
as the broadening of the other boundary. In addition the peak symmetry caused by a conductivity difference is in most ex
counteracted by a pH difference. The experimentally determined plate numbers in the absence of electroosmosis exceeded
per meter in some experiments (Part II). These plate numbers are among the highest reported [Z. Zhao, A. Malik, M.L. Lee, Anal.
Chem. 65 (1993) 2747; M. Gilges, K. Kleemiss, G. Schomburg, Anal. Chem. 66 (1994) 2038; H. Wan, M. Öhman, L.G. Blomberg
J. Chromatogr. A 924 (2001) 59] (plate numbers determined in the presence of electroosmosis may be higher, although the widt
zone in the capillary may be larger) [p. 680 in S. Hjertén, Electrophoresis 11 (1990) 665]). Capillary free zone electrophoresis is perha
only separation method, which, under optimum conditions, gives a plate number not far from the theoretical limit. A prerequisite for
performance is that the polyacrylamide-coated capillary is washed with 2 M HCl between the runs and stored in water over nigh
The difference between the experimentally determined total variance and the sum of the calculated variances originating from th
the starting zone, longitudinal diffusion, Joule heating, sedimentation in the vertical section of the capillary, curvature of the capil,
the sum of all other variances) was in our most successful experiments about 28% of the variance of diffusion. The zone broadσ,
caused by diffusion was estimated at 0.77 mm. The total zone width (2σ) calculated from the experimentally determined plate number
as small as 1 mm when the migration distance was 40 cm. Accordingly, the only efficient way to reduce drastically the total zone
to decrease the analysis time and, thereby, the diffusional broadening. An important finding was that the variance originating from
of the capillary is not always negligible in high-performance runs. Therefore, one should employ straight capillaries and avoid CE
with cartridges that require a strong curvature of the capillary, common in most commercial instruments. Mathematical formulas

� For Part II, see Ref[1].
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derived for the sedimentation of the solute zone, the enrichment factor, and the migration time in experiments where the solute is dissolved in a
dilute running buffer. This zone sharpening method gave very narrow starting zones (0.04–0.4 mm). However, upon high dilution of the buffer
the enrichment becomes so strong that part of the sample zone probably sediments out of the capillary; the almost inevitable change in pH may
decrease the mobility of the proteins and, thus, cause the enrichment factor to become still lower than expected. Diffusion of the protein in the
very narrow starting zone (located close to the tip of the capillary) and sometimes the thermal expansion of the buffer in the capillary contributes
to additional loss of protein in the enrichment step. In some buffers, the interaction between the protein and the buffer constituents is so slow
that the peaks become broad. Therefore, different types of buffers should be tested when high resolution is required. The relationσ2 (the
variance of the interaction between a protein and the buffer constituents) = constant× u (the mobility) seems to be valid for all proteins in the
applied sample, at least when they have similar molecular masses. To facilitate the understanding of the progress of a free zone electrophoresis
experiment, we have discussed in simple terms how the concentrations of the background electrolytes become rearranged during a run and
why the difference between the mobilities of the proteins and the mobilities of the background electrolyte determines whether a peak exhibits
fronting or tailing. A theoretical analysis of zone broadening in capillary zone electrophoresis, chromatography, and electrochromatography
indicates that electrochromatography in homogeneous gels might be the only chromatographic technique which can compete in performance
with free electrophoresis. Using an equation, valid not only for electrophoresis, but also for chromatography and centrifugation, the mobility
of a concentration boundary has been calculated for the first time and was, as expected, low. Equations based on the Kohlrausch regulating
function do not permit such calculations. Another regulating function (the H function) and some of its characteristics are briefly discussed.
The theoretical discussions in this paper and the experimental studies in Part II show that high-performance electrophoresis deserves its prefix
when the runs are designed to give minimum zone broadening. Some guidelines are given to facilitate this optimization. The plate numbers
are so high that the resolution cannot be increased by more than 30% even if they approach the theoretically maximum values.
© 2004 Published by Elsevier B.V.
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1. Introduction
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In the preliminary phase of a study on the behavior of pro-
teins in capillary free zone electrophoresis at low pH and with
on-line concentration of the proteins based on their solubi-
lization in the diluted running buffer, several interesting ob-
servations were made. For instance, the plate numbers were
in some experiments far above one million per meter, de-
spite the fact that the peaks exhibited tailing. Furthermore,
the peak heights and the peak areas were about the same or
lower when the proteins were injected in the running buffer
diluted more than 100- or 200-fold (Part II[1]). In addition, in
the very first experiments the electrophoresis patterns were
not reproducible in some of the buffers. Therefore, we de-
cided to perform this theoretical study aimed at finding out
which separation parameters that were of particular impor-
tance to explain these unexpected observations with our hope
that the investigation would contribute to a better knowledge
of optimum separation conditions and, therefore, to a gen-
eral improvement of the capillary free zone electrophoresis
technique.

It soon appeared that the current theory of known zone
broadenings could not explain all of the above observations.
Therefore, we decided to describe quantitatively the total

the research program also included the derivation of a rele
equation.

Access to an equation for the migration time was a
required, since it could not be calculated in the conventio
way because the field strength in the low-conductivity pl
originating from the application of the sample in dilute buff
is much higher than that in the rest of the capillary. For t
same reason, a non-conventional method was required fo
estimation of the width of the starting zone. The derivati
of some of the equations presented will not be given to av
making the paper excessively long.

The separation mechanisms of electrophoresis, ch
matography, and electrochromatography are analogous
cause they are based on the same parameter, namely th
gration velocity of the analyte. Analogous separation profi
can, accordingly, be expected.

2. Theory with some experimental links

2.1. The width of the starting zone (�X0) and its
2
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Fig. 1. Local alterations in the buffer concentrations upon electrophoresis.
Analysis method: free zone electrophoresis[4,13]; buffer (UV-absorbing):
sodium veronal, pH 8.6; sample (non UV-absorbing): sodium cacodylate
(experiment A) and sodium sulfate (experiment B); detection: UV scanning
of the capillary. The arrow indicates the position of the application of the
sample. The electropherograms show that there is a change in the buffer con-
centration (in these experiments an increase) where the sample was applied
and also in the migrating sample zone (in this case a decrease) in accordance
with the discussion in Sections 2.5.1, 2.5.2 and 2.5.3. The electropherograms
are reproduced with permission from the author and the publisher.

concentration boundary, is virtually stationary (seeFig. 1and
Section 3.7). In this particular case, the following approach
can be employed when diffusion is the only parameter caus-
ing zone broadening:

H = �X2
0

12Ld
+ 2D

uE
(1)

whereD andu are the diffusion constant and the mobility of
the protein, respectively, andLd is the length of the capillary
to the detection window.�X0 can be estimated from a plot
of the total plate height,H, against 1/E (Fig. 9a in Ref.[2]),
whereE is the field strength in the buffer zone, which, for
the above reasons, must be calculated from the relationE =
(I/κq) (I is the current,κ the electrical conductivity, andq
the cross-sectional area of the capillary), and not fromE =
(V/Lt). This plot can be used only under certain experimental
conditions (p. 681 in Ref.[2]), which are fulfilled if the plot
gives a straight line (Fig. 9a in Ref.[2]). If not, the experi-
ment should be repeated at a lower field strength to suppress
zone distortions, which are a function of the field strength, in
an attempt to approach a linear plot [observe that the broad-
ening caused by sedimentation then increases since the mi-
gration time increases (Eq.(13)]. Interestingly, this plot also
permits a determination of the universal constantD/u (Eq.
(1) herein and p. 681 in Ref.[2]) and, consequently, the dif-
fusion constant, since the mobility can easily be calculated.
Alternatively, if D of the analyte is known, the slope can be
calculated. In this case, it is sufficient to determine the plate
height at one (low) field strength. Using the latter approach
�X0 was estimated at 0.04–0.4 mm in the experiments de-
scribed in Part II[1]. The method of zone sharpening thus
gives very narrow starting zones (see Section 3.7 for further
d
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.2. Longitudinal diffusional broadening

This broadening is determined by the Einstein equat

2
diff = 2Dt = 2D

Ld

uE
(2)

hereLd is the length of the capillary to the detection wind
nd t the migration time. When the diffusion constant is
nown, the parameter (D/u) can be estimated as describe
he previous section.

.3. Thermal zone broadening

The variance,σ2, of the thermal zone broadening is de
ined by the expression (Eqs. (53b) and (6b) in Ref.[2]):

2
J = 1

12(�xj)2 (3)

here�xj is the maximum thermal zone broadening.�xj

an be replaced by Eq. (6b) in Ref.[2] (see also Eq. (73)
efs.[3,4]):

2
J = 1

12

[
BκLd

λ

RE

2T0

]2

(4)

sing an intuitive simple approach, one can show that
elationship, upon superimposition of radial diffusion
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transformed to[5]:

σ2
J, rad diff = 1

12

[
Bκ

λ

(
RE

2T0

)2
]2

L2
d

t

R2

8D
(5)

whereB= 2400 K,κ the electrical conductivity,λ the thermal
conductivity of the buffer,Rthe radius of the capillary, andT0
the temperature of the coolant. Following some obvious trans-
formations Eq.(5) is exactly the same as that derived by Virta-
nen[6], employing the Taylor approach[7]; see also Ref.[8].

An increase of the temperature in the capillary increases
the longitudinal diffusional band broadening (Eq.(2)) due
to the increase of the diffusion constant,D, which is further
discussed in Part II[1]. The term (R2/8D) is the time for a
molecule to diffuse radially the distanceR/2.

2.4. Zone broadening caused by adsorption onto the
capillary wall

The variance is determined by Eq.(6) [9] and similar ex-
pressions ([10–12]; see also these Refs. and Ref.[8] for other
types of zone broadening):

σ2
ads= CuE (6)
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The conclusion drawn in the next section that the reso-
lution between two adjacent peaks need not necessarily de-
crease for conductivity- or pH-based distortions is true also
for adsorption of proteins when the on/off kinetics is fast (see
Section 3.2).

Observe that the above statements are, at least qualita-
tively, also correct for other interactions a protein may be
involved in, for instance protein/buffer interactions.

2.5. Zone distortion caused by differences in electrical
conductivity between the sample zone and the
surrounding buffer (�κ)

2.5.1. A quantitative treatment
The following relation holds for the solute zone[13,14]:

�κ = cp

up
(uA − up)(uR − up) (7)

where�κ is the difference in conductivity between the sam-
ple zone and the buffer (background electrolyte, BGE),cp the
concentration of the solute zone (coulombs per ml),uA, up,
uR the mobilities of the co-ion (i.e., the buffer ion having the
same sign (+ or−) as the protein), the protein and the counter
ion, respectively. The mobility and the ion concentration are
signed quantities, positive for cations and negative for an-
i ften
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hereC is a constant for a given analyte. Accordingly, ch
cteristic of adsorption is that the variance (the width)
one, corresponding to a certain protein, increases up
ncrease in field strength and also the asymmetry (tailin
he corresponding peak. Consequently, it is likely that the
orption is weak or negligible if the total variance decre
hen the field strength increases. Observe that the var
f diffusional broadening also decreases upon an increa
eld strength. The above criterion for negligible adsorp
s, therefore stronger if the total variance is exchanged fo
est variance, as defined inTable 1(see Section 3.3).

able 1
xperimentally determined total variance, calculated variance, rest va

0.12 M ammonium acetate
(pH 4.0) (N = 1 600 000 m−1)

σ2

(cm2)
Zone width/
broadeninga

2
tot,exp 2.50× 10−3 1.00

alculated values
σ2
�x0

3.20× 10−6 0.062

σ2
diff 1.50× 10−3 0.77

σ2
J,rad diff 3.04× 10−6 0.035

σ2
sedD

b 3.39× 10−8 0.0037

2
curv,540◦ 2.16× 10−4 0.32

2
rest = σ2

tot,exp− σ2
calc 0.78× 10−3 0.41

ample:�-chymotrypsinogen (0.1%), dissolved in 10-fold diluted buffe
urther information see Part II[1]).

a 2σ, except for�X0 (
√

12σ).
b The variance for sedimentation in the vertical section of the capill
and zone width/zone broadening

0.15 M ammonium hydroxyacetate
(pH 4.0) (N = 1 660 000 m−1)

σ2

(cm2)
Zone width/zone
broadeninga (mm)

2.41× 10−3 0.98

No data No data

1.43× 10−3 0.76

7.21× 10−6 0.054

3.39× 10−8 0.0037

2.16× 10−4 0.32

≈0.75× 10−3 0.53

ge: 17.5 kV, polyacrylamide coated capillary; length to the detector: 4or

n).

ons. It should be noted that the asymmetry of a peak o
ncreases with increasing�κ (seeFig. 3 in Ref. [2]), but not
lways because of the compensating effect of pH differe
nd possible interactions between the analyte and the b
onstituents (see Sections 2.7 and 2.8). To minimize�κ, i.e.,
he asymmetry of a peak (see the next section), the co
ration of the protein (cp) should be as low as possible
eliable detection and adequate precision. The co-ion sh
e selected so that its mobility is close to that of the pro
nd the mobility of the counter ion should be low. Inter

ngly, zone broadening caused by differences in conduc
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is independent of the field strength (see Eq.(7)). Observe
that the mobilities of all ionic species in Eq.(7) increase with
dilution of the buffer (Eq.(19)) and the mobilities of pro-
teins increase more than those of the buffer ions by virtue of
the larger radii (Fig. 12 in Ref.[2]). For restrictions in the
application of Eq.(7), see Section 3.8 and Ref.[13]).

The zone broadening,�X�, is determined by Eq.(8) (Eq.
(19) in Ref. [2]) when the conductivity difference is so large
that one boundary of the sample zone remains hyper-sharp
during the run whereas the other boundary becomes succes-
sively broader (pp. 671–673 in Ref.[2]), which is more sel-
dom the case. A hyper-sharp boundary in an electrophero-
gram or chromatogram is easy to recognize, since it corre-
sponds to a peak where the advancing or rear profile is a
straight line perpendicular to the baseline, i.e., the diffusional
broadening at one boundary is entirely counteracted by the
zone sharpening caused by the conductivity difference. Ob-
serve that a hyper-sharp boundary originating from a conduc-
tivity or pH difference may be blurred and thus “hidden” by
distortions from Joule heat and sedimentation.

�Xκ = Ld
�κ

κ
(8)

More often, the conductivity difference is so small that
bothboundaries become blurred. In this case, the retarding
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to predict rapidly how the appearance of an electrophero-
gram will change upon a change of relevant parameters
(concentration of the sample and the mobilities of the sample
and background electrolytes), for instance, to decrease the
asymmetry of a peak. This approach is particularly impor-
tant when Eq.(7) or similar equations cannot be employed
because information about the protein concentrations and
mobilities is not available, which often is the case.

To simplify the discussion, we assume that the sample has
been dissolved in the electrophoresis buffer and is injected by
pressure. Upon application of the voltage, the sample zone
leaves the starting zone. The treatment below refers to an
electrophoresis experiment in an ammonium acetate buffer,
a background electrolyte used in some of the experiments
presented in Part II[1]. The sample consists of a positively
charged analyte and the co-ion, the ammonium ion, has a mo-
bility higher than that of the analyte. It is conceivable that the
presence of the positively charged analyte ion in the migrat-
ing zone is compensated by a decrease in the concentration
of the positive ammonium ions in order to fulfill the require-
ment that the current (proportional to the number of charges
passing a cross section of the capillary per second) must be
the same in the cross-sections through the analyte zone and
a segment of the surrounding analyte-free buffer. The elec-
troneutrality condition requires that also the concentration
o rease
i ting
p ation
o total
a the
s n ex-
p ce in
t

2
v

v rmit
i s
f elec-
t ally
s .7)
a igher
t k is
“ t A)
t nd-
i that
t peak
( ility
o l ion
t ions
o y is
r olute
m the
v this
fi y of
ffect of the conductivity difference on the broadening at
oundary is compensated almost entirely by the acceler
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y a conductivity difference is close to zero (p. 670 in R

2]). The negative effect is the generation of asymmet
eaks. Fortunately, this will not cause any (or only a sm

oss in the resolution of two adjacent peaks (p. 670–67
ef. [2]), and will not affect the zone width significantly,
xpressed differently, the broadening of one boundary
one is compensated by a sharpening of the other bou
seeFig. 8b and Section 3.6). However, to avoid the risk
small peak may be hidden in the tailing or fronting pa
larger peak it is important, for example in purity studie
rugs and proteins, to regulate the shape of the latter pea[15]
sing Eq.(7) to choose buffer constituents with appropr
obilities. The shape of the small peak will then beco

imilar to that of the large peak, since the mobilities of
wo adjacent analytes are similar or, likely, more symmet
ince the concentration is much lower (Eq.(7)).

.5.2. Physical model picturing qualitatively the local
hanges in the buffer concentration upon
lectrophoresis—a qualitative discussion of the

mplications of Eq.(7)
This equation, like all mathematical formulae, gives o

he relation between the embodied parameters and do
xplain why the concentrations of the buffer constitu

n the stationary zone where the sample was applied a
he migrating sample zone differ from those in the orig
GE. However, the following qualitative discussion give
icture of what actually happens, thereby making it pos
t

f the counter ion, the acetate ion, decreases. This dec
n the concentration of ammonium acetate in the migra
rotein zone must result in an increase in the concentr
f this salt somewhere else in the capillary, since the
mount of ammonium acetate in the capillary has to be
ame before and after the voltage is applied. One ca
ect the enrichment of ammonium acetate to take pla

he stationary zone as the analyte is leaving it.

.5.3. A visual experimental description of Eq.(7) and a
erification of the above qualitative discussion

The examples are taken from Refs.[3,4,13] where a
eronal buffer (UV-absorbing) was used in order to pe
ndirect detection. In both experiments inFig. 1, a peak wa
ormed where the sample was applied (at the arrow). The
ropherograms show that this so-called salt peak is virtu
tationary (which is confirmed theoretically in Section 3
nd corresponds in this case to a buffer concentration h

han that of the surrounding bulk buffer, since the pea
positive”. In the migrating cacodylate zone (experimen
he buffer concentration is lower than that in the surrou
ng bulk buffer, since the peak is “negative”. Observe
he cacodylate peak is symmetrical, whereas the sulfate
experiment B) is asymmetrical, indicating that the mob
f the cacodylate ion differs less from that of the verona

han from that of the sulfate ion according to the discuss
f Eq. (7) in Section 2.5.1. The fact that the asymmetr
eflected in pronounced fronting indicates that the abs
obility of the sulfate ion is much higher than that of

eronal ion. A further conclusion can be drawn from
gure; namely, that the finding that the absolute mobilit
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the cacodylate ion differs from that of the veronal ion can be
made more precise by stating: the difference must be small,
since the asymmetry of the peak is small. All of the above
conclusions are based on an electrophoresis experiment with
small ions, but are valid also for proteins.

2.5.4. Calculation of the valency, z, of a protein
To calculate�κ in Eq. (7) and similar equations the va-

lency,z, of the protein must be known, since the protein con-
centration,cp, is expressed in coulombs ml−1:

cp = zMPF

1000

whereMP is the concentration of the protein in mol/l andF
is the Faraday constant (=96 600 coulombs).

The equation (Eq. (86b) in Ref.[2], valid at 295 K)

D

u
= 0.025

z
(9)

permits a rough estimation of the valency from an experi-
mental determination ofD/u, for instance by plotting plate
height against 1/E, as outlined in Section 2.1 (Part II[1]).

Alternatively, when the diffusion coefficient is known a
simple determination of the mobility gives directly informa-
tion about the valency to be used in Eq.(7) and similar equa-
t
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2.7. Peak asymmetry caused by a conductivity
difference is in most experiments counteracted by
a pH difference

2.7.1. Peak asymmetry caused by a conductivity
difference (�κ)

Assume that we do an electrophoresis experiment
in a buffer A+B− and that the sample consists of four
positively charged proteins (p1, p2, p3, and p4) with the
mobilities up1

> up2
> up3

> up4
. The electrophoretic

analysis of cytochrome C, lysozyme, ribonuclease A and�-
chymotrypsinogen A in an ammonium acetate buffer (pH 4,
ionic strength 0.12 M), described in Part II[1], fulfills these
requirements.

To facilitate somewhat the theoretical treatment, we write
Eq.(7) in the form�κ = cp(uA − up)((uR/up) − 1)

Upon a decrease of the protein mobility,uA − up be-
comes more positive and (uR/up) − 1 more negative (see
sign rules in Section 2.5.1), which means that�κ will
become more negative. Therefore, the peak asymmetry
(tailing) becomes more pronounced the lower the mobil-
ity of the four proteins, i.e., the longer their migration
times.

2.7.2. Peak asymmetry caused by a pH difference (�pH)
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.6. Zone broadening caused by differences in pH
�XpH) between the sample zone and the surrounding
uffer

The following approximate equation is analogous to
hich is valid for differences in conductivity (Eq.(8) herein
nd Eq. (20) in Ref.[2]):

XpH = Ld
�v

v
(10)

herev is the velocity of the protein and�v is the difference
n velocity of the protein in the�- and�-phases due to pH di
erences. This equation is valid only when the pH differe
etween the zones is so large that one boundary of the
emains sharp during the run, i.e., is hyper-sharp, whe
he other boundary becomes continuously broader as th
roceeds. At a pH difference so small that both bound
ecome blurred, the retarding effect of the pH differenc

he diffusional broadening at one boundary is approxima
ompensated by the accelerating effect at the other boun
.e., the broadening caused by pH differences is close to
the reasons are analogous to those used to show tha
istortions caused by conductivity differences are neglig
see Section 2.5.1)). The zone distortion caused by a d
nce in conductivity may counteract or reinforce that cre
y a pH difference[16,17]. However, for proteins they act
ost cases in opposite directions (see Section 2.7). Th
istortion is independent of the field strength.
In general, the higher the isoelectric point (pI) of a posi-
ively charged protein, the higher its mobility at a pH < pI. We
ssume, therefore, that the first peak in an electrophero
epresents protein p1, the second peak protein p2, etc. An
mpholyte (for instance a protein) dissolved in deaer
ater gives a pH of the water solution, which is close to
I of the ampholyte. Therefore, the pH in all these pro
ones is higher than the pH of the surrounding buffer,
his pH difference causes fronting which is larger the hig
he mobility of the protein. Peak p1 (p4) has, accordingly, th
argest (smallest) fronting, caused by differences in pI, but the
owest (highest) tailing caused by conductivity differen
he conclusion is that the peak distortion caused by con

ivity differences often is compensated (more or less) by
ifferences.

Using the same approach for negatively charged
eins, assuming that|uB| > ∣∣up1

∣∣ > ∣∣up2

∣∣ > ∣∣up3

∣∣ > ∣∣up4

∣∣
nd the buffer pH> pIp4

> pIp3
> pIp2 > pIp1

of the
roteins, this mobility difference will make�κ more
egative the lower the

∣∣up
∣∣, i.e., cause tailing which

arger for slowly migrating proteins, similar to the ca
ith positively charged proteins. As for these prote

he pH differences cause fronting which is more p
ounced the higher the absolute mobility

∣∣up
∣∣ of the

rotein.
Conclusion: In most electrophoretic analyses of p

eins, the tailing caused by conductivity differences
ounteracted by fronting caused by pH differences, w
ecreases the peak asymmetry and, thus, the risk to o
yper-sharp peaks and loss in resolution (see Se
.5.1).
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2.8. Zone broadening caused by slow
association–dissociation of a complex between a protein
and a buffer constituent

A slow on/off kinetics gives rise to a distorted peak for
reasons analogous to those causing tailing upon adsorption,
the asymmetry increasing upon an increase in field strength.
Observe, however, that the complex may become either less
or more charged than the free protein. Accordingly, fronting,
as well as tailing, may occur and both should increase with
an increase in field strength. Protein/protein interactions can
give a similar zone broadening. Examples are found in Ref.
[16] (pp. 341–359) and Refs.[18,19].

2.9. Zone broadening caused by the curvature of the
capillary

In a coiled capillary, the field strength is lower at the “outer
lane” compared to that at the “inner lane”, which manifests
itself as a tilted zone[20]. For n complete loops, the zone
broadening isn2πd [20], which corresponds to the variance
σ2
curv = (1/4)(nπd)2 [21] or (Ltd

2/16r2
i )Ld [22] (d is the di-

ameter of the capillary andri the sum of the internal radii of
the capillary coils). The latter equation has been used in our
calculations. In the HP3D CE apparatus, the zones pass a 90◦
+ 360◦ + 90◦ curvature of the capillary, contributing to the
n
t
w
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Fig. 2. Sedimentation of a zone in the vertical (a) and horizontal (b) section
of the capillary. (I) The original shape of the zone. (II) The shape following
sedimentation.

section of the capillary and take into account the decrease in
zone broadening caused by radial diffusion. It can be shown
that the shape of this zone is that of a parabola (Fig. 2a)
with vmaxD (the maximum sedimentation velocity),dmaxD
(the maximum migration distance) andσ2

sed (the variance)
determined by the Eqs.(11)–(13), respectively.

vmaxD = R√
8Dt

vmax = R3g

8η
√

2Dt
(ρs − ρb) (11)

dmaxD = R3g
√
t

4η
√

2D
(ρs − ρb) (12)

σ2
sedD = R2t

96D

[
gR2

4η
(ρs − ρb)

]2

(13)

whereg is the gravitational acceleration (∼980 cm s−2), ρs
and ρb the densities of the sample and buffer solutions
(g cm−3), respectively,Rthe radius of the capillary (in our ex-
periments, 0.0025 cm),D the diffusion constant of the protein
(cm−2 s−1), t the sedimentation time (s) andη the viscosity
(0.01 poise for water at 25◦C).

The term convective broadening as used herein is an old
notation (see for instance Ref.[24]). The same expression is,
unfortunately, often used for the Taylor type of dispersions
[7].

p st
on-negligible variance 2.16× 10−4 cm2 for a capillary with
he inner diameterd = 50�m (seeTable 1). For lysozyme
ith a diffusion coefficient of 1.1× 10−6 cm2/s, this vari-
nce corresponds to a diffusion (migration) time of 64 s
2)). Consequently, the zone broadening caused by the c
ure of the capillary may be significant in several comme
nstruments. In microchip electrophoresis, where the z
ometimes pass several curvatures of the separation ch
nd the analysis times can be very short (seconds) an
iffusional zone broadening thus is negligible, the varia
elated to the curvature may be even more disturbing.
ype of zone distortion is independent of the field stren
or a thorough discussion of the contribution of capil
oiling to zone dispersion, see the papers by Kašička et al
22] and Gǎs and Kenndler[23].

.10. Novel equations

.10.1. Zone broadening caused by sedimentation
convection) in capillary free zone electrophoresis
.10.1.1. Quantitative treatment.Convective zone broade

ng, i.e., zone broadening caused by differences in de
etween the solute zone and that of the surrounding buf
eldom discussed in the HPCE literature. The likely reas
hat a quantitative treatment has not been possible, sin
quation has been published (to the best of our knowle
herefore, we present in this paper mathematical expres
hich were derived several years ago for an HPCE sym
ium but were never submitted for publication[5]. The equa
ions are valid for the sedimentation of a zone in the ver
These equations are valid whent � R2/8D, i.e., for a
rotein withD = 1 × 10−6 cm2/s, the migration time mu
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be much longer than 0.8 s whenR= 0.0025 cm. Accordingly,
the equations are applicable to most separations with the ex-
ception of fast microchip analyses. The density difference in
Eqs.(11)–(13)can be estimated from the relation[25]:

ρs − ρb = c(1 − v̄pρb) (14)

where c is the concentration of the solute (ρs − �b ≈
0.003 g/cm2 for a 1% protein solution),̄vp = the partial
specific volume of the solute (for proteins often 0.73 cm3/g).
It should be noted that the gravitational broadening has
a parabolic velocity distribution with the apex pointing
downwards (Fig. 2a). Therefore, a sedimenting zone is
characterized by a tailing peak. Its shape is not primarily
affected by the field strength and, therefore, neither is its
variance, but indirectly sincet in Eqs.(11)–(13)is inversely
proportional to the field strength.

2.10.1.2. Sedimentation of the enriched protein zone.Plots
of dmaxD (Eq. (12)) andσ2

sed (Eq. (13)) against time (t) for
different protein concentrations are displayed inFig. 3. We
will first treat the case that the protein sample is applied elec-
trophoretically under zone sharpening, i.e., the sample has an
electrical conductivity much lower than that of the running
buffer (see Section 2.10.2). The proteins will be efficiently
trapped and enriched at the boundary between the lower and
h ry
i tein
z inlet
o risk
t lary.
E time
r bse-
q loss

F ry against the sedimentation time for a protein zone (a: lysozyme, b: albumin) at
d .10.1.2 for the values of the experimental parameters). (c and d) Plot of the variance
( .

Fig. 4. (a) Enrichment and separation steps. In the enrichment step the elec-
trode vial (E1) is filled with the proteins to be analysed dissolved in diluted
running buffer (phase I) and in the separation step with non-diluted running
buffer (phase II). (1) Enriched sample zone (located close to the inlet); (2)
zone distorted by sedimentation in the vertical section of the capillary (see
Fig. 2a, II); (3) zone distorted by sedimentation becomes tilted when passing
the first curvature of the capillary; (4) zone subjected to the above two dis-
tortions and sedimentation in the horizontal section of the capillary (Fig. 2b,
II). (b) Loss of the sample during the enrichment (I) and washing (II) step.
igher buffer concentrations (Fig. 4a, zone 1). This bounda
s virtually stationary, which means that the enriched pro
one will become highly concentrated very close to the
f the capillary (see Section 3.7). Accordingly, there is a

hat part of the protein zone sediments out of the capil
ven if the sedimentation distance is short during the

equired for the application of the sample and for the su
uent washing of the inlet of the capillary, the percentage

ig. 3. (a and b) Plot of sedimentation distance (dmaxD) in a 50�m capilla
ifferent protein concentrations (Eq.(12)) (see Sections 2.10.1.1 and 2
σ2

sed) against the protein concentration (c: lysozyme, d: albumin) (Eq.(13))



S. Hjertén et al. / J. Chromatogr. A 1053 (2004) 181–199 189

Fig. 5. (a) Plot of
[
1 + (

√
µ/3)rp

]II
) against the radius (rp) of the protein

(see Eq.(20b)). This factor, multiplied by the ratio of the conductivities
of non-diluted and diluted buffer (κII /κI ), gives the enrichment factor (Eq.
(20b)). (b) Plot of 1/(1 + √

µ/3)rp againstrp. This factor multiplied byµ0

(the mobility at infinite dilution) gives the mobility at the ionic strength�

(Eq.(19)). For molecular masses and radii, see Table 1 in Part II[1].

may be considerable, as estimated below (see alsoFig. 4b).
Assume that the sample consists of four proteins dissolved in
the running buffer, diluted 100-, 500-, and 1000-fold and that
the original concentration of each of the proteins is 0.1 mg/ml
(see Fig. 10b, d, e in Part II[1]). The approximate Eqs.(18a)
and (21)show that the concentration of each of the enriched
proteins will be about 10, 50, and 100 mg/ml (totally 40, 200,
and 400 mg/ml).Fig. 5can be used to obtain more correct val-
ues. We also assume that the proteins do not separate during
the enrichment and that the total time is 30 s for the contact
between the diluted and non-diluted buffers at the inlet of
the capillary in connection with the enrichment of the pro-
teins, the washing of the capillary and all other procedures
until the running voltage is applied. Insertion of appropriate
parameter values into Eq.(12) for 100-fold dilution of the
buffer [ρs − ρb = 0.012 g/cm3 (4 × 0.003 g/cm3), t = 30 s,
η = 0.01 poise,g = 980 cm/s,D = 1.1 × 10−6 cm2/s] gives
dmaxD = 0.17 mm. For 500- and 1000-fold dilutions of the
buffer dmaxD = 0.80 and 1.7 mm, respectively, although ap-
proximate. These values show that the risk that part of the
enriched protein zone sediments out of the capillary cannot
be neglected. No doubt, the subsequent washing of the capil-
lary contributes to increasing the loss of protein (Fig. 4b, II).

The following alternative may be another explanation why
the peak areas do not increase upon 500- and 1000-fold dilu-
t the

buffering capacity is very low. The uptake of carbon dioxide
from the air produces bicarbonate ions, which may increase
the pH. The proteins in the sample, being ampholytes, can
cause a change in pH, since the pH of a protein dissolved
in pure water approaches the pI of the protein (see Section
2.7.2). In our experiments, the pH of the very diluted buffer
may, therefore, be higher in the presence of the proteins,
which causes a decrease inuI

p in Eq. (17) and consequently
in the enrichment factor. It has been suggested that a zone
depleted of analyte ions forms in the vicinity of the tip of
the capillary and that this decreases the enrichment factor.
Open questions are: (1) whether this zone forms or to what
extent in the presence of diffusion and (2) if formed will it be
destroyed, for instance by convective flow in the sample solu-
tion generated by the density difference between the depleted
zone and the surrounding buffer?

In view of the above considerations, it is not surprising
that the peak areas did not increase when the dilution of the
buffer increased from 100- to 1000-fold (Fig. 10Ba–Be in
Part II [1]), nor that the repeatability was very poor. The
concentrations of the proteins when they have separated into
discrete zones are lower and, thus,dmaxD (see next section).

2.10.1.3. The loss of protein by diffusion and by thermal ex-
pansion of the buffer in the capillary.The linear thermal ex-
pansion of the buffer in the capillary is determined by the
w
t
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-
ions of the buffer. At extremely low BGE concentrations,
ell-known expression�L = Lα�t, whereα = the linear
hermal expansion coefficient (= 0.6× 10−4 for water). In
igs. 7b and 12b in Part II[1], the temperature rise we
◦C and 10◦C, respectively (see Section 3.10 in that pa

.e.,�L = 48.4× 0.6 × 10−4 × 10(7) = 0.029(0.020) mm
plug of 0.0145 mm and (0.01 mm) is thus pressed ou

he capillary from its both ends, which may cause a pa
oss of the enriched sample zone, since it is located a
irtually stationary concentration boundary at the tip of
apillary. This loss of protein is sometimes negligible, but
hat caused by diffusion (see Section 3.7).

.10.1.4. How to suppress the loss of protein upon en
ent?.These losses can be minimized if the station
oundary is located at a somewhat longer distance from

nlet of the capillary by applying a narrow zone of the dil
uffer behind the sample dissolved in the dilute buffer. T
odification can easily be introduced by pressure injec
f a plug of the dilute buffer behind the sample.

.10.1.5. Sedimentation of a zone during the run.

(a) The sedimentation of a lysozyme (albumin) zone in
vertical section of the capillary at 25◦C contributes to
the broadening with the variance 3.7× 10−6 (6.9 ×
10−6) cm2 if the migration time for lysozyme (albumi
in this section is 5 min and the protein has a concentra
of 1% (see Fig. 5b in Part II[1]). The sedimentation var
ance is, accordingly, much smaller than the variance
diffusion and the curvature of the capillary, but sim
to the variance of the thermal distortion (Table 1). The
sedimentation distancedmaxD, following electrophore
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sis for 5 min in the vertical section of the capillary is
0.13(0.18) mm (seeFig. 3a and b). The sedimentation
will thus not affect the accuracy in the determination of
the mobility values, but will cause loss of protein and
irreproducible peak areas at the sample application, as
discussed in Section 2.10.1.2 and illustrated inFig. 4b.

(b) A solute zone in thehorizontalsection of the capillary
sediments at the same time as it spreads longitudinally
along the bottom part of the inner wall of the capil-
lary (Figs. 2b and 4a, zone 4) as visual inspection of
a colored protein zone in capillaries with the diameters
1–3 mm indicated (rotation of the capillary eliminates
this zone broadening[3,4,13]). The sedimentation de-
creases strongly with the diameter of the capillary, which,
therefore, should not exceed 50�m. Observe that it does
not cause asymmetrical peaks, but increases, of course,
with the sample concentration. The equation for the vari-
ance of this type of zone distortion has not been derived.

2.10.2. The enrichment factor
The conductivity of the sample is assumed to be lower

than that of the running buffer. At the start of the run the en-
tire capillary is filled with this buffer (phase II). One of the
electrode vials (E2) contains the same buffer (Fig. 4a). The
other vial (E1), filled with the same buffer diluted many-fold
w e I).
W apil-
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the inlet of the capillary, as derived by Nolkrantz et al.[26].
Observe that Eq.(16) is exact when the protein, dissolved in
the diluted buffer, is applied by pressure.

In fact, theefvalue calculated from Eq.(16) is larger than
the true one. In a set of experiments (such as that presented
in Fig. 10 in Part II[1]) where the composition of phase II is
unchanged, the ratio (κ/up)II is constant (=CII ). Accordingly,
in this case, the expression can be simplified to:

ef ≈ CII

(up

κ

)I
(17)

2.10.2.1. Case a: The mobility of the protein is about the
same in phases I and II.This assumption is justified when
the buffer in phase I is only slightly diluted. Eq.(16) then
takes the simple form:

ef ≈ κII

κI (18a)

This equation has been derived for a protein, but the same
relationship is, of course, valid for any charged solute, includ-
ing buffer ions. Interestingly, using the Kohlrausch regulating
function, which is based on the assumption that the mobil-
ities of both protein and buffer ions are independent of the
ionic strength, Longsworth has arrived at the same expression
for moving boundary electrophoresis (Eqs.(11) and (12)in
C g
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p nt
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q ters.
T

ith water, contains the proteins to be analyzed (phas
hen voltage is applied, the proteins at the inlet of the c

ary rush towards the virtually stationary boundary betw
he diluted and non-diluted buffers and become highly
entrated (zone 1 inFig. 4a). The enrichment factor,ef, can
e defined as the ratio between the protein concentratio
hases II and I following the enrichment:

f = Q/πR2vII
p t

Q/π(R + �R)
2
vI

pt
(15)

here Q is the amount of the protein transported fr
hase I to phase II;R the radius of the capillary;vI

p the
verage electrophoretic velocity of the protein molec
hen they migrate in phase I toward phase II;vII

p the averag
lectrophoretic velocity of the protein p in phase II;R + �R

he average effective radius of an imagined, trunc
onical cylinder confining the protein molecules in pha
hat migrate into phase II,t the time for the enrichment
he protein. Recalling that:v = uE andE = I/κq (whereI
s the current andq the cross-sectional area of the capilla
q. (15)can be written:

f ≈
(

κ

up

)II(up

κ

)I
(16)

We have here made the approximation that the
trength lines (seeFig. 4a) are parallel in the volume a
acent to the inlet of the capillary from which the sample i

igrate into the capillary, i.e., we have put�R = 0. For a
ore rigorous treatment, one should employ the equatio

he potential (in phase I) as a function of the distance
hapter 3, by L.G. Longsworth[16]). Observe that in movin
oundary experiments�R in Eq.(15) is zero.

A more exact formula than that derived by Longswort
btained if we apply Eq.(33) to a free zone electrophore
xperiment, puttingv�� = 0 (the boundary is stationary):

f = c�
j

c
�
j

= v
�
j

v�
j

for notations see Section 3.6).
For the above enrichment experiments,j = p, phase

= phase II, phase� = phase I, i.e.

f = vI
j

vII
j

= uI
p(I/qκI )

uII
p (I/qκII )

.

inceI, the current, has the same value in all phases,

f = uI
p

uII
p

κII

κI (18b)

n equation which is identical to Eq.(16).

.10.2.2. Case b: The mobility of the protein differs
hases I and II.It is worth noting that the enrichme

actor (Eq.(16)) increases upon dilution of phase I, not o
ecause its conductivity,κI , decreases, but also beca

he mobility of the protein,uI
p, increases (Fig. 12 in Re

2]). We will therefore derive an expression which give
uantitative description in easily measurable parame
o this end we combine Eq.(16) or Eq. (18b) with the
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relationship (Eq. (18:13) in Ref.[14]):

u = u0

1 + Arp
(19)

where u0 is the mobility at infinite dilution, (1/A) the
thickness of the double layer (≈3/

√
µ Å [13], whereµ

is the ionic strength), andrp the radius of the solute. The
enrichment factor then takes the simple form

ef = κII

κI

[1 + (
√
µ/3)rp]II

[1 + (
√
µ/3)rp]I

(20a)

In zone sharpening experiments, the ionic strength in the
diluted buffer (phase I) is very low. Therefore, this expression
can be simplified:

ef = κII

κI

[
1 +

√
µ

3
rp

]II

(20b)

For spherical proteins, the ionic radius can be calculated
from rp = (3v̄M/4πN)1/3, where v̄ is the partial specific
volume of the protein (for most proteins̄v = 0.73, except
for glyco- and lipoproteins),M its molecular mass andN
the Avagadro number. Using this equation and albumin as a
reference protein (rp = 25Å, M = 68 000), the radii of other
proteins can roughly be estimated from the relationrp =
2 1/3 or
s radii
o II
(
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c t
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Whatever the reason, any change in the mobility of a pro-
tein will change the recorded peak area. Therefore, this area
should be normalized by dividing it by the migration time to
have it proportional to the amount of protein in the zone[27].

In many electrophoresis experiments, we are only inter-
ested in a rough estimation of the enrichment factor and can,
therefore, put the parenthesis in Eq.(20b)equal to an average
value of 2.5, or even 1, as we have done in some discussions
herein, i.e., we have employed Eq.(18a) (and also the ap-
proximation thatκII /κI is equal to the dilution factor).

At low ionic strengths in phase II, much lower than those
used in the experiments in Part I and II[1] ((

√
µ/3)rp → 0)

Eq.(20b)becomes formally identical to Eq.(18a):

ef ≈ κII

κI (21)

i.e., the enrichment factor is then inversely proportional to
the conductivity of the diluted buffer, or roughly inversely
proportional to the dilution of the buffer. Observe the
approximate nature of this expression, particularly as
regards the assumptions that�R = 0 in Eq. (18a)and that
the ionic strengths are low inbothphase I and phase II. In
doubtful cases, Eqs.(20a) and (20b)are to be preferred;
Fig. 5a gives a rapid estimation of the factor 1+ (

√
µ/3)rp,

part of the enrichment factor.
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5(M/68 000) . This expression, although valid only f
pherical proteins, was employed to calculate the ionic
f the proteins used in experiments presented in Part[1]
see Table 1 in Part II[1]). The dissymmetry factorf/f0 was,
ccordingly, neglected. These ionic radii were also use
alculate the parenthesis in Eq.(20b) and plot it agains
he ionic radius (Fig. 5a). This graph, combined withκII /κI

the ratio between the conductivities of the non-diluted
iluted buffers), permits a rapid estimation of the enrichm

actor for different ionic radii and ionic strengths (Eq.(20b)).
At the highest ionic strength in this example (0.15

heef increases 1.8 times for proteins withrp = 14Å (M ≈
2 000) andrp = 26Å (M ≈ 79 000). With decreasing ion
trength of the BGE, the effect is smaller.

The fact that also the mobility of a protein is a funct
f these parameters (Eq.(19)) means that the relative migr

ion times of the proteins in a sample analyzed at a ce
onic strength differ from the relative migration times of
ame proteins analyzed at another ionic strength (we as
ere that at least some of the proteins have different
adii), which may increase the resolution between two a
ent protein zones. For a rapid estimation of the chan
obility of proteins with different ionic radii when the ion

trength is altered, seeFig. 5b, which gives the value of th
actor 1/(1 + Arp) = 1/(1 + (

√
µ/3)rp) (Eq.(19)). Another

eason to test various ionic strengths is that buffer constitu
ay form complexes with a protein and, thus, change its
ility and at best improve the resolution of proteins. Co
uently, there are at least two reasons to analyze a p
ixture by capillary electrophoresis in buffers at differ

onic strengths.
The original boundary between the buffer in the capil
phase II) and the diluted buffer in the electrode vial (ph
) is a so-called concentration boundary, which in ideal e
rophoresis, where one assumes that the ion mobilitie
ndependent of the ionic strength, is stationary. In mos
eriments, this boundary moves slightly, as does the sta
ry zone inFig. 1 (see Section 3.7). It should be stres

hat all equations, including Eq.(19), describing the relatio
etween mobility and ionic strength are approximate.

.10.3. The migration time

.10.3.1. Case 1: The sample is applied by electrophor
he experimental conditions are assumed to be identic

hose described in Section 2.10.2 (seeFig. 4). Following the
nrichment step, the concentrated zone is asymmetrica

he maximum concentration displaced toward the boun
reated by the non-diluted and diluted buffer. We assume
he boundary has migrated a very short distance (�X0) into
he capillary upon electrophoretic application of the sam
pon exchange of the diluted buffer in the electrode ve

phase I) for the non-diluted buffer (phase II) and applica
f the running voltage, the sample zone starts to move fa
he following set of five equations permits calculation of
igration timet for the solute to reach the detection windo

= Ld − (�X0/2)

uII
pE

II

(
�X0

2
is not well-defined

)
(22)

II = I

κIIq
(23)
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I = V

rI + rII (24)

rI = �X0

κIq
(25)

rII = Lt − �X0

κIIq
(26)

i.e.:

t = (Ld − (�X0/2))(�X0(κII/κI ) + Lt − �X0)

uII
pV

(27)

whereLd is the length of the capillary to the detection win-
dow,Lt the total length of the capillary,�X0 the width of the
starting zone,EII the field strength in phase II,κ the conduc-
tivity, q the cross-sectional area of the capillary,r the ohmic
resistance,up the mobility of the protein andV the voltage
over the capillary. For,κI = κII Eq. (27) is reduced to

t = Ld − (�X0/2)

uII
p (V/Lt)

= Ld − (�X0/2)

uII
pE

II (28)

which is the well-known expression for calculation of the
migration time when the sample is dissolved in a non-diluted
running buffer.

Since�X0/2 
 Ld and �X0 
 Lt (seeTable 1 and
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The difficulty to define�X0 in a simple way and exactly
has the consequence that calculations of terms where�X0 is
a parameter are very approximate.

Immediately after the enriched zone has passed the
concentration boundary, it starts to broaden and become
more asymmetrical, the larger the conductivity jump,�κ,
i.e., the higher is the analyte concentration and the larger is
the difference in mobility between the analyte and the buffer
co-ion (see Eqs.(7) and (19)). Notice that pH differences, as
well as interactions between the protein and the buffer may
decrease the asymmetry (see Sections 2.7 and 3.2). Thermal
zone broadening may also contribute to the asymmetry as
can adsorption of the analyte onto the capillary wall.

In the discussion above, we have assumed that the
voltage over the capillary is kept constant. Therefore, the
current changes during the run because of variations in the
conductivity in the area around the concentration boundary
at the inlet of the capillary. The migration velocity varies ac-
cordingly, which may affect the reproducibility. However, if
the power supply delivers constant current this problem will
not occur. An additional advantage of constant current is that
the migration velocities are independent of variations in tem-
perature (pp. 178–182 in Ref.[4]) and the presence of small
bubbles and precipitates in the capillary, and is, therefore,
recommended for most electrophoresis experiments.
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ection 3.7 in this paper and Tables 6 and 7 in Part II[1]),
q. (27)can be simplified:

= Ld(�X0(κII/κI ) + Lt)

uII
pV

(29)

he term�X0κ
II/κI is not negligible in zone sharpeni

xperiments when the sample is dissolved in a stro
iluted running buffer. In a series of such experiments,

ikely that the values of�X0 vary considerably, particular
ecause they are very small, in some cases less than 0
seeTable 1in this paper and Tables 6 and 7 in Part II[1],
s well as Section 3.7).

.10.3.2. Case 2: The sample is applied by pressure.

= �X0

uI
pE

I + Ld − (�X0/2)

uII
pE

II . (30)

sing the same approach as in case 1, one obtains

= �X0[�X0 + (κI/κII )(Lt − �X0)]

uI
pV

+ (Ld − (�X0/2))[�X0(κII/κI ) + (Lt − �X0)]

uII
pV

(31)

Eq. (27) is, however, most often applicable to both ca
and 2, since, in practice, the first term in Eq.(31) is neg-

igible in the majority of CE experiments, because in z
harpening experimentsκI 
 κII and often�X0 < 1 mm (see
able 1and Section 3.7).
. Discussion

.1. Quantified zone broadenings

The width of the starting zone (�X0) and, thereby, th
ariance [(�X0)2/12] can easily be determined experim
ally in the conventional way from velocity and migrati
ime when the sample is equilibrated with the buffer. If
s not the case, for instance when the sample is subjec
one sharpening, the variance can be determined exper
ally from a plot of plate height against 1/E (see Section 2.
nd p. 681 in Ref.[2]).

The variance of diffusional (Eq.(2)), thermal (Eq.(5)) and
onvective (Eq.(13)) zone broadening and that of the cur
ure of the capillary[21–23]can easily be calculated. If o
or more) of the above variances is (are) much larger tha
ther variances, one should try to minimize that (those)
nce(s). In the experiments presented inTable 1, the variance
orresponding to longitudinal diffusion are much larger t
he other variances, with the possible exception of the
nce of the curvature of the capillary (in the present desi

he cartridge the curvature is fixed, unfortunately). The m
bvious and efficient ways to diminish the diffusional z
roadening is to increase the field strength, provided tha

hermal effects on zone broadening and bubble formatio
ot become disturbing and/or to shorten the capillary if s
esolution can be sacrificed. Alternatively, one can use
onductivity buffers[28] or hybrid micro devices[29].

The width of a zone and the zone broadening (2σ at 60%
f peak height and

√
12σ for the width of the starting zon
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are listed inTable 1, particularly because they give a visual
picture of the performance of a run, whereas the variance does
not. This intuitive feeling that the zone width is a measure
of the quality of a separation is reflected in the mathematical
inverse proportionality between resolution and zone width.

The experimentally determined width of the�-
chymotrypsinogen zone in the experiment presented in
Table 1was only 1 mm and the inevitable zone broadening
caused by diffusion 0.77 mm. All other types of zone broad-
ening were smaller. These data clearly indicate that capillary
electrophoresis is a true high-performance method, provided
that the practical experiments are designed in accordance with
the current theory, discussed in this paper. Observe that the
sum of the separate zone widths is not equal to the total zone
width (only independent variances are additive).

Table 1shows that the difference between the experimen-
tally determined total variance and the sum of the calculated
variances was about 28% of the variance of diffusion in the
most successful runs. Which zone distortions give rise to
the additional (rest) variance? This question is dealt with in
Section 3.3.

If the sum of the above calculated separate variances is
larger than the total variance, the zones have been narrowed
by some kind of zone sharpening. It should be emphasized
that variances determined experimentally in the presence of
e ed in
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Fig. 6. Plots of the rest varianceσ2
rest againstuE. For definition of rest vari-

ance, seeTable 1. BGE: ammonium acetate, pH 4.0 (ionic strength: 0.12 M).
Full lines:u constant,E varies (see Section 3.3.2). Broken lines:E constant,
u varies (see Section 3.3.1).

contribute considerably to the total variance. Observe that
conductivity and pH differences often counteract each other
(see Sections 2.7.1 and 2.7.2).

3.3. The rest variance discussed in terms of Eq.(6)

The rest variance in the plot inFig. 6 is the total, experi-
mentally determined variance minus the sum of the calculated
variances listed inTable 1, i.e., the rest variance corresponds
to all other interactions the analyte can be involved in, for in-
stance with buffer constituents and sedimentation of the zone
in the horizontal section of the capillary, and to peaks where
one boundary is hyper-sharp (see Section 2.5.1). Observe
that a hyper-sharp boundary may be blurred by thermal,
convective and other distortions and, therefore not show up in
the electropherogram as a line prependicular to the baseline.

3.3.1. The rest variance as a function of uE, when E is
constant and u varies, i.e., corresponding to an
electrophoresis experiment with different proteins (the
broken lines inFig. 6)

The three straight broken lines inFig. 6were obtained for
each of the three electrophoresis experiments with the first
four proteins inTable 1in Part II [1] (BGE: ammonium ac-
etate, pH 4). This relationship is not expected if the proteins
interact with the capillary wall, since it would mean that the
c ro-
t by
t ur
p
i
c ated
c

ely
i ar-
b ith,
f
s sume
h o
f en
l een
lectroosmosis may be much lower than those determin
he absence of electroosmosis (p. 680 in Ref.[2]). Examples
n protein separations in a capillary with electroosmotic
EOF) will soon be published[30]. “Apparent” plate number
etermined in the presence of electroosmosis (Nep) can be re
alculated to “true” plate numbers obtained in the absen
lectroosmosis (Nep+eo) by means of a simple equation:Nep
(uep/(uep ± ueo))2Nep+eo(Eq. (79) in Ref.[2]). Instead o

sing the terms true and apparent plate numbers, it m
ore appropriate to state that plate numbers should be
ared under similar experimental conditions, when pos

n the absence of electroosmosis.
The thermal and convective zone distortions cause

roadening. However, a zone distortion, for instance a ta
oes not always give rise to zone broadening. Example
iven in the next section. Observe that tailing is a neces
ut not a sufficient condition for adsorption.

.2. Different types of zone distortions which do not
ause (significant) zone broadening and, therefore, nee
ot be quantified

This category comprises distortions caused by rever
dsorption, association–dissociation processes, isom

ion, etc. when the on/off kinetics is fast, and differen
n conductivity and pH between sample zone and buffer
ection 3.6). However, in experiments where these di

ions give rise to a hyper-sharp boundary the broadenin
ne boundary of the zone is not compensated by a sha

ng of the other boundary (see Sections 2.5.1 and 2.6).
one distortions cause strongly asymmetrical peaks and
onstantC in Eq. (6) has the same value for different p
eins which is very unlikely. This conclusion is supported
he finding that therelativemigration velocities of these fo
roteins changed in accordance with Eq.(19) for different

onic strengths (see Section 3.2.1 in Part II[1]), which indi-
ates that proteins do not adsorb onto polyacrylamide-co
apillaries, not even the basic ones (see Eq.(6)).

However, ions as small as ammonium ions very lik
nteract electrostatically similarly with, for instance, c
oxylic groups in different proteins, and acetate ions w

or instance amine groups, i.e., the constantC in Eq. (6)
hould have the same value for most proteins (we as
ere that Eq.(6) is valid not only for adsorption but als

or other interactions). Accordingly, the straight brok
ines in Fig. 6 probably represent interactions betw
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buffer constituents and proteins. An indirect support for this
conclusion is the observation in Part II[1] and many other ar-
ticles that different buffers often give different electrophero-
grams.

Somewhat hydrophobic buffer ions and such which
interact selectively with the proteins to be analyzed can be
expected to alter the appearance of the electropherograms
and, thus, affect the resolution more than simple ions. The
constantC in Eq.(6) may under such conditions have differ-
ent values for different proteins and the broken line inFig. 6
will not be straight. The interactions must not be so strong
(slow) that the peaks become heavily distorted (for instance
hyper-sharp).

3.3.2. The rest variance as a function of uE, when u is
constant and E varies, i.e., corresponding to
electrophoresis experiments of a certain protein at
different field strengths (the full lines inFig. 6)

The data are taken from the experiments displayed in
Fig. 6. For each of the four proteins, the rest variance (=
the variance for all interactions each protein takes part in in-
teractions with other proteins, buffer constituents, capillary
wall) decreases when the field strength increases.

This is not expected for protein/capillary wall interactions
(see Eq.(6))—another support for the indications, presented
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Fig. 7. Plots of current against field strength.

3.4. What is the optimum field strength?

The ratio between the variance for thermal zone defor-
mation in the presence of radial diffusion (Eq.(5)) and
in its absence (Eq. (53a) in Ref.[2]) is (R2/8Dt). For �-
chymotrypsinogen (D = 0.9× 10−6 cm2/s at 25◦C) analyzed
in a 50�m capillary for 15 min, the ratio is 10−3. Can we ex-
pect radial diffusion to decrease the variance that much? The
plot of current against voltage inFig. 7shows that the devia-
tion from the straight line (caused by Joule heating) becomes
evident already at 247 and 268 V/cm for ammonium acetate
and ammonium hydroxyacetate, respectively, and is very
pronounced at 360 V/cm, the field strength used in our exper-
iments. In spite of this, Eq.(5) gives a very small, negligible
variance, 3.04× 10−6 cm2 (Table 1). It should be added that
the highest plate numbers (1 660 000 and 1 600 000 per meter)
were attained in these experiments, although the difference
between the experimental and the critical field strengths
was large (360/247 and 360/268 for ammonium actetate and
ammonium hydroxyacetate, respectively, see Table 4 in Part
II [1] and also the discussion herein in Section 2.3)

Could we have used a still higher voltage in our ex-
periments without increasing significantly the thermal zone
broadening, or does the radial diffusion not decrease this zone
broadening as much as the Taylor approach predicts? This is
a ans a
s ing
– one
b -
o r the
a ermal
z

3
c
e

isite
f zone
e uffer
a ning
( n)
t free
e dinal
d r
n the previous section, that this type of interaction
egligible. However, one can very well imagine that
ontact time for the interaction between small buffer
nd a protein (suggested in Section 3.3.1) is shorter i
resence of an electrical field than in the absence of it w

s in agreement with the above observation that the var
ecreases with an increase in field strength. In fact
tarted some years ago chromatographic experiments
uperimposed alternating or direct voltage to decreas
-term in the van Deemter equation. An interesting ques

s whether the kinetics may be faster at increasing voltag
mechanism analogous to that described by Tallarek

31].
The observation that electrophoresis in different bu

f the same pH may give different separation profiles
late numbers is not only an argument for the existenc

nteractions between protein and buffer constituents, bu
n indication that the choice of buffer is a critical step in
ursuit of high resolution. From moving boundary exp
ent it is well-known that small molecules can interact w
roteins[16]. Recently, capillary electrophoresis was use
tudy the interaction between lysozyme and the anions c
nd phosphate[18,19]. Phosphate ion was used as buffe
onstituent in experiments shown in Part II[1].

To conclude: Eq.(6) is valid for protein/buffer interactio
nly whenE is constant andu varies, accordingly, for eac
lectrophoresis experiment with proteins (the broken lin
ig. 6), at least for proteins of similar molecular weights,
ot whenu is constant andEvaries, i.e., not for electrophor
is of a certain protein at different field strengths (the full l
n Fig. 6).
n important question, since a higher field strength me
horter migration time, i.e., a smaller diffusional broaden
and diffusion gives the largest contribution to the total z
roadening (Table 1herein and Section 4[1]). Thorough the
retical and experimental studies are required to answe
bove question. Several researchers have found that th
one distortions often are negligible[8,32,33].

.5. Zone broadening in free zone electrophoresis
ompared to that in chromatography, including
lectrochromatography

The presence of a stationary medium is a prerequ
or all chromatographic separations, whereas in free
lectrophoresis the experiments are conducted in b
lone. Eddy diffusion and the attendant zone broade
corresponding to theA-term in the van Deemter equatio
hus arises only in chromatography, but not in carrier-
lectrophoresis. The stationary phase makes the longitu
iffusion (described by theB-term in the van Deemte
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equation) somewhat restricted in chromatography and
therefore causes a smaller zone broadening compared to
that in free zone electrophoresis. In gel electrophoresis, the
diffusion is still more restricted.

Separations in chromatography, but not those in elec-
trophoresis, are based on the interaction between sample
constituents and a stationary phase (theC-term in the
above equation). The on/off kinetics for the interaction is
usually relatively slow, which may cause considerable peak
broadening. An interaction between a buffer constituent and
the solute gives rise to a considerable peak broadening in
both electrophoresis and chromatography when the kinetics
is slow. An example from the field of moving boundary elec-
trophoresis is the complex formation between ovalbumin and
acetate ions under acidic conditions[16]. For electrophoretic
broadening caused by protein/protein or protein/nucleic
acid interactions, isomerization or polymerization, see pp.
341–359 in Ref.[16].

The chromatographic zones will become more narrow if a
packed, particulate bed is replaced by a less heterogenous sta-
tionary phase, such as a continuous bed, also called a mono-
lith [34]. Electrochromatography in a homogenous gel should
give zones as narrow as those typical of gel electrophoresis,
provided that the on/off interactions of the solute with the
ligands attached to the polymer chains in the gel are rapid
e
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require good electrical insulation to avoid spark formation
[28,29].

Conclusion:From the above comparison between elec-
trophoretic and chromatographic zone broadening, it might
be evident that free electrophoresis and particularly gel elec-
trophoresis theoretically gives narrower zones, i.e., higher
plate numbers than does chromatography, assuming that the
experimental conditions for these methods have been chosen
so as to give a minimum in total zone broadening (optimum
conditions). Therefore, it is not surprising that some of the
plate numbers we obtained in the CE study published in Part
II [1] are, to the best of our knowledge, considerably higher
(up to 1 700 000 per meter, seeTable 1) than those achieved
in chromatographic experiments. The width of this protein
zone in the capillary at the detection window was 1 mm—a
remarkably narrow zone as obtained in a capillary with 40 cm
effective length. The very high plate numbers reported in elec-
trochromatography for charged compounds in packed silica
columns might have their origin in zone-focusing gradients
[37] (plate numbers are defined for isocratic conditions and,
therefore, difficult to interpret in gradient systems). Observe
that electrochromatography of charged analytes which do not
interact with the stationary phase gives a separation pattern
similar to the pattern obtained in capillary free zone elec-
trophoresis (CE) in an uncoated capillary, i.e., in the presence
o eract
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It is well-known that many solutes adsorb strongly o

he wall of bare fused silica capillary to cause peak tai
t should be stressed that this adsorption originates
oth electrostatic and hydrophobic interactions (and oth
hich means that adsorption is not necessarily diminishe
hanging the ionic strength of the buffer, because an inc
f the ionic strength to suppress electrostatic interac

ncreases the hydrophobic interactions, and vice versa[36].
he most general method to eliminate both adsorption
lectroosmosis and with the great advantage of impo

ew restrictions of the choice of buffer and ionic stren
ight be that based on a large increase of the viscos

he double layer by applying a hydrophilic neutral polym
oating [3,4], which gives a negligible adsorption also
asic proteins, probably the most strongly adsorbing
f biopolymers (Part II[1]). Therefore, one can expect t
olyacrylamide coating to be appropriate for all classe
nalytes, provided that the capillary is washed at low
etween the runs (Part II[1]).

Thermal zone deformation appears both in electroph
is, caused by Joule heat, and chromatography, caus
rictional heat, but is at moderate flow rates negligible
he latter method. The onset of the deviation from a stra
ine in a plot of current against voltage indicates the fi
trength at which the Joule heat becomes measurable.
ver, this field strength is lower than the field strength
ives optimum resolution (Fig. 7 in Ref. [2]). It should be
ecalled that with special low-conductivity buffers one
se field strengths as high as 2000 V/cm or higher w
ut any thermal distortion[28]. Such high field strength
f electroosmosis provided that the analytes do not int
ith the capillary wall. The plate numbers obtained in C
ay, therefore, be much higher than those obtained in

n the absence of electroosmosis, although the widths o
ones in the capillaries may be similar (p. 680 in Ref.[2]). A
ater study has shown that the peak compression for ca
nalytes in CEC using cation exchangers occurs pred
antly when the analyte, injected in a medium deviating f

he electrolyte by a higher concentration of organic solv
as a similar elution time as the EOF (seeFigs. 2 and 5in Ref.

38]). The analyte elutes in a zone where the migration s
s faster than in the surrounding buffer, and will conseque
e enriched at the boundary where the speed slows dow

.6. Different types of zone distortions which give rise t
symmetrical peaks in electrophoresis, chromatography
lectrochromatography, and (ultra) centrifugation, but

ittle or no loss in resolution of two adjacent peaks,
rovided that one boundary of a zone is not hyper-sharp

Assume that an analyte molecule moves by diffusion f
hase� to phase� across boundary I and that the el

rophoretic velocity is higher in the�-phase compared to th
n the�-phase (Fig. 8b). This molecule will eventually mov
ack into the�-phase, provided thatv�

j > v
�
j . Analogously

molecule at boundary II, which by diffusion enters the�-
hase, will successively move away from boundary II,

he peak will become asymmetrical with tailing. Howev
he broadening of boundary II will be about the same a
harpening of boundary I, i.e., the width of the asymmet
eak inFig. 8b will be similar to that of the symmetrical pe
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Fig. 8. Peak distortion caused by moderate differences in conductivity or pH
between the analyte zone and the surrounding buffer do not, or only slightly,
contribute to peak broadening. (a) Peak A is symmetrical since we assume
that there are no differences in the migration velocity of sample ionj in phases
� and� (v�

j = v
�
j ). Peak B is an adjacent peak, i.e., its migration velocity

is similar to that of peak A and therefore it is also virtually symmetrical.
(b) Distorted peaks caused by differences in migration velocities of sample
ion j in phases� and� (v�

j > v
�
j ). Assume that an analyte ionj in the �-

phase at the boundary II diffuses into adjacent�-phase. Since the velocity
of ion j is lower in�-phase compared to that in the�-phase, this analyte ion
will move slower, i.e., boundary II will broaden. Analogously, if an analyte
ion j at boundary I diffuses into the adjacent�-phase, the boundary I will
sharpen. Accordingly, peak A becomes asymmetrical and the sharpening
of boundary I will become virtually equally as large as the broadening of
boundary II, i.e., the asymmetrical peaks in the experiment (b) have the same
widths as the symmetrical peaks in experiment (a). Peak B is an adjacent
peak, i.e., its migration velocity is similar to that of peak A and therefore it
has virtually the same asymmetry as peak A. Accordingly, the resolution of
the asymmetrical peaks in (b) is similar to the resolution of the symmetrical
peaks in (a). The above statements refer to electrophoresis, chromatography
and electrochromatography.

obtained when the migration velocities are the same in phases
� and� (Fig. 8a); and equally important, the resolution of
two adjacent peaks will be the same independently of whether
the peaks are symmetrical or asymmetrical. However, when a
large peak separates from an adjacent, very small one (e.g., in
protein impurity studies) the small peak may be symmetrical
(Eq.(7), low cp) affecting the resolution.

The situation becomes different when boundary I can-
not become sharper (it is hyper-sharp), whereas boundary
II continues to become more and more blurred, i.e., the peak
successively becomes wider. Characteristic of a hyper-sharp
boundary in an advancing or rear profile is the appearance of
a straight rise or descent perpendicular to the baseline. Such a
sharp boundary is seldom observed in an electropherogram,
since “softer” boundaries corresponding to other distortions
of the boundary are superimposed.

The above reasoning can be applied to any separation
method based on differences in transport velocities of
the analytes, i.e., for electrophoresis, chromatography,
electrochromatography, and (ultra) centrifugation. The
difference in velocity of the analytej in phases� and� may
be caused by differences in conductivity and pH, complex
formation, isomerization, adsorption, partition, etc.

We can now make the following generalization: small
differences in electrophoretic, chromatographic, electrochro-
matographic and gravitational velocities of a solute within a
zone and outside cause peak asymmetry due to a combination
of fronting and tailing effects. However, the width of a zone
will be about the same as for a symmetrical peak, as will the
resolution between two adjacent peaks.

Considering the above mentioned causes of the differences
in migration velocity of the analytej in phases� and�, it is ob-
v ctly
s with
m ore-
s tes
c s is
n um-
b em-
p ion of
d meter
v gen-
e l the
f

c

w

a e

i d
o
t is,
c cen-
t lec-
t ance
t duc-
t have
c y and
c ods
h nce,
a s also
i ).
,

ious that, in practice, it may be very difficult to get a perfe
ymmetrical peak in any separation method, particularly
acromolecules. For instance, in free capillary electroph

is it might be impossible to find a coating which elimina
ompletely interactions with all types of proteins, but thi
ot necessary in order to get high resolution (high plate n
ers), provided that the on/off kinetics is fast enough, as
hasized in Section 3.2. Observe that the above discuss
ifferent types of zone broadening is based on the para
elocity. Using this parameter, one can make a further
ralization and derive an expression which is valid for al

our methods mentioned in the heading (Eq. (98) in Ref.[2]):

�
j v

�
j − c

�
j v

�
j = (c�

j − c
�
j )v�� (33)

herec�
j andc�

j are the concentrations of the ionj in the�-

nd�-phases, respectively;v�
j andv�

j are the velocities of th

on j in the�- and�-phases, respectively, andv�� is the spee
f the moving boundary separating the phases� and�. Since

his equation (Eq.(33)) is valid for both electrophores
hromatography, electrochromatography, and (ultra)
rifugation, one can immediately state that all types of e
rophoretic zone distortions discussed herein (for inst
hose based on complex formation, differences in con
ivity and pH between the sample zone and the BGE)
ounterparts in chromatography, electrochromatograph
entrifugation. In other words: these four analysis meth
ave analogous (but not similar) properties: for insta
ny phenomenon appearing in electrophoresis appear

n chromatography in an analogous way (and vice versa
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3.7. Estimation of the migration velocity of the
“stationary” concentration boundary

In a zone sharpening experiment, Eq.(33) can be
written as

c�
j v

�
j − c�

j

n
v

�
j =

(
c�
j − c�

j

n

)
v�� (34)

wheren is the dilution factor. Accordingly,

v�
j − v

�
j

n
=
(

1 − 1

n

)
v�� (35)

Since

v = uE = u0

1 + (
√
µ/3)rj

I

qκ
,

Eq.(35)can be transformed to

v�� = v�
j − (v�

j /n)

1 − (1/n)

= Iu0

q(1 − (1/n))

[
1

(1 + (
√
µ�/3)rj)κ�

− 1√
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concentrations, the productIu0 can be reduced 100-fold and
consequently alsov��, i.e., the concentration boundary will
be located very close to the tip of the capillary with attendant
consequences (see for instance Section 2.10.1.2).

3.8. Limitations in the application of the Kohlrausch
regulating function (theω-function), exemplified by
restrictions in the use of Eq.(7), and a brief description
of an alternative regulating function (the H-function)

To facilitate somewhat the mathematical treatment Eq.(7)
was derived for simple buffers, such as ammonium acetate
[13], a BGE used in some of the experiments presented in Part
II [1], although a similar equation, of course, can be derived
for any type of buffer. In fact, the theory of the moving bound-
ary electrophoresis suffers from the same basic inaccuracy as
Eq. (7), namely that it is strictly valid only for strong elec-
trolytes, since the derivation is based on the Kohlrausch reg-
ulating function (theω-function) which has this restriction.
However, this function has been used with great success to
explain the electrophoretic behavior of proteins, particularly
in combination with the use of effective mobilities (see Sec-
tion 1.4.5 in Ref.[13]). The reason for the success is that the
pH and ionic strength are approximately constant through-
out the separation medium (see Refs.[16,24]as well as[13],
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e simplified:
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Using the data from the experiment in Fig. 5a in P
I [1], along withκα = 6.18 × 10−3.−1 cm−1, I = 85 ×
0−6 A, rNH4

+ = 1.4 Å, uNH4
+ = 33× 10−5 cm2 s−1 V−1

|�αβ| = 0.019 cm/s, corresponding to the mobility 5.3×
0−5 cm2 s−1 V−1 = 5.3 T units[39], i.e., the migration dis

ance of the concentration boundary following a 20 s in
ion is thus 0.38 cm. However, the diffusion of the pro
cytochrome C) during the injection and the additional t
efore the running voltage is applied (totally 30 s) give
roadening (2σ) = 0.2 mm (Eq.(2)), i.e., the width of the
tationary zone is determined also by diffusion, and not
y the migration distance of the concentration boundary

erestingly, the mobility of the concentration boundary is
old lower than the mobility of the ammonium ion. The ab
esults indicate that one can use diffusion alone for s
le application. In fact, we have employed this techn

or many years, particularly for capillary chromatograp
bserve thatv�� is proportional toIu0 and that the ammo
ium ion has an extremely high mobility. Using ions w

ower mobility and lower, more commonly employed bu
here also the derivation of Eq.(7) is given and, therefor
llustrates under which conditions this equation is valid)

TheH-function
(∑

cjvj
)
, which is derived from Eq.(33),

as the same value in all phases (Hα = Hβ = · · ·), as has th
-function (ωα = ωβ = · · ·), but has the advantage that
obility of an ion need not be the same in all phases[40].

. Conclusions

Table 1is a compilation of data for�-chymotrypsinogen
rom which one can draw the following important conc
ions:

1) Longitudinal diffusion causes the largest zone broa
ing. The most obvious and efficient way to reduce
total zone broadening further is, therefore, to decr
the run time, i.e., simply shorten the capillary (i
lower resolution can be accepted) or increase the
strength without increasing the zone broadening ca
by Joule heating (see also Section 3.4.). This ca
accomplished if the capillary is in contact with a mas
supporting plate, preferably one made of a cera
with a high electrical but low thermal resistance. T
hybrid microdevice permits run times which are 15-f
shorter than those in conventional CE apparatus wit
loss in resolution[29]. Another alternative is to repla
the conventional buffers by low-conductivity buffe
which allow field strengths above 2000 V/cm with
generating disturbing Joule heat[28].
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(2) All other kinds of zone broadenings besides those con-
sidered inTable 1have together a variance (rest variance)
which is about 28% of that caused by diffusion alone.
These various types of zone broadening refer to different
kinds of interactions (for instance protein/protein,
protein/buffer ion), sedimentation in the horizontal
section of the capillary (Fig. 2b) and zone distortions
caused by so large conductivity and pH differences
between a protein zone and surrounding buffer that one
boundary is hyper-sharp. The latter distortions often
counteract each other and, therefore, hyper-sharp peaks
seldom appear in electrophoretic separations of proteins.
Protein/capillary wall interactions seem to be negligible.

To obtain plate numbers per meter as high as 1.7× 106

(Table 1), the experiments described in Part II[1] show that
much attention should be paid to the choice of: (1) the method
used to coat the inner wall of the capillary, (2) the procedure
for washing the capillary between the runs, and (3) the back-
ground electrolyte and its concentration and pH. Very likely,
we did not manage to find the optimum conditions. An ob-
vious question is then how much higher plate numbers than
those we have observed can be attained and what is the gain
in resolution. The theoretical maximum plate number is that
which is based on the sum of all inevitable variances, in our
experiments those originating from diffusion and the curva-
t

i

I(

) if
w illary
i orts
w (see
t still
b

ich
e than
2 t the
r ex-
t tog-
r

the fact that electrophoresis of charged analytes in the pres-
ence of electroosmosis gives “apparent” plate numbers which
are higher than the plate numbers determined in the ab-
sence of electroosmosis, although the zone widths may be
larger[2].

5. Guidelines for the design of high-performance CE
experiments

The discussions herein and the experiments in Part II[1]
give us some clues about how to proceed to create successful
experiments, including high plate numbers.

(1) Choose a CE-apparatus where the capillary is straight
or only slightly curved.

(2) In the case of UV detection, choose separation media
(buffer, polymer solution, gel) with low UV absorption
for detection at 200–220 nm to increase the sensitivity
(for instance, gels of low-melting agarose are, from this
point of view, preferable to those of polyacrylamide
[41]).

(3) Test buffers of different compositions, concentrations
and pH and choose the buffer that gives the highest
plate number and/or resolution in the subsequent opti-

ple.
this
est
for
s

for-
f
thers,
eters
e(s).
d
get

rent

de-
ated
ngth.
used

ased
uffer
tc.,
ase

ow
s by
ash

with
ure of the capillary, i.e.,Nmax = L2
d/(σ

2
diff + σ2

curv).
The resolution is proportional to

√
N and the maximum

ncrease in resolution is, accordingly,
√
Nmax −√Nexp

Nexp

× 100%

=

(
Ld/

√
σ2

diff + σ2
curv

)
− (Ld/σexp)

Ld/σexp
× 100%

=

 2σexp

2
√
σ2

diff + σ2
curv

− 1


× 100%.

nsertion of relevant values (Table 1) gives

0.98× 10−1

2
√

1.43× 10−3 + 2.16× 10−4
− 1

)
× 100%= 20.8%.

Even if this figure becomes somewhat higher (26.6%
e use a CE apparatus where the curvature of the cap

s smaller, the question is whether it is worth all the eff
e have to devote to increasing the resolution further

he two points above), since the gain in resolution will
ecome relatively limited.

An important conclusion is that plate numbers wh
xceed the plate numbers we have obtained by more
0–30% indicate zone sharpening effects, provided tha
un times are the same as in our experiments. The
remely high plate numbers observed in electrochroma
aphy have been explained by such phenomena[37] or by
mization steps.
(4) Use low field strengths for the application of the sam
(5) Do several experiments at different field strengths in

buffer to find out which field strength gives the high
resolution. This critical field strength is much higher
low-conductivity buffers[28] and hybrid microdevice
[29].

(6) Calculate the variance for zone distortions when
mulae are available (seeTable 1). If one or more o
these variances are considerably larger than the o
change the experimental values of relevant param
in these formulae in order to decrease the varianc
Calculate the width (2σ, at 60% of peak height an√

12σ for the starting zone) from these variances to
an idea about the width corresponding to the diffe
variances.

(7) Plot the difference between the experimentally
termined total variance and the sum of the calcul
variances (the rest variance) against the field stre
The rest variance may correspond to variances ca
by hyper-sharp boundaries and interaction-b
variances, for instance between the protein and b
constituents, other proteins, the capillary wall, e
i.e., interactions which can be expected to incre
with an increase in the field strength (see Eq.(6)).
If this plot indicates interactions, use relatively l
field strengths, try to decrease these interaction
conducting the experiments in other buffers and w
the capillary with 2 M HCl.

(8) On the other hand, if the rest variance decreases
an increase in field strength (seeFig. 6, full lines),
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increase the field strength which has the additional
advantage that the diffusional zone broadening (which
in the experiments presented herein contributed to
the total variance more than other zone distortions)
decreases.

(9) Pay attention to the peak shapes when zone sharp-
ening techniques are used, and avoid so high analyte
enrichments that hyper-sharp peaks develop, resulting
in excessive zone broadening.

(10) If you know of some interesting phenomenon in
chromatography (for instance, one which increases the
resolution) an analogous phenomenon exists also in
electrophoresis and can be utilized in this separation
method, as well.
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