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Abstract

Distortion of the starting zone upon its electrophoretic migration toward the detection window gives rise to both symmetrical zones
caused by diffusion, sedimentation in the horizontal section of the capillary and the curvature of the capillary, and asymmetrical zones
having their origin in Joule heating, sedimentation in the vertical section of the capillary, pH and conductivity differences between
the sample zone and the surrounding buffer, solute adsorption onto the capillary wall, and association—dissociation of complexes be-
tween the analyte and a buffer constituent or between analytes. Interestingly and importantly a theoretical study shows that moderate
pH and conductivity differences as well as adsorption and all of the above interactions when they are characterized by a fast on/off ki-
netics do not increase the zone broadening (or only slightly), because the sharpening of one boundary of the zone is about the same
as the broadening of the other boundary. In addition the peak symmetry caused by a conductivity difference is in most experiments
counteracted by a pH difference. The experimentally determined plate numbers in the absence of electroosmosis exceeded one million
per meter in some experiments (Part 1l). These plate humbers are among the highest répafteab] A. Malik, M.L. Lee, Anal.

Chem. 65 (1993) 2747M. Gilges, K. Kleemiss, G. Schomburg, Anal. Chem. 66 (1994) 2038Wan, M. Ohman, L.G. Blomberg,

J. Chromatogr. A 924 (2001) b9plate numbers determined in the presence of electroosmosis may be higher, although the width of the
zone in the capillary may be larger) [p. 680 in S. HgertElectrophoresis 11 (1990) 665]). Capillary free zone electrophoresis is perhaps the
only separation method, which, under optimum conditions, gives a plate number not far from the theoretical limit. A prerequisite for this high
performance is that the polyacrylamide-coated capillary is washed with 2 M HCI between the runs and stored in water over night (Part I).
The difference between the experimentally determined total variance and the sum of the calculated variances originating from the width of
the starting zone, longitudinal diffusion, Joule heating, sedimentation in the vertical section of the capillary, curvature of the capillary (i.e.
the sum of all other variances) was in our most successful experiments about 28% of the variance of diffusion. The zone bragdening, 2
caused by diffusion was estimated at 0.77 mm. The total zone widfhc@culated from the experimentally determined plate number was

as small as 1 mm when the migration distance was 40 cm. Accordingly, the only efficient way to reduce drastically the total zone width is
to decrease the analysis time and, thereby, the diffusional broadening. An important finding was that the variance originating from the loops
of the capillary is not always negligible in high-performance runs. Therefore, one should employ straight capillaries and avoid CE apparatus
with cartridges that require a strong curvature of the capillary, common in most commercial instruments. Mathematical formulas have been
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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
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 m:
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 slov
that the peaks become broad. Therefore, different types of buffers should be tested when high resolution is required. Thé (tiation
variance of the interaction between a protein and the buffer constituents) = coxstéitte 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 electrophore
experiment, we have discussed in simple terms how the concentrations of the background electrolytes become rearranged during a run a
why the difference between the mobilities of the proteins and the mobilities of the background electrolyte determines whether a peak exhibit:
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 performanc
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 regulatil
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 Il show that high-performance electrophoresis deserves its pre
when the runs are designed to give minimum zone broadening. Some guidelines are given to facilitate this optimization. The plate number
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 To get a quantitative picture of the enrichment degree of
the proteins in the on-line concentration method used herein,
In the preliminary phase of a study on the behavior of pro- the research program also included the derivation of arelevant
teinsin capillary free zone electrophoresis at low pH and with equation.
on-line concentration of the proteins based on their solubi-  Access to an equation for the migration time was also
lization in the diluted running buffer, several interesting ob- required, since it could not be calculated in the conventional
servations were made. For instance, the plate numbers weravay because the field strength in the low-conductivity plug
in some experiments far above one million per meter, de- originating from the application of the sample in dilute buffer
spite the fact that the peaks exhibited tailing. Furthermore, is much higher than that in the rest of the capillary. For the
the peak heights and the peak areas were about the same @ame reason, a non-conventional method was required for the
lower when the proteins were injected in the running buffer estimation of the width of the starting zone. The derivation
diluted more than 100- or 200-fold (Parf1l)). In addition, in of some of the equations presented will not be given to avoid
the very first experiments the electrophoresis patterns weremaking the paper excessively long.
not reproducible in some of the buffers. Therefore, we de- The separation mechanisms of electrophoresis, chro-
cided to perform this theoretical study aimed at finding out matography, and electrochromatography are analogous be-
which separation parameters that were of particular impor- cause they are based on the same parameter, namely the mi-
tance to explain these unexpected observations with our hopegration velocity of the analyte. Analogous separation profiles
that the investigation would contribute to a better knowledge can, accordingly, be expected.
of optimum separation conditions and, therefore, to a gen-
eral improvement of the capillary free zone electrophoresis
technique. 2. Theory with some experimental links
It soon appeared that the current theory of known zone
broadenings could not explain all of the above observations. 3 1. The width of the starting zonaXo) and its
Therefore, we decided to describe quantitatively the total yariance (v X2/12)
width, generally in the form of the variance, of an elec-
trophoretic zone in terms of known functions (such as those
for the width of the starting zone, diffusion, Joule heat, ad-
sorption, conductivity differences, the curvature of the cap-
illary), as well as functions not, or only slightly, treated the-

AXo (= +/120) cannot be calculated in the conventional
way from the migration velocity and the time of application
of the sample when the zone sharpening method is used to
. . . . ; create a narrow starting zone, i.e., when the sample has an
oretically earlier (pH differences, sedimentation of a sample electrical conductivity lower than that of the background elec-

zone, slow association—dis_sociation ofacompl_ex between_thetrolyte, because: (1) the field strength in the sample zone is
analyte and a buffer constituent, weak reversible adsorptmnmuch higher than that in the rest of the capillary, and (2) the

onto the capillary wall). boundary between the non-diluted and diluted buffer, being a
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0 min 7 min whereD andu are the diffusion constant and the mobility of
l the protein, respectively, ang is the length of the capillary
to the detection windowAXg can be estimated from a plot
I of the total plate heightd, against 1 (Fig. 9a in Ref[2]),
whereE is the field strength in the buffer zone, which, for
the above reasons, must be calculated from the rel&ien
(I/xq) (I is the currenty the electrical conductivity, and

the cross-sectional area of the capillary), and not fiom
l (VIL;). This plot can be used only under certain experimental
P conditions (p. 681 in Ref2]), which are fulfilled if the plot
TN—— gives a straight line (Fig. 9a in RgR]). 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 (E(L3)]. Interestingly, this plot also
permits a determination of the universal const@hi (Eq.
(1) herein and p. 681 in Ref2]) 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

A) height at one (low) field strength. Using the latter approach
AXp was estimated at 0.04-0.4mm in the experiments de-
scribed in Part 1[1]. The method of zone sharpening thus

i ¢ gives very narrow starting zones (see Section 3.7 for further

discussion).

2.2. Longitudinal diffusional broadening
This broadening is determined by the Einstein equation:
_— - _—
Lg

2

= 2Dt = 2D— 2
it 1B (2)
wherel 4 is the length of the capillary to the detection window
and t the migration time. When the diffusion constant is not

known, the parameteb(u) can be estimated as described in

®) 0 min 7 min the previous section.

Fig. 1. Local alterations in the buffer concentrations upon electrophoresis.
Analysis method: free zone electrophorddid 3]; buffer (UV-absorbing):
sodium veronal, pH 8.6; sample (non UV-absorbing): sodium cacodylate
(experiment A) and sodium sulfate (experiment B); detection: UV scanning ) o
of the capillary. The arrow indicates the position of the application of the The varianceg?, of the thermal zone broadening is deter-
sample. The electropherograms show that there is a change in the buffer conmined by the expression (Eqgs. (53b) and (6b) in R&}:
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 2 _ i(Ax _)2 (3)
with the discussion in Sections 2.5.1, 2.5.2 and 2.5.3. The electropherograms~/ — I2\=7J

are reproduced with permission from the author and the publisher.

2.3. Thermal zone broadening

where Ax; is the maximum thermal zone broadeninigy;
can be replaced by Eq. (6b) in R§?] (see also Eq. (73) in

concentration boundary, is virtually stationary (5ég 1and Refs.[3,4]):
Section 3.7). In this particular case, the following approach

2
can be employed when diffusion is the only parameter caus- 2 _ 1 {BKLd RE} )
ing zone broadening: I 120 A 2T

~ AX% 2D Using an intuitive simple approach, one can show that this

H 8 relationship, upon superimposition of radial diffusion, is

=120, TuE



184 S. Hjerén et al. / J. Chromatogr. A 1053 (2004) 181-199

transformed tg5]: The conclusion drawn in the next section that the reso-
lution between two adjacent peaks need not necessarily de-
2122 2 L . . :
) 1| Bx/RE L3R crease for conductivity- or pH-based distortions is true also
O raddiff = 75 | 5 270 & 8D (%) for adsorption of proteins when the on/off kinetics is fast (see
Section 3.2).
whereB = 2400 K « the electrical conductivity, the thermal ~ Observe that the above statements are, at least qualita-
conductivity of the bufferRthe radius of the capillary, ari tively, also correct for other interactions a protein may be

the temperature of the coolant. Following some obvious trans- involved in, for instance protein/buffer interactions.

formations Eq(5) is exactly the same as that derived by Virta-

nen[6], employing the Taylor approagf]; see also Ref8]. 2.5. Zone distortion caused by differences in electrical
An increase of the temperature in the capillary increases conductivity between the sample zone and the

the longitudinal diffusional band broadening (E@&)) due  surrounding buffer f«)

to the increase of the diffusion constabt,which is further o

discussed in Part [l1]. The term R2/8D) is the time fora  2.5.1. A quantitative treatment

molecule to diffuse radia”y the distan&#2. The fO”OWing relation holds for the solute ZOﬁES,l4}

Cp
Ax = —(up — up)(ur — u 7
2.4. Zone broadening caused by adsorption onto the up( A — up)(ur — up) (7)

capillary wall whereAk is the difference in conductivity between the sam-

ple zone and the buffer (background electrolyte, BGEihe
concentration of the solute zone (coulombs per op), 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
02 — CuE (6) ion, respectively. The mobility and the ion concentration are
ads signed quantities, positive for cations and negative for an-
whereC is a constant for a given analyte. Accordingly, char- ions. It should be noted that the asymmetry of a peak often
acteristic of adsorption is that the variance (the width) of a increases with increasinty« (seefig. 3in Ref.[2]), but not
zone, corresponding to a certain protein, increases upon arlways because of the compensating effect of pH differences
increase in field strength and also the asymmetry (tailing) of and possible interactions between the analyte and the buffer
the corresponding peak. Consequently, it is likely that the ad- constituents (see Sections 2.7 and 2.8). To minimizegi.e.,
sorption is weak or negligible if the total variance decreases the asymmetry of a peak (see the next section), the concen-
when the field strength increases. Observe that the variancdration of the proteind) should be as low as possible for
of diffusional broadening also decreases upon an increase ifeliable detection and adequate precision. The co-ion should
field strength. The above criterion for negligible adsorption be selected so that its mobility is close to that of the protein
is, therefore stronger if the total variance is exchanged for the and the mobility of the counter ion should be low. Interest-

The variance is determined by E&) [9] and similar ex-
pressions[(0-12] see also these Refs. and H8f.for other
types of zone broadening):

rest variance, as defined Table 1(see Section 3.3). ingly, zone broadening caused by differences in conductivity
Table 1
Experimentally determined total variance, calculated variance, rest variance and zone width/zone broadening
0.12 M ammonium acetate 0.15M ammonium hydroxyacetate
(pH 4.0) (N = 1600000 1) (pH 4.0) N = 1660000 1)
o2 Zone width/zone o? Zone width/zone
(cmP) broadening (mm) (cmP) broadening (mm)
Ohrexp 2.50x 103 1.00 2.41x 1078 0.98
Calculated values
s 3.20x 1078 0.062 No data No data
024 1.50x 1073 0.77 1.43x 1073 0.76
0% ad dif 3.04x 1076 0.035 7.21x 1076 0.054
o240 3.39x 1078 0.0037 3.39% 1078 0.0037
02540 2.16x 1074 0.32 2.16x 1074 0.32
Ohost = Otorexp— Tealc 0.78x 1073 0.41 ~0.75x 1073 0.53

Samplea-chymotrypsinogen (0.1%), dissolved in 10-fold diluted buffer. Voltage: 17.5 kV, polyacrylamide coated capillary; length to the detectorod0 cm (f
further information see Part [1]).

a 24, except forAXo (v/120).

b The variance for sedimentation in the vertical section of the capiltarys(min).
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is independent of the field strength (see Eg). Observe to predict rapidly how the appearance of an electrophero-
that the mobilities of all ionic species in EJ.) increase with gram will change upon a change of relevant parameters
dilution of the buffer (Eq.(19)) and the mobilities of pro-  (concentration of the sample and the mobilities of the sample
teins increase more than those of the buffer ions by virtue of and background electrolytes), for instance, to decrease the
the larger radii (Fig. 12 in Ref2]). For restrictions in the ~ asymmetry of a peak. This approach is particularly impor-
application of Eq(7), see Section 3.8 and R¢L3]). tant when Eq(7) or similar equations cannot be employed
The zone broadeningy X, is determined by Ed8) (Eq. because information about the protein concentrations and
(19)in Ref.[2]) when the conductivity difference is so large mobilities is not available, which often is the case.
that one boundary of the sample zone remains hyper-sharp To simplify the discussion, we assume that the sample has
during the run whereas the other boundary becomes succesbeen dissolved in the electrophoresis buffer and is injected by
sively broader (pp. 671-673 in R¢2]), which is more sel- pressure. Upon application of the voltage, the sample zone
dom the case. A hyper-sharp boundary in an electrophero-leaves the starting zone. The treatment below refers to an
gram or chromatogram is easy to recognize, since it corre-electrophoresis experiment in an ammonium acetate buffer,
sponds to a peak where the advancing or rear profile is aa background electrolyte used in some of the experiments
straight line perpendicular to the baseline, i.e., the diffusional presented in Part [I1]. The sample consists of a positively
broadening at one boundary is entirely counteracted by thecharged analyte and the co-ion, the ammonium ion, has a mo-
zone sharpening caused by the conductivity difference. Ob-bility higher than that of the analyte. Itis conceivable that the
serve that a hyper-sharp boundary originating from a conduc- presence of the positively charged analyte ion in the migrat-
tivity or pH difference may be blurred and thus “hidden” by ing zone is compensated by a decrease in the concentration

distortions from Joule heat and sedimentation. of the positive ammonium ions in order to fulfill the require-
Ak ment that the current (proportional to the number of charges
AX, = LdT 8) passing a cross section of the capillary per second) must be

the same in the cross-sections through the analyte zone and

More often, the conductivity difference is so small that a segment of the surrounding analyte-free buffer. The elec-
both boundaries become blurred. In this case, the retardingtroneutrality condition requires that also the concentration
effect of the conductivity difference on the broadening at one of the counter ion, the acetate ion, decreases. This decrease
boundary is compensated almost entirely by the acceleratingin the concentration of ammonium acetate in the migrating
effect at the other boundary, i.e., the zone broadening causedprotein zone must result in an increase in the concentration
by a conductivity difference is close to zero (p. 670 in Ref. of this salt somewhere else in the capillary, since the total
[2]). The negative effect is the generation of asymmetrical amount of ammonium acetate in the capillary has to be the
peaks. Fortunately, this will not cause any (or only a small) same before and after the voltage is applied. One can ex-
loss in the resolution of two adjacent peaks (p. 670671 in pect the enrichment of ammonium acetate to take place in
Ref.[2]), and will not affect the zone width significantly, or  the stationary zone as the analyte is leaving it.
expressed differently, the broadening of one boundary of a

zone is compensated by a sharpening of the other boundary 5.3, A visual experimental description of E@) and a
(seeFig. 80 and Section 3.6). However, to avoid the risk that verification of the above qualitative discussion

a small peak may be hidden in the tailing or fronting part of The examples are taken from Ref{8,4,13] where a

a larger peak it is important, for example in purity studies of veronal buffer (UV-absorbing) was used in order to permit
drugs and proteins, to regulate the shape ofthe latter[a&ak indirect detection. In both experimentsfig. 1, a peak was
using Eq.(7) to choose buffer constituents with appropriate formed where the sample was applied (at the arrow). The elec-
mobilities. The shape of the small peak will then become tropherograms show that this so-called salt peak is virtually
similar to that of the large peak, since the mobilities of the stationary (which is confirmed theoretically in Section 3.7)
two adjacent analytes are similar or, likely, more symmetrical and corresponds in this case to a buffer concentration higher

since the concentration is much lower (Eg)). than that of the surrounding bulk buffer, since the peak is
“positive”. In the migrating cacodylate zone (experiment A)
2.5.2. Physical model picturing qualitatively the local the buffer concentration is lower than that in the surround-
changes in the buffer concentration upon ing bulk buffer, since the peak is “negative”. Observe that
electrophoresis—a qualitative discussion of the the cacodylate peak is symmetrical, whereas the sulfate peak
implications of Eq(7) (experiment B) is asymmetrical, indicating that the mobility

This equation, like all mathematical formulae, gives only of the cacodylate ion differs less from that of the veronal ion
the relation between the embodied parameters and does nathan from that of the sulfate ion according to the discussions
explain why the concentrations of the buffer constituents of Eq. (7) in Section 2.5.1. The fact that the asymmetry is
in the stationary zone where the sample was applied and inreflected in pronounced fronting indicates that the absolute
the migrating sample zone differ from those in the original mobility of the sulfate ion is much higher than that of the
BGE. However, the following qualitative discussion gives a veronal ion. A further conclusion can be drawn from this
picture of what actually happens, thereby making it possible figure; namely, that the finding that the absolute mobility of
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the cacodylate ion differs from that of the veronal ion can be 2.7. Peak asymmetry caused by a conductivity
made more precise by stating: the difference must be small,difference is in most experiments counteracted by
since the asymmetry of the peak is small. All of the above a pH difference

conclusions are based on an electrophoresis experiment with

small ions, but are valid also for proteins. 2.7.1. Peak asymmetry caused by a conductivity
difference Q)

Assume that we do an electrophoresis experiment
in a buffer A'B~ and that the sample consists of four
positively charged proteins {ppp, p3, and p) with the
mobilities  up, > up, > up, > up,. The electrophoretic
analysis of cytochrome C, lysozyme, ribonuclease A@nd

ZMpF chymotrypsinogen A in an ammonium acetate buffer (pH 4,
°» = 7000 ionic strength 0.12 M), described in Parf{1]], fulfills these
requirements.

To facilitate somewhat the theoretical treatment, we write

2.5.4. Calculation of the valency, z, of a protein

To calculateAx in Eq. (7) and similar equations the va-
lency,z, of the protein must be known, since the protein con-
centrationcp, is expressed in coulombs

whereMp is the concentration of the protein in mol/l aRd

is the Faraday constant (=96 600 coulombs). E : -
: : . d.(7) in the formAx = ¢cp(ua — Up)((UR/Up) — 1)
The equation (Eg. (86b) in Rel], valid at 295K) Upon a decrease of pthe protrtjain moBiIit;A — Up be-

D 0025 comes more positive andig/up) — 1 more negative (see

W 9) sign rules in Section 2.5.1), which means thst will
become more negative. Therefore, the peak asymmetry

permits a rough estimation of the valency from an experi- (tailing) becomes more pronounced the lower the mobil-

mental determination db/u, for instance by plotting plate  jty of the four proteins, i.e., the longer their migration
height against H, as outlined in Section 2.1 (Part[l]). times.

Alternatively, when the diffusion coefficient is known a
simple determination of the mobility gives directly informa-
tion about the valency to be used in Eg) and similar equa-

2.7.2. Peak asymmetry caused by a pH differenqe)
In general, the higher the isoelectric point)(pf a posi-

tions. tively charged protein, the higher its mobility at a pHI<\e
assume, therefore, that the first peak in an electropherogram
2.6. Zone broadening caused by differences in pH represents proteinipthe second peak proteinp,petc. An
(AXpH) between the sample zone and the surrounding ampholyte (for instance a protein) dissolved in deaerated
buffer water gives a pH of the water solution, which is close to the

_ _ o pl of the ampholyte. Therefore, the pH in all these protein
The following approximate equation is analogous to that zones is higher than the pH of the surrounding buffer, i.e.,
which is valid for differences in conductivity (EB) herein  this pH difference causes fronting which is larger the higher

and Eq. (20) in Reff2]): the mobility of the protein. Peak §ps) has, accordingly, the
Av largest (smallest) fronting, caused by differenced jibpt the
AXpH = LdT (20) lowest (highest) tailing caused by conductivity differences.

The conclusion is that the peak distortion caused by conduc-
wherev is the velocity of the protein antlv is the difference tivity differences often is compensated (more or less) by pH
in velocity of the protein in the- andp-phases due to pH dif-  differences.
ferences. This equation is valid only when the pH difference  Using the same approach for negatively charged pro-
between the zones is so large that one boundary of the zoneeins, assuming thalug| > |up, | > |up,| > |up,| > |up,]|
remains sharp during the run, i.e., is hyper-sharp, whereasand the buffer pH> plp, > plp, > plp2 > plp, of the
the other boundary becomes continuously broader as the rurproteins, this mobility difference will makeAx more
proceeds. At a pH difference so small that both boundaries negative the lower théup|, i.e., cause tailing which is
become blurred, the retarding effect of the pH difference on larger for slowly migrating proteins, similar to the case
the diffusional broadening at one boundary is approximately with positively charged proteins. As for these proteins,
compensated by the accelerating effect at the other boundarythe pH differences cause fronting which is more pro-
i.e., the broadening caused by pH differences is close to zeronounced the higher the absolute mobilityp] of the
(the reasons are analogous to those used to show that zonprotein.
distortions caused by conductivity differences are negligible  Conclusion In most electrophoretic analyses of pro-
(see Section 2.5.1)). The zone distortion caused by a differ-teins, the tailing caused by conductivity differences is
ence in conductivity may counteract or reinforce that created counteracted by fronting caused by pH differences, which
by a pH differencg16,17] However, for proteins they actin  decreases the peak asymmetry and, thus, the risk to obtain
most cases in opposite directions (see Section 2.7). The pHhyper-sharp peaks and loss in resolution (see Section
distortion is independent of the field strength. 2.5.1).
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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 \/ dimaxsD
reasons analogous to those causing tailing upon adsorption, ~ f~—-"------ \II/“'
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 Reffl8,19] (a)

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 zong20]. For n complete loops, the zone
broadening is12d [20], which corresponds to the variance
02, = (1/)mrd)? [21] or (L1d?/16r?)Lq [22] (dis the di- "
ameter of the capillary ang the sum of the internal radii of
the capillary coils). The latter equation has been used in our
calculations. In the H#¥ CE apparatus, the zones pass a 90 (®)

+ 360 + 90° curvature of the capillary, contributing to the _ _ _ _ _ _ _
p . 4 . . Fig. 2. Sedimentation of a zone in the vertical (a) and horizontal (b) section

non-negligible variance 2.16 10 cn? fora capillary with of the capillary. (I) The original shape of the zone. () The shape following

the inner diameted = 50pm (seeTable ). For lysozyme sedimentation.

with a diffusion coefficient of 1.1x 10~6 cnm?/s, this vari-

ance corresponds to a diffusion (migration) time of 64 s (Eq. section of the capillary and take into account the decrease in

(2)) Consequenﬂy’ the zone broadening caused by the curva<£one broadening caused by radial diffusion. It can be shown

ture of the capillary may be significant in several commercial that the shape of this zone is that of a parabéia.(2a)

instruments. In microchip electrophoresis, where the zonesWith vmaxp (the maximum sedimentation velocitymaxn

sometimes pass several curvatures of the separation channdfhe maximum migration distance) and, (the variance)

and the analysis times can be very short (seconds) and th&letermined by the Eqgl1)—(13) respectively.

diffusional zone broadening thus is negligible, the variance

3
related to the curvature may be even more disturbing. This vnaxp = R Umax = ﬁ(ps — Pb) (11)
type of zone distortion is independent of the field strength. V8Dt 812Dt
For a thorough discussion of the contribution of capillary R3¢
coiling to zone dispersion, see the papers bgia etal.  dmaw = W(ps — Pb) (12)
[22] and G& and Kenndlef23]. 2D

R% [gR? 2
2.10. Novel equations Otedp = 96D {gAfn(Ps - Pb)] (13)
2.10.1. Zone broadening caused by sedimentation whereg is the gravitational acceleration-980 cm s2), ps
(convection) in capillary free zone electrophoresis and pp the densities of the sample and buffer solutions

2.10.1.1. Quantitative treatmen€onvective zone broaden- (g cm3), respectivelyRthe radius of the capillary (in our ex-
ing, i.e., zone broadening caused by differences in density periments, 0.0025 cmi} the diffusion constant of the protein
between the solute zone and that of the surrounding buffer, is(cm=2s1), t the sedimentation time (s) amcthe viscosity
seldom discussed in the HPCE literature. The likely reason is (0.01 poise for water at 2%).

that a quantitative treatment has not been possible, since no The term convective broadening as used herein is an old
equation has been published (to the best of our knowledge).notation (see for instance R§24]). The same expression is,
Therefore, we presentin this paper mathematical expressionsunfortunately, often used for the Taylor type of dispersions
which were derived several years ago for an HPCE sympo-[7].

sium but were never submitted for publicati®). The equa- These equations are valid whens> R?/8D, i.e., for a
tions are valid for the sedimentation of a zone in the vertical protein withD = 1 x 10-% cn?/s, the migration time must
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be much longer than 0.8 s wh& 0.0025 cm. Accordingly, 3
the equations are applicable to most separations with the ex- / C — M \
1
-

ception of fast microchip analyses. The density difference in
Egs.(11)-(13)can be estimated from the relatif2b]:

ps— pp = ¢(1 — vppp) (14) 2

where c is the concentration of the solutgs(— pp =

0.003¢g/crd for a 1% protein solution)pp = the partial

specific volume of the solute (for proteins often 0.73 )

It should be noted that the gravitational broadening has 1
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 (a)
variance, but indirectly sincein Egs.(11)—(13)is inversely
proportional to the field strength.

=1l I

2.10.1.2. Sedimentation of the enriched protein zdplets

of dmao (EQ. (12)) andoged (Eq. (13)) against time t) for

different protein concentrations are displayed-ig. 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 (b)
buffer (see Section 2.10.2). The proteins will be efficiently

trapped and enriched at the boundary between the lower andig. 4. (a) Enrichment and separation steps. In the enrichment step the elec-
higher buffer concentration&ig. 4a, zone 1). This boundary  trode vial (&) is filled with the proteins to be analysed dissolved in diluted

is virtually stationary, which means that the enriched protein running buffer (phase I) and in the separation step with non-diluted running

zone will become highly concentrated very close to the inlet Puffer (phase Il). (1) Enriched sample zone (located close to the inlet), (2)
zone distorted by sedimentation in the vertical section of the capillary (see

of the caplllary (see S_ectlon 3'7)' _Accordlngly, there is a risk Fig. 2a, Il); (3) zone distorted by sedimentation becomes tilted when passing
that part of the protein zone sediments out of the capillary. the first curvature of the capillary; (4) zone subjected to the above two dis-
Even if the sedimentation distance is short during the time tortions and sedimentation in the horizontal section of the capilFigy gb,
required for the application of the sample and for the subse- I1). (b) Loss of the sample during the enrichment (I) and washing (Il) step.
guentwashing of the inlet of the capillary, the percentage loss

——1%
—A—5%
15+ ——10% 2
E T E 15
g 1 -
i +/ a 1
g v 3
gosq & £ 05
o +
o 0
0 100 200 300
(a) t(s) (b)
—+—30s
—=—60s 3
e o
—+—300s &
o £ 0,0006
£ S 00005
< o0,0002 20,0004
1 ~. 0,0003
b i
e 0,0002
b 0,000(1) s
0% 5% 10% 0% 2% 4% 6% 8% 10%
(c) protein conc. (d) protein conc.

Fig. 3. (a and b) Plot of sedimentation distandg«p) in a 50pnm capillary against the sedimentation time for a protein zone (a: lysozyme, b: albumin) at
different protein concentrations (E€L2)) (see Sections 2.10.1.1 and 2.10.1.2 for the values of the experimental parameters). (c and d) Plot of the variance
(Uszed) against the protein concentration (c: lysozyme, d: albumin) (Eg)).
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54 buffering capacity is very low. The uptake of carbon dioxide
——u=0.15 ! ; . . )
from the air produces bicarbonate ions, which may increase
—#—p=01 the pH. The proteins in the sample, being ampholytes, can
=00 cause a change in pH, since the pH of a protein dissolved
in pure water approaches thé gf the protein (see Section
2.7.2). In our experiments, the pH of the very diluted buffer
g R may, therefore, be higher in the presence of the proteins,
| which causes a decreaseuibin Eq. (17) and consequently
o i i i i i ‘ in the enrichment factor. It has been suggested that a zone
0 5 10 15 20 25 30 depleted of analyte ions forms in the vicinity of the tip of
(@) o (A) 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-
——p=0.025 tion generated by the density difference between the depleted
—®-p=0.05 zone and the surrounding buffer?
= DA 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 1l [1]), nor that the repeatability was very poor. The
0 . . . concentrations of the proteins when they have separated into
discrete zones are lower and, thdgap (See next section).

—B—p=0.025

Y

06 -
05 -
04
1 03

J;l. 0,2 A

0,1 4

/74

—>—nu=0.15

b r, (A)
® 7 2.10.1.3. The loss of protein by diffusion and by thermal ex-
Fig. 5. (a) Plot 0f[1+ (\/ﬁ/3)er II) against the radiug ) of the protein pansion of the buffer in the capillaryThe linear thermal ex-
(e EO(E0), T sctr i by he rallo of e conductes  pansion of the bufer i the capillary is determined by the
. ), , . - _ )

(20b). (b) Plot of (1 + /72/3)rp agains?rp. This factor multiplied byzo ¥ well-known expressiom\L = Lo At, Wheri“ = the linear
(the mobility at infinite dilution) gives the mobility at the ionic strength thermal expansion coefficient (= 056 10~ for water). In
(Eq.(19)). For molecular masses and radii, see Table 1 in P&H I Figs. 7b and 12b in Part [l1], the temperature rise were

7°C and 10°C, respectively (see Section 3.10 in that paper)

may be considerable, as estimated below (seeRitsatb). e, AL =48.4x 0.6 x 107* x 10(7) - 0.029(0.020) mm.
Assume that the sample consists of four proteins dissolved inAh plug OI:( 0.01‘145 mm ;mﬂ (0.81 mrrr:) |hs thus pressed out .Ofl
the running buffer, diluted 100-, 500-, and 1000-fold and that the capillary rom Its both ends, w Ich may cause a partia
the original concentration of each of the proteins is 0.1 mg/ml IQSS of the e_nrlched sample zone, since Itis Iocat_ed at the
(see Fig. 10b, d, e in Part[i]). The approximate Eq¢18a) wrtqally stat.lonary conceqtrgmon bogndary at _the tip of the
and (21)show that the concentration of each of the enriched cr?plllary. TS'E Io;;ofprotem IS sometlmes negligible, but not
proteins will be about 10, 50, and 100 mg/ml (totally 40, 200, that caused by diffusion (see Section 3.7).

and 400 mg/ml)Fig. 5¢can be used to obtain more correctval-  2.10.1.4. How to suppress the loss of protein upon enrich-
ues. We also assume that the proteins do not separate duringnent?. These losses can be minimized if the stationary
the enrichment and that the total time is 30 s for the contact boundary is located at a somewhat longer distance from the
between the diluted and non-diluted buffers at the inlet of inlet of the capillary by applying a narrow zone of the dilute
the capillary in connection with the enrichment of the pro- puffer behind the sample dissolved in the dilute buffer. This
teins, the washing of the capillary and all other procedures modification can easily be introduced by pressure injection
until the running voltage is applied. Insertion of appropriate of a plug of the dilute buffer behind the sample.

parameter values into E¢12) for 100-fold dilution of the

buffer [ps — pp = 0.012 g/crd (4 x 0.003g/crd), t = 30, 2.10.1.5. Sedimentation of a zone during the run.

n = 0.01 poiseg = 980cm/sD = 1.1 x 108 cn?/s] gives (a) The sedimentation of a lysozyme (albumin) zone in the
dmaxo = 0.17 mm. For 500- and 1000-fold dilutions of the vertical section of the capillary at 25C contributes to
buffer dmap = 0.80 and 1.7 mm, respectively, although ap- the broadening with the variance 37 107 (6.9 x
proximate. These values show that the risk that part of the 10-%) cn? if the migration time for lysozyme (albumin)
enriched protein zone sediments out of the capillary cannot in this section is 5 min and the protein has a concentration

be neglected. No doubt, the subsequent washing of the capil-  of 1% (see Fig. 5b in Part [L]). The sedimentation vari-
lary contributes to increasing the loss of protdtig( 4b, 11). ance is, accordingly, much smaller than the variances for
The following alternative may be another explanation why diffusion and the curvature of the capillary, but similar

the peak areas do not increase upon 500- and 1000-fold dilu-  to the variance of the thermal distortiohaple ). The
tions of the buffer. At extremely low BGE concentrations, the sedimentation distancémaxp, following electrophore-
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sis for 5min in the vertical section of the capillary is the inlet of the capillary, as derived by Nolkrantz et[2b5].
0.13(0.18) mm (se&ig. 3a and b). The sedimentation Observe that Eq16)is exact when the protein, dissolved in
will thus not affect the accuracy in the determination of the diluted buffer, is applied by pressure.

the mobility values, but will cause loss of protein and In fact, theefvalue calculated from Eq16)is larger than
irreproducible peak areas at the sample application, asthe true one. In a set of experiments (such as that presented
discussed in Section 2.10.1.2 and illustrate&iom 4b. in Fig. 10 in Part 1l[1]) where the composition of phase Il is

(b) A solute zone in théorizontalsection of the capillary ~ unchanged, the rati@(up)” is constant (€;;). Accordingly,
sediments at the same time as it spreads longitudinally in this case, the expression can be simplified to:
along the bottom part of the inner wall of the capil- s |
lary (Figs. 2b and 4azone 4) as visual inspection of ef ~ C (—p) a7
a colored protein zone in capillaries with the diameters «

1-3mm indicated (rotation of the capillary eliminates ; 145 1 case a: The mobility of the protein is about the

this zone broaden_in{B,4,13I). The sedimen_tation dg- same in phases | and IIThis assumption is justified when
creases strongly with the diameter of the capillary, which, the buffer in phase | is only slightly diluted. E(L6) then
therefore, should not exceed @fh. Observe that it does takes the simple form:

not cause asymmetrical peaks, but increases, of course,
with the sample concentration. The equation for the vari- I

K
ance of this type of zone distortion has not been derived. ef ~ W (18a)

This equation has been derived for a protein, but the same
relationship is, of course, valid for any charged solute, includ-
ing bufferions. Interestingly, using the Kohlrausch regulating
function, which is based on the assumption that the mobil-

electrode vials () contains the same buffeFif. 4a). The !tieg of both protein and buffer ions are independent of the
other vial (&), filled with the same buffer diluted many-fold ~ 1ONiC strgngth, Longsworth has arrlvgd atthe same expression
with water, contains the proteins to be analyzed (phase I). for moving boundary electrophoresis (E¢1) and (12)n
When voltage is applied, the proteins at the inlet of the capil- Capter 3, by L.G. Longswor{ti]). Observe thatin moving
lary rush towards the virtually stationary boundary between Poundary experimentsRin Eqg. (15)is zero. ,
the diluted and non-diluted buffers and become highly con- A More exact formula than that derived by Longsworth is
centrated (zone 1 iRig. 4a). The enrichment factoef, can obtained if we apply Eq(33) to a free zone electrophoresis

be defined as the ratio between the protein concentrations infXPeriment, putting*® = 0 (the boundary is stationary):

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 I1). One of the

phases Il and | following the enrichment: o B
J J

7RZ 1 =57 .

of Q/mR% (15) ¢ Y

Q/m(R+ AR) vyt (for notations see Section 3.6).

where Q is the amount of the protein transported from For the above enrichment experimenis= p, phase
phase | to phase IR the radius of the capillaryp'p the a = phase IlI, phasp = phase |, i.e.

average electrophoretic velocity of the protein molecules | | |

when they migrate in phase | toward phasejlthe average of = Vi up(Z/gx’) '

electrophoretic velocity of the protein p in phaseRI:} AR Uljl up (1/qx")

the average effective radius of an imagined, truncated Sincel, the current, has the same value in all phases,
conical cylinder confining the protein molecules in phase |

that migrate into phase It,the time for the enrichment of u:) Pl
the protein. Recalling that: = uE andE = I/kq (wherel ef = o (18b)
is the current and the cross-sectional area of the capillary) P
Eq. (15) can be written: an equation which is identical to E(L6).
I |
K Mp - . . .
ef ~ <) (—) (16) 2.10.2.2. Case b: The mobility of the protein differs in
“p « phases | and ILIt is worth noting that the enrichment

We have here made the approximation that the field factor (Eq.(16)) increases upon dilution of phase I, not only
strength lines (se€ig. 4a) are parallel in the volume ad- because its conductivity', decreases, but also because
jacent to the inlet of the capillary from which the sample ions the mobility of the proteinu'p, increases (Fig. 12 in Ref.
migrate into the capillary, i.e., we have pAR = 0. For a [2]). We will therefore derive an expression which gives a
more rigorous treatment, one should employ the equation for quantitative description in easily measurable parameters.
the potential (in phase I) as a function of the distance from To this end we combine Edq16) or Eq. (18b) with the
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relationship (Eq. (18:13) in Reff14]): Whatever the reason, any change in the mobility of a pro-
tein will change the recorded peak area. Therefore, this area

W=7 20 (19) should be normalized by dividing it by the migration time to

+ Arp h . . L

ave it proportional to the amount of protein in the z{®2id.

where ug is the mobility at infinite dilution, (1) the In many electrophoresis experiments, we are only inter-
thickness of the double IayemG/ﬁA [13], where u ested in a rough estimation of the enrichment factor and can,
is the ionic strength), and, the radius of the solute. The therefore, putthe parenthesis in E20b)equal to an average
enrichment factor then takes the simple form value of 2.5, or even 1, as we have done in some discussions

I " herein, i.e., we have employed E{.8a)(and also the ap-

_ L4 /3l (20a)  Proximation thai"'/i' is equal to the dilution factor).
KL+ (ﬁ/S)rp]' At low ionic strengths in phase Il, much lower than those

used in the experiments in Part | and1] ((,/ix/3)rp — 0)

In zone sharpening experiments, the ionic strength in the Eq. (20b)becomes formally identical to E¢18a)

diluted buffer (phase 1) is very low. Therefore, this expression

can be simplified: Pl
i TRL ef ~ —+ (21)

i.e., the enrichment factor is then inversely proportional to

For spherical proteins, the ionic radius can be calculated the conductivity of the diluted buffer, or roughly inversely
from rp = (3uM/47N)Y/3, wherev is the partial specific ~ proportional to the dilution of the buffer. Observe the
volume of the protein (for most proteins= 0.73, except approximate nature of this expression, particularly as
for glyco- and lipoproteins)M its molecular mass anbl regards the assumptions thaR = 0 in Eqg.(18a)and that
the Avagadro number. Using this equation and albumin as athe ionic strengths are low iboth phase | and phase II. In
reference proteinry = 25A, M = 68 000), the radii of other ~ doubtful cases, Eqg20a) and (20bjare to be preferred;
proteins can roughly be estimated from the relatign= Fig. 5a gives a rapid estimation of the factor-1(,/11/3)rp,
25(M/68 000}/3. This expression, although valid only for part of the enrichment factor.
spherical proteins, was employed to calculate the ionic radii ~ The original boundary between the buffer in the capillary
of the proteins used in experiments presented in P41l (phase II) and the diluted buffer in the electrode vial (phase
(see Table 1 in Part [iL]). The dissymmetry factdffy was, I) is a so-called concentration boundary, which in ideal elec-
accordingly, neglected. These ionic radii were also used to trophoresis, where one assumes that the ion mobilities are
calculate the parenthesis in E(Ob) and plot it against  independent of the ionic strength, is stationary. In most ex-
the ionic radius Fig. 5a). This graph, combined witk' /x' periments, this boundary moves slightly, as does the station-
(the ratio between the conductivities of the non-diluted and ary zone inFig. 1 (see Section 3.7). It should be stressed
diluted buffers), permits a rapid estimation of the enrichment that all equations, including E€19), describing the relation
factor for different ionic radii and ionic strengths (EB0b)). between mobility and ionic strength are approximate.

At the highest ionic strength in this example (0.15 M),
the efincreases 1.8 times for proteins with = 14A M~

12000) andyp, = 26A (M ~ 79 000). With decreasing ionic 2.10.3.1. Case 1: The sample is applied by electrophoresis.

strength of the BGE, the ef‘fec.t_ls smaller. o ) The experimental conditions are assumed to be identical to
The fact that also the mobility of a protein is a function those described in Section 2.10.2 (§ég 4). Following the

qf the_se parameters (E_@.g)) means that the relative migra- ._enrichment step, the concentrated zone is asymmetrical with

tion times of thg proteins in a Saf”p'e gnalyzeq at a certain o mayimum concentration displaced toward the boundary

ionic strength differ from the relative migration times of the created by the non-diluted and diluted buffer. We assume that

same proteins analyzed at another ionic strength (we assumey boundary has migrated a very short distanc¥) into

hedrg thar:.art] Ieast_some of thhe protleujs h;ve different '3‘.’"‘: the capillary upon electrophoretic application of the sample.

radii), w ich may mc;easet e.(;eso.utmrj et\;ver:an t\;]VO adja- Upon exchange of the diluted buffer in the electrode vessel

cent_protem Zones. For a rapi gsﬂmaﬂop ofthe c ange In(phase ) for the non-diluted buffer (phase Il) and application

mobility of proteins with different ionic radii when the ionic of the running voltage, the sample zone starts to move faster.

strength is altered, sdeg. S, which gives the value of the The following set of five equations permits calculation of the

factor /(1 + Arp). - 1./(1.+ (ﬁ/S)rp) (Eq.(19)). A”°th‘?f migration timet for the solute to reach the detection window:
reasontotestvariousionic strengths is that buffer constituents

may form complexes with a protein and, thus, change its mo- Lq — (AX0/2)
bility and at best improve the resolution of proteins. Conse- ¢ = L UET <
guently, there are at least two reasons to analyze a protein P

mixture by capillary electrophoresis in buffers at different

ionic strengths. E'" =

2.10.3. The migration time

AX
?0 is notwell-deﬁnea (22)

- (23)
Kllg
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Vv The difficulty to defineAXg in a simple way and exactly
I'= rl 4l (24) has the consequence that calculations of terms wh&gs
AX a parameter are very approximate.
r = | 0 (25) Immediately after the enriched zone has passed the
Kq concentration boundary, it starts to broaden and become
i Li— AXo more asymmetrical, the larger the conductivity juntps,
= T (26) i.e., the higher is the analyte concentration and the larger is
) the difference in mobility between the analyte and the buffer
1.e. co-ion (see Eqq7) and (19). Notice that pH differences, as
(Lg — (AX0/2))(AXo(x" /&) + Lt — AX0) well as interactions between the protein and the buffer may
t= (27) decrease the asymmetry (see Sections 2.7 and 3.2). Thermal

Il
upV zone broadening may also contribute to the asymmetry as
wherelq is the length of the capillary to the detection win- can adsorption of the analyte onto the capillary wall.

dow, L the total length of the capillaryy Xp the width of the In the discussion above, we have assumed that the
starting zoneE" the field strength in phase K.the conduc- voltage over the capillary is kept constant. Therefore, the
tivity, q the cross-sectional area of the capillarshe ohmic current changes during the run because of variations in the
resistanceuyp the mobility of the protein and the voltage conductivity in the area around the concentration boundary

over the capillary. Foi' = «"" Eq.(27)is reduced to at the inlet of the capillary. The migration velocity varies ac-
Li—(AXo/2) La—(AXo/2) cordingly, which may affect the reproduublhty. However, |f.
= o = . (28) the power supply delivers constant current this problem will
up (V/Ly) up £ not occur. An additional advantage of constant current is that

which is the well-known expression for calculation of the the migration velocities are independent of variations in tem-

migration time when the sample is dissolved in a non-diluted Perature (pp. 178-182 in R¢#]) and the presence of small
running buffer. bubbles and precipitates in the capillary, and is, therefore,

Since AXo/2 <« Lq and AXo < Lt (seeTable 1and recommended for most electrophoresis experiments.
Section 3.7 in this paper and Tables 6 and 7 in Pat]I),
Eq. (27) can be simplified: 3. Discussion

L La(AXo(k" /') + L)
- uHV

(29) 3.1. Quantified zone broadenings

The width of the starting zoneA(Xp) and, thereby, the
The termAXo«" /k' is not negligible in zone sharpening variance [AX0)%/12] can easily be determined experimen-
experiments when the sample is dissolved in a strongly tally in the conventional way from velocity and migration
diluted running buffer. In a series of such experiments, it is time when the sample is equilibrated with the buffer. If this
likely that the values oA Xg vary considerably, particularly  is not the case, for instance when the sample is subjected to
because they are very small, in some cases less than 0.1 mmone sharpening, the variance can be determined experimen-

(seeTable 1in this paper and Tables 6 and 7 in Parf1], tally from a plot of plate height againstBL(see Section 2.1
as well as Section 3.7). and p. 681 in Ref{2]).
The variance of diffusional (E@2)), thermal (Eq(5)) and
2.10.3.2. Case 2: The sample is applied by pressure. convective (Eq(13)) zone broadening and that of the curva-
ture of the capillanf21-23]can easily be calculated. If one

_ AXo | Lg—(AXo/2)
= g m
upE upE

(30) (or more) of the above variances is (are) much larger than the
other variances, one should try to minimize that (those) vari-
ance(s). Inthe experiments presentethble 1 the variances
corresponding to longitudinal diffusion are much larger than
. AXo[AXo + (' /") (Lt — AX0)] the other variances, with the possible exception of the vari-
o u})v ance of the curvature of the capillary (in the present design of
the cartridge the curvature is fixed, unfortunately). The most
N (La — (AXo/2)[AXo(k" /') + (Lt — AXo)] (31) obvious and efficient ways to diminish the diffusional zone
MH Vv broadening is to increase the field strength, provided that the
thermal effects on zone broadening and bubble formation do
Eqg. (27)is, however, most often applicable to both cases not become disturbing and/or to shorten the capillary if some

Using the same approach as in case 1, one obtains

1 and 2, since, in practice, the first term in Egl) is neg- resolution can be sacrificed. Alternatively, one can use low-
ligible in the majority of CE experiments, because in zone conductivity bufferd28] or hybrid micro device§?9].
sharpening experiment$ < «!' and oftenAXp < 1 mm (see The width of a zone and the zone broadening 2 60%

Table land Section 3.7). of peak height and/12 for the width of the starting zone)
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are listed inTable 1, particularly because they give a visual 0,045 # cytochrome C
picture of the performance of arun, whereas the variance does _— Zﬁi::iﬂ;se
not. This intuitive feeling that the zone width is a measure \\ X a-chymotrypsinogen
of the quality of a separation is reflected in the mathematical __ °%°] "\f.\l
inverse proportionality between resolution and zone width. & o015 | N\a
The experimentally determined width of the:- "g s Py
chymotrypsinogen zone in the experiment presented in “o — e
Table 1was only 1 mm and the inevitable zone broadening 0,005 4 °°V'"5‘32 003 004 005 008 007
caused by diffusion 0.77 mm. All other types of zone broad- 0015
ening were smaller. These data clearly indicate that capillary | . | - ug

electrophoresis is a true high-performance method, provided
thatthe practical experiments are designed in accordance wittFig. 6. Plots of the rest varianeg,q againsuE. For definition of rest vari-
the current theory, discussed in this paper. Observe that theance, se&able 1 BGE: ammonium acetate, pH 4.0 (ionic strength: 0.12 M).
sum of the separate zone widths is not equal to the total ZcmeFuII lines:u constantE varies (see Section 3.3.2). Broken linEsonstant,

. . . - u varies (see Section 3.3.1).
width (only independent variances are additive).

Table 1shows that the difference between the experimen- ¢qontribute considerably to the total variance. Observe that

tally determined total variance and the sum of the calculated ¢ nqyctivity and pH differences often counteract each other
variances was about 28% of the variance of diffusion in the (see Sections 2.7.1 and 2.7.2).

most successful runs. Which zone distortions give rise to
the additional (rest) variance? This question is dealt with in 3 3 The rest variance discussed in terms of ().
Section 3.3.

If the sum of the above calculated separate variances is The rest variance in the plot ifig. 6is the total, experi-
larger than the total variance, the zones have been narrowednentally determined variance minus the sum of the calculated
by some kind of zone sharpening. It should be emphasizedvariances listed iffable 1 i.e., the rest variance corresponds
that variances determined experimentally in the presence ofto all other interactions the analyte can be involved in, for in-
electroosmosis may be much lower than those determined instance with buffer constituents and sedimentation of the zone
the absence of electroosmosis (p. 680 in [Rg). Examples in the horizontal section of the capillary, and to peaks where
on protein separations in a capillary with electroosmotic flow one boundary is hyper-sharp (see Section 2.5.1). Observe
(EOF) will soon be publishef@0]. “Apparent” plate numbers  that a hyper-sharp boundary may be blurred by thermal,
determined in the presence of electroosmadsig)(can be re- convective and other distortions and, therefore not show up in
calculated to “true” plate numbers obtained in the absence ofthe electropherogram as a line prependicular to the baseline.
electroosmosisNep+eq by means of a simple equatioNgp
= (Uep/(Uep £ Ueq))“Nep+eo(EQ. (79) in Ref[2]). Instead of 3.3.1. The rest variance as a function of ug, when E is
using the terms true and apparent plate numbers, it may beconstant and u varies, i.e., corresponding to an
more appropriate to state that plate numbers should be com-electrophoresis experiment with different proteins (the
pared under similar experimental conditions, when possible broken lines irFig. 6)
in the absence of electroosmosis. The three straight broken lineshig. 6were obtained for

The thermal and convective zone distortions cause zoneeach of the three electrophoresis experiments with the first
broadening. However, a zone distortion, for instance a tailing, four proteins inTable 1in Part Il [1] (BGE: ammonium ac-
does not always give rise to zone broadening. Examples areetate, pH 4). This relationship is not expected if the proteins
given in the next section. Observe that tailing is a necessaryinteract with the capillary wall, since it would mean that the

but not a sufficient condition for adsorption. constantC in Eq. (6) has the same value for different pro-
teins which is very unlikely. This conclusion is supported by
3.2. Different types of zone distortions which do not the finding that theelativemigration velocities of these four
cause (significant) zone broadening and, therefore, need ~ Proteins changed in accordance with K1) for different
not be quantified ionic strengths (see Section 3.2.1 in Paftl), which indi-

cates that proteins do not adsorb onto polyacrylamide-coated
This category comprises distortions caused by reversible capillaries, not even the basic ones (see(E)).

adsorption, association—dissociation processes, isomeriza- However, ions as small as ammonium ions very likely
tion, etc. when the on/off kinetics is fast, and differences interact electrostatically similarly with, for instance, car-
in conductivity and pH between sample zone and buffer (seeboxylic groups in different proteins, and acetate ions with,
Section 3.6). However, in experiments where these distor- for instance amine groups, i.e., the const@nin Eq. (6)
tions give rise to a hyper-sharp boundary the broadening of should have the same value for most proteins (we assume
one boundary of the zone is not compensated by a sharpenhere that Eq(6) is valid not only for adsorption but also
ing of the other boundary (see Sections 2.5.1 and 2.6). Suchfor other interactions). Accordingly, the straight broken
zone distortions cause strongly asymmetrical peaks and maylines in Fig. 6 probably represent interactions between
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buffer constituents and proteins. An indirect support for this ammonium hydroxyacetate ammonium acetate
conclusion is the observation in Parf1] and many other ar- PH=40 p=015 2 pH=40 p=012
ticles that different buffers often give different electrophero- 1% . 10
grams. g 100 2 sof

Somewhat hydrophobic buffer ions and such which & 8o £ 601
interact selectively with the proteins to be analyzed can be % ig 3 40
expected to alter the appearance of the electropherograms 2o 204
and, thus, affect the resolution more than simple ions. The “0 ST S S "U o @A sk
constanC in Eq. (6) may under such conditions have differ- field strength (V/cm) field strangth (V/em)
ent values for different proteins and the broken lin€ig. 6
will not be straight. The interactions must not be so strong Fig. 7. Plots of current against field strength.

(slow) that the peaks become heavily distorted (for instance

. . : "
hyper-sharp). 3.4. What is the optimum field strength?

The ratio between the variance for thermal zone defor-
mation in the presence of radial diffusion (E()) and
in its absence (Eq. (53a) in ReR]) is (R%/8Dt). For a-
chymotrypsinogen = 0.9 x 10-% cm?/s at 25°C) analyzed
in a 50u.m capillary for 15 min, the ratio is T¢. Can we ex-
pect radial diffusion to decrease the variance that much? The
plot of current against voltage Fig. 7 shows that the devia-
tion from the straight line (caused by Joule heating) becomes
evident already at 247 and 268 VV/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, Eq5) gives a very small, negligible
variance, 3.04 106 cn? (Table J). 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

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 Fig. 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
in the previous section, that this type of interaction is
negligible. However, one can very well imagine that the
contact time for the interaction between small buffer ions
and a protein (suggested in Section 3.3.1) is shorter in the
presence of an electrical field than in the absence of it which
is in agreement with the above observation that the variance
decreases with an increase in field str_ength. I_n fact, W.ell [1] and also the discussion herein in Section 2.3)
started some years ago chromatographic experiments with o .
superimposed alternating or direct voltage to decrease the (.:OUId we have. used a S“I! h|'g'her voltage in our ex-

. ) : : . “periments without increasing significantly the thermal zone
C-term in the van Deemter equation. An interesting question

. L . . broadening, or does the radial diffusion not decrease this zone
is whether the kinetics may be faster at increasing voltage bybroadenin as much as the Tavlor approach predicts? This is
a mechanism analogous to that described by Tallarek et al. g Y pp P )

[31] an important question, since a higher field strength means a

. L shorter migration time, i.e., a smaller diffusional broadening
The observation that electrophoresis in different buffers e . A
) . ) . — and diffusion gives the largest contribution to the total zone
of the same pH may give different separation profiles and

plate numbers is not only an argument for the existence of broadening fable lherein and Sectionfd]). Thorough the-

: . ; . oretical and experimental studies are required to answer the
interactions between protein and buffer constituents, but also .

e . . " : above question. Several researchers have found that thermal
an indication that the choice of buffer is a critical step in the . . L

. ) . . .~ zone distortions often are negligilfig 32,33]

pursuit of high resolution. From moving boundary experi-
ment it is well-known that small molecules can interact with 3.5. Zone broadening in free zone e|ectroph0resis
proteing[16]. Recently, capillary electrophoresis was used to compared to that in chromatography, including
study the interaction between lysozyme and the anions citrateg|ectrochromatography
and phosphatfl8,19]. Phosphate ion was used as buffering
constituent in experiments shown in Parf1]. The presence of a stationary medium is a prerequisite

To concludeEq. (6) is valid for protein/buffer interaction ~ for all chromatographic separations, whereas in free zone
only whenE is constant andi varies, accordingly, for each  electrophoresis the experiments are conducted in buffer
electrophoresis experiment with proteins (the broken lines in alone. Eddy diffusion and the attendant zone broadening
Fig. 6), at least for proteins of similar molecular weights, but (corresponding to thé-term in the van Deemter equation)
not whenuis constant anét varies, i.e., not for electrophore-  thus arises only in chromatography, but not in carrier-free
sis of a certain protein at different field strengths (the full lines electrophoresis. The stationary phase makes the longitudinal
in Fig. 6). diffusion (described by theéB-term in the van Deemter



S. Hjerén et al. / J. Chromatogr. A 1053 (2004) 181-199 195

equation) somewhat restricted in chromatography and require good electrical insulation to avoid spark formation
therefore causes a smaller zone broadening compared t428,29].

that in free zone electrophoresis. In gel electrophoresis, the  Conclusion:From the above comparison between elec-
diffusion is still more restricted. trophoretic and chromatographic zone broadening, it might

Separations in chromatography, but not those in elec- be evident that free electrophoresis and particularly gel elec-
trophoresis, are based on the interaction between sampldrophoresis theoretically gives narrower zones, i.e., higher
constituents and a stationary phase (thgéerm in the plate numbers than does chromatography, assuming that the
above equation). The on/off kinetics for the interaction is experimental conditions for these methods have been chosen
usually relatively slow, which may cause considerable peak so as to give a minimum in total zone broadening (optimum
broadening. An interaction between a buffer constituent and conditions). Therefore, it is not surprising that some of the
the solute gives rise to a considerable peak broadening inplate numbers we obtained in the CE study published in Part
both electrophoresis and chromatography when the kineticsll [1] are, to the best of our knowledge, considerably higher
is slow. An example from the field of moving boundary elec- (up to 1 700 000 per meter, séable 1 than those achieved
trophoresis is the complex formation between ovalbumin and in chromatographic experiments. The width of this protein
acetate ions under acidic conditidd$]. For electrophoretic ~ zone in the capillary at the detection window was 1 mm—a
broadening caused by protein/protein or protein/nucleic remarkably narrow zone as obtained in a capillary with 40 cm
acid interactions, isomerization or polymerization, see pp. effective length. The very high plate numbersreportedin elec-
341-359 in Ref[16]. trochromatography for charged compounds in packed silica

The chromatographic zones will become more narrow if a columns might have their origin in zone-focusing gradients
packed, particulate bed is replaced by a less heterogenous stg37] (plate numbers are defined for isocratic conditions and,
tionary phase, such as a continuous bed, also called a monotherefore, difficult to interpret in gradient systems). Observe
lith [34]. Electrochromatography in a homogenous gel should that electrochromatography of charged analytes which do not
give zones as narrow as those typical of gel electrophoresis,interact with the stationary phase gives a separation pattern
provided that the on/off interactions of the solute with the similar to the pattern obtained in capillary free zone elec-
ligands attached to the polymer chains in the gel are rapidtrophoresis (CE) in an uncoated capillary, i.e., in the presence
enough35]. of electroosmosis provided that the analytes do not interact

It is well-known that many solutes adsorb strongly onto with the capillary wall. The plate numbers obtained in CEC
the wall of bare fused silica capillary to cause peak tailing. may, therefore, be much higher than those obtained in CE
It should be stressed that this adsorption originates from in the absence of electroosmosis, although the widths of the
both electrostatic and hydrophobic interactions (and others),zones in the capillaries may be similar (p. 680 in R2f). A
which means that adsorption is not necessarily diminished by later study has shown that the peak compression for cationic
changing the ionic strength of the buffer, because an increaseanalytes in CEC using cation exchangers occurs predomi-
of the ionic strength to suppress electrostatic interactions nantly when the analyte, injected in a medium deviating from
increases the hydrophobic interactions, and vice Vi&Gh the electrolyte by a higher concentration of organic solvent,
The most general method to eliminate both adsorption andhas a similar elution time as the EOF ($égs. 2 and n Ref.
electroosmosis and with the great advantage of imposing[38]). The analyte elutes in a zone where the migration speed
few restrictions of the choice of buffer and ionic strength, is faster than in the surrounding buffer, and will consequently
might be that based on a large increase of the viscosity in be enriched at the boundary where the speed slows down.
the double layer by applying a hydrophilic neutral polymer
coating[3,4], which gives a negligible adsorption also of 3.6. Different types of zone distortions which give rise to
basic proteins, probably the most strongly adsorbing classasymmetrical peaks in electrophoresis, chromatography,
of biopolymers (Part I[1]). Therefore, one can expect the electrochromatography, and (ultra) centrifugation, but
polyacrylamide coating to be appropriate for all classes of little or no loss in resolution of two adjacent peaks,
analytes, provided that the capillary is washed at low pH provided that one boundary of a zone is not hyper-sharp
between the runs (Part[l1]).

Thermal zone deformation appears both in electrophore- ~ Assume that an analyte molecule moves by diffusion from
sis, caused by Joule heat, and chromatography, caused bphasea to phaseg across boundary | and that the elec-
frictional heat, but is at moderate flow rates negligible in trophoretic velocity is higher in the-phase compared to that
the latter method. The onset of the deviation from a straight in the-phase ig. 8). This molecule will eventually move
line in a plot of current against voltage indicates the field back into thex-phase, provided thatj’f > v?. Analogously,
strength at which the Joule heat becomes measurable. Howa molecule at boundary Il, which by diffusion enters fhe
ever, this field strength is lower than the field strength that phase, will successively move away from boundary 11, i.e.,
gives optimum resolutionFjg. 7 in Ref.[2]). It should be the peak will become asymmetrical with tailing. However,
recalled that with special low-conductivity buffers one can the broadening of boundary Il will be about the same as the
use field strengths as high as 2000 V/cm or higher with- sharpening of boundary |, i.e., the width of the asymmetrical
out any thermal distortioi28]. Such high field strengths  peak inFig. 8 will be similar to that of the symmetrical peak
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B A The situation becomes different when boundary | can-
not become sharper (it is hyper-sharp), whereas boundary
Il 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 analyfen phasesx andp 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
B o B o B iq migratior_w veIociFy of.the analyten ph_a_se& andp, itis ob-

viousthat, in practice, it may be very difficultto get a perfectly
| symmetrical peak in any separation method, particularly with
macromolecules. For instance, in free capillary electrophore-
sis it might be impossible to find a coating which eliminates
Fig. 8. Peak distortion caused by moderate _differencesin conductivity_orpH completely interactions with all types of proteins, but this is
betwgen the analyte zone apd the surround'mg buffer d_o not, or only slightly, not necessary in order to get high resolution (high plate num-
contribute to peak broadening. (a) Peak A is symmetrical since we assume . . ..
thatthere are no differences in the migration velocity of samplgirophases bers)_, proylded that the on/off kinetics is fast enou_gh, as_em-
o andp (% = ”E)' Peak B is an adjacent peak, i.e., its migration velocity p_ha5|zed in Section 3.2. Obserye that the above discussion of
is similar to that of peak A and therefore it is also virtually symmetrical. different types of zone broadening is based on the parameter
(b) Distorted peaks caused by differences in migration velocities of sample velocity. Using this parameter, one can make a further gen-
ion j in phasesx andp (% > vf). Assume that an analyte igrin the o eralization and derive an expression which is valid for all the

phase at the boundary li diffuses into adjacgqihase. Since the velocity : : ; ; .
of ionj is lower inB-phase compared to that in thephase, this analyte ion four methods mentioned in the headlng (Eq' (98) n mp

will move slower, i.e., boundary Il will broaden. Analogously, if an analyte

ion j at boundary | diffuses into the adjaces¥phase, the boundary | will c — cﬁvﬁ = (% — cﬁ)vaﬁ (33)
; . N R Jo J J
sharpen. Accordingly, peak A becomes asymmetrical and the sharpening

of boundary | will become virtually equally as large as the broadening of B ) o
boundary Il, i.e., the asymmetrical peaks in the experiment (b) have the samewherec} andc’; are the concentrations of the ipmn the a-

widths as the symmetrical peaks in experiment (). Peak B is an adjacenty4a_hhases, respectively* andv® are the velocities of the
peak, i.e., its migration velocity is similar to that of peak A and therefore it J J

has virtually the same asymmetry as peak A. Accordingly, the resolution of ionjin thea- andB-phases, respectively, antf is the speed
the asymmetrical peaks in (b) is similar to the resolution of the symmetrical of the moving boundary separating the phasasdB. Since
peaks in (a). The above statements refer to electrophoresis, chromatographyhis equation (Eq(33)) is valid for both electrophoresis,
and electrochromatography. chromatography, electrochromatography, and (ultra) cen-
trifugation, one can immediately state that all types of elec-
trophoretic zone distortions discussed herein (for instance
obtained when the migration velocities are the same in phaseghose based on complex formation, differences in conduc-
a andp (Fig. 8a); and equally important, the resolution of tivity and pH between the sample zone and the BGE) have
two adjacent peaks will be the same independently of whethercounterparts in chromatography, electrochromatography and
the peaks are symmetrical or asymmetrical. However, when acentrifugation. In other words: these four analysis methods
large peak separates from an adjacent, very small one (e.g., irhave analogous (but not similar) properties: for instance,
protein impurity studies) the small peak may be symmetrical any phenomenon appearing in electrophoresis appears also
(Eq. (7), low c;) affecting the resolution. in chromatography in an analogous way (and vice versa).

®) I
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3.7. Estimation of the migration velocity of the
“stationary” concentration boundary

In a zone sharpening experiment, E(3) can be
written as

c® c®
ol = ) = (1 - n’) o (34)
wheren is the dilution factor. Accordingly,
)
v 1
- L = (1— n) B (35)
Since
E ug 1
vV=ubk=—7—_———,
1+ (/i/3)rj gk
Eq. (35) can be transformed to
N el 7L
T 1-(1/n)
_ Tug 1
q(1—(1/n)) | A+ (Vu®/3)rj)k*
1
— 36
n(1+ (v/ /JLB/S)rj)KB] (36)
KE need not be known, sinmf ~ k. Eqg.(36)cantherefore
be simplified:
af _ Tug
q(1— (1/n)k®)
1 1 (37)
1+ (Wus/3)rj 14 (v 1uB/3)r;

Using the data from the experiment in Fig. 5a in Part
Il [1], along with«® = 6.18 x 103Q~1em™1, | = 85 x
10°0A, ryp,+ = 1.4 A, upy,+ =33x 10%cmPs it
= |v*#| = 0.019 cm/s, corresponding to the mobility 53
10 %cm?s1v~1=5.3T units[39], i.e., the migration dis-
tance of the concentration boundary following a 20s injec-
tion is thus 0.38 cm. However, the diffusion of the protein
(cytochrome C) during the injection and the additional time
before the running voltage is applied (totally 30s) gives a
broadening (2) = 0.2mm (Eq.(2)), i.e., the width of the
stationary zone is determined also by diffusion, and not only
by the migration distance of the concentration boundary. In-
terestingly, the mobility of the concentration boundary is 7.3
fold lower than the mobility of the ammonium ion. The above
results indicate that one can use diffusion alone for sam-
ple application. In fact, we have employed this technique
for many years, particularly for capillary chromatography.
Observe that®P is proportional tolug and that the ammo-
nium ion has an extremely high mobility. Using ions with
lower mobility and lower, more commonly employed buffer
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concentrations, the produbtg can be reduced 100-fold and
consequently also®®, 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 (thev-function), exemplified by
restrictions in the use of Eq7), and a brief description
of an alternative regulating function (the H-function)

To facilitate somewhat the mathematical treatment(£g.
was derived for simple buffers, such as ammonium acetate
[13],a BGE used in some of the experiments presented in Part
Il [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 (thew-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 R¢i6,24]as well ad13],
where also the derivation of E{7) is given and, therefore,
illustrates under which conditions this equation is valid).

TheH-function (3" ¢;v;), which is derived from E¢(33),
has the same value in all phasets' = H? = . ..), as has the
w-function @* = wf = -..), but has the advantage that the
mobility of an ion need not be the same in all phagéy.

4. Conclusions

Table 1lis a compilation of data fo&-chymotrypsinogen,
from which one can draw the following important conclu-
sions:

(1) Longitudinal diffusion causes the largest zone broaden-
ing. The most obvious and efficient way to reduce the
total zone broadening further is, therefore, to decrease
the run time, i.e., simply shorten the capillary (if a
lower resolution can be accepted) or increase the field
strength without increasing the zone broadening caused
by Joule heating (see also Section 3.4.). This can be
accomplished if the capillary is in contact with a massive
supporting plate, preferably one made of a ceramic
with a high electrical but low thermal resistance. This
hybrid microdevice permits run times which are 15-fold
shorter than those in conventional CE apparatus without
loss in resolutiorj29]. Another alternative is to replace
the conventional buffers by low-conductivity buffers
which allow field strengths above 2000 V/cm without
generating disturbing Joule hdas].
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(2) All other kinds of zone broadenings besides those con- the fact that electrophoresis of charged analytes in the pres-

sidered inTable 1have together a variance (rest variance) ence of electroosmosis gives “apparent” plate numbers which
which is about 28% of that caused by diffusion alone. are higher than the plate nhumbers determined in the ab-
These various types of zone broadening refer to different sence of electroosmosis, although the zone widths may be
kinds of interactions (for instance protein/protein, larger[2].

protein/buffer ion), sedimentation in the horizontal
section of the capillaryKig. 2v) and zone distortions

caused by so large conductivity and pH differences 5. Guidelines for the design of high-performance CE
between a protein zone and surrounding buffer that one experiments

boundary is hyper-sharp. The latter distortions often

counteract each other and, therefore, hyper-sharp peaks  The discussions herein and the experiments in P& |1
seldom appear in electrophoretic separations of proteins.give us some clues about how to proceed to create successful
Protein/capillary wall interactions seem to be negligible. experiments, including high plate numbers.

To obtain plate numbers per meter as high asxl.70° (1)
(Table 1), the experiments described in Parfl] 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-
ture of the capillary, i.e Npuar = L3/(054 + 02un)- 4
The resolution is proportional t¢/N and the maximum (5)
increase in resolution is, accordingly,

\% max \/ 100%

N, exp

(Ld/ \/ Oﬁiff + J(g,urv) - (Ld/aexp) (6)

x 100%
Ld/aexp

20¢xp

/ 2
2 O diff + Ggurv
Insertion of relevant valuegéble 1) gives

0.98 x 1071
2\/1.43x 103 +2.16 x 1074

Even if this figure becomes somewhat higher (26.6%) if
we use a CE apparatus where the curvature of the capillary
is smaller, the question is whether it is worth all the efforts
we have to devote to increasing the resolution further (see
the two points above), since the gain in resolution will still
become relatively limited.

An important conclusion is that plate numbers which
exceed the plate numbers we have obtained by more than
20-30% indicate zone sharpening effects, provided that the
run times are the same as in our experiments. The ex-
tremely high plate numbers observed in electrochromatog- (8)
raphy have been explained by such phenoni8ihor by

—1] x100%

(7)

- 1) x 100%= 20.8%.

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

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]).

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-
mization steps.

Use low field strengths for the application of the sample.
Do several experiments at different field strengths in this
buffer to find out which field strength gives the highest
resolution. This critical field strength is much higher for
low-conductivity bufferd28] and hybrid microdevices
[29].

Calculate the variance for zone distortions when for-
mulae are available (s€kable ). If one or more of
these variances are considerably larger than the others,
change the experimental values of relevant parameters
in these formulae in order to decrease the variance(s).
Calculate the width @, at 60% of peak height and
/120 for the starting zone) from these variances to get
an idea about the width corresponding to the different
variances.

Plot the difference between the experimentally de-
termined total variance and the sum of the calculated
variances (the rest variance) against the field strength.
The rest variance may correspond to variances caused
by hyper-sharp boundaries and interaction-based
variances, for instance between the protein and buffer
constituents, other proteins, the capillary wall, etc.,
i.e., interactions which can be expected to increase
with an increase in the field strength (see [Eg)).

If this plot indicates interactions, use relatively low
field strengths, try to decrease these interactions by
conducting the experiments in other buffers and wash
the capillary with 2 M HCI.

On the other hand, if the rest variance decreases with
an increase in field strength (s€ég. 6, full lines),
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increase the field strength which has the additional [14] C.J.0.R. Morris, P. Morris, Separation Methods in Biochemistry,
advantage that the diffusional zone broadening (which Pitman, London, 1976. _
in the experiments presented herein contributed to [15] O- Séiberg, D. Westerlund, U.B. Rodby, S. Schmidt, Chro-

. . . matographia 41 (1995) 287.
the total variance more than other zone distortions) [16] M. Bier, Electrophoresis, Academic Press, New York, 1959.

decreases. [17] X. Xu, W.T. Kok, H. Poppe, J. Chromatogr. A 742 (1996) 211.
(9) Pay attention to the peak shapes when zone sharp{1i8] L. Kremser, E. Kenndler, G.I.T. Lab. J. 1 (2004) 23.
ening techniques are used, and avoid so high analyte[19] M. Rabitter-Baudry, BIO Forum Eur. 3 (2004) 30.

enrichments that hyper-sharp peaks develop, resultingl20 T- Srichaiyo, S. Hjegn, J. Chromatogr. 604 (1992) 85.
in excessive zone broadening [21] S. Wicar, M. Vlenchik, A. Belenkii, A.S. Cohen, B.L. Karger, J.

. . . Microcolumn Sep. 4 (1992) 339.

(10) If you know of some interesting phenomenon in [22] v. Kasigka, Z. Pruk, B. Ga, M. St&dyy, Electrophoresis 16 (1995)
chromatography (for instance, one which increasesthe  2034.
resolution) an analogous phenomenon exists also in[23] B. G&, E. Kenndler, Electrophoresis 23 (2002) 3817.

electrophoresis and can be utilized in this separation [24] H. Svensson, Ark. Kemi, Miner. Geol., 22A, no. 10 (1946) 1. Thesis.
[25] J.W. Williams, K.E. van Holde, R.L. Baldwin, Chem. Rev. 58 (1958)

method, as well. 715
[26] K. Nolkrantz, C. Farre, R.I.D. Karlsson, A. Brederlau, C. Brennan,
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