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Abstract

The number of theoretical plates achievable in capillary electrophoresis has been proposed for the characteriza-
tion of the quality of capillary coatings. It is shown that, as predicted by theory, the efficiency is independent of
capillary inner diameter and increases with increasing field strength as long as dispersive effects can be neglected.
On the other hand, in contrast to chromatography, there is no linear range within which the plate numbers are
independent of the amount or volume of sample injected (from aqueous solutions). By optimization of the injection
technique (use of dilute aqueous protein solutions, electrokinetic injection techniques, short injection times), up to
3-10° theoretical plates can be achieved. The plates generated by injection of similar amounts of sample from

buffer solutions are lower by a factor of 20.

1. Introduction

The tremendous increase in capillary electro-
phoretic (CE) applications is partly due to the
high efficiency achievable by this method. Ex-
tremely narrow peaks can be obtained even with
high-molecular-mass solutes. One reason is the
plug-shaped flow and migration profiles [1]. In
pressure-driven liquid chromatography, the
parabolic Hagen—Poiseuille flow profile is the
main reason for peak dispersion, especially when
the profile cannot be flattened owing to small
diffusion coefficients. These effects have been
described by the various equations for peak
broadening in chromatography correlating peak
dispersion, flow velocity and capillary diameter
(particle diameter), such as the Taylor—Aris
equation [2,3], the Golay equation for capillary
gas chromatography [4], the Van Deemter equa-
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tion for packed column chromatography [5] and
the Giddings universal plate height equation [6].

Because no parabolic flow profile is present in
CE, the equation for plate number contains only
the longitudinal diffusion term [7] and can be
reduced to

uv

N=2p
where N is the plate number, D the solute
diffusion coefficient in the buffer, V' the applied
voltage and p the overall mobility (electropho-
retic and electroosmotic). The validity of this
equation for CE has already been proved. Gid-
dings [6] has also shown that in the usual range
of voltages applied in CE (0-35000 V) and 1-10
elementary charges for the solutes, the equation
for the plate number can be approximated to

N=20zV

This means that up to 10-10° theoretical plates
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can be generated in CE, a range extending that
found in chromatographic systems. With DNA
fragments in anti-convective systems such as gels
these figures have been already verified and even
exceeded [8].

Because of the absence of the mass transfer
term in the mobile phase, the achievable plate
numbers should be independent of capillary
diameter and should increase with decreasing
diffusion coefficient (increasing molecular mass)
and increasing voltage. Observed plate numbers
below those predicted by theory have been
attributed to slow mass transfer and solute—wall
interactions. Therefore, the plate numbers
achievable with proteins in surface-coated capil-
laries have been proposed as a measure for
characterizing coating quality. However, because
of the extremely small volumes to be handled in
CE, the injection technique has a significant
influence on efficiency [9]. Additional contribu-
tions to peak broadening can be caused by
overloading effects of the buffer, temperature
effects [10-13] and mobility differences between
buffer and analyte ions [14]. Because of on-
column detection, the contribution of the detec-
tor to overall peak broadening can mainly be
reduced to slow data conversion.

In this paper, the parameters governing ef-
ficiency in CE will be demonstrated for the
separation of basic standard proteins. It will also
be shown how the efficiency can be manipulated
by applying the various injection techniques.

2. Experimental
2.1. Reagents and materials

Fused-silica capillary tubes were purchased
from Polymicro (Laser 2000, Munich, Ger-
many). Reagents for surface modification were
purchased from different suppliers, such as acryl-
amide (Bio-Rad, Munich, Germany), ammo-
nium peroxodisulfate and N,N,N’,N’-tetra-
methylethylenediamine (Electran, UK) and vin-
yltrichlorosilane (Fluka, Neu-Ulm, Germany).
The proteins were obtained from different sup-
pliers such as cytochrome ¢ (Sigma, Deisen-

hofen, Germany), chymotrypsinogen (Serva,
Heidelberg, Germany) and lysozyme and ribonu-
clease A (Fluka). All buffer components were
obtained from Fluka.

2.2. Modification of fused-silica capillaries

Capillaries were coated with  vinyltri-
chlorosilane and polacrylamide as described pre-
viously [15].

2.3. Apparatus

For all measurements a Beckman P/ACE
System 2050 was used. Data acquisition was
accomplished with Beckman Gold Software (V
7.12) and an IBM PS2 personal computer.

3. Results and discussion
3.1. Plates, capillary length and diameter

In chromatography, the plate numbers in-
crease with decreasing particle (capillary) diam-
eter. Decreasing diffusion coefficients always
lead to smaller plate numbers, because the mass
transfer term governs efficiency in liquid mobile
phases. The plate numbers achievable are also
dependent on the mobile phase flow-rate. The
maximum plate numbers are achieved at a flow-
rate depending on particle diameter and sample
diffusion coefficient. Of course, the plate num-
bers also depend on the column length. This
concept is only valid when all the other con-
ditions, i.e., temperature, mobile phase compo-
sition, etc., are kept constant. In chromatog-
raphy, the theoretical value is always the highest
achievable. Owing to additional dispersive con-
tributions (variance contributions from injection
volume, connecting capillaries, detector cell vol-
ume, etc.), in reality smaller plate numbers are
always obtained.

In CE, the plate numbers increase linearly
with increase in effective capillary length as
predicted by theory. This is shown in Fig. 1. It
should be mentioned that for these measure-
ments the field strength was kept constant; with
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Fig. 1. Dependence of the number of theoretical plates on
the effective capillary length with constant electrical field and
injection plug length. Conditions: capillary, polyacrylamide—
vinyltrichlorosilane, 75 um 1.D.; buffer, 50 mM phosphate
(pH 3); field strength, 260 V/cm; samples dissolved in water;
injection, pressure [3.45-10° Pa (0.5 p.s.i.)], identical injec-
tion plug length in all capillaries (2.5 s with 60/67 cm
capillary, 1 s with 20/27 cm capillary).

increasing capillary length the voltage was in-
creased correspondingly. To exclude the contri-
bution of the variance of the injection plug, the
same portion of the capillary was always filled
with sample. This means that the injection time
was 1 s for the 20-cm capillary (total length 27
cm) and 2.5 s for the 60-cm capillary (total
length 67 cm). With a polyacrylamide-coated
capillary [15], between 6-10° and 1-10° plates
per metre were achieved for proteins with molec-
ular mass between 12 000 and 25 000. Surprising-
ly, but corresponding with theory, the protein
with the highest molecular mass (a-chymotryp-
sinogen) gives the highest plate numbers.

The plate number should also increase linearly
with increase in field strength at constant capil-
lary length. However, this is only true if no
additional zone dispersion due to secondary
effects is present [10-13]. As can be seen in the
upper part of Fig. 2, plate numbers increase with
increase in field strength only if the latter does
not exceed 300 V/cm. At higher field strengths,
convective effects (temperature, viscosity and
mobility gradients) caused by the Joule heat
dissipation diminish the achievable plate num-
bers. This can be clearly seen for the 50 mM
buffer. The lower part of Fig. 2, where the
current is plotted vs. the field strength, shows
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Fig. 2. Dependence of the number of theoretical plates on
the applied electric field with different buffer concentrations
and temperatures. Conditions: capillary, polyacrylamide—vin-
yltrichlorosilane, 20/27 ¢cm X 75 pm 1.D.; buffer, phosphate
(pH 3); sample, lysozyme (100 ppm in water); injection,
pressure [3.45-10° Pa (0.5 p.s.i.)], 1 s with 50 mM buffer at
20°C and 2 s with 10 mM buffer at 20 and 50°C.

that at field strengths above 400 V/cm deviations
from Ohm’s law occur. These deviations are
caused by insufficient heat transfer from the
capillary.

Fig. 2 also shows that with lower buffer
concentrations the influence of insufficient heat
dissipation on plate number is less important.
With the 10 mM phosphate buffer identical plate
numbers can be achieved between 200 and 600
V/em. However, peak distortion due to heat
transfer problems is noticeable when the capil-
lary is used at elevated temperatures. This is
caused by problems with heat transfer in the
equipment in thermostating the capillary. Of
course, at elevated temperatures diffusion co-
efficients are higher, lower plate numbers are
generated and only lower field strengths can be
applied. The advantage of capillaries with small-
er inner diameters (<50 wm) is that higher field
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Fig. 3. Influence of the capillary inner diameter on the separation of basic standard proteins. Conditions: capillary, poly-
acrylamide—vinyltrichlorosilane, 20/27 cm; buffer, 50 mM phosphate (pH 3); field strength, 260 V/cm; samples, 1 = cytochrome
¢, 2 =lysozyme, 3 = ribonuclease A, 4 = chymotrypsinogen (100 ppm in water); injection, pressure [3.45-10° Pa (0.5 p.s.i.)]; (A)
identical injection time (2 s); (B) identical injection plug length (2 s with 75 pm LD., 4.5 s with 50 um LD., 18 s with 25 um

L.D. =0.45 cm).

strengths are applicable without a decrease in
efficiency owing to more efficient heat dissipa-
tion.

Because only the longitudinal diffusion term
contributes to peak broadening in CE, in theory
the inner diameter of the capillary should not
affect the plate numbers. In the right-hand part
of Fig. 3 and in Table 1 it can be seen that plate
numbers are independent of capillary inner di-
ameter when the injection plug length is kept
constant (contribution of injection volume vari-

Table 1

ance to overall peak variance). A constant plug
length of 0.45 cm was used, and consequently
the injection time was varied between 2 s with
the 75-um capillary to 18 s for the 25-um
capillary. The error in the determination of plate
numbers with these narrow peaks is up to 10%.
As can be seen, it is possible to achieve 1- 10°
plates per metre without any problems. The
decrease in peak height is due only to the
decrease in the optical path length (Lambert—
Beer law). The predictions of theory regarding

Dependence of the number of theoretical plates per metre on the capillary inner diameter

I.D. (pm) Injection (s) Cytochrome ¢ Lysozyme Ribonuclease A Chymotrypsinogen
75 2 1410000 1163 000 1008 000 1144 000
50 4.5 1163 000 1006 000 943 000 1166 000
25 18 994 000 845 000 787 000 1109 000
75 2 1410000 1163 000 1008 000 1144 000
50 2 1672000 1 439 000 1255000 1 404 000
25 2 2048 000 2007 000 1528 000 1607 000

Conditions as in Fig. 3.
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peak-broadening effects in CE are fulfilled: the
plate number is independent of capillary inner
diameter and increases with increase in field
strength if secondary convection effects are neg-
ligible. Also, the number of plates is propor-
tional to column length at constant field strength.
It should be recalled that the variance contribu-
tion of the injection plug was identical in all
cases.

On the other hand, when the same capillaries
are used but the injection time is kept constant,
of course in the 25-um capillary only 11% of the
amount is injected in comparison with the 75-um
capillary. As can be seen in the left-hand part of
Fig. 3 and in Table 1, an increase in efficiency
was observed when the capillary inner diameter
was reduced from 75 to 25 wm. This is caused by
the concomitant decrease in the amount of
sample injected and the plug length (variance of
injection volume). In comparing the two sepa-
rations with the 25-um capillaries, it can be seen
that the efficiency can be varied by a factor of
1.5-2 just by changing the amount of sample
injected. Of course, the plate number measured
summarizes all contributions to peak broaden-
ing. Because of the extremely small volumes
handled in CE, one should be very cautious
about the contribution of dispersive effects other
than the electromigration process. It should be
stressed again that it is possible to compare and
discuss efficiencies only when all parameters that
contribute to peak broadening are kept constant.
Because of the additional contributions of heat
dissipation and the injection techniques of the
various instruments (e.g., pressure profile in
hydrodynamic injection), comparison of efficien-
cies of different capillaries can only be valid with
the same instrument.

3.2. Overloading effects with hydrodynamic
injection

So far either the plug length or the mass of the
sample loaded to the capillary was kept constant.
In Fig. 4, the influence of the injected sample
concentration at constant plug length on ef-
ficiency is shown. As can be seen, the efficiency
decreases tremendously when the mass of sample

2000000

Cytochrome C
Lysozyme
Ribonuclease A
Chymotrypsinogen

4 > e

1500000 4

1250000

1000000 -

number of theoretica! plates/m

750000 -

500000

250000 -

0 200 400 600 800 1000
protein concentration (ppm)

Fig. 4. Dependence of the number of theoretical plates on
the protein concentration with a constant injection plug
length. Conditions: capillary, polyacrylamide—vinyltri-
chlorosilane, 20/27 cm X 25 pm L.D.; buffer, 50 mM phos-
phate (pH 3); field strength, 260 V/cm; proteins dissolved in
water; injection, 18 s pressure [3.45-10° Pa (0.5 p.s.i.)].

increases. No linear region as in chromatography
can be observed. Therefore, the efficiency achiev-
able cannot be a measure for capillary charac-
terization. It should be mentioned that the
sample was dissolved in water, so that the
injected plug length is less important owing to
the stacking effect that occurs. The observed
triangular peaks at sample concentrations above
100 ppm indicate that the capacity of the 50 mM
buffer is insufficient for these sample loads. On
the other hand, the lower the sample concen-
trations the more efficient the sample stacking
effect becomes. As can be seen, decreasing the
sample concentration from 200 to 20 ppm results
in an improvement in plate numbers by a factor
of three.

When the protein sample is injected from
water, volume overloading does not contribute
to a certain extent to peak broadening because
the sample stacking effect concentrates the sam-
ple at the borderline of the injection solvent and
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Fig. 5. Dependence of the number of theoretical plates on
the injection plug length with constant injected sample mass.
Conditions: capillary, polyacrylamide—vinyltrichlorosilane,
20/27 cm X 25 pm LD.; buffer, 50 mM phosphate (pH 3);
field strength, 260 V/cem; proteins dissolved in water; injec-
tion, pressure [3.45-10° Pa (0.5 p.s.i.)], identical sample
amount injected (18 s at 100 ppm = 180 s, at 10 ppm = 224
pg).
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the buffer. As can be seen from Fig. 5, the plate
number increases by a factor of around two
when the plug length is increased from 0.45 to
2.73 cm and the mass of sample injected is kept
constant. It should be mentioned that here 12%
of the effective capillary length is filled with the
sample solution. The increase in plate number is,
of course, due to the lower sample concentra-
tions injected (constant mass loaded), which
improves the stacking effect. Only if the sample
plug exceeds 12% of the capillary length is the
volume variance no longer negligible and the
plate numbers decrease again. The longer the
part of the capillary filled with sample solution
(water), the more the migration times increase
because the field strength decreases mostly over
the water plug [16].

The advantages of the stacking procedure are
more clearly seen in Fig. 6, where this technique
is compared with the conventional method, in
which the sample dissolved in the separation
buffer is injected. Comparable efficiencies are
achieved only with the smallest plug length
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Fig. 6. Effect of injection plug length on peak performance for proteins from (A) aqueous solution or (B) separation buffer.
Conditions: capillary, polyacrylamide—vinyltrichlorosilane, 20/27 c¢m x 75 pm 1.D.; buffer, SO mM phosphate (pH 3); field
strength, 260 V/cm; samples, 1= cytochrome ¢, 2 = lysozyme, 3 = ribonuclease A, 4 =chymotrypsinogen; injection, pressure
[3.45-10° Pa (0.5 p.s.i.)], identical sample amount injected (1 s at 200 ppm = 6 s, at 33.3 ppm = 224 pg).
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injected (injection time 1 s). When longer plugs
of the sample in buffer solution are injected
(injection time >2 s), efficient and narrow peaks
can no longer be observed. The peak width
increases in proportion to the injection time
because here the stacking effect is not working.
On the other hand, with sample injection from
water, highly efficient separations are observed
even with an injection time of 6 s.

Stacking effects also play an important role in
the case of mass overloading. However, when
injected from buffer, generally fewer plate num-
bers are obtained and the efficiency is not greatly
affected by increasing the sample concentration
(constant plug length) with 50 mM phosphate
buffer. However, the total plate number is only
around 100 000 compared with 900 000 when the
same amount (200 ppm) is injected from aque-
ous solution. Here one dilemma of CE becomes
obvious: plate numbers are only defined when
the separation conditions are kept constant, i.e.,
temperature, field strength and buffer composi-
tion. The use of the stacking procedure in
combination with comparison of plate numbers is
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a mistake similar to that which one can make in
calculating plate numbers in gradient elution. On
the other hand, to achieve efficient and re-
producible separations, the injection time cannot
be chosen too short, and therefore stacking
procedures are required for efficient protein
separations. Only with very short injection times
from buffer solutions is comparison of capillary
efficiencies possible and permitted.

3.3. Electrokinetic injection

The most efficient injection technique for
proteins in order to achieve high plate numbers
is the electrokinetic injection technique. In Fig. 7
and Table 2 the electrokinetic injection tech-
nique from water and from buffer solution is
compared with the already described hydro-
dynamic injection techniques. In the case of
electrokinetic injection there is almost no differ-
ence between injection from buffer and water
solutions. However, at a constant injection time
a smaller amount is injected from the buffer
solution, because the buffer components also
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Fig. 7. Dependence of protein separation on injection technique. Conditions: capillary, polyacrylamide—vinyltrichlorosilane,
20/27 cm X 75 pm 1.D.; buffer, 50 mM phosphate (pH 3); field strength, 260 V/cm; samples, 1 = cytochrome ¢, 2 = lysozyme,
3 =ribonuclease A, 4 =chymotrypsinogen; injection, (A1) pressure [3.45:10° Pa (0.5 p.s.i.)], 1 s, samples in water; (A2)
pressure (0.5 p.s.i.), 1 s, samples in buffer; (B1) 1 kV, 5 s, samples in water; (B2) 1 kV, 5 s, samples in buffer.
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Table 2

Influence of the injection technique on the number of theoretical plates per metre

Solvent Injection Cytochrome ¢ Lysozyme Ribonuclease A Chymotrypsinogen
Water 1s, pressure 977 000 782 000 792 000 784 000
Buffer 1s, pressure 463 000 436 000 382 000 329000
Water 5s,1kV 1350000 979 000 1180000 1315000
Buffer 5s,1kV 1437000 1309 000 750000 982 000

Conditions as in Fig. 7.

migrate into the capillary. As no electroosmotic
flow was present in the capillary used, the
discrimination of sample components according
their mobility differences can clearly be seen by
comparing the relative peak heights obtained
with hydrodynamic and electrokinetic injection
from the same solutions. Although from aqueous
solution higher sample amounts are introduced
in the capillary, the highest efficiencies are
always obtained with the electrokinetic injection
techniques. This can be explained by the plug-
shaped electromigration of the sample molecules
into the capillary.

3.4. How to achieve record plate numbers

In chromatography, there is a linear range
within which the plate number is independent of
sample size. In linear chromatography one usual-
ly works in this region. Only when this region is
exceeded do plate numbers decrease with in-
creasing sample size. In CE, however, there is
no such region in the case of injection from
water. Only when proteins are injected from
buffer solutions is a linear region obtained, but
the plate numbers achievable are much lower,
only around 100000-200000. With the same
capillary, plate numbers up to 3-10° can be
achieved just by optimization of the sample
injection techniques. Such a highly efficient
separation of standard proteins is shown in Fig.
8. The same samples were used as in all demon-
strations in this paper. Hence it is obvious that it
is possible to achieve plate numbers predicted by
theory just by optimization of injection tech-
niques. It should be mentioned, however, that
for real protein samples the application of the
different injection techniques is limited. There-

fore, it is hardly possible in the real world to
achieve the plate numbers predicted by theory.

To obtain high plate numbers, the sample has
to be injected elektrokinetically either from
buffer or from water, or hydrodynamically from
water with low sample concentrations and apply-
ing sample stacking techniques. Here either
extremely short injection times should be used or
the capillary should be filled up to 10% of its
effective length with a very dilute aqueous sam-
ple solution. Generally the sample amount in-
jected should be as low as possible. For repro-
ducibility reasons it is better to inject a dilute
solution for a longer time than a more concen-
trated solution for a relatively short period.
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Fig. 8. Separation of basic standard proteins under optimized
conditions. Conditions: capillary, polyacrylamide-vinyltri-
chlorosilane, 20/27 cm X 50 um, 1.D. buffer, 50 mM phos-
phate (pH 3); field strength, 260 V/cm; samples, 1=
cytochrome ¢, 2=Ilysozyme, 3 =ribonuclease A, 4=
chymotrypsinogen (10 ppm each in water); injection, 33.8 s,
pressure [3.45-10° Pa (0.5 p.s.i.)].
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Additionally, narrow capillaries (I.D. <50 um)
have the advantage that higher field strengths
can be used and zone dispersion by heat dissipa-
tion effects is negligible.

Consequently, plate numbers for proteins are
not a good measure for comparing the efficacy of
surface coatings in CE, and should be used only
when all measurements are made under identical
conditions with the same instrument.
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