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a b s t r a c t

The condensation of low abundance zwitterion substance, such as protein and peptide, has great signifi-
cance to the study on proteomics. This paper develops the theory on design of online stacking conditions
of zwitterion by a moving reaction boundary (MRB) in capillary electrophoresis (CE). This concerns the
choice of running and sample buffers, velocity design of MRB, and salt effect on the stacking. The theoret-
ical results unveil that: (1) the velocity of MRB formed with weak acidic buffer and strong alkali should
be set between zero and the velocity of zwitterion in the alkali phase, or no stacking occurs; (2) if a
strong alkali is used to prepare the sample, a much long front plug of strong base must be injected before
the alkaline sample plug for complete stacking, whereas no such front plug is needed if a weak alkali
with enough high concentration and pH value is used to prepare the sample buffer; (3) the existence of
ample stacking salt in sample matrix has a weak effect on the stacking of zwitterion if sample is prepared with weak
alkaline buffer, while has a dramatic effect on the same stacking if with a strong base buffer. In addition,
the concentration of weak alkali used for preparation of sample should be set at the point, at which the
velocity of MRB is as much as possible close to that of negative zwitterion. The developed theory and its
computation are quantitatively proved by the experiments of zwitterion stacking by the MRB as shown
in the previous and the accompanying papers. The proposed theoretic results hold obvious significances

w abu
on-column stacking of lo

. Introduction

On-column sample stacking has become a simple but powerful
echnique to improve the sensitivity of capillary electrophoresis
CE). The electro-stacking or the field-amplified sample injec-
ion (FASI) stacking was first recognized by Haglund and Tiselius
1] in 1950. And the theory was systemically advanced during
991–1992[2–6]. Using FASI, Chien and Burgi [7] concentrated
nalytes 1000-fold. In 2000, Zhang et al. [8] achieved 10,000-fold
ASI-based stacking. The theory of isotachophoresis (ITP)-based
tacking for protein in polyacrylamide gel electrophoresis (PAGE)
as developed by Ornstein [9] and Davis [10] in 1964 from the
oncept of MBS [11–17]. ITP also remains a popular preconcen-
ration technique in CE [18–23]. During the last two decades, the
heory of ITP stacking has been well developed for sample con-
ensation by Boček and co-workers [21] and Shihabi [24,25]. The
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∗∗ Corresponding author. Tel.: +86 21 34205682.

E-mail addresses: cxcao@sjtu.edu.cn (C. Cao), lyfan@sjtu.edu.cn (L. Fan).

039-9140/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.01.059
ndance zwitterions, such as amino acid, or peptides or proteins, in CE.
© 2011 Elsevier B.V. All rights reserved.

stacking mode of pH-mediated was advanced by Lunte’s group
[26–28]. Based up on their experiments, they further investigated
the mechanism of base stacking [29]. A selective focusing for the
analytes can be achieved by a pH junction [30–38]. Recently, Britz-
McKibbin and co-workers combined the stacking with the ‘sample
sweeping’, developed the online stacking strategies for trace anal-
ysis of metabolites [36,37] and the computer simulation for the
dynamical mechanism of stacking [38]. To concentrate neutral ana-
lytes, Quirino et al. [39–43] and Palmer et al. [44–47] advanced a
novel sweeping method in micellar electrokinetic chromatography
(MEKC).

The theory of MRB [48,49] was developed from the pioneer
ideas of precipitate reactive front evolved by Deman and Rigole
[50,51] and stationary neutralization boundary by Pospichal et al.
[52]. The theory of MRB opened new horizons for the investigation
of electrophoresis. For example, it has been successfully used for

the dynamic study of isoelectric focusing (IEF) by Svensson [53,54],
as revealed by Cao et al. [48,49]. The MRB method has also been
employed for the improvement of sensitivity of analyte in high
salt matrix in CE [55,56] and for the illumination on the mecha-
nism of EDTA-based sample sweeping [57–60] greatly contributed
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Nomenclature

a the degree of ionization of weak electrolyte
c the equivalent concentration (equiv m−3). The sub-

scripts + and − indicate the positive and negative
reaction ions respectively and the superscripts
� and � imply phase � and � respectively.
Signed quantity, positive if the ion carries net
positive charge (s), and negative if net negative
charge(s), as has been treated by numerous scien-
tists [11–18,48–52,57–60,63]

c̄ the constituent concentration (equiv m−3) which
indicates that it do not apply to an ion but to
the equilibrium mixture of all subspecies of a con-
stituent

E the electric field strength (V m−1), the superscripts
� and � imply phase � and � respectively

i the electric current intensity (A m−2) in capillary
L0 the plug length of alkaline zwitterion matrix

injected into the capillary (m)
Lx the plug length (m) of front alkaline solution (with-

out the zwitterion) injected into the capillary in the
front of the sample plug. Signed quantity like c

Lc,x the critical length of front alkaline plug of Lx (m) that
produces complete stacking. Signed quantity like c

LB the distance (m) of boundary movement from the
original point of boundary to the finish point of
boundary after the end of MRB. Signed quantity like
c

m the mobility (m2 V−1 s−1). Signed quantity like c
m̄ the constituent mobility (m2 V−1 s−1)
tB the time (s) of boundary movement from the origi-

nal point of boundary to the end of MRB
VEOF the velocity of EOF (m s−1) moving towards the cath-

ode normally. The subscript of � or � implies the EOF
velocity in capillary filled with only a single buffer

V̄EOF the average velocity of EOF (m s−1) in capillary filled
with two different solutions

V˛ˇ the velocity (m s−1) of MRB. The subscripts “strong”
and “weak” mean the strong or weak electrolytes
respectively. Signed quantity like c

V�
OH− the velocity of hydroxyl ion (m s−1) in phase �, viz.,

the alkaline sample matrix, as shown in Fig. 1. The
definition see Eq. (12).

V
�
OH− the constituent velocity of hydroxyl ion (m s−1) in

phase � defined in Eq. (25). Always negative values.
V̄�

z+ the constituent velocity of zwitterion (m s−1) in
phase � as shown in expression (19)

V̄�
z− the consituent velocity of zwitterion (m s−1) in

phase � as given in experessions (7), (8) and (11)
k the specific conductivity of a phase in Figs. 1 and 2

−1

b
e

p
s
w
S
a
i

Fig. 1. The mechanism of stacking zwitterion with MRB moving towards the anode.
(A) The initial state of the acidic buffer zones (phase � and �) and sample zone of
zwitterion (phase �) dissolved in the alkaline buffer and carried negative charges
under the high pH condition, (B) the formation of MRB between phase � and �, which
result in the stacking of most zwitterion in phase � and the creation of of low pH
zone near phase � owing to the fast electromigration of OH− , leading to the positive
charge carried by zwitterion and leaking of zwitterion near phase � (this induces a
small peak of zwitterions like His, Fig. 5 in Ref. [64]) after turn-on the electric field,

Fig. 1A shows that the left solution in capillary is phase �, viz.,
(S m )
� the specific resistivity (� m−1) of a phase

y Quirino and Terabe and co-workers [40–47,43,61] and Palmer
t al. [44–47].

It was observed that the high concentration salt in the sam-
le matrix has no effect on the MRB-based stacking [49,55], the
tacking becomes good and much stable if the sample matrixes

ere prepared with weak electrolyte(s) (such as ammonia used in

ection 3.1.3 [62] and sodium formate [55]). The relevant mech-
nism why the MRB-based stacking can condense the analyte(s)
n high salt sample matrix was revealed recently [63]. However, if
(C) the injection of the front alkaline plug of phase � without the zwitterion before
the injection of zwitterion, (D) the good stacking of zwitterion by the MRB and the
front alkaline solution of phase �. The arrows indicate the directions of zwitterion
and MRB, the symbols of ‘+’ and ‘−’ imply the anode and cathode respectively.

the sample matrix were prepared with strong electrolyte of NaOH,
the stacking turns poor and much unstable, as will be shown in
Ref. [64]. The relevant mechanism is still unclear. Furthermore, the
comparison of MRB-based stacking with weak base (e.g., ammonia)
and sodium hydroxide has not been performed yet.

Thus, the purposes herein are to perform the theoretical study
on the MRB-based stacking, compare the MRB-based stacking of
different sample matrixes prepared with weak and strong alkalis,
and reveal the relevant mechanism of stacking under the differ-
ent conditions in which strong or weak alkali was used as the
preparation of sample matrix. The relevant experiments are shown
in the accompanying paper [63] as well as the previous papers
[55,56,61,62].

2. Theory

2.1. Velocity of MRB
the running buffer, containing hydrogen ion, the middle is phase �
holding hydroxyl ion and zwitterionic sample, e.g., amino acid, the
right is the running buffer. Obviously, a MRB is created between
phase � and �, when the electric field is applied. The boundary
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elocity can be computed with the following equations, as have
een formulated [49,56,63],

��
strong =

(
m�

H+ c�
H+

�� −
m�

OH− c�
OH−

��

)
i

c�
H+ − c�

OH−
(1)

��
weak =

(
m̄�

H+ c̄�
H+

�� −
m̄�

OH− c̄�
OH−

��

)
i

c̄�
H+ − c̄�

OH−
(2)

Eq. (1) is used for the system of MRB created with strong elec-
rolytes, e.g., HCl and NaOH [49], while Eq. (2) for the system of
eak electrolytes, such as CH3COOH and NH3H2O [49,56,63].

.2. General conditions of stacking zwitterion by MRB

For simplity and convenience, amino acids are used as the zwit-
erion examples for the theoretic investigation of the stakcing. In
ddition, the absolute mobility of monovalence negative amino
cid is approximately considered to be equal to that of the posi-
ive amino acid, as have been proved by Svensson [53,54] and will
e further used herein and in the accompanying paper [64].

In the arrangement of Fig. 1A, the condition of pH values of phase
and �, which produce the stacking effect to a zwitterion, is the

ollowing inequality [49,56]

Ha < pI < pH� (3)

In the alkaline solution of phase � in Fig. 1, if the pH value of
olution is over 2 pH units than the pK2 of an amino acid, then
ver 99% of the zwitterion carries a negative charge, this results in
he near maximum mobility of the amino acid towards the anode.
nd in the acidic solution of phase � in Fig. 1, if the pH value of
olution is less 2 pH units than the pK1, about 99% of the zwitte-
ion is ionized as a positively charged molecular, this leads to the
ear maximum mobility of the amino acid towards the cathode.
herefore, for near maximum stacking of amino acids, inequality (3)
hould be re-expressed as the much better conditional inequality
f pH values of phase � and �, as given below [49,56]

Ha + 2 ≤ pK1 < pI < pK2 ≤ pH� − 2 (4a)

But for these amino acids of Lys, Arg and His, which have an
onizable side group in their molecule, inequality (4a) should be
xpressed as [49,56]

Ha + 2 ≤ pKR < pI < pK2 ≤ pH� − 2 (4b)

Inequality (3) and (4) indicate the relations not only between
mino acid stacked and the pH values of electrolytic soltions form-
ng a MRB, but also between the pH values of phase � and �.

.3. Stacking by MRB formed by weak acid and strong alkali

Assume the alkali in phase � is a strong base of NaOH, the bound-
ry migrates towards the anode and there is a zwitterion in phase
in Fig. 1B. When the electric field was employed, the hydrogen

ons in phase � were continuously neutralized by the hydroxy ions
oving from phase �. Evidently, the condition, which can yield

tacking effect to the zwitterion in phase �, is according adjusted
s

V��
w−s

∣∣∣<
∣∣∣V̄�

z−

∣∣∣ =
∣∣∣m̄�

z− E�
∣∣∣ (5a)

¯ − = a m − (5b)
z z

Expression (5) implies that if the velocity of MRB in Fig. 1B
s equal to or over that of the zwitterion in phase �, there is no
ny stacking efficiency to the zwitterion, conversely if the abso-
ute velocity of MRB is less than that of the zwitterion, there exists
 (2011) 651–658 653

a stacking of the zwitterion, and the slower the boundary moves
towards the anode and the faster the zwitterion migrates towards
the anode, the better the stacking becomes. The conclusion of Eq.
(5) is well proved by the comparisons of His and Trp stacking in
Table 2 in the accompanying paper [64].

In addition, the absolute velocity of MRB must be less than the
velocity of electroosmotic flow (EOF) in the two buffer system mov-
ing towards the cathode generally, viz.,∣∣∣V��

w−s

∣∣∣< V̄EOF (6)

or, the zwitterion may migrate out of capillary and into the
anodic vessel, even the MRB cannot be formed due to the absence
of expression (6). As given by Chien and Burgi [5], the average EOF
velocity in the two-buffer system in Fig. 1 is given as

V̄EOF = VEOF,�(1 − x)��

��(1 − x) + ��x
+ VEOF,�x��

��(1 − x) + ��x
(7)

Eq. (7) shows that the EOF velocity is not only weighted over
the filled lenghts of their components, but also weighted over their
partial resistances. It should be noted here that the parameter x is
not a constant, but a variable quantity. With the reaction between
phase � and � progresses, the length of phase � becomes shorter
and shorter, conversely phase � (or �) gets longer.

The velocities of zwitterion and hydroxyl ion in phase � are
respectively

V̄�
z− = m̄�

z− E� (8)

V�
OH− = m�

OH− E� (9)

Because the velocity of zwitterion is always less than that of
hydroxyl ion (the fastest anion [65]) in phase �, viz.,∣∣V̄�

z−
∣∣<
∣∣V�

OH−
∣∣ (10)

Hence, the fastest electro-migration of hydroxyl ion near phase
� results in the obvious decrease of pH value in original phase � near
phase �, as shown in Fig. 1B. The zwitterion at the front part of phase
� will lose its partial negative charge (such as Trp with pI 5.89), or
even carry partial positive charge (such as His with pI 7.59). Thus,
the zwitterion in phase � near phase � cannot be stacked well. This
leads to the existence of shoulder near the stacked peak of amino
acid (see Figs. 4 and 8 of Ref. [64]) and even small peak before the
partially stacked peak of amino acid (see Figs. 5 and 6 in Ref. [64]).

How to stack the shoulder and the small peak near the stacked
peak of amino acid? Two methods can solve the problem. The first
method is to use weak alkali with proper concentration and pH
value as the sample buffer in displacement with the strong base of
NaOH (see the sodium formate [55,56,63], ammonia used in Section
3.1.3 [62] and Section 3.5 herein). The second one is to inject a front
plug of the same strong alkali NaOH without zwitterion, viz., Lx, as
shown in Fig. 1C. The second method is also an efficient one indeed.
For a complete stacking of zwitterion in sample matrix, Lx ought to
meet the following relations

L0 − LB

V̄�
z−

≤ L0 − LB + Lx

V�
OH−

(11)

L0 − LB −LB
V̄�
z−

≤
V��

w−s

(12)

−LB

V��
w−s

= L0 − LB + Lx

V�
OH−

(13)
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Fig. 2. The mechanism of stacking zwitterion by MRB towards the cathode. The
initial state of stacking see Fig. 1A. (A) The formation of MRB towards the cathode,
which result in the stacking of most zwitterion and leaking of negative zwitterion
near phase �, (B) partial stacking of zwitterion at the left side of sample plug due
t
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o V�� > V�
z+ and the formation of small peak of zwitterion like His, (C) the front

lkaline plug of phase � in the front of the alkaline zwitterion plug, (D) the well
tacking of zwitterion by the MRB and the front alkaline phase � after use of electric
eld. The other symbols see Fig. 1.

Combing with Eqs. (11)–(13) one gets expression (14) for com-
letely stacking zwitterion near phase �,

c,x =
V�

OH− − V̄�
z−

V̄�
z− − V��

w−s

L0 (14a)

��
w−s =

(
m̄�

H+ c̄�
H+

�� −
m�

OH− c�
OH−

��

)
i

c̄�
H+ − c�

OH−
(14b)

Eq. (14) indicates that Lx must be injected up to a critical length
Lc,x) for the complete stacking of zwitterion injected with a given
ime (or length) L0. Or the alkaline plug cannot be stacked com-
letely, and under this condition of Lx < Lc.x, a shoulder (see Figs.
B, 4D, 6A–6B and 9A–9B in Ref. [64]), even double peaks (see Figs.
A, 4A and 10A in Ref. [64]), can be observed. The significance of
q. (14) is given in detail in Section 3.2.

Fig. 2A shows the boundary migrating towards the cathode.
anifestly, if the boundary velocity exceed that of the zwitterion

n phase �, viz.,
(15a)V��

w−s > V̄�
z+ = m̄�

z+ E�

¯ z+ = a mz+ (15b)
the positive zwitterion in phase � near the MRB cannot catch
p with the boundary moving towards the cathode, so can be only
artially stacked as shown in Fig. 2B. The larger the difference of
��
w−s − V̄�

z+ is, the poorer the stacking of the zwitterion by the MRB
ecomes.
 (2011) 651–658

In order to maximumly stack the zwitterion at the left side of
the sample plug injected, evidently the velocity of MRB ought to
meet to the following inequality

0 < V��
w−s ≤ V̄�

z+ = m̄�
z+ E� (16)

The predictions of expression (15) and (16) will be confirmed by
the direct comparisons of His and Trp velocities in No. 1, 2, 3 and 5
of Table 2 in Ref. [64] and the related experiments, and also by the
indirect results in Fig. 11 in Ref. [64] as well as the experiments in
Refs. [56,63].

Next, we will address the stacking of zwitterion in phase � near
the boundary � in Fig. 2A again. If there is no another alkaline plug
in the front of the sample plug, we cannot completely stack the
zwitterion near boundary �� as analysed in Eq. (14) Hence, we
ought to inject another front alkaline plug without the zwitterion,
the critical length of Lc,x is given as Eqs. (17a) and (17b) if there is
no salt in the MRB [49]. Or, Lc,x is given as Eqs. (17a) and (17c) if
there is high salt like NaCl in the MRB [49].

Lc,x = −
V�

OH− + V̄�
z+

V̄�
z+ + V��

w−s

L0 (17a)

V��
w−s =

(
m̄�

H+ c̄�
H+

�� −
m�

OH− c�
OH−

��

)
i

c̄�
H+ − c�

OH−
(17b)

V��
w−s =

(
m�

H+ c�
H+

�� −
m�

OH− c�
OH−

��

)
i

c�
H+ − c�

OH−
(17c)

The significances of the equations are the similar to those of
inequality (14) (details see Section 3.2 herein). Paying careful atten-
tions to the comparison of Eqs. (14b) and (17c), you can find that the
constituent concentration and mobility of hydrogen ion in Eq. (14b)
are changed as the concentration and mobility of free hydrogen ion
in Eq. (17c), if there is a high salt in the MRB system [49].

2.4. Stacking by MRB formed with weak acid and alkali

Assume a weak alkali exists in phase � of Figs. 1 and 2 and the
boundary moves towards the anode, then expressions (5) and (6)

should be simply changed as(18)
∣∣∣V��

weak

∣∣∣<
∣∣∣V̄�

z−

∣∣∣∣∣∣V��
weak

∣∣∣< V̄EOF (19)

The significances of inequality (18) and (19) are similar to those
of expression (5) and (6). Furthermore, under the conditions for
MRB formed with weak acidic buffer and alkali, Eq. (14) should be
re-expressed as Eqs. (20a) and (20b), if no background salt like NaCl
exists in the system of MRB [49],

Lc,x =
V̄�

OH− − V̄�
z+

V̄�
z− − V��

weak

L0 (20a)

V��
weak =

(
m̄�

H+ c̄�
H+

�� −
m̄�

OH− c̄�
OH−

��

)
i

c̄�
H+ − c̄�

OH−
(20b)

V��
weak =

(
m�

H+ c�
H+

�� −
m�

OH− c�
OH−

��

)
i

c�
H+ − c�

OH−
(20c)
or as Eqs. (20a) and (20c) if there is high concentration salt NaCl
in phase � [49]. In Eq. (20), the constituent velocity of hydroxyl ion
is given as

V̄�
OH− = m̄�

OH− E� (21)
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Table 1
The comparisons among the free hydroxyl ion mobility, the constituent mobilities of Trp, His and hydroxyl in NH3H2O (×10−8 m2 V−1 s−1).

mOH− m̄z− (in 10 mM NH3H2O) m̄OH− (in NH3H2O)c

Trp His 1.0 mM 2.0 mM 5.0 mM 10 mM 15 mM 20 mM

−20.5a −1.75b −2.58b −2.52 −1.74 −1.16 −0.85 −0.68 0.59
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a The parameter is cited from Ref. [68].
b The data are calculated from the experiments of Fig. 1A and Table 1 in Ref. [64]
c The data are computed with the absolute mobility of hydroxyl ion and dissocia

Assume the boundary moves in the direction of the cathode.
imilarly, the velocity conditions of complete stacking of the zwit-
erion near phase � is the following expression,

< V��
weak ≤ V̄�

z+ = m̄�
z+ E� (22)

The prediction of inequality (22) has been proved by the calcu-
ations of Fig. 5 and results in Refs. [56,63].

Clearly, to stack the zwitterion in phase � near the boundary ��
n Fig. 2A, we may inject a front alkaline plug (without the zwit-
erion) in the front of the sample plug, the critical length of Lc,x is
iven as Eqs. (23a) and (23b), if there is no background salt like NaCl
n MRB [56].

c,x = −
V̄�

OH− + V̄�
z+

V̄�
z+ + V�ˇ

weak

L0 (23a)

��
weak =

(
m̄�

H+ c̄�
H+

�� −
m̄�

OH− c̄�
OH−

��

)
i

c̄�
H+ − c̄�

OH−
(23b)

��
weak =

(
m�

H+ c�
H+

�� −
m̄�

OH− c̄�
OH−

��

)
i

c�
H+ − c̄�

OH−
(23c)

Or, Lc,x is given corrected as Eqs. (23a) and (23c) as has been
emonstrated in Ref. [56], if high salt exists in MRB. It should be
oted that the constituent concentration of hydrogen in phase �
xisting in the denominator of Eq. (20c) is eliminated in that of Eq.
23c), while the concentration of hydroxyl ion in Eq. (20) becomes
he constituent concentration of hydroxyl ion in Eq. (23c).

. Results and discussion

.1. Key conditions for stacking by MRB of weak acid and
eak/strong alkali

The velocity of MRB holds a key importance to the design of
RB stacking of zwitterion and should be properly chosen. Eq. (5a)

r (15a) indicates that if the absolute velocity of MRB towards the
node is faster than that of the negative zwitterion in phase � (mov-
ng towards the anode), we cannot stack the zwitterion any more.
nequality (6) implies that when MRB velocity is larger than that
f EOF which usually moves towards the cathode, the sample plug
t left end of capillary will migrates into the anodic vial and even
o MRB occurs in the capillary. Inequality (16) and (22) imply that

f MRB velocity in the direction of the cathode is faster than that
f zwitterion in phase � (in the direction of cathode), no one can
aximally focus the zwitterion by a MRB stacking. Integrating the

esults of discussions above together, one may obtain the following
ey condition for the MRB-based stacking in CE,

≤ V��
weak(or V��

w−s) ≤ V̄�
z+ (24)
The MRB designed in accordance with inequality (24) can lead to
good stacking of zwitterion, as compared with other conditions of
oundary velocity. This theoretical analysis will be quantitatively
emonstrated by the results of No. 1, 2, 3, and 5 in Table 2 and Fig.
1 in [64] (details see Section 3.2 in [64]).
nstant of NH3H2O at 25 ◦C (=1.79 × 10−5) [66].

3.2. Front alkali plug is needed for complete stacking if strong
alkali is used to form MRB

An enough length of front alkali plug, viz., Lc,x, is needed for the
complete stacking of zwitterion, if zwitterion is prepared with a
strong alkali. Eqs. (14) and (17) reveal that to well concentrate the
zwitterion in phase � near boundary ��, Lx should be increased up
to a critical value, Lc,x. Eq. (14) also indicates that (1) the higher the

value of
∣∣∣V�

OH− − V̄�
z−

∣∣∣ is, the longer the injected plug of NaOH gets;

and (2) conversely, the shorter the front plug of alkali becomes. The
conclusions are well revealed by the predictions in Table 2 here and
are further proved by the experiments of Figs. 9–10 in Ref. [64] (see
Section 3.3 in Ref. [64]).

Eq. (14) further implies that if there exist V�
OH− − V̄�

z− /= 0 and

V̄�
z− − V��

w−s → 0, you can have Lc,x → ∞. This situation means the
possibility of any stacking to the same sample zone, if the free
hydroxyl ion is continuously supplied.

3.3. No front alkali plug is needed for stacking if weak alkali is
used to form MRB

For preparation of a sample, a weak alkali is of much superiority
to a strong alkali. This will be proved by the following theoretical
analyses and comparisons. In a weak alkali with enough high con-
centration, such as 5–20 mM NH3H2O (see Section 3.1.3 in Ref. [62]
and Table 1 herein), there is always,∣∣∣m̄�

OH−

∣∣∣ ≤
∣∣∣m̄�

z−

∣∣∣ (25)

While for a strong alkaline NaOH, there exists∣∣∣m̄�
z−

∣∣∣<
∣∣∣m�

OH−

∣∣∣ (26)

Owing for the existence of inequality (24), for Eq. (17) or (23)
there is always

V̄�
z+ + V��

weak

(
V��

w−s

)
> 0 (27)

Inequality (27) means that the result of inequality (17a) used for
the system of weak acidic buffer (+, �) || strong alkali NaOH (−, �)
is

Lc,x = −
V�

OH− + V̄�
z+

V̄�
z+ + V˛�

w−s

L0 > 0 (28)

which indicates that a front alkaline plug needs to be injected
in the front of the sample plug, in order to completely stack the
zwitterion in the sample plug L0. The analyses are proved by the

computation in Table 2 here and further proved by the experiments
of Figs. 9–10 in Ref. [64]. Obviously, the design with strong base as
sample buffer is unwise. Since more partial of capillary is filled with
the strong base rather than the alkaline sample, and less partial of
capillary is used for the separation of zwitterion.
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Table 2
The comparisons between the front plugs of strong and weak alkalis needed for
complete stacking of zwitterion by MRB in CE.

In 0.4 mM NaOHa His in NH3H2Ob Trp in sodium formatec

His Trp 5.0 mM 10 mM 60 mM 100 Mm

Lc,x
d 301 s 555 s −27 s −60 s −1.9 s −3.3 s

a In: 40 mM pH 3.50 acetic buffer + 20 mM NaCl (+, �)||0.4 mM NaOH + 20 mM NaCl
(−, �).

b In: 40 mM pH 3.50 acetic buffer + 10 mM NaCl (+, �)||5.0 or 10 mM
NH3H2O + 20 mM NaCl (−, �).

c In: 40 mM pH 3.50 acetic buffer (+, �)||60 or 100 mM sodium formate + 20 mM
N

N
o

s

L

i
v
a
f
i
s
p
t

F
6
o
v
m

aCl (−, �).
d The plug of L0 is set at 120 s (excluding 60 s sample injection for Trp in 0.4 mM
aOH. It was computed that 555 s 0.4 mM NaOH injection is needed if 120 sample
f Trp is used. It is impossible to inject 555 s 0.4 mM NaOH).

While Eq. (23) and inequality (25) imply the existence of expres-
ions (29)

c,x = −
V̄�

OH− + V̄�
z+

V̄�
z+ + V��

weak

L0 ≤ 0 (29)

Expression (29) shows that no front alkaline plug needs to be
njected, if a weak alkali with enough high concentration and pH
alue (e.g., sodium formate used in Refs. [55,56,63], 5.0–15 mM
mmonia in Section 3.1.3 of Ref. [62] and Table 1 herein) is used

or the preparation of sample. This means that more partial of cap-
llary can be filled with the weak alkaline sample and much higher
ensitivity of CE can be achieved, if a weak base is used to pre-
are sample. The analyses of expression (29) are well proved by
he results in Ref. [62] and Table 2 herein and the comparisons

ig. 3. The comparisons of His and MRB velocities in the system of pH 3.50 40 mM acetic
0 mM and D: 80 mM NaCl (−, �). MRB velocity is computed with Eq. (25b) due to 20 m
f running buffer is given in Table 2 in Ref. [67], � values of 1.0, 2.0, 5.0, 10, 15 and 20 m
alues of 20, 40, 60 and 80 mM NaCl are respectively 0.193, 0.379, 0.561, 0.737 S m−1, � v

OH− = 20.05 × 10−8m2 V−1 s−1 in Ref. [65] which were corrected with the empirical equ
 (2011) 651–658

between Figs. 9–10 and 11–12 in Ref. [64] (details see Section 3.4
in Ref. [64]).

Obviously one can conclude that a weak alkali used as sample
buffer is of superiority to a strong alkali. The comparisons between
Eqs. (14) and (20) also result in the similar conclusions given above.

3.4. Dramatic influence of salt on stacking by MRB of weak acid
and strong alkali

The presence of salt in MRB system has very weak effect on the
stacking of zwitterion by MRB, if MRB is formed with weak elec-
trolytic solutions. Fig. 3 manifests that the salt added into the pH
3.50 40 mM acetic buffer + 10 mM NaCl (+, �) || 10 mM ammonia (−,
�) can slightly effect the boundary and zwitterion velocities. Hence,
the salt does not significantly influence the stacking mechanism
of MRB if a proper concentration of ammonia is chosen. This pre-
diction is remarkably proved by the experiments in Figs. 11 (with
20 mM NaCl) and 12 (with 80 mM NaCl) in Ref. [64], and the results
in Refs. [55,63]. However, if the salt is added into the MRB formed
with 40 mM pH 3.50 acetic buffer (+, �) || 0.4–12 mM NaOH (−, �),
the dramatic effect of salt can be observed as compared between
Figs. 5 and 6. The predictions in Fig. 4 are highly verified by the com-
putation results in Table 2 and the relevant experiments in Ref. [64]
(details see Section 3.4 in Ref. [64]).

Thus, the comparisons between the results in Figs. 3 and 4

evidently manifest that the existence of the salt has little effect
on the MRB formed with weak electrolytic buffers, but has the
dramatic effect on the boundary created with one strong elec-
trolyte like NaOH, and further show that a weak electrolyte used
as sample buffer holds a incomparable superiority to a strong

buffer + 10 mM NaCl (+, �)||1.0–20 mM ammonia water + A: 20 mM, B: 40 mM, C:
M NaCl in ammonia, His velocity with Eq. (16). Conditions: i = 3822 A/m2, � value

M ammonia equal 0.041, 0.043, 0.046, 0.049, 0.051 and 0.053 S m−1 respectively, �
alue of phase � = the sigma of those of sodium formate and NaCl, mH+ = 36.5 and
ations in Refs. [67,68].
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ig. 4. The comparisons among the velocities of His, Trp and MRB. (A) The boundar
–5 �g/ml Trp (−, �), (B) 40 mM pH 3.50 acetic buffer + 20 mM NaCl (+, �)||0.40–12
ith Eq. (1), His and Trp velocities with Eq. (16) if positive boundary velocity; MRB
onditions: i = 2256 A/m2, � values are given in Tables S2 and S3 in Ref. [64]. The ot

lectrolyte, such as NaOH used herein and in the previous work
55,62,63] (Fig. 5).

.5. Balance concentration of weak alkali among MRB, OH− and
witterion velocities

The above optimized concentration of the weak alkali should be
alanced between the boundary velocity and the constituent veloc-

ty of hydroxyl ion. In order to efficiently condense the zwitterion
n phase � near boundary ��, the concentration of weak alkali in
hase � should be increased up to the point, which leads to the
xistence of following inequality

V̄�
OH−

∣∣∣ ≤
∣∣∣V̄�

z−

∣∣∣ (30)

¯ �
OH− = a m�

OH− (31)

Whereas, if the concentration of weak alkali in phase � is much
igh, the boundary velocity is very slow as proved by Eq. (23c), at
he same time, the constituent mobility of hydroxyl ion is also as
low as shown by Eq. (31) and the results in Table 1, the reaction
ime of MRB for the neutralization between the weak alkali in phase

and the acidic buffer in phase � viz.,
B = L0

V��
weak + V̄�

OH−
(32)

is prolonged. This situation is unexpected for our rapidly finish
f stacking zwitterion by the MRB. More importantly, the situation

ig. 5. The comparisons between the zwitterion and MRB velocities in the MRB
ystem: 40 mM pH 3.50 acetic buffer + 10 mM NaCl (+, �)||1.0–20 mM ammonia
ater + 20 mM NaCl (−, �). MRB velocity with Eq. (25b), His velocity with Eq. (16).
onditions: i = 3822 A/m2, � values are given in Tables S2 and S4 of Ref. [64]. Other
ymbols see Fig. 3.
mM pH 3.50 acetic buffer (+, �)||0.40–12 mM NaOH + 20 mM NaCl + 5 �g/ml His or
aOH + 20 mM NaCl + 5 �g/ml His or 1–5 �g/ml Trp (−, �). MRB velocity computed

ty with Eq. (15b), His and Trp velocities with Eq. (5b) if negative boundary velocity.
mbols see Fig. 3 here.

may lead to the possibility that partially stacked zwitterions pass
through the detector without separation due to much more time
used for stacking. Hence, the concentration of weak alkali in phase �
should be balanced among the requirements of inequality (24) and
Eqs. (23c) and (32). In other words, the concentration of weak alkali
should be balanced at the point, at which the boundary velocity is
as much as possible close to the constituent velocity of zwitterion
ionized as negative ion.

4. Conclusion

From the above Section 3, one can achieve the following conclu-
sions. At first, the kind of running buffer and sample buffer, velocity
of MRB, and salt effect should be considered carefully in accordance
with expression (3) and (4). Second, it would be better if the veloc-
ity of MRB ranges from zero to the velocity of zwitterion in the
acidic running buffer. Third, a much long front plug of strong base
is needed for the complete stacking of zwitterion, if a strong alkali
is used to as the alkaline sample matrix. Fourth, if a weak alkali
with enough high concentration and pH value is used as the sam-
ple buffer, no plug of weak base is needed. Fifth, the existence of
salt in a sample matrix holds almost no obvious effect on the MRB
stacking of zwitterion if the boundary is created with weak elec-
trolytic solutions [55,66], but a dramatic effect on sample stacking
is present if with a strong electrolyte, e.g., NaOH. Sixth, thus a weak
alkali possesses incomparable superiority than a strong alkali when
being used as the sample buffer. In addition, the concentration of
weak alkali used for the preparation of sample matrix should be set
at the point, at which the boundary velocity is as much as possible
close to the constituent velocity of zwitterion ionized as negative
ion. The theory developed can accurately predict the experimental
conditions of stacking zwitterion.

Even these conclusions mentioned above are achieved with the
sample mode of amino acid, their validities may concern some low
abundance peptides and proteins faced in the study on proteomics.
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