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1. Introduction

ABSTRACT

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
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
on-column stacking of low abundance 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

On-column sample stacking has become a simple but powerful
technique to improve the sensitivity of capillary electrophoresis
(CE). The electro-stacking or the field-amplified sample injec-
tion (FASI) stacking was first recognized by Haglund and Tiselius
[1] in 1950. And the theory was systemically advanced during
1991-1992[2-6]. Using FASI, Chien and Burgi [7] concentrated
analytes 1000-fold. In 2000, Zhang et al. [8] achieved 10,000-fold
FASI-based stacking. The theory of isotachophoresis (ITP)-based
stacking for protein in polyacrylamide gel electrophoresis (PAGE)
was developed by Ornstein [9] and Davis [10] in 1964 from the
concept of MBS [11-17]. ITP also remains a popular preconcen-
tration technique in CE [18-23]. During the last two decades, the
theory of ITP stacking has been well developed for sample con-
densation by Boc¢ek and co-workers [21] and Shihabi [24,25]. The
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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 (equivm~3). The sub-

scripts + and — indicate the positive and negative
reaction ions respectively and the superscripts
o and [ imply phase a 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]

c the constituent concentration (equivm=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 (Vm~1), the superscripts
a and 3 imply phase a and 3 respectively

i the electric current intensity (Am~2) in capillary

Lo the plug length of alkaline zwitterion matrix
injected into the capillary (m)

Ly 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 ¢

Lex the critical length of front alkaline plug of Lx (m) that
produces complete stacking. Signed quantity like ¢
Ly 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-1s-1). Signed quantity like c

m the constituent mobility (m2V-1s-1)

tg 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—!) moving towards the cath-

ode normally. The subscript of 3 or yimplies the EOF
velocity in capillary filled with only a single buffer
Veor the average velocity of EOF (m s~1) in capillary filled
with two different solutions
% the velocity (ms~!) of MRB. The subscripts “strong”
and “weak” mean the strong or weak electrolytes
respectively. Signed quantity like c

ve the velocity of hydroxyl ion (ms~1) in phase B, viz.,

or the alkaline sample matrix, as shown in Fig. 1. The

definition see Eq. (12).

Voy-  the constituent velocity of hydroxyl ion (ms~!) in
phase [3 defined in Eq. (25). Always negative values.

\-/;’1 the constituent velocity of zwitterion (ms~!) in
phase o as shown in expression (19)

\_/ZB, the consituent velocity of zwitterion (ms~1) in
phase 3 as given in experessions (7), (8) and (11)

k the specific conductivity of a phase in Figs. 1 and 2
(Sm™1)

P the specific resistivity (2 m~1) of a phase

by Quirino and Terabe and co-workers [40-47,43,61] and Palmer
et al. [44-47].

It was observed that the high concentration salt in the sam-
ple matrix has no effect on the MRB-based stacking [49,55], the
stacking becomes good and much stable if the sample matrixes
were prepared with weak electrolyte(s) (such as ammonia used in
Section 3.1.3 [62] and sodium formate [55]). The relevant mech-
anism why the MRB-based stacking can condense the analyte(s)
in high salt sample matrix was revealed recently [63]. However, if
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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 o and 3, which
result in the stacking of most zwitterion in phase 3 and the creation of of low pH
zone near phase y owing to the fast electromigration of OH-, leading to the positive
charge carried by zwitterion and leaking of zwitterion near phase -y (this induces a
small peak of zwitterions like His, Fig. 5 in Ref. [64]) after turn-on the electric field,
(C) the injection of the front alkaline plug of phase (3 without the zwitterion before
the injection of zwitterion, (D) the good stacking of zwitterion by the MRB and the
front alkaline solution of phase (3. 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

Fig. 1A shows that the left solution in capillary is phase «, viz.,
the running buffer, containing hydrogen ion, the middle is phase 3
holding hydroxyl ion and zwitterionic sample, e.g., amino acid, the
right is the running buffer. Obviously, a MRB is created between
phase a and 3, when the electric field is applied. The boundary
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velocity can be computed with the following equations, as have
been formulated [49,56,63],

B B .
veR My Cye ~ Mon-Con- l 1)
strong - K-o[ K,B Ca CB
H* ~ “OH~
oz =B =B .
yeB o My G _ Mon-“ou- ! )
weak K KB co (_,‘B
Ht ~ “OH-

Eq. (1) is used for the system of MRB created with strong elec-
trolytes, e.g., HCl and NaOH [49], while Eq. (2) for the system of
weak electrolytes, such as CH3COOH and NH3H,0 [49,56,63].

2.2. General conditions of stacking zwitterion by MRB

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

In the arrangement of Fig. 1A, the condition of pH values of phase
a and (3, which produce the stacking effect to a zwitterion, is the
following inequality [49,56]

pH® < pI < pHP (3)

In the alkaline solution of phase [3 in Fig. 1, if the pH value of
solution is over 2 pH units than the pK, of an amino acid, then
over 99% of the zwitterion carries a negative charge, this results in
the near maximum mobility of the amino acid towards the anode.
And in the acidic solution of phase « in Fig. 1, if the pH value of
solution is less 2 pH units than the pK;, about 99% of the zwitte-
rion is ionized as a positively charged molecular, this leads to the
near maximum mobility of the amino acid towards the cathode.
Therefore, for near maximum stacking of amino acids, inequality (3)
should be re-expressed as the much better conditional inequality
of pH values of phase o and 3, as given below [49,56]

pH® + 2 < pK; < pl < pKy < pHP — 2 (4a)

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

H? +2 < pKg < pl < pKy < pHP -2 (4b)
P p pl<p p

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

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

Assume the alkaliin phase 3 is a strong base of NaOH, the bound-
ary migrates towards the anode and there is a zwitterion in phase
[ in Fig. 1B. When the electric field was employed, the hydrogen
ions in phase o were continuously neutralized by the hydroxy ions
moving from phase (3. Evidently, the condition, which can yield
stacking effect to the zwitterion in phase [3, is according adjusted
as

v;‘;?s‘ < 'vf_’ = ’mf’_sﬁ‘ (5a)
M, =am,- (5b)

Expression (5) implies that if the velocity of MRB in Fig. 1B
is equal to or over that of the zwitterion in phase 3, there is no

any stacking efficiency to the zwitterion, conversely if the abso-
lute velocity of MRB is less than that of the zwitterion, there exists

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.,

’vgﬁs < Vgor (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

Veor, gxpP
PY(1 —x) + pPx

- Veopy(1-x)pY

VEoF = 7
EOF Y —x) § P (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 a and (3 progresses, the length of phase [3 becomes shorter
and shorter, conversely phase y (or o) gets longer.

The velocities of zwitterion and hydroxyl ion in phase 3 are
respectively

7B _ =B
VZ,:mZ,EB (8)
B _mP
Vou- = O}rEB (9)

Because the velocity of zwitterion is always less than that of
hydroxyl ion (the fastest anion [65]) in phase (3, viz.,

v <1vo

2| (10)

Hence, the fastest electro-migration of hydroxyl ion near phase
vy results in the obvious decrease of pH value in original phase [3 near
phase vy, as showninFig. 1B. The zwitterion at the front part of phase
[3 will lose its partial negative charge (such as Trp with pl 5.89), or
even carry partial positive charge (such as His with pI 7.59). Thus,
the zwitterion in phase {3 near phase y 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., Ly, 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

LO_BLBSLO_LBJ’_LX (11)
Ve e

ol -5 (12)
vE T vk,

—Lg _L()*LB+LX (13)

veR Ve
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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 vy, (B) partial stacking of zwitterion at the left side of sample plug due
to VP > % and the formation of small peak of zwitterion like His, (C) the front
alkaline plug of phase 3 in the front of the alkaline zwitterion plug, (D) the well
stacking of zwitterion by the MRB and the front alkaline phase {3 after use of electric
field. The other symbols see Fig. 1.

Combing with Egs. (11)-(13) one gets expression (14) for com-
pletely stacking zwitterion near phase v,

vB VP
C,X = _%H aé LO (143)
VZ _Vw—s
Za = B B .
veB _ My Ce Moy-Con i 14b
wW—s — o _ ( )
K KB o CB
H* OH™

Eq. (14) indicates that Ly must be injected up to a critical length
(Lcx) for the complete stacking of zwitterion injected with a given
time (or length) Ly. Or the alkaline plug cannot be stacked com-
pletely, and under this condition of Ly <L.x, a shoulder (see Figs.
4B, 4D, 6A-6B and 9A-9B in Ref. [64]), even double peaks (see Figs.
2A, 4A and 10A in Ref. [64]), can be observed. The significance of
Eq. (14) is given in detail in Section 3.2.

Fig. 2A shows the boundary migrating towards the cathode.
Manifestly, if the boundary velocity exceed that of the zwitterion
in phase a, viz.,

(15a)VaP > U2 = ime, B«

ze = amg (15b)

the positive zwitterion in phase a near the MRB cannot catch
up with the boundary moving towards the cathode, so can be only
partially stacked as shown in Fig. 2B. The larger the difference of
veR V& is, the poorer the stacking of the zwitterion by the MRB
becomes.

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< VP Ve —me 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 3 near
the boundary {3 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 By as analysed in Eq. (14) Hence, we
ought to inject another front alkaline plug without the zwitterion,
the critical length of Lcx is given as Eqs. (17a) and (17b) if there is
no salt in the MRB [49]. Or, Lcx is given as Eqs. (17a) and (17c) if
there is high salt like NaCl in the MRB [49].

B /o
Ve _+V
Lex = —_OHiaé;LO (17a)
VZO‘LF +Vals
EROR B B .
VOLB _ m(:l+cﬁ+ _ mOchOHf 1 (17b)
w=s ™ K& KB o B
e — o
B B .
VOLB _ m(:l+cﬁ+ _ m0H760H7 1 (17C)
w=s ™ K& KB o B
oL — o

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 hydrogenionin 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)

veb U

weak <

should be simply changed as(18)

< Vor (19)

weak

e

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],

7B 7B
ve -V
Lex = HLO (20a)
Vz* - Vweak
ERI =B =B .
aB  _ My Gy Mop-Con ! (20b)
weak Ko KB {_:a+ B EB j
H OH
BB .
veB My Mon-Con- ! (20c)
weak Ko KB Ca+ B CB j
H OH

or as Eqgs. (20a) and (20c) if there is high concentration salt NaCl
in phase 3 [49]. In Eq. (20), the constituent velocity of hydroxyl ion
is given as

B _ =B
Ve, =g, EP (21)



C. Cao et al. / Talanta 84 (2011) 651-658 655

Table 1

The comparisons among the free hydroxyl ion mobility, the constituent mobilities of Trp, His and hydroxyl in NH3H,0 (x10~8 m? V-1 s-1).

Moy~ m,- (in 10mM NH3H,0) Moy~ (in NH3H,0)¢
Trp His 1.0mM 2.0mM 5.0mM 10 mM 15mM 20mM
—20.52 —1.75> —-2.58P -2.52 -1.74 -1.16 -0.85 -0.68 0.59

2 The parameter is cited from Ref. [68].

b The data are calculated from the experiments of Fig. 1A and Table 1 in Ref. [64].

¢ The data are computed with the absolute mobility of hydroxyl ion and dissociation constant of NH3H, 0 at 25°C (=1.79 x 10-3) [66].

Assume the boundary moves in the direction of the cathode.
Similarly, the velocity conditions of complete stacking of the zwit-
terion near phase a is the following expression,

0 < veb

weak = VZO'L*' = ﬁ’l;_E”‘ (22)

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

Clearly, to stack the zwitterion in phase 3 near the boundary By
in Fig. 2A, we may inject a front alkaline plug (without the zwit-
terion) in the front of the sample plug, the critical length of L. is
given as Eqs. (23a) and (23b), if there is no background salt like NaCl
in MRB [56].

VB i
Lex=—-%—2"1, (23a)
(¢
Vz+ + Vweak
1o & =B =B .
veB My G _ Mou-Con- ! (23b)
weak Ko KB (_:g+ B (_:gl-r
-B =B .
veB My Car Mon-Con ! (23¢)
weak Ko «B COL+ B (-,'EH,

Or, Lcx is given corrected as Eqgs. (23a) and (23c) as has been
demonstrated in Ref. [56], if high salt exists in MRB. It should be
noted that the constituent concentration of hydrogen in phase o
existing in the denominator of Eq. (20c) is eliminated in that of Eq.
(23c), while the concentration of hydroxyl ion in Eq. (20) becomes
the constituent concentration of hydroxyl ion in Eq. (23c).

3. Results and discussion

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

The velocity of MRB holds a key importance to the design of
MRB stacking of zwitterion and should be properly chosen. Eq. (5a)
or (15a) indicates that if the absolute velocity of MRB towards the
anode is faster than that of the negative zwitterion in phase 3 (mov-
ing towards the anode), we cannot stack the zwitterion any more.
Inequality (6) implies that when MRB velocity is larger than that
of EOF which usually moves towards the cathode, the sample plug
at left end of capillary will migrates into the anodic vial and even
no MRB occurs in the capillary. Inequality (16) and (22) imply that
if MRB velocity in the direction of the cathode is faster than that
of zwitterion in phase « (in the direction of cathode), no one can
maximally focus the zwitterion by a MRB stacking. Integrating the
results of discussions above together, one may obtain the following
key condition for the MRB-based stacking in CE,
0<veP

weak(or V‘?‘fs) = VS‘LF (24)

The MRB designed in accordance with inequality (24) can lead to
a good stacking of zwitterion, as compared with other conditions of
boundary velocity. This theoretical analysis will be quantitatively
demonstrated by the results of No. 1, 2, 3, and 5 in Table 2 and Fig.

11 in [64] (details see Section 3.2 in [64]).

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., Lcx, 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 [3 near boundary 3+, Lx should be increased up
to a critical value, L¢x. Eq. (14) also indicates that (1) the higher the

value of OH-

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 VgH, - \_/B #+ 0 and

VB VWBS — 0, you can have L.x — oo. This situation means the
p0551b111ty of any stacking to the same sample zone, if the free
hydroxyl ion is continuously supplied.

Ve _ \_/ZB, ‘ is, the longer the injected plug of NaOH gets;

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 NH3H, O (see Section 3.1.3 in Ref. [62]
and Table 1 herein), there is always,

| = |- (25)
While for a strong alkaline NaOH, there exists
’mf, < ‘mgH, ‘ (26)

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

Ve + Vot (Vi) > 0 (27)

Inequality (27) means that the result of inequality (17a) used for
the system of weak acidic buffer (+, ) || strong alkali NaOH (-, 3)

vE e
Loy =—-°H o8 lo>0 (28)
Va3 + Vs

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 Ly. 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.

In0.4 mM NaOH? His in NH3H, 0P Trp in sodium formate®
His Trp 5.0mM 10mM 60 mM 100 Mm
Lexd 301s 5555 —27s —60s —-1.9s —-3.3s

2 In: 40 mM pH 3.50 acetic buffer + 20 mM NaCl (+, «)||0.4 mM NaOH + 20 mM NacCl
(= B)

b In: 40mM pH 3.50 acetic buffer+10mM NaCl (+, «)||5.0 or 10mM
NH3H,0 +20 mM NaCl (—, B).

¢ In: 40 mM pH 3.50 acetic buffer (+, a)||60 or 100 mM sodium formate +20 mM
NaCl (-, B).

d The plug of Lo is set at 120 s (excluding 60 s sample injection for Trp in 0.4 mM
NaOH. It was computed that 555 s 0.4 mM NaOH injection is needed if 120 sample
of 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-
sions (29)

V4R 7
Lex=——"——7 OH (x[? 0=<0 (29)
(61
Vz+ + Vweal(

Expression (29) shows that no front alkaline plug needs to be
injected, if a weak alkali with enough high concentration and pH
value (e.g., sodium formate used in Refs. [55,56,63], 5.0-15 mM
ammonia in Section 3.1.3 of Ref. [62] and Table 1 herein) is used
for the preparation of sample. This means that more partial of cap-
illary can be filled with the weak alkaline sample and much higher
sensitivity of CE can be achieved, if a weak base is used to pre-
pare sample. The analyses of expression (29) are well proved by
the results in Ref. [62] and Table 2 herein and the comparisons
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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
Eqgs. (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
3.5040 mM acetic buffer + 10 mM NaCl (+, ) || 10 mM ammonia (—,
[3) 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 NacCl) 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 (+, a) || 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
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Fig. 3. The comparisons of His and MRB velocities in the system of pH 3.50 40 mM acetic buffer + 10 mM Nacl (+, )||1.0-20 mM ammonia water + A: 20 mM, B: 40 mM, C:
60mM and D: 80 mM NaCl (—, ). MRB velocity is computed with Eq. (25b) due to 20 mM NaCl in ammonia, His velocity with Eq. (16). Conditions: i=3822 A/m?, k value
of running buffer is given in Table 2 in Ref. [67], « values of 1.0, 2.0, 5.0, 10, 15 and 20 mM ammonia equal 0.041, 0.043, 0.046, 0.049, 0.051 and 0.053Sm~! respectively, k
values of 20, 40, 60 and 80 mM NaCl are respectively 0.193, 0.379, 0.561, 0.737Sm~, « value of phase 3 =the sigma of those of sodium formate and NaCl, m;;+ = 36.5 and
Moy- = 20.05 x 10°m2 V~! s~ in Ref. [65] which were corrected with the empirical equations in Refs. [67,68].
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Fig. 4. The comparisons among the velocities of His, Trp and MRB. (A) The boundary of 40 mM pH 3.50 acetic buffer (+, a)||0.40-12 mM NaOH + 20 mM NaCl + 5 p.g/ml His or
1-5 pug/ml Trp (—, B), (B) 40 mM pH 3.50 acetic buffer + 20 mM NaCl (+, «)||0.40-12 mM NaOH +20 mM NaCl + 5 wg/ml His or 1-5 pg/ml Trp (—, B). MRB velocity computed
with Eq. (1), His and Trp velocities with Eq. (16) if positive boundary velocity; MRB velocity with Eq. (15b), His and Trp velocities with Eq. (5b) if negative boundary velocity.
Conditions: i=2256 A/m?, « values are given in Tables S2 and S3 in Ref. [64]. The other symbols see Fig. 3 here.

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

3.5. Balance concentration of weak alkali among MRB, OH~ and
zwitterion velocities

The above optimized concentration of the weak alkali should be
balanced between the boundary velocity and the constituent veloc-
ity of hydroxyl ion. In order to efficiently condense the zwitterion
in phase [ near boundary v, the concentration of weak alkali in
phase {3 should be increased up to the point, which leads to the
existence of following inequality

Ve | <|v8 (30)
=B _ B
Moy- =a Mg, (31)

Whereas, if the concentration of weak alkali in phase 3 is much
high, the boundary velocity is very slow as proved by Eq. (23c), at
the same time, the constituent mobility of hydroxyl ion is also as
slow as shown by Eq. (31) and the results in Table 1, the reaction
time of MRB for the neutralization between the weak alkali in phase
{3 and the acidic buffer in phase « viz.,

Lo

R R
Vo + V5

(32)

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

0.0020 .
—e— Botadaty
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Fig. 5. The comparisons between the zwitterion and MRB velocities in the MRB
system: 40mM pH 3.50 acetic buffer+10mM NaCl (+, «)||1.0-20 mM ammonia
water + 20 mM NacCl (—, 3). MRB velocity with Eq. (25b), His velocity with Eq. (16).
Conditions: i=3822 A/m?, k values are given in Tables S2 and S4 of Ref. [64]. Other
symbols see Fig. 3.

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 3
should be balanced among the requirements of inequality (24) and
Egs. (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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