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Abstract

The advantage of using a stepwise gradient of buffer concentration in CEC was demonstrated with the mixed-mode stationary phase,
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-(4-sulfo-1,8-naphthalimido)propyl-modified silyl silica gel (SNAIP). Before the application of a stepwise gradient, the effect o
oncentration on the separations of six peptides and tryptic digests was investigated. Bubble formation caused by Joule heating a
o 95�A was successfully suppressed by using SNAIP column even without pressurization, which contributed to a stepwise gradie
oncentration. Utilizing the stepwise gradient improved and shortened the separation of six peptides as compared to the separat
socratic elution.
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. Introduction

Capillary electrochromatography (CEC) attracts the in-
reasing attention as a separation technique for charged
iomolecules, such as peptides and proteins, because it pro-
ides high efficiency and selectivity by the combination of

iquid chromatography and electrophoresis[1,2]. In CEC of
harged analytes, mixed-mode stationary phases have be-
ome a valuable alternative to the conventional octadecyl sil-
ca (ODS) which hardly retains charged analytes[1,3,4]. To
urther explore the potential of mixed-mode stationary phases
or the separation of a wide variety of charged analytes, it is
mportant to utilize the gradient elution.

In order to improve the separation of complex samples
ith CEC, several methods of gradient elution of mobile
hase (e.g. stepwise, pressurized, electrically assisted), volt-
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age and temperature were suggested[5]. Among them, th
stepwise gradient of mobile phase on a commercial C
strument was proved to be easily realized with high accu
and has been successfully applied to the analyses of
[6,7], DNA additives[8] and aromatic compounds[9]. Using
a mixed-mode stationary phase for the separation of ch
analytes, the gradients of not only hydro-organic comp
tion but also buffer concentration in the mobile phase mu
useful. Especially when the electrostatic interaction is d
inant in the retention by mixed mode stationary phase
gradient elution of buffer concentration will be more eff
tive. However, the gradient of buffer concentration has n
been explored in CEC while that of mobile phase comp
tion has been practically used in CEC with different grad
methods[6,7,10–13]. This is mainly because the major
cus of previous CEC studies was on the separation of ne
compounds by reversed-phase mode. In addition, whe
buffer concentration is too high, the bubbles can be gene
within a capillary column by Joule heating, which hinders
possibility of gradient of buffer concentration.
021-9673/$ – see front matter © 2004 Published by Elsevier B.V.
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Fig. 1. Structure of 3-(4-sulfo-1,8-naphthalimido)propyl-modified silyl sil-
ica gel.

We recently developed a novel mixed-mode station-
ary phase for CEC, 3-(4-sulfo-1,8-naphthalimido)propyl-
modified silyl silica gel (SNAIP,Fig. 1), that was synthe-
sized with the idea to use the naphthalimido moiety and
sulfonic acid groups as the chromatographic retentive sites
[14,15]. Also, the sulfonic acid groups work as an EOF gen-
erator and actually provided high EOF even at low pH. The
separation mechanism in CEC with SNAIP was a hybrid of
electrophoretic migration and chromatographic retention in-
volving hydrophobic, electrostatic as well as�–� interac-
tions [14]. Under an isocratic elution, the SNAIP column
has already been proved to be better for the electrochro-
matographic separation of charged peptides than other mixed
mode columns[15]. In addition, no bubble was observed
within SNAIP column even when the current reached 40�A.
This remarkable characteristic will expand the range of buffer
concentration in a mobile phase and make the gradient of it
effective.

In this study, to apply the stepwise gradient of buffer con-
centration for CEC with SNAIP, the effect of buffer concen-
tration on the CEC separations of peptides as well as protein
digests was investigated. Finally, we described the introduc-
tion of the stepwise gradient of buffer concentration to the
separation of peptides by CEC on SNAIP.
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enzymatic digestion was stopped at 80◦C for 10 min and the
digests were stored at−20◦C.

All the CEC experiments were performed on a CAPI-
3200 system equipped with a photodiode array detec-
tor (Otsuka Electronics, Osaka). Fused-silica capillaries
(375�m o.d.× 75�m i.d.) were obtained from Polymicro
Technologies (Phoenix, AZ, USA). SNAIP stationary phase
(particle size, 3 or 5�m) and CEC columns (packed length,
9 cm; total length, 37 cm) packed with SNAIP were prepared
as reported in our previous literature[16]. The modifica-
tion ratio of 3-aminopropyl silyl silica gel with 4-sulfo-1,8-
naphthalic anhydride were 0.523 mmol/g for 5�m particle
and 0.471 mmol/g for 3�m particle which were estimated
from the percentage of carbon by elemental analysis. Phos-
phate buffers (100 mM) were prepared by dissolving appro-
priate amount of KH2PO4 in water, then adjusting to de-
sired pH by H3PO4. The mobile phase, prepared by mix-
ing methanol, water and the phosphate buffer, was degassed
thoroughly prior to use. Instead of pressuring at both ends of
the capillary column, the CEC system was thermostatically
maintained at 18◦C throughout the analysis in order to avoid
bubble formation within the capillary column. The detection
wavelength was set at 205 nm.
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. Experimental

.1. Materials and instrumentation

All chemicals were of analytical grade. 4-Sulfo-1
aphthalic anhydride potassium salt was purchased
ldrich (Milwaukee, WI, USA). The sources of model pe

ides were as follows: Gly–Val, Gly–Ile and Gly–Phe fr
okyo Kasei (Tokyo, Japan), Gly–His, Gly–Lys and Lys–
rom Sigma (St Louis, MO, USA). The stock solutions
odel peptides were prepared by dissolving 1 mg of

ompound in 1 mL of water. The stocked peptide m
ure or digests were diluted to appropriate concentra
model peptides: 12.8–60 mg/L) with a mobile phase p
o injection. Horse heart cytochromec from Wako (Os
ka, Japan) was dissolved in a buffer solution contai
0 mM ammonium bicarbonate and 2 mM calcium chlo
pH 7.8) at a concentration of 10 mg/mL. [(l-Tosylamido-
-phenyl)ethylchloromethylketone] (TPCK)-treated tryp
Sigma) was prepared in water at a concentration
.2 mg/mL. The digestion of cytochromec was carried ou
y mixing 150�L of each solution for 12 h at 37◦C. The
. Results and discussion

The applicability of the stepwise gradient of buffer c
entration in a mobile phase for the separation of peptid
EC with SNAIP was investigated. Before the applicatio
as needed to understand the effect of buffer concentr
n the separation. In an attempt to describe the retenti
harged analytes in CEC, Rathore and Horvath[17,18]have
efined a CEC retention factor,k* , as:

∗ = tm(1 + k∗) − t0

t0

heretm andt0 denote the retention time of the analyte
hat of an inert and neutral tracer (EOF marker), respecti
hiourea was chosen as an EOF marker in this study.k∗

e is the
elocity factor, indicating the contribution of electrophore
obility to the separation of charged analytes in CEC, a
iven by

∗
e = µp

µ0

here,µp is the electrophoretic mobility of the analyte wh
s obtained from CZE measurements under the same c
ions as the CEC separation. The interstitial EOF mobili
he CEC column,µ0, is equal to the apparent EOF mobi
ithin the CEC column multiplied by the ratio of current
pen tube to that in packed column[17,18]. The peak locato
∗
c, can be expressed in a similar manner to HPLC as foll

∗
e = tm − t0

t0
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Fig. 2. Plots of logarithmic parameters (logk* , logk∗
c ) and velocity factor (k∗

e) of model peptides and EOF mobility vs. buffer concentration in the mobile
phase. CEC conditions: 37 cm× 75�m i.d. packed capillaries with SNAIP, 5�m; mobile phase, phosphate buffer (pH 3.8)/methanol: 60/40 (v/v, %) at different
buffer concentrations; applied voltage, 20 kV; electrokinetic injection, 20 kV for 8 s.

The effects of buffer concentration on the parameters and
EOF mobility were studied in the range from 10 to 40 mM
with a mobile phase of phosphate buffer (pH 3.8) and 40%
methanol (Fig. 2). Increasing the buffer concentration from
10 to 40 mM resulted in a decrease in electrochromatographic
retention,k* , as shown inFig. 2. This manifestly reflected the
attenuation of electrostatic interaction between the dissoci-
ated amino group of peptides and the fixed negative charge
on the stationary phase. The electrophoretic mobilities of
the peptides increased as the buffer concentration increased.
An increase in both the apparent EOF mobility and the ra-
tio of current was observed as buffer concentration rose,
which in turn led to the decrease (Gly–Lys and Gly–His),
slight increase (Lys–Lys) and constant (Gly–Val, Gly–Ile and
Gly–Phe) in the value of velocity factork∗

e. The reduction in
electrostatic interaction and the increase in the EOF mobility
when increasing the buffer concentration contributed to the
decrease in the peak locatork∗

c and separation time.
Fig. 3 illustrates the effect of buffer concentration on the

separation of the tryptic digests of cytochromec with the

SNAIP column. All of the mobile phases provided a sufficient
separation and, as expected, increasing buffer concentration
reduced the separation time from 130 min (20 mM,Fig. 3a) to
22 min (50 mM,Fig. 3b) and sharpened all peaks, especially
later peaks. Using the mobile phase with 50 mM phosphate
buffer, the resolution of tryptic digests on SNAIP column
was superior or comparable to the pressurized gradient CEC
in previous works[13,19].

As described above, CEC with SNAIP was proved to be
useful for the separation of peptides and the buffer concen-
tration in a mobile phase largely affected the separations of
charged analytes. Thus, the gradient elution of buffer con-
centration in CEC of peptides was examined. The separation
patterns inFig. 4a and b were obtained under the isocratic elu-
tion of 30 and 50 mM phosphate buffer (pH 3.8) containing
40% methanol, respectively. The peptide mixture contained
the pair of Gly–Lys and Gly–His which required a moder-
ate buffer concentration to achieve acceptable resolution and
Lys–Lys which required a relatively high buffer concentra-
tion for its earlier elution. It can be seen fromFig. 4a and b
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Fig. 3. Effect of buffer concentration on the separation of tryptic digests of
cytochromec. CEC conditions: 37 cm× 75�m i.d. packed capillaries with
SNAIP, 3�m; mobile phase, phosphate buffer (pH 3.8)/methanol: 60/40
(v/v, %) at different buffer concentrations: (a) 20 mM (27�A); (b) 50 mM
(95�A); applied voltage, 20 kV; electrokinetic injection, 20 kV for 10 s.

Fig. 4. CEC of model peptides on SNAIP column. CEC conditions: mobile
phase: (a) 30 mM phosphate buffer (pH 3.8)/methanol: 60/40 (v/v, %); (b)
50 mM phosphate buffer (pH 3.8)/methanol: 60/40 (v/v, %); (c) phosphate
buffer (pH 3.8)/methanol, 60/40 (v/v, %) (initial 50 mM for 2 min, intermedi-
ate 30 mM for 7.5 min and final 50 mM). Other conditions as inFig. 2. Peaks:
1, Gly–Val; 2, Gly–Ile; 3, Gly–Phe; 4, Gly–Lys; 5, Gly–His; 6, Lys–Lys.

that multi-stepwise gradient of buffer concentration should be
useful in order to separate all six peptides within a shorter sep-
aration time. The initial condition, 50 mM phosphate buffer
(pH 3.8) and 40% methanol, was held for 2 min, after which
the voltage was removed and the buffer vials were replaced
with that including 30 mM phosphate buffer with the same
composition as the initial one and the voltage was re-applied.
After 7.5 min, the voltage was removed, and the initial mo-
bile phase vials were replaced, and the voltage was re-applied;
these conditions were held for 14 min to accelerate the elu-
tion of Lys–Lys and re-establish the initial condition prior
to the next injection. As can been seen inFig. 4c, Gly–Lys
and Gly–His were fully separated and the use of this step-
wise gradient resulted in a reduction of the separation time
from 38 to 22 min compared with the isocratic elution of the
mobile phase including 30 mM phosphate buffer and 40%
methanol. A baseline disturbance in the UV signal at ap-
proximately 12 min appeared due to the border between the
two mobile phases. Three consecutive runs of the CEC with
stepwise gradient of buffer concentration gave reproducible
electrochromatography with relative standard deviations for
the retention times ranging from 1.28 to 1.93%. The perfor-
mance of SNAIP column was maintained for more than 6
months. Specifically, after 81 injections, the relative changes
of EOF and retention times for Gly–Val, Gly–Ile and Gly–Phe
w
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In conclusion, using SNAIP column even without the p

urization, the application range of electrochromatogra
ould be extended to separation with high current (∼95�A)
hich is unavoidable to employ high buffer concentra

or earlier separation of peptides. Indeed, a stepwise g
nt of buffer concentration in CEC with SNAIP juggled
etter resolution of peptides and the accelerated elutio
trongly retained peptide. Simple peptide mixtures are pr
bly separated under an isocratic condition where signifi
hanges in the separation are achieved by small chang
he parameters (i.e. organic modifier content, temperatur
pplied voltage)[20,21]. On the other hand, complex pe

ide mixtures such as digests often requires gradient el
12,19], and therefore, the proposed CEC method will wor
complement for separation of complex mixtures. Grad
f buffer concentration will be effective for combination

he better resolution of closely related peptides and the
lution of multiply charged peptides when using mixed-m
tationary phase in CEC. Furthermore, the knowledge a
tepwise gradient of buffer concentration described her
e transferred to other gradient methods.
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[3] J. Zhang, S. Zhang, C. Horváth, J. Chromatogr. A 953 (2002) 239.
[4] R. Wu, H. Zou, H. Fu, W. Jin, M. Ye, Electrophoresis 23 (2002)

1239.
[5] C.A. Rimmer, S.M. Piraino, J.G. Dorsey, J. Chromatogr. A 887

(2000) 115.
[6] M.R. Euerby, D. Gilligan, C.M. Johnson, K.D. Bartle, Analyst 122

(1997) 1087.
[7] I.S. Lurie, D.S. Anex, Y. Fintschenko, W.-Y. Choi, J. Chromatogr.

A 924 (2001) 421.
[8] J. Ding, J. Szeliga, A. Dipple, P. Vouros, J. Chromatogr. A 781

(1997) 327.
[9] L. Zhang, W. Zhang, G. Ping, Y. Zhang, A. Kettrup, Electrophoresis

23 (2002) 2417.
[10] K. Zhang, Z. Jiang, C. Yao, Z. Zhang, Q. Wang, R. Gao, C. Yan, J.

Chromatogr. A 987 (2003) 453.

[11] V. Kahle, M. Vázlerov́a, T. Welsch, J. Chromatogr. A 990 (2003)
3.

[12] A.R. Ivanov, C. Horv́ath, B.L. Karger, Electrophoresis 24 (2003)
3663.

[13] R. Nakashima, S. Kitagawa, T. Yoshida, T. Tsuda, J. Chromatogr. A
1044 (2004) 305.

[14] K. Ohyama, Y. Shirasawa, M. Wada, N. Kishikawa, Y. Ohba,
K. Nakashima, N. Kuroda, J. Chromatogr. A 1042 (2004)
189.

[15] K. Ohyama, Y. Shirasawa, M. Wada, N. Kishikawa, Y. Ohba, K.
Nakashima, N. Kuroda, Electrophoresis 25 (2004) 3224.

[16] K. Ohyama, M. Wada, G.A. Lord, Y. Ohba, O. Fujishita, K.
Nakashima, C.K. Lim, N. Kuroda, Electrophoresis 25 (2004) 594.

[17] A.S. Rathore, C. Horv́ath, Anal. Chem. 70 (1998) 3069.
[18] A.S. Rathore, C. Horv́ath, Electrophoresis 23 (2002) 1211.
[19] T. Adam, K.K. Unger, J. Chromatogr. A 894 (2000) 241.
[20] M.T. Matyska, J.J. Pesek, R.I. Boysen, M.T.W. Hearn, J. Chromatogr.

A 924 (2001) 211.
[21] J.J. Pesek, M.T. Matyska, G.B. Dawson, J.I.-C. Chen, R.I. Boysen,

M.T.W. Hearn, Anal. Chem. 76 (2004) 23.


	Stepwise gradient of buffer concentration for capillary electrochromatography of peptides on sulfonated naphthalimido-modified silyl silica gel
	Introduction
	Experimental
	Materials and instrumentation

	Results and discussion
	Acknowledgements
	References


