Available online at www.sciencedirect.com

ScIENcE@DIREcT° JOURNAL OF
CHROMATOGRAPHY A

i
VA,

ELSEVI

e

R Journal of Chromatography A, 1079 (2005) 266—273

www.elsevier.com/locate/chroma

Dynamic pH junction technique for on-line preconcentration of
peptides in capillary electrophoresis

Maria Rowena N. Montot, Koshi Imami, Machiko Nakanishi,
Jong-Bok Kim, Shigeru Terabe

Graduate School of Material Science, University of Hyogo, Kamigori, Hyogo 678-1297, Japan
Available online 7 April 2005

Abstract

A method based on the presence of a dynamic pH junction within the capillary to induce band narrowing for enhanced detection sensitivity
for some peptides is presented. This technique is predicated on a sharp reduction in an analyte’s migration velocity following a reversa
of its electrophoretic direction from the acidic sample zone to the basic BGS zone. Larger-than-usual injection volumes of samples in
relatively high-conductivity matrices were enabled, without degrading peak shape, resolution and efficiency. The size of the original sample
plug was reduced by as much as 38-fold, and improvement in detector response in terms of peak height by as much as 124-fold wa
obtained. The effects of pH and concentration of the sample matrix, and the length of sample injection on the efficiency of the technique are
discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction A very attractive feature of on-line preconcentration tech-
niques is that they do not require any modification in ex-
Capillary electrophoresis (CE) is widely regarded to be su- isting instruments, since electrophoretic or chromatographic
perior to liquid chromatography (LC) in terms of efficiency. focusing of analytes is effected within the same capillary
However, its applicationto routine analyses is often precluded used for separation. Generally, they do so simply by ex-
by its poor concentration sensitivity, resulting from the use of ploiting a discontinuity between the sample matrix and the
capillaries with very small internal diameters (typically less background solution (BGS), which causes an alteration in
than 10Qum), thereby limiting the amount of sample that can the analyte’s mobility as it transits the boundary separat-
be loaded. Furthermore, since most commercial instrumentsing these two zone27]. The discontinuity can be in terms
are equipped with absorbance-related detectors, the problenof conductivity (e.g. in sample stackiri@}-8], the presence
is aggravated by the short path length available. While someof an additive (e.g. micelle or complexing agent in sweep-
efforts to improve detection limits have been directed at ex- ing) [9-17], salt conteni18-20] or pH [21-32] among
tending the path length (e.g. with the use of Z-cells or bubble others.
cells)[1,2], mostinvestigators placed emphasisindeveloping A number of pH-mediated focusing strategies have
on-line preconcentration techniques, which enable injections already been developed, mostly for high salt-containing
of large volumes of sample without compromising resolution samples. In these strategies, the sample zone is titrated to
and efficiency{3—-32]. By narrowing the analyte bands prior neutral, creating a region of low conductivity where the
to their separation, signal enhancements ranging from a fewanalytes migrate quickly until they reach the boundary with
tens to almost a million-fold could be achieved. the BGS and subsequently stack. Using pressure injections,
Schwer and LottspeicH21] sandwiched a solution of
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ions migrated toward each other converting the original intheirionization; hence, adynamic pH junction technique to
sample zone into a low conductivity zone. The concept focus them within the capillary is an attractive option. In this
was extended to electrokinetic injection of cations from work, we present a simple method for preconcentrating pep-
high conductivity matrice§22,23] Sample injection was tides under highly alkaline conditions, according to a model
immediately followed by electrokinetic injection of a strong depicted irFig. 1 In brief, a plug of acidified sample is intro-
acid, which titrated the sample plug, forming a region of duced into an uncoated capillary filled with basic BGS (A).
neutral charge and high resistivity through which the analytes When positive voltage is applied, the local pH at the right
could move rapidly. A parallel approach was employed for hand side of the sample plug—BGS interface rises sharply be-
anions in physiological samples, this time with sequential cause of the interaction of the*Hions from the sample plug
electrokinetic injections of the sample and a strong base and OH™ ions from the BGS. Fast-moving cationic peptides,
[24]. upon reaching this juncture, are converted to anions, and they
Changes in analyte velocity as a direct consequence ofexperience a drastic reduction in their migration velocities,
pH differences in multi-section capillaries have also been ex- since they must move now against a high, cathode-directed
ploited as a means of focusing. In this case, the alteration in EOF. A pH moving boundary sweeps across the sample zone
an analyte’s net migration velocity is prompted by a change until the whole region is compressed (B), and the focused
in its ionization state as it passes between two zones where geaks separate and migrate to the detector (C).
distinct pH difference exists. It was first demonstrated by
Aebersold and Morrison using zwitterionic peptid@s].
Focusing was achieved by a reversal of charge and migra-2. Experimental
tion direction as anionic peptides in the basic sample zone
entered the acidic milieu of the BGS. A recent modifica- 2.1. Apparatus
tion by Wang et al. entailed a moderation of electrophoretic
mobilities as the analytes reached the relatively more ba-  All CE experiments were performed on a Hewlett-Packard
sic BGS zond26]. The approach was extended by Britz- 3PCE System (Waldbronn, Germany) using fused silica capil-
McKibbin et al.[27-30]to focus some weakly acidic com- laries (50 cm effective lengtk 50m 1.D. x 360um O.D.)
pounds, and they used the phrase “dynamic pH junction” from Polymicro Technologies (Phoenix, AZ, USA), which
to describe the technique. In this case, the analytes werewere thermostated at 2&. The detection wavelength used
dissolved in a low pH solution and injected as a long plug was 200 nm. Water was purified with a Milli-Q system from
into a capillary filled with a high pH BGS. When voltage Millipore (Bedford, MA, USA). Conductivities of samples
was applied, a moving pH boundary swept through the sam-and BGSs were measured using a Horiba ES-12 conductivity
ple zone. Analytes with weakly acidic functionalities were meter (Kyoto, Japan), while their pH values were measured
converted into their anions. Their net migration velocities and adjusted as required with the aid of a Mettler Toledo
decreased since they were now directed electrophoreticallyMP220 pH meter (Columbus, OH, USA).
against the electroosmotic flow (EOF); hence, their bands
were compressed into sharp zones. Kim e3l] employed 2.2. Reagents and samples
an analogous technique to concentrate weakly basic com-
pounds, this time using a very acidic sample matrix, where  Acetic acid, disodium hydrogenphosphate, methanol,
the analytes were cationic, and a mildly acidic BGS contain- sodium dihydrogenphosphate, sodium hydroxide, sodium
ing a cationic surfactant to reverse the EOF. Upon application borate, and thiourea were obtained from Wako (Osaka,
of negative voltage, the analytes were hardly mobilized ini- Japan). Ammonia solution was from Nacalai Tesque (Kyo-
tially because their electrophoretic mobilities and the EOF to, Japan). The proteins and peptides were from Sigma (St.
were opposite each other. But once they have been titrated td_ouis, MO, USA). All reagents were of analytical grade and
neutral by the migrating BGS anions, they picked up speed, used without further purification. All solutions were degassed
and were compressed into sharp bands. One key point abouand passed through 0.45n filters (Nacalai Tesque) prior to
the dynamic pH junction technique is that it enables selective use.
focusing of specific analytes by tuning the analytical condi-
tions to favor such: given a sample matrix-BGS combination, 2.3. General electrophoresis procedure
only the analytes which experience an alteration in their ion-
ization states significant enough to induce marked changes A new capillary was conditioned by successive rins-
in their mobilities will be focused, while the others will ing with 1M NaOH (20 min), methanol (20 min), and wa-
largely remain unaffected; hence, they will migrate as broad ter (20 min). To ensure reproducibility between consecutive
bands. A better understanding of the underlying mechanismanalyses, the capillary was flushed with 1 M NaOH (3 min),
in this technique was obtained using computer simulation methanol (3 min), and water (3) before filling with the BGS
studieq32]. (5min). All rinses were carried out at ca. 1 bar, while sam-
Peptides are rarely found in their uncharged states, andple injection was at 50 mbar. To approximate the length of
changes in local pH conditions could bring on large changesinjected zones, the velocity of a liquid in the capillary at
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Fig. 1. A dynamic pH junction model for acidic peptides and proteins. (A) A long plug of sample in a low pH matrix is injected into an uncoated caguillary fil
with a high pH BGS. (B) A steep pH boundary develops at the front end of the plug and sweeps throughout the sample zone during electrophoresgis, convertin
the cationic analyte into anionic and significantly retarding its migration velocity. (C) The focused peak migrates to the detector.

50 mbar was determined using a neutral marker. The mea-angiotensin | (peak 3,I5.92) and angiotensin Il (peak 4, p

sured flow rate was then multiplied by the injection time to 6.74) were reasonably well-focused within the range studied.

give the length of the injected sample. The basic peptide [Shrlle®]-angiotensin Il (peak 2,I8.75)
was more susceptible to changes in the pH of the matrix. Its
focusing was good at pH 3.75, but deteriorated thereafter.

3. Results and discussion Although sharp peaks for angiotensins | and Il were also
obtained at pH 3.75, they were not as well separated as in
3.1. Effect of sample matrix pH slightly higher pH conditions. At pH 3.5, the peaks were not

resolved at all, and a broad peak corresponding to acetic acid
Four peptides, with isoelectric pointsl(palues) which [32] (marked with * inFig. 2B) was detected early.

covered a fairly wide range were chosen as models for this  Obviously, focusing could not be effected by simply using
study. These were bradykinin (RPPGFSPFR12.00), an- a sample matrix with a pH value lower than thevplues of
giotensin | (DRVYIHPFHL, p 6.92), angiotensin Il (DRVY-  the peptides. Spectrophotometric experiments revealed that
IHPF, g 6.74), and [Sdk, lle®]-angiotensin Il (Sar-RVYIHPI, the actual initial pH of the sample zone is higher than ex-
pl 8.75). The pvalues indicated here were computed using pected, probably due to mixing at the sample-BGS bound-
http://kr.expasy.org/tools/gool.html It must be noted, how-  ary [32]. Since focusing is initiated by a sharp pH change
ever, that for [Sdk, Ile8]-angiotensin II, glycine was substi- generated at the interface, and which subsequently spreads
tuted for sarcosineN-methylglycine, a non-standard amino throughout the sample region, a marked pH difference be-
acid) for computational purposEig. 2A depicts their sepa-  tween the two zones is advantageous. Therefore, the effec-
ration using 200 mM borate at pH 11. To examine the effect tive initial pH of the sample matrix should be sufficiently
of pH of the sample matrix on focusing, portions of the test low. This is evident in the case of [Satle®]-angiotensin I,
mixture were diluted with acetic acid solutions, the pH val- which required pH 3.75 in the sample matrix to preconcen-
ues of which were varied between 3.5 and 4.5 in incrementstrate efficiently. However, optimum band narrowing is not
of 0.25 unit, and the diluted solutions were injected into the guaranteed either by the largest pH difference between the
capillary for 100 s (8.2 cm plugs). The resulting electrophero- BGS and the sample. As shownfig. 2, slightly better re-
grams are shown iRig. 2B—F. As expected, the strongly basic  sults for angiotensins | and Il were obtained using pH 4.25,
peptide bradykinin (peak 1| £2.00) concentrated poorly be- and not at lower pH values. When the acidity of the sam-
cause it was cationic in both the sample and the BGS, while ple matrix was too high, the positive charges on the peptides
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Fig. 2. Effect of sample matrix pH on focusing. Conditions: BGS, 200 mM borate, pH 11.0; sample matrix, 350 mM acetic acid with pH varied as shown;
injection, 1s of a mixture containing 100 ppm of each peptide (A), 100s of a mixture containing 10 ppm of each peptide (B-F); applied voltage, +15KkV;
detection, 200 nm. Peak identification, bradykinin (1), {S#e®]-angiotensin Il (2), angiotensin | (3), angiotensin Il (4). Other conditions are given in the
Section2.

could not be sufficiently neutralized in the course of elec- of the injected sample band, so that there is no breakdown
trophoresis. Therefore, the optimum BGS—sample combina-in resolution nor efficiency despite the larger-than-usual in-
tion in terms of pH is one which can cause the largest changejection volumes. The injection is prolonged until there is
in the analyte’s ionization state, and consequently, in its no more significant increase in detector response over the
mobility. previous shorter injection, or the peak shapes and resolu-
Fig. 3shows plot$33] of the peptides’ net charges against tion begin to deteriorate. A convenient way to evaluate its
pH to illustrate the changes in their ionization states. For performance is by comparing peak heights, and expressing
purpose of comparison, a measure of the change in ef-the effectiveness as aafold improvement in response us-
fective charge between pH 4.0 and pH 11.0 is marked in ing the on-line preconcentration technique over a typical in-
each plot, although these conditions are not strictly met for jection. Alternatively, it can be assessed by considering the
reasons described previously. The change in bradykinin isextent to which the length of the original sample plug is
approximately 1unit only, and it remains positive within reduced, i.e., by getting the ratio between the bandwidths
the range under consideration. In contrast, }Saie®]- at detection Wyetection and injection Winjection) points, or
angiotensin Il, angiotensins | and Il have been changed the detector-to-injection bandwidth ratio (DIBRJ7]. An
by approximately 3, 5 and 4 units, respectively. All three even better way is to compare the standard deviations of
undergo transition from cation to anion. A more pro- the widths, since this will take into account the difference
nounced change in an analyte’s effective charge shouldin shapes of the bands: the initial sample plug is assumed
translate to a greater change in its electrophoretic mobil- to be rectangular, whereas the detected peak is Gaussian.
ity, and under these conditions, to a more abrupt reduc- For the purpose of simplicity, however, the bandwidths are
tion in its migration velocity, and possibly, to enhanced compared.Bandwidths are used because, unlike peak widths,

focusing. they are independent of migration ra{8d]. Generally, the
sample band becomes broader as it migrates across the cap-
3.2. Effect of injection length illary because of diffusion and other dispersive effects, these

being more evident in the case of late-migrating analytes.
By some electrophoretic or chromatographic mechanism, In contrast, no substantial broadening ensues or the sample
an on-line preconcentration technique decreases the widthband becomes even much shorter if a focusing mechanism is
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Fig. 3. Titration curve$33] of the model peptides. Bradykinin (A), [Saile®]-angiotensin Il (B), angiotensin | (C), and angiotensin Il (D). Note that for (B),
glycine was substituted for sarcosine.

used[27]. Hence, the DIBR is an obvious measure of zone preceding shorter injection. Slightly better results were ob-

compression. tained using pH 4.0, but peak resolution was worse. Beyond
Fig. 4graphs DIBR against the injection bandwidth using 120s (9.84 cm), peaks 3 and 4 overlapped.

sample matrices with pH 4.0 (A) and 4.25 (B). It may be in-

ferred that, up to a certain point, band narrowing became bet-3.3. Effect of sample matrix concentration

ter as the injection length increased, producing much sharper

peaks. These results were consistent with previous findings,  Since the dynamic pH junction technique involves titration

and thought to be due to the formation of a slow moving, of the sample zone, another factor which clearly influences

yet steep pH boundar§d2]. Beyond a limit, however, the its efficiency is the concentration of the sample matrix. The

efficiency of band narrowing no longer improved, as a con- effect of the concentration of acetic acid, pH 4.0, on band-

sequence of overloading. This was not immediately apparentwidths at detection point was investigated in the range from

if only peak heights were tracked since these were still in- 200 to 1300 mM, as shown iRig. 5A. The injection time

creasing, albeit the increases were not better compared to thavas kept at 60s (4.92cm). A plot of the concentration of
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Fig. 4. Effect of injection length on band narrowing. Conditions: sample matrix, 350 mM acetic acid, pH 4.0 (A), and pH 4.25 (B). Other conditiens are th

same as given ifig. 2
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Fig. 5. Effect of sample matrix concentration on detection bandwidths (A), and ratio of the conductivity of the sample matrix with that of the BGS (B).
Conditions: sample matrix, pH 4.0, with concentrations varied as shown; injection, 60 s. Other conditions are the same d3gjiZen in

the sample matrix against the ratio of the conductivities of 3.5. Mass balance

the sample matrixdsample matrix @nd the BGSKggs) is also

shown inFig. 5B. As a consequence of overloading, no significant increase
Bandwidths progressively became narrower by increas- in peak heights can observed, and peak shapes begin to dete-

ing the concentration of acetic acid in the sample matrix un- riorate beyond an optimum injection length. In contrast, peak

til 1000 mM. The focusing mechanism was evidently inde- areas continue to increase, since these are directly related to

pendent of conductivity-based stacking, as the results eventhe amount of sample introduced into the capillary. To ensure

improved by increasing the conductivity of the sample ma- mass balance, the peak areas of the analytes injected under

trix. The peaks were narrowest when 1000 mM acetic acid non-focusing and focusing conditions were compared. The

was used, in which case, the conductivity of the sample ma- results are shown ifiable 2 The values obtained were fairly

trix was approximately 20% higher than that of the BGS. At consistent, suggesting good recovery, i.e., no material loss

higher concentrations, the peaks broadened gradually. Sim-under focusing conditions.

ilar to the impact of very low sample matrix pH, this could

be attributed to incomplete titration. The concentration bf H

was too high for the OH from the BGS; hence, the induced L i
changes in ionization and mobility were less striking com- 180+
pared to the previous lowerHoncentration. i
3.4. Focusing under optimum conditions 140 2
To focus one weakly basic ([Satle®]-angiotensin I1) and e
3

two acidic model peptides (angiotensins | and Il) using the set & %07

conditions for dynamic pH junction, the most favorable sam-
ple matrix was 1000 mM acetic acid, pH 4.0. The injection

was kept at a moderately long 60's (4.92 cm). A typical elec-
tropherogram resulting from such conditions is depicted in
Fig. 6. Table 1summarizes reproducibility data on some peak
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ment factors in terms of peak height. As much as 38-fold >
reduction in length of the original sample zone, and 124-fold -20 1 - 1 : 1 ‘ ‘
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increase in detector response were achieved.
Preconcentration of the strongly basic peptide bradykinin
was not successful under similar conditions. However, using _. _ _ _ . _
Fig. 6. Optimum focusing of the model peptides. Conditions: sample matrix,

areverse pH junction teCh,mque (e, hlgh pH sample matrix, 1000 mM acetic acid, pH 4.0; injection, 60 s. Other conditions are the same
low pH BGS), good focusing was attained (data not shown). as given irFig. 2
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Table 1
Relative standard deviations (RSDs), band narrowing factors (BNFs), and sensitivity enhancement factegmSEF
Analyte
[Sar, lle®]-Angiotensin 1I Angiotensin | Angiotensin Il
RSD (%,n=3)
Migration time 04 04 0.5
Corrected peak ara 5.8 45 6.9
Peak height 10 53 7.6
BNF¢ 19 26 38
SEFRheight® 65 113 124

a Conditions are the same as giverFig. 6.
b peak area/migration time.

¢ (1/D|BR); \Nlnjectior/Wdetection
d SEReight= (height with dynamic pH junction/height with conventional injectiendlilution factor.

Table 2
Comparison of peak areas with and without preconcentition
Analyte Without preconcentration With preconcentration

10 ppm 10 ppm 1ppm
[Sart, lle8]-Angiotensin I 1488 1417 157
Angiotensin | 963 913 94
Angiotensin || 2120 2107 239

2 The values are shown as the means of three runs using 60-s injections.
b Conditions are the same as giverFiig. 6.
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Fig. 7. Focusing of some acidic proteins by dynamic pH junction. Conditions: BGS, 50 mM sodium phosphate, pH 9.8; 50 mM sodium phosphate, pH 2.5;
injection, 1 s of a mixture containing 200 ppm of each component in water (A), and 60 s of a mixture, diluted with 50 mM sodium phosphate, pH 2.5 containin
20 ppm of each component. Peak identification, myoglobingdgctoglobulin B (2),3-lactoglobulin A (3), and bovine serum albumin (4). Other conditions

are the same as givenlig. 2
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3.6. Application to protein analysis [5] R.B. Taylor, R.G. Reid, J. Pharm. Biomed. Anal. 11 (1993) 1289.
[6] F.B. Regan, M.P. Meaney, S.M. Lunte, J. Chromatogr. B 657 (1994)

To extend the usefulness of the technique, it was applied to __ 40
[7] C.X. Zhang, W. Thormann, Anal. Chem. 70 (1998) 540.

the analysis of §0.me'aC|d|c proFelns as \Méig _7 compares [8] J.P. Quirino, S. Terabe, Electrophoresis 21 (2000) 355.

a standard 1-s injection of a mixture containing 200 ppm of 9] 3. Quirino, S. Terabe, Science 282 (1998) 465.

each protein with that of a 60-s injection of a 10-fold diluted [10] J.P. Quirino, S. Terabe, Anal. Chem. 71 (1999) 1638.

mixture under dynamic pH junction conditions. In prelim- [11] J.P. Quirino, S. Terabe, Anal. Chem. 72 (2000) 1023.

inary experiments, despite the strong acidity of the sample [12] J.-B. Kim, J.P. Quirino, K. Otsuka, S. Terabe, J. Chromatogr. A 916

. . . . (2000) 123.
matrix, myoqIObm’ (peak 1) did not focus at all. Variants B [13] H. Harino, S. Tsunoi, T. Sato, M. Tanaka, Fresenius J. Anal. Chem.

(peak 2) and A (peak 3) gB-lactoglobulin focused to an 369 (2001) 546.

extent of 67- and 43-fold, respectively. The peak shape of [14] C.E. Lin, Y.C. Liu, T.Y. Yang, T.Z. Wang, C.C. Yang, J. Chromatogr.
bovine serum albumin (peak 4) was rather poor making mea- A 916 (2001) 239.

surements difficult. Further studies on how proteins focus 151 M-R-N. Monton, J.P. Quirino, K. Otsuka, S. Terabe, J. Chromatogr.

nder similar conditions ar rrently underw A 939 (2001) 99.
under similar conaitions are currently underway. [16] M.R.N. Monton, K. Otsuka, S. Terabe, J. Chromatogr. A 985 (2003)

435.
[17] K. Isoo, S. Terabe, Anal. Chem. 75 (2003) 6789.
4. Conclusion [18] Z.K. Shihabi, J. Chromatogr. A 744 (1996) 231.
[19] Y. Xiong, S. Park, H. Swerdlow, Anal. Chem. 70 (1998) 3605.

We have shown a facile wav of improvina concentration [20] J. Palmer, N.J. Munro, J.P. Landers, Anal. Chem. 71 (1999) 1679.
y p g [21] C. Schwer, F. Lottspeich, J. Chromatogr. 623 (1992) 345.

sensitivity in CE for zwitterionic compounds by utilizingapH  [22] M.E. Hadwiger, S.R. Torchia, S. Park, M.E. Biggin, C.E. Lunte, J.
junction. The method can tolerate the use of relatively high- Chromatogr. B 681 (1996) 241.

conductivity matrices, which underscores its potential for the [23] S. Park, C.E. Lunte, J. Microcol. Sep. 10 (1998) 511.
analyses of real samples. Knowledge of how the ionization [24] Y- Zhao, C.E. Lunte, Anal. Chem. 71 (1999) 3985.

. L . . . [25] R. Aebersold, H.D. Marrison, J. Chromatogr. 516 (1990) 79.
changes with pH should aid in the rational design of experi- [26] S.J. Wang, W.L. Tseng, Y.W. Lin, H.T. Chang, J. Chromatogr. A

mental conditions, such as pH, composition and strength of =~ 979 (2002) 261.

sample matrices and BGSs, for efficient, selective focusing [27] P. Britz-McKibbin, D.D.Y. Chen, Anal. Chem. 72 (2000) 1242.

of some analytes. [28] P. Britz-McKibbin, G.M. Bebault, D.D.Y. Chen, Anal. Chem. 72
(2000) 1729.

[29] P. Britz-McKibbin, K. Otsuka, S. Terabe, Anal. Chem. 74 (2002)

3736.
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