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Abstract

The complexes formed between a protein (bovine serum albumin, BSA) and a surfactant (sodium dodecyl sulfate, SDS)
were studied as separation carriers in electrokinetic chromatography. Selectivities different from those with either SDS or
BSA alone in the background electrolyte (BGE) were obtained. Separation performances were demonstrated to be closely
related to the type of complex formed, as predicted by the isotherm curve of SDS on BSA. For each composition of
background electrolyte, capacity factors and resolutions were calculated. We compared the results with these complexes to
electropherograms using BGE containing either BSA or SDS alone. The separation of a mixture of phenols indicate that
some compositions of the BSA–SDS complexes are efficient selectors.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction To change the type of interaction leading to the
separation of neutral solutes, new types of pseudo-

The separation of neutral solutes, in electrokinetic stationary phase with different affinities for the
chromatography (EKC), is achieved by interactions solutes can be used [11–29]; the technique is then
between each of the solutes and a charged pseudo- called affinity electrokinetic chromatography
stationary phase in the running buffer. Thus the most (AEKC). Among them, proteins [23–29], because of
widely used pseudo-stationary phases are ionic mi- their natural binding properties, are perhaps the most
celles, as originally described by Terabe et al. [1], widely used. These properties have been frequently
alternative separation buffer carriers have been and successfully employed in HPLC with protein-
studied [2–10], but do not affect selectivity. immobilized stationary phases [30–34]. However,

unlike many other selectors, proteins have relatively
strong binding interactions with analytes. As it is*Corresponding author. Fax: 133-144-273-035.
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factor (k9) to obtain optimum resolution, apart from surfactant to the BGE which contains BSA, to form a
changing the selector concentration, the best way to protein–surfactant complex, make it possible to
tune k9 is to weaken the strength of the binding change the mobility of the protein if strong surfac-
interaction. A common way to achieve this is to add tant–protein interactions occur, or the overall charge
an organic modifier, generally an alcohol [35], or if an ionic surfactant is used. This should lead either
acetonitrile [36], to reduce the binding interaction. to a modulation of both the resolution and the

Bovine serum albumin (BSA) is a protein which retention window. Moreover, the linkage of surfac-
can be considered as a molecular sponge, binding tant monomers to the protein involves a change in
and transporting a huge variety of ligands, with low the partitioning coefficients of all the solutes tested.
to moderate affinity. This protein is currently suc- The hydrophobicity of the selector is changed and a
cessfully used as a chiral selector [26–28,37–45], modulation of affinity can be reached by this way.
because of small differences in affinity between Such an approach was already used indirectly
structurally related ligands such as stereo isomers. when Wu et al. [47] added sodium dodecyl sulfate
The effect of BSA concentration on the separation (SDS) to an electrolytic buffer containing BSA, to
has been shown [45], and this study suggests that minimize the protein–capillary wall interactions. It
concentration must be adjusted to achieve a com- has been demonstrated [48,49] that SDS micellar
promise between detection sensitivity and efficiency solution facilitates proteins separation in capillary
or resolution. zone electrophoresis (CZE). In the same study [47],

The width of the retention window, another key SDS was also compared with bile salt, a biological
parameter in AEKC, is directly correlated with the surfactant. The addition of BSA with either SDS or
mobility of the selector, and can be changed in bile salt to the running buffer resulted in successful
several ways. It is possible to slow down the protein separation and even isomers were resolved efficiently
by adding replaceable polymer networks to the and with short analysis times. So, the feasibility of
background electrolyte (BGE). In this case, addition using SDS (or bile salt) surfactant in conjunction
of dextran [27], for example, has made possible the with BSA as a novel modifier in capillary electro-
resolution of chiral compounds, which was not phoresis has been demonstrated at physiological pH
successful by plain EKC with albumin. The use of using untreated fused-silica capillary. A running
such viscosifier probably not only modifies the buffer with BSA alone did not separate the six
viscosity of the running buffer [29], with all that solutes tested in this study. This was due not only to
entails, but also modifies the binding properties of lower levels of protein adsorption to the capillary
the protein. wall but also to a change in selectivity.

It is also possible to modify the protein mobility For electropherograms, Wu et al. [47] used buffer
by altering the pH to make use of the protein’s concentrations of 50 mM SDS and 0.015 mM BSA.
overall charge. It should also be possible to modulate Therefore, the SDS was in micelle form, because this
the charge of the protein by adding a charged concentration is much higher than the critical micel-
complexing agent. Such an approach has been al- lar concentration (CMC). However, BSA, even in
ready used with micelles of adjustable surface charge micellar solutions of SDS, affects selectivity, be-
density [46], the overall charge of octylglucoside cause the resulting electropherogram is better re-
(OG) micelles being tailored by complex formation solved than with SDS alone.
with borate ion. This last study showed that the However, the determinant role of BSA–SDS
retention window is easily manipulated, with this complexes in the separation (selectivity and res-
type of micelles, through t (migration time of the olution) was not demonstrated. As in other studiesmc

selector) without major changes t (migration time of [50,51], SDS was used simply to prevent adsorption0

the electrophoretic flow marker). It would be inter- of the solute to the capillary wall, because SDS binds
esting to know whether it is possible with other types to any electrostatic or hydrophobic site. Thus, it is
of selector. unclear whether various compositions of buffered

Our method of investigation is a compromise electrolyte solution with different SDS and BSA
between these two approaches. The addition of concentrations were tested. The authors suggested
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that BSA–SDS complexes may be very useful, based detected with accuracy. All these test analytes were
on their separation of six porphyrins, but they did not purchased from Aldrich. Sudan III and acetone pro
investigate further. analysis grade, used as markers, were obtained from

Our aim was to show that the behavior of BSA– Aldrich and Merck, respectively. The protein marker
SDS complexes as selectors differ, depending on the Coomassie Brilliant blue G was from Aldrich.
region of the isotherm in which the BGE com- Sodium dodecyl sulfate was purchased from
position is located. In the whole tested BGE with Fluka. The buffer solutions were prepared with Tris
BSA, the concentration of SDS was always under the [tris(hydroxymethyl)aminomethane] and hydrochlo-
CMC in order to ensure that separation was due only ric acid (pH5pK 58.2) to give a Tris buffer con-a

21to the complex BSA–SDS and not to micelles of centration of 5 mmol l in nanopure water. All
SDS. BSA–SDS interactions are well known [52– buffered electrolyte solutions were filtered through
66]. Detailed studies of the isotherm curve [58–66] membrane filters with 0.45-mm pores (Millipore,
generally defined two types of complex, depending St-Quentin, France) before use. Sample solutions
on BSA concentration and on free SDS surfactant were made up in running buffer, with solute con-

24 21concentration. We found that the use of such com- centrations at or below 10 mol l .
plexes in BGE may lead to tremendous changes in BSA used in this work was a single lot purchased
the efficiency of the selector (or selectors, because from Sigma (ref A-7030; M 69 000) and stored atr

the changes in composition give rise to a variety of 277 K. Effects of alkaline conditions on BSA are
species). We compared the results with these com- generally considered as minor until pH 9. Thus a
plexes to electropherograms using BGE containing conformational change intervenes between pH 8 and
either BSA or SDS above or below the critical 9, generally called ‘neutral transition’, it is one
micellar concentration, to demonstrate the particular interesting advantage in our case since it enlarged the

2˚behaviour of these complexes. exposed surface area, from 39 000 A for N (normal)
2˚form to 47 000 A for B (basic) form [67]. Ex-

perimentally, no changes in the behavior of the BSA
2. Experimental solutions were observed. All the results given here

were reproducible overnight, for 1 day and more,
A Europhore Prime Vision I capillary electro- with reproducibility in good agreement with that

phoresis system (ATI Unicam, Cambridge, UK) was usually accorded to this experimental method.
used. Detection was performed by on-column mea- The capillary was activated by rinsing with 1 mol

21surements of UV absorption at fixed wavelength: 280 l potassium hydroxide for 15 min followed by
21 21nm for acetone, 354 nm for Sudan III, 310 nm for rinses of 0.1 mol l KOH, 0.1 mol l HCl and

Coomassie blue dye and 280 nm for the other Nanopure water. A much longer rinse was finally
analytes. The total length of the fused-silica capillary performed with the appropriate background elec-
tube was 50 cm, with 36 cm between injection and trolyte before the capillary was used. This process
detection. The inner diameter was 75 mm. All was also performed before each change of buffered
injections were hydrostatic and lasted 1 s. The electrolyte solution. Purges with the running buffer
voltage applied was 15 kV unless otherwise were also carried out for 3 min after each run.
specified. The electropherograms were recorded on a
PC486 computer using Boreal software (Flotec, La
Queue, France). All experiments were carried out at

3. Results and discussionconstant temperature (300 K).
24The test solution consisted of an equimolar (10

21mol l ) mixture of five different phenols: phenol 3.1. Characterization of BSA–SDS complexes
(P1), 2-chlorophenol (P2), 2,6-dichlorophenol (P3),
4-chloro-2,6-dinitrophenol (P4), 2-chloro-4-nitro- The binding of surfactants to proteins has been
phenol (P5). These phenols are often found back studied extensively over many years. BSA–SDS
during the synthesis of hair dyes and must be interactions have been particularly well studied [52–
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66], and the binding isotherm is well established rise of the binding curve [region (3)] was displaced
[58–66], with a variety of techniques (dialysis, to higher free SDS concentrations when pH in-
dodecyl sulfate ion selective electrode, NMR and creased. Compared to the curve at pH 7.5, data
spectroscopic probe techniques). This isotherm curve obtained at pH 8.3 are still further to the right. But

] ][moles of detergent bound per mole of protein (n) the plateau (n comprised between 8 and 10) is a
plotted as a function of free surfactant concentration common part of all the curves for the different pH
(C )] typically exhibit four regions (Fig. 1). In the values.free

first region (1), at the lowest concentrations of SDS, For ionic strength, a similar modification of the
the surfactant binds to some specific sites of high curve has been demonstrated [65]. The isotherm
energy on the protein. Then the curve reached a curves obtained by Sen et al. [58], showing the effect
plateau or a region in which it increases slowly (2). of ionic strength, pH value, or temperature, are more
Each molecule of BSA has about eight specific sites difficult to compare. However, it can be also deduced
that interact with SDS molecules. The third region that the plateau is not dramatically affected, neither

]corresponds to the denaturation of the protein, illus- for the value of n nor for its concentration zone.
trating the well-known denaturing characteristics of It would have been interesting to establish the
SDS [68]. There is a massive increase in binding at binding isotherm of SDS to BSA in our specific
this point due to cooperative interactions, caused by experimental conditions, by any methods. But it is
the unfolding of the protein. This leads to saturation possible to assume that this isotherm curve would be
of all sites of the molecules of BSA. Beyond the similar to those previously described with buffers of
saturation point, the binding isotherm shows a composition close to ours. Therefore, by comparison
plateau (4), suggesting that there is no further with binding curves at temperature, pH value and
binding of the surfactant to the protein and that ionic strength close to ours, we assumed that the
normal micelle formation occurs if excess surfactant number of moles of surfactant per mole of protein is

]is added. n 58, and a free SDS concentration slightly above
24 21However, the key finding of all these studies is C510 mol l corresponds to a composition

that the interactions between BSA and SDS, and located on the plateau. So that the composition of a
consequently binding isotherms, are highly depen- solution at a peculiar point of the binding isotherm
dent on pH, ionic strength, temperature, and addition can be easily deduced.
of neutral inorganic salts [58].

Concerning pH dependency, it has been shown 3.2. Performance as pseudo-stationary phase in
that, for a given ionic strength and a fixed tempera- EKC
ture, all the curves have the same shape [64]. Sharp

We varied the composition of the BGE in BSA
and SDS, and tested the effect of such running buffer
additives on the efficiency of separation by EKC of
five phenols which composed the mixture we have to
analyze. Taking into account the constant value of
the pH (pH5pK 58.20), one was neutral (phenolTris

(P1), pK 59.97), another was partially ionized (2-a

chlorophenol (P2), pK 58.49) and the others werea

anionic (2,6-dichlorophenol (P3), pK 56.79; 4-chlo-a

ro 2,6-dinitrophenol (P4) pK 53.00; 2-chloro 4-a

nitrophenol (P5) pK 55.40). Therefore, they havea

electrophoretic mobility (m ) towards the anode inep

the presence of an electric field (E). At a pH value of
8.2, BSA (isoelectric point 4.7 [69]), SDS, SDSFig. 1. Schematic plot of the number of bound SDS surfactant
micelles and their complexes are also anionic and¯monomers per protein molecule (n ) versus log free SDS con-

centration (C ). have a m towards the anode. In all cases, thefree ep
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electrophoretic mobility of the selector or the pseu- solution at pH 8.2. As this concentration is below the
do-stationary phase is higher than that of the ionic CMC, the separation observed with three peaks for
solute. Therefore, injection was performed at the the five products injected, is due to the charge of the
anode. However, a solute, even totally ionic, will substituted phenols (Fig. 2). Taking pH value into
have at most the net velocity of the ionic selector or account, the only neutral solute was phenol and its
a solute totally retained by it, because, as it is always migration time was the same as that of the electro-
stated in such a case, the charge of the solute does osmotic flow marker (acetone). Increases in SDS
not affect the mobility of the separation carrier. This concentration, up to the CMC, did not significantly
was always true in our experiments, because no improve separation.
solute had a longer migration time than the selector. We tested micellar SDS solutions with concen-

23 21Furthermore, Tris buffer was probably not extracted trations above the CMC (8310 mol l ) varying
22 21by any of the selectors studied, as assessed by up to 6310 mol l (Fig. 2). The retention time of

measuring pH. each solute was longer than at concentrations of SDS
It is often said to be preferable that the analytes below the CMC, and even phenol (P1) had a

and protein move in opposite directions, but we migration time different from that of acetone (Table
found that this was not absolutely necessary. Analyte 1). So that phenol, thus highly soluble in water, had
and protein may move in the same direction provided a certain affinity for SDS micelles, as all other
they have significantly different mobilities, but this substituted phenols. However, the presence of mi-
results in long analysis times. celles was not conducive to the separation of all

solutes, despite the mechanism of separation based
3.2.1. SDS alone on micelle affinity and the difference in electro-

24 21The first BGE tested was a 10 mol l SDS phoretic velocity of each charged solute. Four peaks

24 21 22 21Fig. 2. Electropherograms with buffered SDS solution at (a) C 510 mol l submicellar or (b) C 56310 mol l super-micellarSDS SDS

concentration. Migration time window, 5.75–25.65 min. Solutes P1–P5, see text.
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Table 1
Net velocity (v ) and capacity factor (k9) for substituted phenols with SDS concentrations above and below the CMC in Tris-bufferednet

electrolyte solution (pH 8.2)
21Solute v (cm s ) k9net

24 22[SDS]510 [SDS]56310
21 21mol l mol l

v (acetone) 0.132 0.1010

v (Coomassie blue dye) – 0.022mic

(P1) Phenol 0.132 0.071 0.63
(P2) 2-Chlorophenol 0.112 0.052 1.4
(P3) 2,6-Dichlorophenol 0.075 0.051 0.83
(P4) 4-Chloro-2,6-dinitrophenol 0.075 0.049 0.98
(P5) 2-Chloro-4-nitrophenol 0.076 0.047 1.1

were still observed for five solutes injected. The with no better resolution, but with a considerable
migration time of micelles has been determined for lengthening of migration times.
the highest SDS concentration tested, using red
Sudan III as a marker, to enable us to calculate the 3.2.2. BSA alone
capacity factor k9 (Table 1). For these calculations We also tested running buffer consisting of an
and followings, the electrophoretic mobility of the aqueous solution of Tris at pH 8.2 containing the
ionic solutes and the partial ionization of 2-chloro- protein BSA alone. We used a protein concentration

26 21phenol (P2) at the working pH were taken into of 3310 mol l . Protein selectors in solution
account in classical equations [11,26]. Although not have been demonstrated to give separation efficien-
high, the k9 values were different enough between cies of up to 200 000 plates [26,27] and it is the best
solutes for the separation of four of the five solutes. figure.
The order of increasing k9 was not the same as that We observed four peaks for five solutes on
of migration times, further demonstrating that mi- electropherograms (Fig. 3), as before. But in these
celle affinity was not the only separation phenom- conditions of buffered electrolyte solution, 2,6-dich-
enon involved. loro- and 4-chloro-2,6-dinitrophenol (P3 and P4) had

Moreover, what can be underlined here is that, in the same migration time. It was possible to de-
the absence of micelles, both 4-chloro-2,6-dinitro- termine the electroosmotic velocity from acetone and
phenol (P4) and 2-chloro-4-nitrophenol (P5) had the the net protein velocity from the migration time of
same migration time, and therefore the same electro- Coomassie blue dye. We also took into account that
phoretic mobility. However, with micelles in the some of the solutes were ionic, and calculated the
BGE, as their capacity factors were slightly different, capacity factor k9 for each solute (Table 2). It is
separation was achieved. In contrast, 2-chlorophenol useful to know the net velocity of the charged
(P2) which was well separated from the peak of phenols, and therefore we produced the elec-
2,6-dichlorophenol (P3) in the absence of micelles, tropherograms for the mixture of those solutes in the
formed a single peak with P3 in the presence of same conditions except that the BGE did not contain
micelles, because the difference in capacity factor BSA. In this case, the electroosmotic flow was
(1.44 and 0.83) of the two molecules was counter weaker, leading to slightly longer migration times
balanced by the difference in their electrophoretic (Table 2). This is probably due to BSA adsorption
mobilities. In terms of capacity factors (Table 1), the on the capillary wall rather than increase in ionic
anionic solutes were more distributed to the micelles strength, because such an increase would compress
than neutral solutes. the diffused double layer, and tend to suppress the

Decreasing the voltage applied from 15 to 5 kV electroosmotic flow; but the presence of BSA does
had little effect on the electropherograms except that not contribute so much to the ionic strength.
shoulder for the 2-chlorophenol (P2) peak was larger The electrophoretic mobility of BSA was 2.673
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26 21Fig. 3. Electropherogram with buffered BSA solution, C 52310 mol l . Migration time window, 5.6–12.45 min. Solutes P1–P5, seeBSA

text.

24 2 21 2110 cm V s . The global charge of the protein siderably because BSA is larger. Thus, in AEKC
is known to be about 25 when pH is close to 8, and with BSA, in these experimental conditions, to a
the electrophoretic mobility of BSA has been found much narrower window (5.6–12.45 min) than micel-

24 2 21 21equal to 2.5310 cm V s [70] in experimen- lar SDS buffer (5.75–25.7 min). The difference in
tal conditions similar to ours. capacity factors reported in Table 2 shows that the

As a matter of comparison, SDS micelles are said phenols could be separated if BSA was added to the
to be associations of around 50 monomers and their Tris-buffered solution (all other conditions being
counterion dissociation rate is close to 0.7. There- identical), but 2,6-dichloro- (P3) and 4-chloro-2,6-
fore, they carry a lower ionic charge than BSA dinitrophenol (P4) had the same net velocity, due to
which has a charge close to (225). However, the compensation between the affinity for BSA and
mobility of SDS micelles and BSA differs con- electrophoretic velocity. It is not surprising that these

Table 2
Net velocity (v ) and capacity factor (k9) for substituted phenols with BSA electrolyte solution buffered with Tris, pH 8.2net

21Solute v (cm s ) k9net

26Tris alone [BSA]53310
21mol l in Tris

v (acetone) 0.136 0.1040

v (Coomassie blue dye) – 0.047mic

(P1) Phenol 0.136 0.102 0.03
(P2) 2-Chlorophenol 0.111 0.090 0.14
(P3) 2,6-Dichlorophenol 0.081 0.047 13
(P4) 4-Chloro-2,6 dinitrophenol 0.080 0.047 6.1
(P5) 2-Chloro-4-nitrophenol 0.085 0.049 1.7
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three ionic solutes have large capacity factors, be- Each BGE selected had a known composition, in
regard to the isotherm curve (Fig. 1). Each iscause it is known that this type of protein (albumins)
characterized by its SDS concentration, protein con-preferentially retains solutes with negatively charged
centration and amount of SDS bound. Correspondinggroups [71]. BSA has a low affinity for phenol (P1)
to region (2) of the curve, we tested a buffer (BGE )and 2-chlorophenol (P2). 1

26 21with C 52310 mol l and C 58.43It was striking to observe that the addition of BSA BSA SDS free
25 21 24 21]10 mol l , n 58 (C 51310 mol l )to the BGE led to the well-resolved separation of SDS Total

26and a second buffer (BGE ) with C 533102-chloro- (P2) and 2,6-dichlorophenol (P3), solutes 2 BSA
21 25 21 ]mol l and C 57.6310 mol l , n 58that were not separated in the presence of micellar SDS free

24 21(C 51310 mol l ). This second bufferSDS. But it also showed that it was impossible to SDS Total

had a higher BSA concentration and a weaker freeseparate 2,6-dichlorophenol (P3) from 4-chloro-2,6-
SDS concentration since they have the same totaldinitrophenol (P4), when using BSA as well as SDS
SDS concentration and contained the same type ofmicellar buffer.

]complex (n 58). For BGE , we reduced the totalWe did not try to increase albumin concentration, 3

SDS concentration, keeping the same concentrationalthough this has been shown to improve peak shape
26 21of complex (C 52310 mol l ) in the bufferand resolution [24], because it also decreases selec- BSA

and the same number of moles of detergent boundtivity. Moreover, increasing albumin concentration
]per mole of protein (n 58), in order to have the sameleads to a strong decrease in electroosmosis, due to

free SDS concentration than in BGE . We also testedalbumin adsorption onto the wall of the non-coated 2
26 21a buffer BGE with C 53310 mol l andcapillary. It also causes some undesirable peak 4 BSA

27 21broadening. C 56310 mol l , corresponding to theSDS total

None of these various buffered electrolyte solu- region of the isotherm curve where the binding is
tions gave a well-resolved separation, so we tested negligible. All these BGE compositions are collected
the separation of these solutes with BSA–SDS in Table 3.
complex as a selector. All experimental conditions were kept constant

(DV515 kV, T5300 K, pH 8.2), such that any effect
3.2.3. BSA–SDS complex was due only to a change in the buffer composition.

The nature of the complex resulting from the The solutes tested were injected separately and then
association of the protein (BSA) and the surfactant as a mixture. The electroosmotic velocity was de-
(SDS) depends on the region of the isotherm corre- termined from the migration time of acetone and the
sponding to BGE composition. Thus, we varied the migration time of the selector was determined from
composition of the buffer in BSA and SDS, and its high affinity for Coomassie blue dye.
tested the effect of such buffer additives on the In such experiments, it is important to show that
efficiency of separation of the same five substituted changes in separation are due to changes in the
phenols as above. capacity factor k9, because this parameter is linked to

Table 3
Composition of the background electrolytes (BGE) which contained BSA–SDS complex

21Solute v (cm s ) k9net

24[SDS]51310 BGE1
21mol l

v (acetone) 0.132 0.1270

v (Coomassie blue dye) – 0.067mic

(P1) Phenol 0.132 0.124 0.05
(P2) 2-Chlorophenol 0.112 0.108 0.25
(P3) 2,6-Dichlorophenol 0.075 0.071 0.28
(P4) 4-Chloro-2,6 dinitrophenol 0.075 0.069 0.69
(P5) 2-Chloro-4-nitrophenol 0.076 0.068 22



L. Gaillon et al. / J. Chromatogr. A 876 (2000) 169 –182 177

Table 4
Net velocity (v ) and capacity factor (k9) for substituted phenols in BGE containing BSA–SDS complex (BGE ), or SDS alone at the samenet 1

24 21concentration C 51310 mol l buffered with Tris, pH 8.2SDS

21Solute v (cm s ) k9net

24[SDS]51310 BGE2
21mol l

v (acetone) 0.132 0.1020

v (Coomassie blue dye) – 0.042mic

(P1) Phenol 0.132 0.098 0.07
(P2) 2-Chlorophenol 0.112 0.088 0.12
(P3) 2,6-Dichlorophenol 0.075 0.047 25
(P4) 4-Chloro-2,6 dinitrophenol 0.075 0.044 1.2
(P5) 2-Chloro-4-nitrophenol 0.076 0.042 67

a specific separation carrier, for a given solute. We have low values. This also suggests that the sepa-
determined values of k9 with these buffered solutions ration of the other phenols with similar k9 was driven
containing the BSA–SDS complex, by producing mainly by the difference in the electrophoretic
electropherograms without BSA. The net velocities velocities of these solutes.
and resulting capacity factors are given in Tables 4 As shown in Fig. 4, the total analysis time was
and 5. still reasonably short and the separation of the five

The first BGE tested (BGE ) consisted of a Tris solutes was good, the worst resolution being that of1
26 21buffer containing protein (C 52310 mol l ) P3 and P4 (R51.14).BSA

24 21and surfactant (C 51310 mol l ), with With this specific BGE composition, the electro-SDS 1
25 21 ]C 58.4310 mol l and n 58. The pres- phoretic mobility of the BSA–SDS complex wasSDS free

24 2 21 21ence of BSA in the buffer made several differences m 52.77310 cm V s . The electro-BSA–SDS

(Fig. 4a). P3 and P4, which were not separated if the phoretic mobility of this complex is higher than the
buffer did not contain BSA were separated with a mobility of the protein alone in a buffer of the same
low resolution. However, calculation of these res- pH. The surfactant molecules are fixed onto the
olution values should be avoided because of difficul- protein by their hydrocarbon chain, interacting with
ties to estimate the width of the peaks with such a specific high energy sites, hydrophobic patches [68].
peak shape. The isotherm curve indicates that eight SDS mono-

BSA and SDS together created a new selectivity: mers are attached to each protein in the first plateau
P5 which was not well separated from P4, now had a of the isotherm curve, and many more are attached
separate peak, and the selectivity is greatly modified when the protein is denatured. As the protein bears a
for this solute. It was the third solute, and the last negative overall charge at this pH, the negative
one when the selector was BSA–SDS. This was also charges of the associated SDS monomers must be
illustrated by the change in k9 value. It is striking to added. So that the complex produced by interaction
observe that this solute had a high capacity factor between BSA and SDS, over the entire isotherm,
with the BSA–SDS complex, whereas all the others bears a more negative charge than BSA alone. This

Table 5
Net velocity (v ) and capacity factor (k9) for substituted phenols in BGE containing BSA–SDS complex (BGE ), or SDS alone at the samenet 2

24 21concentration C 51310 mol l buffered with Tris, pH 8.2SDS

21 21 21 ]C (mol l ) C (mol l ) C (mol l ) n (mol SDS/mol BSA)BSA SDS SDS free

26 24 25BGE 2310 1310 8.4310 81
26 24 25BGE 3310 1310 7.6310 82
26 25 25BGE 2310 9.2310 7.6310 83
26 27 27BGE 3310 6310 6310 ´4
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Fig. 4. Electropherograms with buffered BSA–SDS electrolyte solutions: (a) BGE ; (b) BGE ; (c) BGE , for solutes P1–P5, as defined in1 2 3

the text.

is consistent with the observed increase in electro- the SDS complex calculated in BGE was2
24 2 21 21

m 52.83310 cm V s . This value ofphoretic velocity, considering that the increase in BSA–SDS

the mobility is similar to the value previouslysize of the BSA due to the bound SDS monomer is
24 2 21 21calculated (m 52.77310 cm V s ).negligible. BSA–SDS

This is consistent with the isotherm curve. The slightThen we tried to improve the resolution. When the
BSA difference cannot be due to an increase in charge,protein concentration was increased to C 533

26 21 because all sites were saturated, but is rather con-10 mol l , keeping the total SDS concentration
24 21 sistent with experimental uncertainty.constant (C 51310 mol l ), the complexSDS

When the concentration of the complex in theformed was the same as for BGE , as indicated on1

buffer was increased, keeping the same concentrationthe isotherm (Fig. 1). With such a BGE, the sepa-
of free SDS, as is the case for BGE and BGEration was good (Table 5), because all the peaks 3 2

26 21 26(C 52310 mol l or C 53310 molwere well resolved (Fig. 4b). Electroosmotic velocity BSA BSA
21 25 21was lowest in this case, and since the higher con- l , with C 57.6310 mol l as a con-SDS free

centration of selector retaining the solutes brings also stant) the analysis was improved. These two buffered
longer analysis time, the overall analysis time was electrolyte solutions correspond to the same position
longer. However the total time was still reasonable on the isotherm curve. Comparison of the elec-
(14 min), and can be shortened by altering the tropherograms with BGE and BG (Fig. 4b,c)2 3

voltage applied. showed that the time required for total analysis was
The k9 values were different in this BGE , giving increased from 9 min for the lower concentration to2

well separated peaks. The main difference with this 14 min for the higher concentration. This was
complex was that there was high affinity for 2,6- partially due to the decrease in the velocity of the
dichlorophenol (P3). The electrophoretic mobility of electroosmotic flow. The resolution for the first two
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peaks was the same in both cases. However, the SDS concentration can be modified by any added
adsorption phenomena.resolution of the last three peaks was much better.

For higher free SDS concentrations, protein isWith the lowest concentration, these peaks were not
supposed to be denatured. In this case, the proteineven baseline separated. With the second buffer, as
loses its globular shape, and this complex hasthe concentration of the separator increased, sepa-
already been studied as selector.rations were achieved and resolutions were good.

The capacity factor differed greatly between someIncreasing the concentration of the BSA–SDS
of the solutes tested and some compositions of thecomplex (all other conditions being identical) in-
BGE. Fig. 5 illustrates more clearly the largecreased separation efficiency, indicating that it was
changes in selectivity shown by the calculated valueseffective. All the solutes interacted with this complex
of k9 reported in Tables 1–4. It is clear that the k9to some extent and the separation was based on
values for P1 and P2 are not affected by thedifferential interactions.
composition of the buffer. Moreover, even with BSAOn the contrary, when the concentration of protein

26 21 or SDS alone, the k9 values for these solutes are verywas fixed at C 52310 mol l and the freeBSA
low. These two solutes have higher k9 values in SDSSDS concentration was increased (BGE and BGE ),1 3
buffers. We found back that P4, which has someseparation efficiency was not modified (Fig. 4a,c).
affinity for BSA alone, gave, in BSA in the presenceHowever, it was not surprising since these com-
of SDS, a k9 value slightly different from those of P1positions are not close to threshold concentrations at
and P2. P5 had rather high k9 values in BGE withwhich large changes might occur, and surfactant
BSA–SDS complex but low k9 values with BSA orconcentrations were well maintained. It has been
SDS alone. P3, as P4, had k9 values higher in BGEshown previously that increase in the surfactant
with BSA–SDS complex than with BSA alone.concentration below the CMC bring few modifica-
These experimental values, however, were highlytions.
sensitive to the precision of time measurements, so

When the concentrations were fixed at C 533BSA we have commented on relative results rather than on26 21 2710 mol l for protein, and at C 56310 molSDS intrinsic values of k9. This suggests that the solutes21l for total surfactant concentration, the proteins do that have some affinity for BSA alone also have an
not fix any surfactant monomer, relative to the affinity for BSA in BSA–SDS complexes, although
isotherm curve (Fig. 1). We observed that the it may be weaker or stronger. These values of k9 also
separation efficiency was similar to that of the show that P1 and P2 behave similarly, probably
protein alone. In both cases, total separation of the because they are non-ionic or partially ionized, and
solutes was not achieved, and only four peaks were that the other three solutes, which are ionic at this
observed for five solutes injected. The only differ- pH may have strong affinity for anionic selectors.
ence between these two electropherograms was due Thus, this technique gives good separation, al-
to the faster electroosmotic flow velocity for the though the use of proteins in the BGE may have
buffer with surfactant. In fact, such a small SDS some disadvantages.
concentration in regard to the BSA concentration had The major disadvantage when filling the buffer
little effect. reservoirs and the whole capillary with the protein is

One can think that other buffer compositions that it is always present in the detection region. The
would have been interesting to study. For example, analyte is thus always detected in the presence of a
one can expect that composition in region (3) of the large background signal from the protein, leading to
isotherm, where the charge of the complex could be high limits of sensibility, even if the protein is used
greatly modified with little modification of the free at low concentration. Wavelengths can be adjusted to
SDS concentration, could lead to a better resolved achieve the best compromise in signal-to-noise ratio
separation. But, in practice, it is rather difficult to (250 nm is best). One possible interesting way to
obtain such a BGE composition in the capillary with solve this problem is the partial-filling technique
certainty since the slope of the isotherm, in this [25,42].
region of the curve, is rather straight. Moreover, free Many protein molecules do stick to the surface.
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22 21Fig. 5. Changes in k9 values for solutes P1–P5 (see text) in various BGE compositions. (a) SDS alone (C 56310 mol l ); (b)SDS
26 21 26 21 26 21BSA–SDS complex (C 52310 mol l ); (c) BSA–SDS complex (C 53310 mol l ); (d) BSA alone (C 53310 mol l ).BSA BSA BSA

The capillary quickly becomes coated with a mono- prevented by adding propanol [25]. It has been
layer of protein. This is of major importance when suggested that the extremely broad and asymmetrical
protein concentration is determined by EKC analysis. peak observed [25] is due to strong hydrophobic
This adsorption is generally prevented by the use of interaction with the non-polar patches on the surface
surfactant. Otherwise, this coating provides a reten- of the protein. Peak tailing is difficult to explain in
tive surface affecting resolution [72], but having a our case, because the use of surfactant prevented
relatively small effect. It may cause some changes in BSA adsorption and saturated the hydrophobic pat-
electroosmotic flow. It is important to know whether ches on the protein. There is probably a screening
this improves separation or not. If not, protein–wall effect due to the shape of the protein and the
interactions can be minimized using a poly- opposite directions of the flows.
(ethyleneglycol)-coated capillary [26], which im-
proves peak reproducibility and extends column
lifetime. 4. Conclusion

The addition of surfactant to the protein-contain-
ing buffer also leads to changes in current, electro- As shown in Fig. 4b, substituted phenols can be
osmotic flow mobility, viscosity and effective separated on a bare silica capillary, using a Tris-
mobility of the protein. This is why it is sometimes buffered electrolyte solution that containing BSA and
difficult to compare k9 values. SDS.

The peak tailing may be due to an interaction of Limitations of EKC, if protein is used, include the
the solute with adsorbed BSA. Usually, this tailing is need to minimize protein–wall adsorption. This was
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accomplished here by adding SDS surfactant, be- are required, another protein with a larger number of
cause the BSA–SDS complex bears a net negative binding sites before protein denaturation should be
charge, which considerably reduces its tendency to used. With BSA, we obtained a larger number of
adhere to the wall of the fused-silica capillary. This associated surfactant monomers only when the pro-
property has also been successfully used to clean the tein lost its sponge-like properties.
capillary between injections of biological fluids, by Potentially, any protein associated with any sur-
rinsing the capillary with a washing solution con- factant may be used as a selective pseudo-phase,
taining SDS [73]. It is therefore not necessary to coat making this technique very general.
the capillary wall with polymers. Nevertheless, this
should give more reproducible results, which are
required for thermodynamic studies of substrate
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