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bstract

The effect of a divalent cation (Mg2+) and 3 monovalent cations (Na+, Li+, and K+) as buffer additives on the electroosmotic flow (EOF) was
nvestigated in order to improve the separation performance of p-acetamidobenzenesulfonyl fluoride (PAABS-F) derivatives of 20 standard amino
cids by micellar electrokinetic chromatography (MEKC). The EOF can be decreased with increasing concentration of cations with the order of
ations as Mg2+ > K+ > Na+ > Li+. However, it was found that the resolution cannot be improved easily using a buffer cation which is more capable

f decreasing the EOF. Taking the migration time, resolution, and peak shape into account, Na+ is the best buffer additive, although the EOF
ecreased most using Mg2+. Using 20 mmol/L borate at pH 9.3 containing 140 mmol/L SDS and 20 mmol/L Na+ as electrolyte, 20 standard amino
cids were successfully separated within 14 min.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In the past, methods for the determination of amino acids
ere based mostly on chromatographic techniques, such
s gas chromatography (GC) [1,2] and high performance
iquid chromatography (HPLC) [3–5]. Recently, capillary
lectrophoresis (CE) has emerged as one of the most powerful

Abbreviations: CE, capillary electrophoresis; Dansyl-Cl, 1-dimethyl-
minonaphthalene-5-sulphonyl chloride; EOF, electroosmotic flow; FDNB, 1-
uoro-2; 4-dinitrobenzene; GC, gas chromatography; HPLC, high performance

iquid chromatography; MEKC, micellar electrokinetic chromatography; OPA,
-phthalaldehyde; PAABS-F, p-acetamidobenzenesulfonyl fluoride; PITC,
henylisothiocyanate
∗ Corresponding authors at: Jiangsu Key Laboratory of Environmental Mate-
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eparation techniques due to its fast analysis, small sample
onsumption, high separation efficiency and applicability to a
iversity of analytes [6–10]. However, most amino acids were
oorly detected using UV detection because most of them lack
f a strong chromophore. Therefore, their precolumn [10–12]
r postcolumn [13] chemical derivatization is a common
emedy. A lot of derivatization reagents [10,14–23] have
een developed to enable the derivatization of amino acids.
he most popular derivatization reagents nowadays include
-phthalaldehyde (OPA) [14], phenylisothiocyanate (PITC)
15,16], 1-dimethylaminonaphthalene-5-sulphonyl chloride
Dansyl-Cl) [17], 1-fluoro-2, 4-dinitrobenzene (FDNB) [18,19],
nd some others [10,20–23]. In this article, pre-column p-
cetamidobenzenesulfonyl fluoride (PAABS-F) labeling was

hosen for its benefit in reaction time, cost, and overall utility
10].

Electroosmotic flow (EOF) is a key factor for a success-
ul capillary electrophoresis separation, because it has a strong

mailto:quqishu@gmail.com
dx.doi.org/10.1016/j.jchromb.2007.02.061
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Fig. 1. Effect of monovalent and divalent cations buffer additives concentration
on the EOF. Experimental conditions: bare fused silica capillary 60 cm × 50 �m;
the effective length of the capillary is 50 cm; 20 mmol/L sodium borate at pH 9.3
containing 140 mmol/L SDS; injection for 5 s at 0.5 psi; running voltage 30 kV;
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AD detector at 214 nm. N, N-dimethylformamide was the EOF marker. Inset:
nlargement of effect of monovalent cations buffer additives concentration on

he EOF.

ffect on migration time, resolution and efficiency [24]. Some

ethods such as the addition of surfactants [25], organic mod-

fiers [26], changing buffer pH or concentration [27] and some
imes derivatizing the capillary wall can modify or even reverse
he EOF [28,29]. Some articles reported that a buffer cation and

d
o
T
t

ig. 2. Effect of monovalent and divalent cations concentration on the migration
oncentration is varied in 20 mmol/L borate at pH 9.3 containing 140 mmol/L SDS b
+ concentrations, respectively. All other conditions were the same as in Fig. 1.
. B 853 (2007) 31–37

ts concentration can affect the EOF [30–33] and consequently
mprove the resolution of free amino acids by means of CE [33].
ietrzyk et al. [33] have researched the effect of adding divalent
ations (Mg2+, Cd2+, and Zn2+) to the electrolyte on the CE sepa-
ation of amino acids, and they found that the best cation additive
as Mg2+. However, up till now no research work has been car-

ied out on the effect of monovalent cations on the separation
f amino acids by means of micellar electrokinetic chromatog-
aphy (MEKC). In this work, we compared one divalent cation
Mg2+) with three other monovalent cations (Na+, Li+, and K+)
o demonstrate which buffer cation is the best to improve the
erformance of the MEKC separation of 20 standard PAABS-F
abeled amino acids.

. Experimental

.1. Apparatus

A Beckman MDQ P/ACE system (Beckman Fullerton, CA,
SA) with an on-column DAD detector was used for all

xperiments. The Beckman 32 Karat software Version 4.01
1999–2000 Beckman-Coulter) allowed instrument control and

ata analysis. Bare fused silica capillaries (50 �m i.d., 365 �m
.d.) were obtained from Yongnian Optic Fiber (Hebei, China).
he total length of the capillary was 60 cm, with an effec-

ive length of 50 cm. The temperature of the capillary was

time for 5 PAABS- amino acid derivatives. Detection at 254 nm. (A) Mg2+

uffer; in (B), (C), and (D) the same buffer was used with varying Na+, Li+, and
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Fig. 3. Effect of Mg2+ on the resolution of a mixture of PAABS- amino acid and glycine derivatives. The electrolyte is 20 mmol/L borate at pH 9.3 containing
1 ) wit
I 5, Cy
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40 mmol/L SDS. (A) In the absence of Mg2+, (B) with 5 mmol/L Mg2+, and (C
le; 6, Leu; 7, Val; 8, Ser; 9, Met; 10, Pro; 11, Ala; 12, Gly; 13, Phe; 14, Trp; 1
onditions were the same as in Fig. 1.
ept constant at 25 ◦C. The capillaries were conditioned by
ashing consecutively with 0.1 mol/L NaOH (5 min, 20 psi),
oubly distilled water (2 min, 20 psi) and the separation buffer
2 min, 20 psi). Each separation was initiated with a rinse with a

0
b
2
s

ig. 4. Effect of Na+ concentration on the resolution of a mixture of PAABS-amino
DS buffer (A) with 10 mmol/L Na+ and (B) with 20 mmol/L Na+. All other conditio
h 10 mmol/L Mg2+. Analyte peak numbering: 1, Lys; 2, Gln; 3, Thr; 4, Asn; 5,
s; 16, PAABS-OH; 17, Asp; 18, Arg; 19, Glu; 20, His; and 21, Tyr. All other
.1 mol/L NaOH (3 min, 20 psi), followed by a rinse with dou-
ly distilled water (2 min, 20 psi) and separation buffer (2 min,
0 psi). N, N-dimethylformamide (detection at 214 nm) was cho-
en as the EOF marker.

acid derivatives. The buffer was 20 mmol/L borate at pH 9.3 with 140 mmol/L
ns were the same as in Fig. 1.
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ig. 5. Effect of K+ and Li+ on the resolution of a mixture of PAABS-amino a
onditions were the same as in Fig. 1.

.2. Reagents

PAABS-F was synthesized in our laboratory [10]. Sodium
odecyl sulfate (SDS, 99%) was purchased from Alfa Aesar (St.
ouis, MO, USA). Twenty biochemical grade amino acids (Lys,
ln, Thr, Asn, Ile, Leu, Val, Ser, Met, Pro, Ala, Phe, Trp, Cys,
sp, Arg, Glu, His, Tyr, and Gly), analytical grade hydrochloric

cid (HCl), sodium hydroxide (NaOH), sodium chloride (NaCl),
otassium chloride (KCl), lithium chloride (LiCl), magnesium
hloride (MgCl2), boric acid, N, N-dimethylformamide and
ethanol were purchased from Chemical Reagent Co. (Shang-

ai, China).
The amino acid standard stock solutions (10 mmol/L of each

omponent) were prepared by accurately weighing and were
issolved in sodium borate buffer (10 mmol/L, pH 9.3).
Sodium borate buffer was prepared by dissolving boric acid
n water and adjusting the pH value to 9.3 by NaOH (0.1 mol/L).
DS and salts were dissolved in the buffer solution to obtain a

ig. 6. Electropherogram obtained from a beer sample of Heineken. The buffer
as 20 mmol/L borate at pH 9.3 with 126 mmol/L SDS and 20 mmol/L Na+.
eak numbering: 1, Lys; 2, Thr; 3, Ile; 4, Leu; 5, Val; 6, Ser; 7, Met; 8, Pro;
, Ala; 10, Gly; 11, Phe; and 12, Trp. All other conditions were the same as in
ig. 1.
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erivatives. (A) With 10.0 mmol/L K+ and (B) with 20.0 mmol/L Li+. All other

nal electrolyte solution containing 140 mmol/L SDS and salts
arying between 2 and 20 mmol/L.

.3. Derivatization procedure

The derivatization procedure is performed according to our
revious work [10] and described as follows: solid PAABS-F
as dissolved in ethanol to prepare a 0.05 mol/L solution. Reac-

ions were performed in a 2 mL vial. To a vial containing the
ppropriate volume of amino acid standard solution, 240 �L of
.05 mol/L PAABS-F and 700 �L borate buffer (20 mmol/L, pH
.3) were added, followed by the addition of 1 �L methanol
o the solution. Derivatization was carried out at 35 ◦C dur-
ng 30 min. Before the mixture was injected into the analytical
ystem, it was filtered through a 0.22 �m membrane filter.

HeinekenTM beer was purchased from a food store. Before
nalysis, the beer was filtered through a 0.22 �m membrane filter
nd titrated to NaOH (0.1 mol/L) with pH 9.3. To a 2 mL vial
ontaining 800 �L sample and 200 �L of 0.05 moll/L PAABS-F,
�L methanol was added. The reaction was carried out at 35 ◦C
uring 30 min.

. Results and discussion

.1. MEKC conditions

Borate was chosen as the running buffer because it gives
reproducible EOF and provides high speed and good repro-

ucibility for the separation of amino acids [7]. SDS is an anionic
urfactant that has been widely used in MEKC for amino acid
nd peptide analysis [34]. A 20 mmol/L borate buffer at pH
.3 with 140 mmol/L SDS was proved to be the best condi-
ion because a relative small current was generated and high
eparation efficiency can be gained at this optimum condition.
In MEKC, the migration times are reduced with increasing
pplied voltage while current increases at the same time, both in
he absence and presence of cations in the buffer. The noise of the
aseline also increases with increasing concentration of cations.
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Table 1
Resolution (R) of PAABS-F labeled amino acids using optimal concentrations of various salts as buffer additive

Asn-Thr Val-Asn Ile-Val Met-Ile Ser-Met Leu-Ser Pro-Leu

20 mmol/L Na+ 0.80 1.2 1.9 1.6 6.8 1.0 2.2
1 +

2
5

T
t
a
s
c
i

3

g
i
a
w
K
s

2
f
W
r
g
c
e
I
c
t
c
m
t

h
L
m
i
i
t
a
a
o
s
i

3

c
P
s
w
c
N
e
m
f
a
o

T
Q

A

L
T
I
L
V
S
M
P
A
G
P
T

0 mmol/L K 0.98 0.91 1.0
0 mmol/L Li+ 0.63 1.2 0.64
mmol/L mg2+ 2.3 5.8 1.6

he currents produced at 30 kV were greater than 100 �A when
he salts solution (concentrations of more than 20 mmol/L) were
dded into the buffer. Heat generation at such high current is
ignificant and thus decreases the resolution. As a result, high
oncentration of cations cannot be used as buffer additive, even
f they are more capable to decrease the EOF.

.2. Effect of buffer cation

Pietrzyk et al. [33] reported that the addition of some inor-
anic divalent cations (Mg2+, Cd2+, and Zn2+) to the buffer could
mprove the resolution and peak shape in the separation of amino
cids and found that the best cation was Mg2+ [33]. In this work,
e choose Mg2+ and three monovalent cations, Na+, Li+, and
+, and determined which is the best cation additive for the

eparation of amino acids.
The EOF was determined with an electrolyte containing

0 mmol/L borate buffer at pH 9.3, 140 mmol/L SDS and dif-
erent concentrations of Mg2+ (ranging from 2 to 10 mmol/L.

hen the Mg2+ concentration was higher than 10 mmol/L, the
esolution decreased greatly because of high separation current
eneration. Considering the same reason, the Na+, Li+ or K+ con-
entration ranged from 2 to 20 mmol/L were used in the followed
xperiments). Under these conditions, no precipitation occurred.
n Fig. 1, it can be seen that the EOF decreased with increasing
oncentration of cations and the reduction of the EOF followed

he order Mg2+ > K+ > Na+ > Li+. The order of K+ > Na+ > Li+

orrelated to the cation-exchange selectivity exhibited by chro-
atographic silica [32,35]. From Fig. 1, it could also be observed

hat the reduction of the EOF by adding Mg2+ is significantly

i
s
a
e

able 2
uantitative data and for amino acid derivatives

mino acid Correlation coefficient Linear range (�mol/L) CDLa (�m

ys 0.991 200–3000 155
hr 0.986 40–2000 37.9

le 0.999 50–2000 44.2
eu 0.999 55–2000 52.7
al 0.999 30–2000 26.2
er 0.998 40–2000 37.7
et 0.992 65–2000 61.1

ro 0.996 25–2000 21.1
la 0.992 70–2000 68.6
ly 0.999 25–2000 21.9
he 0.999 25–2000 21.8
rp 0.999 15–2000 10.8

a CDL, concentration detection limit.
b Calculated for six consecutive runs at 1 mmol/L of each amino acid derivative.
0.54 1.2 0.95 1.1
1.1 0.76 0.60 1.7
0.8 0.6 0.5 1.9

igher than any other monovalent cation such as K+, Na+, or
i+. However, the reduction of the EOF with the addition of
onovalent cations was only slightly decreased with increas-

ng concentrations of them. This indicated that the resolution
mprovement when adding K+, Na+, and Li+ might be lower
han that when adding Mg2+. The analysis time, however, when
dding Mg2+ might be longer than that when adding K+, Na+,
nd Li+. Therefore, if the overall separation performance (res-
lution, analysis time, and efficiency) is considered, attention
hould be paid to select the types and concentrations of cations
n order to gain highest separation performance.

.3. Separation of PAABS-F labeled amino acids

In order to evaluate the effect of monovalent and divalent
ations on the migration time of the derivatives, PAABS-Lys,
AABS-Pro, PAABS-Ala, PAABS-Trp, and PAABS-Asp were
elected as the representative test analytes. Migration times
ere determined at 30 kV in 20 mmol/L borate buffer pH 9.3

ontaining 140 mmol/L SDS as a function of the Mg2+, K+,
a+, and Li+ concentration. Fig. 2 shows the effect of differ-

nt concentrations of monovalent and divalent cations on the
igration time of five PAABS-amino acid derivatives. It can be

ound from Fig. 2 that the migration time of these five PAABS-
mino acid derivatives increased with increasing concentration
f buffer cations. The migration time increased sharply with

ncreasing concentration of Mg2+ (Fig. 2A), whereas only a
mall increase was seen with the monovalent cations such
s Na+ (Fig. 2B), K+ (Fig. 2C), and Li+ (Fig. 2D). The
lution order for the PAABS-amino acids was the same for

ol/L) %RSDb (time) %RSDb (area) Average theoretical
plate heightb (plates/m)

0.52 1.55 103,200
0.49 1.38 199,600
0.64 2.56 375,400
0.82 3.01 215,600
0.76 2.12 229,700
0.53 1.97 239,800
0.50 2.89 246,600
0.68 1.45 335,400
0.44 2.06 155,700
0.58 2.75 102,500
0.69 2.34 211,700
0.72 1.76 226,800
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Table 3
Mean recoveries (n = 6) of each amino acids added at different concentrationsa

to beer samples

Amino acid Recovery (%) RSD%

Lys 95 2.7
Thr 97 2.1
Ile 103 3.3
Leu 86 3.8
Val 106 4.2
Ser 101 2.6
Met 92 2.2
Pro 93 2.5
Ala 104 4.4
Gly 108 4.6
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ach of the four cations, PAABS-Asp > PAABS-Trp > PAABS-
la > PAABS-Pro > PAABS-Lys. However, it must be noted that

lthough the migration time of all the derivatives increased with
ncreasing concentrations of cations, the interval between any
wo derivatives did not increase at the same time. This meant
hat the resolution could not be improved easily by only using a
uffer cation which can decrease the EOF.

.4. MEKC separation of PAABS-amino acid derivatives

In order to demonstrate which cations were the best buffer
ations to improve the resolution, we tested the four cations
ith varying concentrations. Fig. 3 demonstrates the MEKC

eparation of 20 amino acid derivatives as a function of the
g2+ concentration. Fig. 3A shows the electropherogram of 20

tandard amino acid derivatives in absence of Mg2+. The migra-
ion times for all derivatives were short because no reduction
f the EOF occurred. When the Mg2+ concentration increased
Fig. 3B), the migration times of all the derivatives increased and
he resolution improved. However, when a high Mg2+ concen-
ration (10 mmol/L) was used, the resolution did not improve
nymore, it reduced slightly while the migration time was
harply increased to 25 min. The baseline noise also increased
learly (Fig. 3C). This indicated that the joule heat generated dur-
ng the separation process was high, and reduced the resulting
esolution. That meant that the resolution can only be improved
imitedly by adding a suitable concentration of Mg2+.

It was reported that the addition of Na+ could change the size
nd shape of micelles [36]. Considering that the resolution can
lso be changed by adding Na+, it was tested for improving the
eparation performance of amino acids. Fig. 4 shows the MEKC
eparation of 20 standard amino acid derivatives as a function of
he Na+ concentration varied by adding different amount NaCl
nto buffer solution. It is true that the Na+ concentration also
an be increased by adding more SDS or Sodium borate into the
uffer since Na+ is the component of them. However, the exper-
mental results showed that the resolution cannot be improved
y adding more SDS or sodium borate into the buffer when opti-
al concentration of them were added into the buffer (data not

hown). It is probably due to the anions contained in these two
ubstances that made some negative contribution to the sepa-
ation. When comparing Fig. 3A with Fig. 4A, it can be seen
hat the resolution was improved and that 11 amino acids were
uccessfully separated when 10 mmol/L Na+ was added to the
uffer. In contrast with the effect of high Mg2+ concentrations on
he resolution, the resolution was improved significantly when
he concentration of Na+ was further increased to 20 mmol/L
Fig. 4B). Twenty standard amino acid derivatives were all suc-
essfully separated at these conditions. It can also be seen from
ig. 4B that using a Na+ concentration up to 20 mmol/L did not
ave a negative impact on the baseline. Two reasons might con-
ribute to achieve the good resolution obtained with high Na+

oncentration: (1) the separation current when Na+ was used as

uffer cation was lower than that using Mg2+; (2) monovalent
ations such as Na+ have a stronger ability to change the size and
hape of micelles and increase the hydrophobicity of surfactant
icelles more than divalent cations such as Mg2+ [37,38].

4

l

he 95 2.0
rp 92 2.3

a Amino acids were spiked at 0. 5, 1.0, and 1.5 mmol/L.

K+ and Li+ were also tested for their effect on the perfor-
ance of MEKC separation. Fig. 5 compares K+ at 10 mmol/L

Fig. 5A) and Li+ at 20 mmol/L (Fig. 5B) as a buffer additive,
hich were optimum concentrations when taking into account

he resolution, peak shape and analysis time of the 20 amino acid
erivatives. Table 1 shows the resolution of PAABS-F labeled
mino acids using optimal concentrations of various salts as
uffer additive. As shown in Fig. 5 and Table 1, K+ required
0 mmol/L while Li+ requires 20 mmol/L to gain a better res-
lution, because the EOF decrease follows the order K+ > Li+.
hus, K+ can be used at lower concentration to produce a slower
OF. However, the resolution gained using these two cations is

ess than that using Na+, as can be seen from the comparison
f Fig. 4B with Fig. 5A and B. This indicated that Na+ had
he strongest ability to improve the resolution not only through
ecrease of the EOF but also via strong interaction with the
icelles. When 20 mmol/L Na+ was used as buffer cation, 20

tandard amino acids were well separated within 14 min. This
ethod was also applied to separate the amino acids in beer and

2 amino acids were found (Fig. 6). Quantification of amino
cids in beer was based on the calibration curves of peak areas
gainst analytes concentration. The limit of detection (LOD) was
etermined as three times the signal-to-noise ratio. The preci-
ion of the method was evaluated by injecting standard amino
cid consecutively six times. The RSDs of the areas are between
.38 and 3.01, and the RSDs of the migration time are between
.44 and 0.82. These results are shown in Table 2. It also can be
ound from Table 2 that the theoretical plate heights are between
02,500 and 375,400 plates/m. It indicates that the joule heating
enerated during the separation dose not make some negative
ffect on separation performance. To determine the accuracy,
ach amino acid was added to the bear sample. The average
ecovery for the impurities ranged from 86 to 108% (Table 3).
herefore, this method can be potentially be used to determine
mino acids in clinical practice and scientific research.
. Conclusion

This work studied carefully the effect of monovalent and diva-
ent cations as buffer additives on the MEKC separation of 20
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tandard amino acid derivatives. It was found that although the
lectroosmotic flow could be decreased by adding Na+, Li+, K+,
r Mg2+ into the buffer, the resolution could only be improved
imited by increasing the concentration of the buffer cations.
o gain a high separation performance, the effect of selected
uffer cations on the migration time, resolution, and peak shape
efficiency) of the amino acids derivatives should all be consid-
red carefully. From the comparison of a divalent cation with
hree monovalent cations, 20 mmol/L Na+ was found as the best
uffer cation for the separation of amino acids. Using proposed
ethod, 20 standard amino acids were successfully separated

y capillary electrophoresis within 14 min.
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