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nn:‘_"’ System for the rapid and sensitive .analysis.of
% “rlvatxzed carbohydrates has been established using
ary zone electrophoresis with indirect UV detection.
%u?" applied potential of 28 kV, sugars and sugar acids
. b? separaied by the combined effects of electroen-
5 ic[:()sls_and clectrophoresis witk}in 20 minutes in a fused
leﬂgt Capillary of 50 wm internal dx'ame.ter and an effective
Shey 0f 100 cm using 6 mM sorbic acid, pH 12.1, as both
Ny T C_lec(rolytc and chromophore. The alkaline pH
b, edionization of the sugars and, hence, their detection
W Smeans of charge displacement. Furthermore, the
Ct?“ concentration of sorbic acid allowed the smallest
W i‘0nal change in the background signal to be measured.
f n§ the electrophorctic mobilities of the sugars were
oy O increase within a pH range of 11.9 to 12.3, those
% N Sugar acids were not affected. Due to the increasing
% Opemion of hydroxide ions in the displacement of the
fy ; Mophore with rising pH, a significant loss of sensitiv-
‘Vass ?bServed at pH values higher than 12.1 and this pH
sensit,o}md to provide sufficient resolution, optimum
the.. ¥y, and a acceptably short analysis time. Under
9

§ . . N
Se tonditions, a lower detection limit of 2 pmol was

Aned for glucose.

Boduction

tgapmar y zone electrophoresis represents an alternative
., cOmmonly used techniques for the determination of
Ohydrates (thin-layer chromatography [1), gas chro-
;am?gfaphy (2] and high-performance liquid chromatog-
Y [3]). However, detection of the nanoliter sample
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volumes injected in capillary electrophoresis is a challeng-
ing problem cspecially in the case of carbohydrates which
have a very low UV absorbance because of the small
proportion of the carbonyl form in aqueous solution. This
makes photometric detection without derivatization a
difficult task. Recently, however, a 2-20 fold increase in
UV absorbance of underivatized carbohydrates at 195 nm
has been observed by adding borate to their aqueous
solutions [4]. Under alkaline conditions, the borate ions
react with vicinal hydroxyl groups with the resultant
transformation of carbohydrates into negatively charged
borate complexces, which are able to migrate in an electric
field [5-7]. However, the observed increase in absorptivity
is comparably small and detection of underivatized sugars
is restricted 1o the nmol range, A significant increase in
sensitivity was achieved upon derivatization of reducing
mono- and maltooligosaccharides to N-2-pyridylglycamines
{8-10]. Using on-column UV monitoring at 240 nm these
derivatives can be detected at the lower pmol level
However, successful coupling of carbohydrates with 2-
aminopyridine by reduclive amination with sodium cy-
anoborohydride requires the presence of a free aldehyde
group and therefore, only aldoses can be determined. A
more sensitive method, which permits the analysis of both
underivatized aldoses and ketoses in the fmol range, is
indirect fluorescence detection with visible laser excitation
[11]. However, the high cost of a laser and its non-
availability in most commerecial capillary electrophoretic
systems precludes the use of indirect fluorescence detec-
tion in many laboratorics. A more universal approach is
the indirect photometric detection of analytes, which has
already been applied successfully to the analysis of both
inorganic [12] as well as organic anions [13]. Provided that
a carrier electrolyte anion with a high molar absorptivity
coefficient and an effective mobility close to the mobilities
of the analytes is sclected, a detection limit as low as one
pmol can be achiceved.

The present paper deals with the indirect photometric
detection of underivatized carbohydrates in the pmol
range using sorbic acid as both carrier electrolyte anion
and chromophore.
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Experimental
Chemicals

Standard solutions werc prepared from chromatographic
or analytical rcagent grade chemicals (Merck, Darmstadt,
FRG; Sigma, Si. Louis, MO, USA) in deionized water
(NANOpurc, Barnstcad Co., Newton, MA, USA) at
concentrations of 0.4 mg/ml. Running electrolyte solu-
tions were preparcd by dissolving appropriate amounts of
sorbic acid (Sigma) in double distilled water to yield final
concentrations of 2-20 mM. The pH was adjusted to
values in the range of 11.9-12.3 by the addition of 0.25 M
NaOH (Merck).

Apparatus

Analyses were performed either on an Applied Biosystems
(ABI, San Jose, CA, USA) Model 270A or a Waters
Quanta 4000 (Milford, MA, USA) capillary electrophore-
sis system, which were equipped with a 122 ¢m fused silica
capillary of I.D. 50 um and a 100 cm fused silica capillary
of LD. 75 um, respectively, Detection was carried out by
on-column measurcment of UV absorption at 256 nm at
22 cm from the cathode in the case of the Applied
Biosystems equipment or at 254 nm at 7.5 ¢cm from the
cathode in the casc of the Waters system. Pherograms
were recorded on a Shimadzu Chromatopac C-R6A
integrator (Kyoto, Japan). Samples were loaded either by
applying a vacuum al a pressure of 16.9 kPa (ABI) or by
means of hydrostatic pressure at a 10 cm height (Waters)
for a specified period. Analyses were carried out either at
a constant temperature of 30 °C (ABI) or at ambient
temperature (Waters).

Capillary Conditioning

Every new [used silica capillary was flushed with 1M
NaOH for onc hour followed by 0.001 M NaOH for 5 min.
Between runs, the capillary was washed first with 1M
NaOH for 4 min, and then with 0.001 M NaOH for 2 min.
Subsequently, it was cquilibrated with running buffer for 6
min. Finally, the system was prerun for 10 minutes in
order to obtain a stable background signal. Overnight the
capillary was stored in 0.001 M NaOH.

Results and Discussion

The selection of sorbic acid as carrier electrolyte anion
and chromophore for the indirect UV photometric
detection of carbohydrates separated by capillary zone
electrophoresis was based on several reasons. Firstly, the
molecule has a high molar absorptivity coefficient (¢ =
27800 at 256 nm). Secondly, it is compatible with the
solvent system used and thirdly it carries a single charge.

This ensures a good transfer ratio, which is defined as the
number of chromophore molecules displaced by one
analyte molecule. Fourthly sorbic acid interacts neither
with the analytes nor with the capillary surface and finally,
its effective mobility matches the ionic mobilities of
carbohydrates, thus, avoiding peak spreading,
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Carbohydrates arc only weakly acidic. As an exampleg::
pK for glucose is 12.35 [14]. Therefore, the running bu i
has to be made very basic before any ionization will Oc}feif
Dissociation of the sugars is a prerequisite both for t
separation based on differences in migration velC_JClW -
well as for their detection by means of charge disp
ment. This means that the pH of the running buffer mfa
be approaching 12 to have any substantial fractio? °
carbohydrate in its ionized form. However, when th¢ po
of the buffer solution gets this high the concentraﬂonme
hydroxide ions is no longer negligible relative t©
concentration of the chromophore. This results in y
decrease of the transfer ratio, which can be describ¢
the equation

TR 101 = &sugar] / [C] + [OHT]

’ 0
where TR,,,, is the transfer ratio, afsugar] the amouﬁ]ére,
sugar molecules ionized, [C] the amount of chromop
and [OH] the amount of hydroxide ions [11].

It can be seen that at constant sugar and chromOPhg;z
concentrations, o in the numerator and the [OH] 12 4
denominator arc compeling functions of pH- s
consequence, TR, goes through a maximum whet lhis
plotted as function of pH (Figure 1). The pH at t.]ﬂr
maximum is the most sensitive pH for detection. SI™"
considerations preclude the use of borate due to the hlg,
concentration required (100-200 mM) for efficient @
plexation of sugars.

While the pH of the running electrolyte did not exert an};
significant impact on the electrophoretic mobilitie®
sugar acids, a slight increase in the mobilities of Sugie
could be observed (Figure 2). However, due W0 !
increasing concentration of sodium ions in the backgr®” s
electrolyte with rising pH, which increases the thiCknz1
of the dilfusion double layer at the inner capillary v:hii
[15], electroendosmotic flow decreased gradually. FOF
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Figure 1 5
Effect of pH on sensitivity. Electrolyte: 6 mM sorbate; appa"alﬁ,
ABI Model 270A; capiliary: fused silica, L = 122 cm, 1 = 100 ¢™ 0
50 um; current: 6, 8, 13, 17, 20, and 24 pA at pH 11.58, 11.87, 12‘r65
12.22, 12,33, and 12.42, respectively; voltage: 28 kV; temperal o
30 °C; detection: UV, 256 nm; injection; vacuum: 1.0s; samp
mannose, 12.5 mM.
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m;fect fpH on the electrophoretic mobilities of carbohydrates: (@)

Uronic acid, (#) gluconic acid, (A) N-acetylneuraminic acid,
s‘)’bat 1_1“056, (+) galactose, and (W) raffinose. Electrolytle.: 6 mM
1y c;’ dpparatus: Waters Quanta 4000; capillary: fused silica, L =
A3 =95 cm; ¢ = 75 um; current: 21 pA; voltage: 27.8, 23.4,
'ESpLCt§'4' and 131kV at pH 119, 120, 12.1, 12.2, and 12.3,
tigp, Vely; temperature: ambient; detection: UV, 254 nm; injec-
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Figlll‘e 3

ffo
(0) - PH on resolution of carbohydrates: (A) galactose/glucose,
phOrgl‘_JCOSe/rhamnose, (A) 2-deoxy-D-ribose/galactose. Electro-
' conditions as in Figure 2.

I'ea
Qonssc_m) apparent clectrophoretic mobilities decreased
incIlderﬂbly from pH 119 to 12.3, which caused an

Io 4€a3§ In time of analysis for mannuronic acid from 19
Gey, Minues,
ny rally, resolution of sugars improved with increasing
Oby 3 depicted in Figure 3. However, the enhancement
widt;"ed above pH 12.1 cannot be utilized sinc¢e zone
g be_cgme smaller due to the aforementioned decrease
Wag :Sltlvuy. Based on thesc considerations, a pH of 12.1
Mg, O8en for all subsequent analyses, because it offered
e Mum sensitivity and sufficient resolution within an
highp tably short time of analysis. Moreover, despite the
de&ragH. of the background electrolyte no alkaline
ation of the carbohydrates could be observed at
G
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Figure 4

Effect of the concentration of sorbic acid on response: A = 33.3 pmol
mannose, ® = 16.6 pmol mannose, ¥ = 8.3 pmol mannose. Electro-
lyte: sorbate, pH 12.1; apparatus: ABI Model 270A; capillary: fused
silica, L =122 cm, 1 = 100 cm, ¢ = 50 um; voltage: 28 kV, temperature:
30 °C, detection: UV, 256 nm; injection: vacuum, 0.8 s.
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Figure §

Capillary zone electrophoretic analysis of carbohydrates (0.95 - 2.66
mM). Electrolyte: 6 mM sorbate, pH 12.1; apparatus: ABI Model
270A; capillary: fused silica, L = 122¢m, | = 100 ¢m, ¢ = 50 nm;
current: 13 pA; voltage: 28 kV; temperature: 30 °C; detection: UV,
256 nm; injection: vacuum, 2.0 s. Zone identification: 1= raffinose, 2
= 2-deoxy-D-ribose, 3 = galactose, 4 = glucose, 5 = rhamnose, 6 =
mannose, 7 = N-acetylneuraminic acid, 8 = gluconic acid, 9 = galac-
turonic acid, 10 = glucuronic acid, 11 = mannuronic acid.

the chosen temperature, which is in agreement with a
previous study [16].

Another major considcration in optimizing indirect pho-
tometric detection in capillary zone electrophoresis is the
concentration of the chromophore. As shown in Figure 4,
the responsc ol the system for a given amount of mannose
has its maximum at approximately 6 mM, which permits
the analysis of glucose with a lower detection limit of
2pmol at a signal-to-noise ratio of 3. Concentration
sensitivity, however, is comparatively low (~ 0.5 mM) due
to the small proportion of dissociated carbohydrate
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molecules. At lower concentrations of sorbic acid, sensi-
tivity decreases due to the relatively high content of
hydroxide ions in the background electrolyte. At concen-
trations above 6 mM, response deteriorates because less
light reaches the photodiode. This reduces the ability to
measure a small change on top of a large background
signai [17].

Figure 5 shows the scparation of a mixture of eleven
sugars and sugar acids with concentrations ranging from
0.95 to 2.66 mM. At the pH value selected, the carbohy-
drates migrate away from the detector toward the anode.
However, duc to the large electroosmotic flow in the
system, which is a magnitude greater than electrophoretic
migration, analytes arc propelled together with the bulk
solution toward the cathode but at a much lower rate.
Therefore, the sugars dissociated least are detected first
since they are less able to migrate upstream. The sugar
acids, however, are detected last due to their greater
upstream migration rate as a result of the complete
dissociation of the carboxyl group.

5|Area (x10%)
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Figure 6

Calibration curves for fuctose (+), galactose (), mannose (0), and
lactulose (A). Electrolyte: 6 mM sorbate, pH 12.1; apparatus: ABI
Model 270A; capillary: fused silica, L = 122cm, | = 100cm, ¢ =
50 um; current: 12 pA; voltage: 28 k'V; temperature; 30 °C; detection:
UV, 256 nm; injection: vacuum, 2.0s.

o $
In indirect photometric detection, the range of linearltz';
limited both by the concentration of the chromoph/
and by the degree of dissociation of the analyte, % ]
determines the number of background molecules displa i
by each analyte molecule. The calibration curveS.ShO )
excellent linearity and negligible Y intercepts (Flgureio
Within the range of linearity, least-square linear regfeszion
analysis provided the following equations of the 18"
line as well as regression coefficients for fucose, galact .
mannose and lactulose, respectively: Y = .03X +- (Ri
= .997), Y = 031X - .036 (R? = .998), Y = 044X - 120
=.999), Y = .036X - .026 (R® = .999). Figure 7, how‘jj .
shows that the slope of the regression lines depe” W
injection time as a consequence of the accidental 12¥¢ I
of sample when the capillary is dipped into the Saﬂ; "
tubpe. Therefore, it is of great importance to use the s o0
injection times both for calibration and for the quantit? it
determination of the carbohydrates contained 1
samples.

= =

th
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Figure 7 fof
Influence of injection time on the slope of the calibration CU‘.Ve gl
galactose. Electrolyte: 6 mM sorbate, pH 12.1; apparatu® ¢
Model 270A; capillary: fused silica, L = 122 om, 1 = 100 ™ o
50 um; current: 12 pA; voltage: 28 kV; temperature: 30 °C; detef
UV, 256 nm; injection: vacuum (@, 0.5 s; 0, 2.0 5).

Table 1. Effect of carbohydrate concentration on number of theoretical plates and resolution.

-
sampling sample carbohydrate number of resolution
time amount concentration theoretical plates
sec pmol mmol/ (x 105)/m
04 12.5 12.5 galactose 1.069 2.38
12.5 12.5 lactulose 0.767
06 12,5 83 galactose 1.405 2.87
12.5 83 lactulose 0.908
1.0 12.5 50 galactose 1732 296
12.5 50 lactulose 1224
16 12.5 31 galactose 1.599 2.84
125 31 lactulose 1.036
22 12.5 23 galactose 1.274 2.39
12,5 23 lactulose 0.791
28 125 1.8 galactose 1.144 225
12,5 18 lactulose 0.728
32 12.5 15 galactose 0.926 2,15
125 1.5 lactulose 0.620
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?u[.nbeI of theoretical plates and resolution reached their
to ﬂlm:im at a c.arbohydrate concentration roughly equal
nc()'Il‘[C)f"sc)rl')1<: acid (Table 1). Below and above that
ration they were found to decrease because of
®eular diffusion.

dath:SH ligts the electrophoretic mobilities of 36 carbohy-
R kv)‘Wthh hav'c‘been obtained at a constant voltage of
ing anm a fuspd silica capillary of 50 um internal diameter
i 1 leffecuve length of 100 cm using 6 mM sorbic acid,
reprod‘ ,.ag_background electrolyte. Fgr~ determing t_he
ftpeg ucibility of electrophoretic mobilities, at least five

m truns were carried out for 10 different carbohydrates.
meff??ﬂ standard deviation of 0.237 was obtained. The
1l O/C‘enl of variation was 3.6 % and ranged from Q.6 to
HOrd‘) for mannuronic acid and saccharose, respectively.
ton e CT Lo obtain baseline resolution under the described
ions, the difference in electrophoretic mobility

¢en two carbohydrates has to be approximately 0.9 x
eméy-1 =

Clw,
1y

rEVCOmParison with ion partition chromatography [18]

Cals
Wh: Als thay sugars such as galactose, mannose and xylose,
Cannot be scparated by chromatography, are

ablg
I Mean electrophoretic mobilitics of carbohydrates*.

No,
Carbohydrates mobility
K‘ x 107%em?v-ls-1
; raffinose 1.312
3 Saccharose 1356
¢  2-deoxy-D-galactose 2419
s 2-deoxy-D-ribose 2.798
§  D-fucose 3.096
7 lactose 4175
8 Maltotriose 4313
q D-galactose 4358
i melibiose 4.623
iy  D-galactosamine 4,694
10y cellobiase - 47794
3 maltose 4.813
14 L-arabinose 5.121
15 D-glucose 5.135
1 lactulose 5.403
17 palatinose 5.594
)y D-glucosamine 5.805
19 D-xy]ose 6.268
Y  N-acetyl-galactosamine 6.287
|y D-lyxose 6.440
) L-sorbose 6.468
3 L.rhamnose 6.599
% luranose 7.047
3% D-fructose 7.140
%  D-ribose 7.419
y  D-mannose 7.462
% N-acetyl-glucosamine 8.018
1y N-acetyl-neuraminic acid 19.867
3 D-galactonic acid 24.950
3 D-gluconic acid 25.518
3 D-mannonic acid 25677
33 D-galacturonic acid 26.789
3 D-arabonic acid 27.593
35 D-glucuronic acid 27.796
3% D-ribonic acid 28.139
D-mannuronic acid 29315

'
i . .
Sorbic acid, pH 12.1, 28 kV, L = 122 cm, 1 = 100 cm.

Chy
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resolved by means of capillary zone electrophoresis. On
the other hand, however, glucose and arabinose can be
well resolved by means of ion partition chromatography
but not by capillary zone electrophoresis. Therefore, it
can be concluded that high-performance liquid chroma-
tography and the capillary zone electrophoretic method
presented herc arc not competing, but rather comple-
mentary techniques.

The practical applicability of capillary zone electrophore-
sis and indirect pholometric UV detection to the determi-
nation of sugars was confirmed by the analysis of a variety
of samples. Figure 8, for instance, shows the analysis of
orange juice, which contains saccharose, glucose and
fructose.

Conclusion

Indirect photometric UV detection using sorbic acid as
background electrolyte and chromophore allows the
sensitive determination of both aldoses as well as ketoses
in the lower pmol range without the need for derivatiza-
ton.
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0 5 10 15 min
Figure 8
Capillary zone electrophoretic analysis of orange juice. Electrolyte:
6 mM sorbate, pH 12.1; apparatus: ABI Model 2704; capillary:
fused silica, L = 112 cm, 1 =90 cm, ¢ = 50 pm; current: 11 pA; voltage:
24 kV; temperature: 30 °C; detection: UV, 256 nm; injection: vacuum,
2.0 s; sample: orange juice, diluted 1:25 with bidistilled water; zone
identification: 1 = saccharose, 2 = glucose, 3 = fructose.
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