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~mary 
~e~v System for the rapid and sensitive analysis of 
~ uerivatized carbohydrates has been established using 
"/~illar zo . . . .  V tio A, Y ne electroohorestswtthmd~rect U detec n. 

- , t  ~11 a ' ; %~a" pphed potenua[ of 28 kV, sugars and sugar acids 
% 10 be separated by the combined effects of electroen- 
~ili-'" SrnOsis and clcctro~.nhoresis within 20 minutes m' a fused 
l- ca capillary of 50 gm internal diameter and an effective 
ength of 10(lcm using 6 mM sorbic acid, pH 12.1, as both 
~ttier electrolyte and chromoohore The alkaline H �9 p 

a s i a  �9 
by red ~onization of the sugars and, hence, their detection 
th raeans of charge displacement. Furthermore, the 
~S.en concentration of sorbic acid allowed the smallest 
~Cttonal chanac in the background signal to be measured 
~}tle the elcc~rophorctic mobilities of the sugars were 
~f~nd to increase within a pH range of 11.9 to 12.3, those 
%ile sugar acids were not affected. Due to the increasing 
th~!~eti!ion of hydroxide iotas in the displacement of the 
ityJ~ with rising pH, a significant loss of sensitiv- 
,, a Observed at oH values hiaher than 12 1 and this pH 
'~s - . �9 . v ~ . 
~% .fOund tc~ provide sufficient resolution, optimum 
",e ~ sttivily, and a acceptably short analysis ume . Under 
~ se Conditions, a lower detection limit of 2 pmol was 
~ for glucose. 

ltlltOduction 
~t~illary zone elcctrophoresis represents an alternative 
~,~e Commonly used techniques for the determination of 
~O0 ~ - _ ~ aydrates (thin-layer chromatography [1], gas chro- 
matography [2[ and high-performance liquid chromatog- 

w~y [3]). However, detection of the nanoliter sample 
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volumes injected in capillary electrophoresis is a challeng- 
ing problem especially 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 [41. Under alkaline conditions, the borate ions 
react with vieinal hydroxyl groups with the resultant 
transformation of carbohydrates into negatively charged 
borate complexes, 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 to the nmo[ 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- 
aminopyridinc by reductive 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 commercial capillary electrophoretic 
systems precludes the use of indirect fluorescence detec- 
tion in many laboratories. 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 selected, a detection limit as low as one 
pmol can be achieved. 

The present paper deals with the indirect photometric 
detection of undcrivatized 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 reagent grade chemicals (Merck, Darmstadt, 
FRG; Sigma, St. Louis, MO, USA) in deionized water 
(NANOpure,  Barnstead Co., Newton, MA, USA) at 
concentrations of 0.4 mg/ml. Running electrolyte solu- 
tions were prepared by dissolving appropriate amounts of 
sorbic acid (Sigma) in double distilled water to yield final 
concentrations of 2-20 raM. The pH was adjusted to 
values in the range of 11.9-12.3 by the addition of 0.25 M 
N a O H  (Merck). 

Apparatus 
Analyses were pcrformed either on an Applied Biosystems 
(ABI, San Jose, CA, USA) Model 270A or a Waters 
Quanta 400[) (Milford, MA, USA) capillary electrophore- 
sis system, which were equipped with a 122 cm fused silica 
capillary of I.D. 50 ~tm and a 100 cm fused silica capillary 
of I.D. 75 gtm, respectively. Detection was carried out by 
on-column measurement of UV absorption at 256 nm at 
22cm from the cathode in the case of the Applied 
Biosystems equipment or at 254 nm at 7.5 cm from the 
cathode in the case of the Waters system�9 Pherograms 
were recorded on a Shimadzu Chromatopac C-R6A 
integrator (Kyoto, Japan). Samples were loaded either by 
applying a vacuum at 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 ~ (ABI) or at ambient 
temperature (Waters)�9 

Capillary Conditioning 
Every new fused silica capillary was flushed with 1 M 
NaOH for one hour followed by 0.001 M NaOH for 5 min. 
Between runs, the capillary was washed first with 1 M 
NaOH for 4 rain, and then with 0.001 M NaOH for 2 min. 
Subsequently, it was equilibrated 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 (E = 
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. 

Carbohydrates are only weakly acidic. As an example t N 
pK for glucose is 12.35 [141. Therefore,  the running buf~!~ 
has to be made very basic before any ionization will ocC~ 
Dissociation of the sugars is a prerequisite both for tiao~ 
separation based on differences in migration velocity os 
well as for their detection by means of charge displaCe.i 

�9 I I l~ '  ment. This means that the ~H of the running buffer ~ 
be approaching 12 to haveanv  substantial fraction 0tO 

�9 �9 " - C 1) carbohydrate m its ionized form. However, when th P f 
of the buffer solution gets this high the concentratiOO ~" 
hydroxide ions is no longer negligible relative to tN 
concentration of the chromophore. This results irt a 
decrease of the transfer ratio, which can be described bY 
the equation 

TRtot~ I = ~lsugar] / [C] + [OH-] 

where TRtc, tai is the transfer ratio, c~[sugar] the amount 0f 
sugar molecules ionized, [C] the amount of chromoph0re' 
and [OH-] the amount of hydroxide ions [11]. 

h0f ~ It can be seen that at constant sugar and chrornOP ,o 
concentrations, c~ in the numerator and the [OH-] in t0~ 
denominator are competing functions of pH. AS ~o 

�9 oa it J~ consequence TR ...... , Zoes through a maximum wh ,.:~ 
plotted as function of pH (Figure 1). The pH at ,... 
maximum is thc most sensitive pH for detection. Si~lo~ ~ 
considerations preclude the use of borate due to the ht~ 
concentration required (100-200 mM) for efficient cOr~" 
plexation of sugars. 

While the pH of the running electrolyte did not exert a0! 
, ,  01 

significant im/.)aet on the electro~ghoretic mob~hnes ~ 
. . . .  --  . -  �9 t l  It/: sugar acids, a shght increase m the mobflmes of s g 

to tll~ could be observed (Figure 2"~ However, due ~,t 
. . . .  ~' . . r0tl lJ  ~ Increasing conccntrauon of sodmm ~ons m the backg ., 
electrolyte with rising pH, which increases the thickrte~,~ 
of the diffusion double layer at the inner capillary w~ 
[15], electroendosmotic flow decreased gradually. For to, 
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~l~et of pH on the electrophoretic mobilities of carbohydrates: (o) 
(~) ~Uronic acid, (I~) gluconic acid, (A) N-acetylneuraminic acid, 

rba,~.'"~nn~ (+) ~,oalactose, and (~'), raffinose. Electrolyte'. 6 mM 
t~lnu,,,'c' apparatus: Waters Quanta 4000; capillary: fused silica, L = 
211.3e"~, 1 ~ 92.5 cm; r : 75 ~rn; current: 21 p.A; voltage: 27.8, 23.4, 
resp'ê [~.4,~ and 13.1kV at pH 11.9, 12.0, 12.1, 12.2, and 12.3, 
li~: ~ttVely; temperature: ambient; detection: UV, 254 nm; injec- 

' hydrostatic, 30 s. 
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Figure 4 
Effect of the concentration of sorbic acid on response: A = 33.3 pmol 
mannose, �9 = 16.6 pmol mannose, �9 = 8.3 pmol mannose. Electro- 
lyte: sorbate, pH 12.1; apparatus: ABI Model 270A; capillary: fused 
silica, L = 122 cm, l = 100 cm, r = 50 gin; voltage: 28 kV; temperature: 
30 ~ detection: UV, 256 nm; injection: vacuum, 0.8 s. 
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~ect of PH on resolution of carbohydrates: (zX) galactose/glucose, 
I~(~ gl~cose/rhamnose, (A) 2-deoxy-D-ribose/galactose. Electro- 

arctic conditions as m F~gure 2. 

t~aS~311~ a . . . .  
%~h. ppa ren t  electrophoret~c mobdztzes decreased  
i%rotderably from p H  11.9 to 12.3, which caused an 
l~ ~ase in t ime of analysis for mannuron ic  acid f rom 19 

40 tninutes. 

;f~%rally, resolut ion of sugars improved  with increasing 
ai)~ as depicted in Figure 3. However ,  the enhancemen t  

~cp v ~klt- ed above  p H  12.1 cannot  be utilized since zone 
became smal ler  due to the a fo rement ioned  decrease  ~ll serl �9 
sltivity Based on these considerat ions,  a p H  of 12.1 

~1~ .~h~ for all subsequent  analyses, because  it o f fered  
a ~ t ~ u t n  sensitivity and sufficient resolut ion within an 
hi~:l~tably short  t ime of analysis. Moreover ,  despite  the 
~I~D ~, PH of the background  electrolyte no alkaline 

gradation of the carbohydra tes  could be observed  at 
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Figure 5 
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 cm, 1 = 100 cm, r = 50 lxm; 
current: 13 ~A; voltage: 28 kV; temperature: 30 ~ detection: UV, 
256 nm; injection: vacuum, 2.0 s. Zone identification: 1 = raffinosc, 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 t empera tu re ,  which is in ag reemen t  with a 
previous  study [16]. 

A n o t h e r  major  considerat ion in opt imizing indirect  pho- 
tometr ic  detect ion in capillary zone e lect rophores is  is the 
concentra t ion o[" the chromophore .  As shown in Figure 4, 
the response  of the system for a given amoun t  of  mannose  
has its m a x i m u m  at approximate ly  6 mM, which permi ts  
the analysis of glucose with a lower detect ion limit of  
2 p m o l  at a signal-to-noise ratio of 3. Concent ra t ion  
sensitivity, however ,  is comparat ive ly  low ( -  0.5 mM)  due 
to the small p ropor t ion  of dissociated ca rbohydra te  
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molecules.  At  lower concentra t ions  of sorbic acid, sensi- 
tivity decreases due to the relatively high content  of 
hydroxide ions in the background  electrolyte.  A t  concen-  
t rat ions above 6 raM, response  de ter iora tes  because  less 
light reaches  the photodiode.  This reduces the ability to 
measure  a small change on top of a large background  
signal [17]. 

Figure 5 shows the separa t ion  of a mixture  of  e /even 
sugars and sugar acids with concentra t ions  ranging f rom 
0.95 to 2.66 mM. At  the p H  value selected, the carbohy-  
drates  migrate  away from the detector  toward the anode.  
However ,  duc to the large e lee t roosmot ic  flow in the 
system, which is a magni tude greater  than e lec t rophore t ic  
migrat ion,  analytcs arc propel led together  with the bulk 
solution toward the cathode but  at a much  lower rate.  
Therefore ,  the sugars dissociated least are de tec ted  first 
since they are less able to migra te  ups t ream.  The  sugar 
acids, however,  are detec ted  last due to their  grea ter  
ups t ream migrat ion rate as a result  of the comple te  
dissociation of the carboxyl group. 

In indirect pho tomet r i c  detect ion,  the range of lh aearityis 
l imited both by the concentra t ion of the chrornOph~ 
and by the degree  of dissociation of the analyte, wlat~ 
de termines  the number  of  background molecules displaC 4 
by each analyte molecule.  The  calibrat ion curves sh0~:~. 
excel lent  l inearity and negligible Y intercepts  (Figure,~/I 
Within the range of linearity, least-square linear regreSSl~ 
analysis provided the following equat ions  of  the reg~eSs~t 
line as well as regression coefficients for fucose, galaCt0~ 
mannose  and lactulose, respectively" Y = 03X + .078 !# 

2 -" " 4X 113~" = .997), Y = .031X - .036 (R = .998), Y = .04 - .  v~, 
= .999), Y = .036X - .026 (R 2 = .999). Figure 7, ho~ve ~ 
shows that  the slope of the regression lines dep cads ~ 
injection t ime as a consequence of the accidental tak~ir ~ 
of  sample  when the capillary is d ipped into the sa~'~ e 
tube. There fore ,  it is of  great  impor tance  to use the s~:~ e 
. . . . . .  ndtav" mlect lon t imes both  for cahbra tmn and for the qua . tllc 
de te rmina t ion  of the ca rbohydra tes  contained in 
samples.  
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Figure 6 
Calibration curves for fuctose (+), galactose (40, mannose (o), and 
lactulose (A). Electrolyte: 6 mM sorbatc, pH 12.1; apparatus: ABI 
Model 270A; capillary: fused silica, L = 122 cm, 1 = 100 cm, 0 = 
50 ~n; current: 12 laA; voltage: 28 kV; temperature: 30 ~ detection: 
UV, 256 nm; injection: vacuum, 2.0 s. 
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Figure 7 
Influence of in'e ti "m . . curve for I c on t~ e on the slope of the cahbratlon .4111 
galactose. Electrolyte: 6 mM sorbate, pH 12.1; apparatUS. '~ 
Model 270A; capillary: fused silica, L = 122 cm, I = 100cna, .~ 
50 gin; current: 12 I-tA; voltage: 28 kV; temperature: 30 ~ detectlt' 
UV, 256 nm; injection: vacuum (e, 0.5 s; o, 2.0 s). 

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

sampling sample carbohydrate number of 
time amount concentration theoretical plates 
sec pmol mmol/I (x 105)/m 

resolution 

0.4 12.5 12.5 galactose 1.069 2.38 
12.5 12.5 lactulose 0.767 

0.6 12.5 8.3 galactose 1.405 2.87 
12.5 8.3 lactulose 0.908 

1.0 12.5 5.0 galactose 1.732 2.96 
12.5 5.0 lactulose 1.224 

1.6 12.5 3.1 galactose 1.599 2.84 
12.5 3.1 lactulose 1.036 

2.2 12.5 2.3 galactose 1.274 2.39 
12.5 2.3 lactulose 0.791 

2.8 12.5 1.8 galactose 1.144 2.25 
12.5 1.8 lactulose 0.728 

3.2 12.5 1.5 galactose 0.926 2.15 
12.5 1.5 lactulose 0.620 
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NUmber of theoretical plates and resolution reached their 
~ at a carbohydrate concentration roughly equal 
to that of sorbic acid (Table I). Below and above that 
~0nCentration they were found to decrease because of 

leeular diffusion. 

eslI lists the electrophoretic mobilities of 36 carbohy- 
28 k~,'. which have been obtained at a constant voltage of 

v m a fused silica capillary of 50 Ixm internal diameter ~ an effective length of 100 cm using 6 mM sorbic acid, 
tZ.1, as background electrolyte. For determing the 

rePrOducibility of electrophoretic mobilities, at least five 
~ a t  runs wcrc carried out for 10 different carbohydrates. 
. -tean standard deviation of 0.237 was obtained. The 
~,%fficient of variation was 3 6 % and ranged from 0 6 t o  
tl. 2 o] . " ." 
I- ,o tor mannuronic acid and saccharose, respectwely. 
~ Order to obtain baseline resolution under the described 
~ue~ditions, the difference in electrophoretic mobility 
lO~sWeen two carbohydrates has to be approximately 0.9 x 

ern2v -] s-~ 

~ COmparison with ion partition chromatography [18] 
~.eals that sugars such as galactose, mannose and xylose, 

lch cannot be separated by chromatography, are 

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 photometric 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- 
tion. 

table 11. Mean electrophoretic mobilitics of carbohydrates*. 

Carbohydrates mobility 
. x 10-5cm2V-ls -1 

2 raffinose 1.312 
3 saccharose 1.356 
4 2-deoxy-D-galactose 2.419 
5 2-deoxy-D-ribose 2.798 
6 D-fucose 3.096 
7 lactose 4.175 
8 rnaltotriose 4.313 
9 D.galactose 4.358 

10 melibiose 4.623 
11 D-galactosamine 4.694 
12 celtobiose 4.794 
13 maltose 4.813 
14 L-arabinose 5.121 
15 b-glucose 5.135 
16 lactulose 5.403 
1./ palatinose 5.594 
18 D-glucosamine 5.805 
19 D-xylose 6.268 
20 N-acetyl-galactosamine 6.287 
21 D-lyxose 6.440 

L-sorbose 6.468 
k-rhamnose 6.599 

2r turanose 7.047 
25 D-fructose 7.140 
2G D-ribose 7.419 
2"/ D-mannose 7.462 

N-acetyl-glucosamine 8.018 
/ N-acetyl-neuraminic acid 19.867 I 
' 30 D-galactonic acid 24.950 

31 D-gluconic acid 25.518 
g2 D-mannonic acid 25.677 
33 D-galacturonic acid 26.789 
34 D-arabonic acid 27.593 
35 D-glucuronic acid 27.796 

D-ribonic acid 28.139 
D-mannuronic acid 29.315 

~6~M SOrbic acid, pH 12.1, 28 kV, L = 122 cm, 1 = 100 cm. 
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Figure 8 
Capillary zone electrophoretic analysis of orange juice. Electrolyte: 
6 mM sorbate, pH 12.1; apparatus: ABI Model 270A; capillary: 
fused silica, L = 112 cm, 1 = 90 cm, 0 = 50 lain; current: l l  p.A; voltage: 
24 kV; temperature: 30 ~ 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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