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Abstract

Capillary electrophoresis methods for the separation of carbohydrates with four different detection techniques, namely direct
UV, indirect UV, capacitively coupled conductivity, and laser-induced fluorescence detection, were tested and their perfor-
mance was evaluated and compared in terms of linearity, limits of detection and quantitation, repeatability, recovery, analysis
time, and sample treatment. The test set of analytes comprised sucrose, glucose, and fructose. The effect of using lactose
as an internal standard on the individual methods was investigated, too. The results showed that laser-induced fluorescence
detection is a technique of choice for applications requiring the detection of very low amounts of reducing carbohydrates.
Contactless conductivity detection is favorable when detection sensitivity is not a crucial parameter but fast and reliable
analysis is required. When only a UV detector is available as a standard part of capillary electrophoresis instruments, direct
UV detection can be used when analysis time is not a critical parameter. For fast analysis with UV detectors, indirect UV
detection is the technique of choice. Finally, to verify the applicability of the tested methods, samples of cola beverage,
honey, and orange juice were analyzed and the results obtained by all four methods were compared.
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Introduction

Saccharides have an important role in various biological
processes, such as the source and storage of energy, cell
signaling, and structural support. They significantly influ-
ence biological activity, the conformation of molecules,
and the metabolism of glycoproteins and glycolipids. Due
to their diverse roles in biological systems, there is an
increased interest in their analysis in many fields, including
food science, medicine, and biochemistry [1-3]. Analytical
techniques used for identifying and quantifying saccharides
are thus crucial in various applications. These techniques
include high-performance liquid chromatography (HPLC),
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gas chromatography (GC), paper chromatography, and
thin-layer chromatography (TLC) [4-7]. Saccharides are
problematic analytes and each method has its advantages
and disadvantages, the choice of appropriate technique thus
depends on various factors such as the matrix of the sample,
required sensitivity, and available instrumentation. Different
modes of HPLC can be used, such as reversed-phase HPLC,
hydrophilic interaction liquid chromatography, or high-
performance anion-exchange chromatography with pulsed
amperometric detection [8]. When using GC for saccharide
analysis, the analytes have to be derivatized prior to their
analysis due to their lack of volatility. With that, the risk of
contamination of the sample or its loss is higher. GC is often
coupled with mass spectrometry or flame ionization detector
[9]. Paper chromatography and TLC are inexpensive and
simple methods for the quick separation of saccharides based
on their different affinity to the stationary and mobile phases
[6, 7]. Capillary electrophoresis (CE) proved to be a well-
suited technique for separating and determining saccharides,
too. In the case of CE, commonly used detection techniques
include UV detection, electrochemical detection, fluores-
cence detection, and mass spectrometry (MS) detection.

UV detection

Direct UV detection of saccharides without derivatiza-
tion is not typically used due to the lack of chromophore
in the molecule causing low absorbance in the UV range.
One possibility to overcome this issue is to use highly alka-
line buffers with a pH higher than the pK, of carbohydrate
hydroxyl groups (pH > 12). In the strongly basic environ-
ment, hydroxyl groups of carbohydrates are dissociated and
form enediolates containing a semi-aromatic system that
can be detected at 270 nm [10]. Another method uses the
complexation with borate buffer and detection at 195 nm,
nevertheless, this detection method exhibits low selectivity
as many other compounds absorb at this wavelength [11].

During indirect UV detection, a UV probe that absorbs
UV radiation is added to the background electrolyte (BGE).
The probe must be of the same charge as the analyte because
the detection is based on the displacement of the probe by
the analyte in the analyte zone due to the electroneutrality
conservation law. When the zone of the analyte migrates
through the detector the absorbance drops, showing a nega-
tive peak in the electropherogram. The wavelength is chosen
based on the additive, such as 214 nm (1,2,4-tricarboxyben-
zoic acid or 5-sulfosalicylic acid) [12], 215 nm, and 207 nm
(glycylglycin) [13], 254 nm (sorbic acid) [14], or 400 nm
(p-nitrophenol) [15].
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Electrochemical detection

Detection based on electrochemical principles is divided
into 3 types, amperometric, conductometric, and potentio-
metric detection. Amperometric detection is a highly sensi-
tive method allowing the detection of low concentrations of
saccharides, however, the high voltage used for separation
can disrupt the detection. The saccharides are oxidized on
the working electrode and the current that is generated is
detected. Pulsed amperometric detection [16, 17] and amper-
ometric detection at constant potentials [18, 19] were used
in the CE analysis of saccharides in several cases.

Conductivity detection depends on the difference in the
conductivity of the analyte zone and BGE. It can be per-
formed in contact or contactless mode. Capacitively cou-
pled contactless conductivity detection (C*D) is particularly
popular. When using a highly alkaline BGE, the hydroxyl
groups of saccharides are dissociated and thus they show a
negative charge and migrate in the electric field. However,
their migration is rather slow compared to hydroxide ani-
ons present in BGE, and thus their molar conductivity is
significantly lower. As a result, the zone of the analyte has
lower conductivity than BGE, which is manifested by nega-
tive peaks on the C*D signal. However, with increasing pH
of the BGE, the conductivity also increases causing a higher
current during separation, which can lead to overheating of
the solution inside the capillary. To overcome this prob-
lem, capillaries with smaller inner diameters can be used
because the sensitivity of the C*D detection is not reduced
as it would be with UV detection [20-22].

Laser-induced fluorescence detection (LIF)

LIF can be used after labeling saccharides with an appro-
priate fluorescence tag. This method is highly sensitive and
very low concentrations of saccharides can be detected. On
the other hand, the derivatization process is time-consum-
ing and laborious. It also increases the risk of sample loss
or contamination during the analysis process. Derivatiza-
tion agents commonly used for labeling saccharides are
for example 8-aminopyrene-1,3,6-trisulfonic acid (APTS),
7-amino-1,3-naphthalenedisulfonic acid, and 4-amino-5-hy-
droxynaphthalene-2,7-disulfonic acid [23-25].

MS detection

Lastly, MS detection is used for identifying and quantifying
a wide range of saccharides. They are ionized in an electro-
spray interface and analyzed based on their mass-to-charge
ratio. To combine CE with MS detection for saccharide
analysis, using volatile BGEs with high pH is necessary, for
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example, diethylamine solution is a suitable BGE [26, 27].
Nevertheless, the CE-MS instrumentation does not belong
to common equipment. The interfacing of CE and MS is
significantly more troublesome than the liquid chromatog-
raphy-MS connection, and compared to the other mentioned
detection techniques, MS is more demanding in terms of
acquisition and operational costs, as well as operator quali-
fication and experience.

In this work, we have compared the performance and
some practical aspects of four detection techniques, direct
and indirect UV, C*D, and LIF, in the detection of saccha-
rides, using glucose, fructose, and sucrose as model analytes
with lactose as an internal standard. The analytes and the
internal standard were chosen based the on previous experi-
ence of our group [20].

Results and discussion

To evaluate and compare the performance of the individual
detection techniques, calibration dependences were meas-
ured and evaluated with and without using lactose as an
internal standard. From these dependences, determination
coefficients were calculated. The limit of detection (LOD)
and limit of quantitation (LOQ) were determined as ana-
lyte concentrations providing peak heights corresponding
to the three- and ten-fold baseline noise, respectively. Then,
standard carbohydrate mixtures at two different concentra-
tion levels depending on the calibration range were prepared
and measured ten times. From these measurements, the
RSD values of absolute and relative peak areas and migra-
tion times were calculated. Recovery was expressed as the
carbohydrate concentration found in these samples related
to the real concentration. The aforementioned performance
parameters were then compared and some specific features
of individual detection techniques and methods were consid-
ered, too. Detailed figures of merit for all three analytes and
four methods tested can be found in Supplementary Material
(Table S1-S4). A concise overview of the results for com-
parison of the individual methods is provided in Table 1.

Direct UV detection

Direct UV detection was evaluated using a method pub-
lished by Rovio et al. [10]. This method uses a high-pH
BGE, 36 mmol dm™ Na,HPO, with 130 mmol dm™ NaOH,
pH=12.6, which apart from the dissociation of carbohydrate
hydroxyl groups leads to the formation of semi-aromatic
enediolate absorbing at 270 nm. The high pH of the BGE is
connected with its high conductivity, resulting in high cur-
rents and excessive Joule heating. Suppressing the heating
by using capillaries of smaller inner diameters dramatically

Table1 Overview and comparison of the performance parameters
of the individual tested methods—determination coefficients of cali-
bration regression lines (6 concentration levels, n=18), LOD, LOQ,
repeatability of peak areas and migration times, and recovery at two
concentration levels, expressed as RSD (n=10, a=0.05)

Detection Direct UV Indirect UV C*D LIF
R? >0.9831 >0.9942 >0.9995 0.9991
R? *IS* >0.9916 >0.9905 >0.9990 0.9999
LOD/pg cm™ <34 <46 <17 6.4¢107%
LOQ/ug cm™ <8.8 <164 <5.8 2.141073
Lower concentration level
RSD,,../% <35 <4.6 <8.6 8.6
RSD,.,/% *IS* <39 <5.6 <9.7 4.9
RSD./% <2.0 <0.8 <05 0.4
RSD;, /% *IS*  <0.7 <03 <04 0.5
Recovery/% 90-100 75-125 92-108* 91
Higher concentration level
RSD,,../% <52 <438 <0.6 54
RSD,.,/% *IS*  <2.5 <8.8 <16 1.6
RSD,./% <04 <0.7 <04 1.2
RSD;, /% *IS*  <0.1 <0.2 <1.0 0.5
Recovery/% 99-109 99-106 97-107* 88

*IS* denotes values obtained using lactose as an internal standard

3Recovery values obtained using 1/x? weighted linear regression

lowers the sensitivity of UV detection, and thus classical
50-um i.d. capillary is used and the overheating is avoided
by applying lower voltage (16 kV) with a 2-min potential
ramp at the beginning of the separation, and decreased tem-
perature (17 °C). This results in a time-consuming separa-
tion, in which the analytes pass through the detector after
20-35 min (Fig. 1A). We tested the possibility of shorten-
ing the analysis time by applying low pressure (1.0 kPa)
to the capillary inlet during the separation. This led to a
significant reduction of migration times of the analytes to
17-23 min (Fig. 1B). On the other hand, the introduction of
the pressure-driven flow with a parabolic profile caused sig-
nificant peak tailing with glucose and fructose peaks begin-
ning to overlap. Original conditions without the additional
pressure were thus conserved. Overall, it should be noted
that the method is highly sensitive to even seemingly insig-
nificant alterations of the experimental protocol, e.g., flush-
ing the capillary with 10% acetic acid before each run, long
potential ramp, etc. Calibration standards were prepared in
the concentration range from 50 to 500 pg cm ™ with lac-
tose added as an internal standard at the concentration of
500 pg cm™. Higher concentrations than 500 pg cm™ were
not included because the calibration curve deviated from
linearity. The repeatability and recovery were tested using
samples at 70 and 400 pg cm™ concentration levels.

As can be seen in Table S1, the method showed rather low
determination coefficients when absolute peak area values
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Fig.1 Separation of carbohydrates with direct UV detection at
270 nm. Identification of analytes: 1. sucrose, 2. lactose, 3. glucose,
4. fructose. Concentration 500 pug cm™. Fused-silica capillary 50 um
i.d., 375 pm o.d., 65.0 cm total and 56.5 cm effective length. BGE
36 mM Na,HPO, with 130 mM NaOH, pH=12.6. Separation volt-

were used to construct calibration curves. Relating the peak
areas to lactose improved the linearity and all three R? values
were above 0.99. The regression model thus explained 99%
of the data variability. The migration time repeatability was
also significantly improved by relating the migration times
to lactose with RSDs below 1% for the absolute and RSDs
below 0.4% for the relative migration times. Relating the
peak areas to the internal standard had only a small effect
on RSDs at the lower concentration level with all RSDs
below 4% but it significantly improved peak area repeat-
ability at the higher level with RSDs up to 5.25% reduced to
2.50%. For this method, the usage of the internal standard
thus brought a significant improvement. The method showed
good recovery at both concentration levels (89.5-108.5).
LOD values ranged from 1.0 to 1.7 ug cm™>, and LOQ was
between 5.2 and 8.8 ug cm ™.

Indirect UV detection

Indirect UV detection was evaluated using a method
based on Giirel et al. [13], which was slightly modified. A
50 mmol dm~ glycylglycine adjusted to pH=12.3 with
NaOH was used as BGE. In this BGE, high pH ensured
dissociation and electromigration of carbohydrates while
glycylglycine, present in its anionic form served as a UV
probe for indirect detection at 207 nm. A 50-um i.d. capil-
lary was used to keep the sensitivity of UV detection as high
as possible. The original method worked with 28 kV volt-
age, nevertheless, the excessive Joule heating under these
conditions led to an unstable signal baseline. To stabilize
the signal, we have lowered the voltage to 20 kV. Separa-
tion was completed in 5.5 min with all four peaks baseline
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Fig.2 Separation of carbohydrates with indirect UV detection at

207 nm. Identification of analytes: 1. sucrose, 2. lactose, 3. glucose,

4. fructose. Concentration 1 000 pg cm™, lactose 500 pg cm™.

Fused-silica capillary 50 ym i.d., 375 um o.d., 50.0 cm total and
41.5 cm effective length. BGE 50 mmol dm~> glycylglycine, adjusted
with NaOH to pH=12.3. Separation voltage 20 kV, current 63 pA.
Temperature 25 °C. Sample injection 5.0 kPa for 5 s

separated (Fig. 2). It should be noted that even with lowered
voltage, the baseline was rather unstable, which was a source
of certain inaccuracy in data evaluation. Calibration stand-
ards were prepared in the concentration range from 100 to
1 000 ug cm~> with lactose added as an internal standard
at the concentration of 500 pug cm~>. The repeatability and
recovery were tested using samples at 200 and 700 pg cm™>
concentration levels.

Table S2 summarizes the method performance param-
eters evaluated. Determination coefficients for calibrations
with absolute peak areas were in two of three cases higher
than 0.999 showing excellent linearity. Using relative peak
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areas somewhat lowered the determination coefficients but
they remained higher than 0.99. Using lactose as an inter-
nal standard increased the RSDs of peak areas for glucose
and fructose and slightly decreased the RSD for sucrose.
RSD for absolute peak areas was below 5% for all analytes
at both concentration levels. For relative peak areas, RSDs
increased up to 8.83%. Only for migration times, using the
internal standard significantly increased the repeatability.
RSDs were reduced from the 0.46-0.80% range for abso-
lute values to 0.04-0.32% for the relative ones. The overall
effect of using lactose as an internal standard can thus be
considered negative. The recovery for the higher concentra-
tion level was very good, ranging from 98.6 to 105.7%. For
the lower concentration, the recovery values were probably
negatively influenced by baseline instability as they ranged
from 75.0 to 125.0%. These problems were also reflected by
higher LOD and LOQ values in the range of 32-46 ug cm™>
and 95-154 ug cm™>, respectively.

C*D detection

To evaluate C*D, a method used in our previous work was
chosen [20]. The advantage of conductivity detection is that,
unlike UV or LIF detection, its sensitivity is not dramatically
reduced by using capillaries with smaller inner diameters.
On the contrary, the higher separation efficiency brought by
smaller inner diameter capillaries leads to increased sensitiv-
ity. We consider 20-um i.d. capillary as a good compromise
because the lower current values in narrow-bore capillar-
ies go hand in hand with more efficient heat dissipation but
they have a higher tendency to clog and higher pressure/
time is needed for sample injection and conditioning of the
capillaries. A 40 mmol dm™ NaOH, pH = 12.5, was used as
BGE ensuring the dissociation of carbohydrates. High reso-
lution of analyte peaks under the standard setup allowed for
reducing the separation time by using the short-end injection
approach. The 15 kV separation voltage, inducing a current
of only 10 pA, resulted in a stable baseline signal. Separation
was completed within 3 min (Fig. 3). The analytes, hav-
ing significantly lower electrophoretic mobility than BGE
hydroxide anions, exhibited negative peaks on the conduc-
tivity signal. Calibration standards were prepared in the con-
centration range from 5 to 500 pug cm™> with lactose added
as an internal standard at the concentration of 100 ug cm™.
Higher concentrations than 500 ug cm™ were not measured
as the peaks of glucose and fructose began to overlap. The
repeatability and recovery were tested using samples at 20
and 200 pg cm ™ concentration levels.

Table S3 summarizes the performance parameters evalu-
ated for the C*D method. Determination coefficients for all
three calibrations with absolute peak areas and two of three
calibrations with relative peak areas were higher than 0.999,
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Fig.3 Separation of carbohydrates with C*D detection. Identification
of analytes: 1. sucrose, 2. lactose, 3. glucose, 4. fructose. Concentra-
tion 200 ug cm™>, lactose 100 ug cm™>. Fused-silica capillary 20 um
i.d., 375 pm o.d., 50.0 cm total and 15.0 cm effective length. BGE
40 mmol dm~ NaOH, pH=12.5. Separation voltage 15 kV, current
10 pA. Temperature 25 °C. Sample injection 5.0 kPa for 20 s

the last one was 0.9989. The method thus exhibited excellent
linearity. Although, using relative peak areas slightly reduced
the determination coefficients. RSDs of absolute peak areas
were excellent at the higher concentration level (0.51-0.60%)
and increased but remained below 2% for relative peak areas.
RSDs at the lower level were below 3.5% for glucose and fruc-
tose, but up to 10% for sucrose. Using the internal standard
here resulted in a very slight increase in RSDs. The effect of
using the internal standard on migration time repeatability was
ambiguous, nevertheless, all migration time RSDs were 1.01%
or lower. Overall, the effect of internal standard was neither
significantly positive nor negative. As the calibration range of
this method was extended over two orders of magnitude, the
recovery for the lower concentration level was between 85.3
and 122.1%, which was rather unsatisfactory. Recovery in the
lower concentration range was improved by using weighted
linear regression. Weighting coefficients of 1/x, 1/x% and 1/x>
were tested with the 1/x> coefficient exhibiting the best values
of recovery and determination coefficients. As can be seen in
Table S3, weighted calibration curves showed slightly lower
determination coefficients because the weighted linear regres-
sion prefers a better fit of the lower concentration points that
have a weaker effect on the R? value than the higher concentra-
tion points. Recovery at both concentration levels ranged from
92.3 to 107.7. LOD and LOQ values were 1.0-1.7 ug cm ™~ and
3.3-5.6 ug cm™>, respectively.

LIF detection
To assess the performance of LIF detection, a method based

on the conditions reported by Monsarrat et al. [28] and
Yang et al. [29] was used. APTS was used as the fluorescent
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label. Apart from fluorescence the APTS label also pro-
vided the analytes with three negative charges from three
sulfonate groups. Thanks to that, an acidic BGE consist-
ing of 30 mmol dm~3 TEA and 1 mol dm~? acetic acid,
pH=3.1 could be used. Due to the lower conductivity of
this BGE, — 30 kV voltage could be used in a 50-um i.d.
capillary with a current of only —25 pA. In acidic BGE, the
electroosmotic flow was suppressed, and negative polarity
of voltage was used for the separation of quickly migrating
triply negatively charged APTS derivatives. As a result, the
separation was completed in 3 min (Fig. 4). A disadvantage
of reductive amination labeling by APTS is that only reduc-
ing carbohydrates can be derivatized. Furthermore, fructose
cannot be efficiently labeled by this procedure, too [30].
From the test set of analytes, only glucose and lactose could
thus be labeled. Calibration standards were prepared in the
concentration range from 0.01 to 0.70 pug cm™> of glucose
with lactose added as an internal standard at the concentra-
tion of 0.70 ug cm™>. The repeatability and recovery were
tested using samples at 0.04 and 0.30 ug cm™> concentration
levels.

The method showed excellent linearity with R? higher
than 0.999 (Table S4). The repeatability of the peak area
was significantly improved by relating peak areas to lactose
at both concentration levels as RSD values were reduced
from up to 8.59% to no higher than 5%. The repeatability
of migration time at the higher concentration level was also
improved by relating to lactose. The RSD decreased from
1.61 to 0.52%. Using lactose as an internal standard thus
has a positive effect on the method’s performance. Recovery
was 91.1% and 88.0% at the lower and the higher concen-
tration level, respectively. Compared to the other detection
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Fig.4 Separation of carbohydrates with LIF detection. Identification
of analytes: 1. APTS-glucose, 2. APTS-lactose. Concentration of glu-
cose 0.3 pg cm™, lactose 0.7 ug cm™>. Fused-silica capillary 50 pm
id., 375 pm o.d., 50.0 cm total and 29.0 cm effective length. BGE
30 mmol dm™ TEA and 1 mol dm™ acetic acid, pH=3.1. Separation
voltage — 30 kV, current — 25 pA. Temperature 25 °C. Sample injec-
tion 5.0 kPa for 5 s
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techniques, the LOD and LOQ were extremely low, 2.1 and
6.4 ng cm™>, respectively.

Comparison of the detection techniques

Table 1 provides a concise overview of the figures of merit
of all four tested methods. When comparing the individual
test parameters, C*D and LIF detection showed excellent
linearity, manifested by very high determination coefficients.
The lowest R? values were, on the contrary, obtained for
direct UV detection. Concerning the LOD and LOQ values,
LIF superseded the other techniques by 3—4 orders of mag-
nitude in the case of glucose. For sucrose and fructose that
could not be APTS-labeled the lowest LOD and LOQ values
were achieved using direct C*D. Direct UV detection LOD
and LOQ were only negligibly higher. On the other hand,
LOD and LOQ of indirect UV detection were more than one
order of magnitude higher.

Concerning repeatability, migration time RSDs were
below 2% in all cases and below 1% in most cases. No
straightforward conclusion about the repeatability of
peak areas can be made. Very low RSDs (below 2%) were
observed at higher concentration levels for C*D, and LIF
with internal standard. Most peak area RSD values were
below or around 5%. Most of the methods showed good
recovery (within the range of 90-110%). Recoveries lying
significantly out of this range were obtained with indirect
UV detection at the lower concentration level, which can be
ascribed to the lower baseline stability. In the case of C*D at
the lower concentration level, the recoveries were improved
by using the weighted linear regression of calibration curves.
Recovery slightly below 90% was observed for LIF, which
can be caused by the complicated sample pre-treatment.

Using lactose as an internal standard significantly
improved the performance of the direct UV and LIF meth-
ods. It did not bring significant improvement to the C*D
method and deteriorated the performance of the indirect UV
method. It should be added that, in our experience, relating
the peak areas to an internal standard can help to maintain
method reliability in long-term usage. The short-term test-
ing performed in this study did not allow us to evaluate this
effect.

Concerning other parameters, due to their specific fea-
tures, C*D and LIF detection techniques allow for very fast
separation finished within 3 min. On the contrary, direct UV
detection requires very specific conditions that lead to very
long migration times.

When considering LIF detection, the laborious and time-
consuming sample pretreatment connected with the con-
sumption of the expensive labeling agent should be consid-
ered, too. The other three methods do not require any sample
pretreatment.
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To verify the applicability and performance of the tested
methods in the analysis of real samples, three different sam-
ples were analyzed, i.e., cola beverage, honey, and orange
juice from concentrate. Figure 5 shows an overview of the
determined concentration or content of individual carbo-
hydrates. In the samples of cola beverage and honey, only
glucose and fructose were detected. The content of sucrose
was in both cases below LOD. The application of the method
with LIF detection to the analysis of the orange juice sam-
ple was unsuccessful. Injection of this sample resulted in
distorted peaks and prolonged migration times. The peak
shape was further deteriorating during repeated injections.
Flushing the capillary with 1 M NaOH did not resolve this
problem. Thus, the glucose content in orange juice could
not be determined by the LIF method. Concentrations of
glucose and fructose found in cola and honey samples were
mostly in good agreement. In some cases, the concentration
determined by the indirect UV detection method was slightly
higher which can be ascribed to the lower sensitivity of the
method, leading to less precise determination. Glucose

content in honey determined by the LIF detection method
was also slightly higher. This can be caused by very high
dilution of the sample. The results obtained for the orange
juice sample by direct and indirect UV detection methods
are in relatively good agreement. The concentration of glu-
cose and fructose determined by the C*D method is higher.
The reason is unclear, and it is probably connected with the
rather problematic matrix of this sample.

Conclusion

To conclude, the choice of the detection technique for CE
separation of carbohydrates should be always done after
careful consideration of the aim of the analysis. From the
detection techniques tested, LIF should be always consid-
ered when very low detection limits are required. However,
the fact that not all carbohydrates can be labeled should be
kept in mind.
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Fig.5 Content of carbohydrates determined in three samples: A cola
beverage, B honey, and C orange juice from concentrate. Results
were obtained by the four tested methods with different detection

techniques—direct UV (white bars), indirect UV (light gray bars),
C.*D (dark gray bars), and LIF (black bars). Median values are plot-
ted with error bars showing the standard deviation (n=3, a=0.05)
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Sensitivity is often not the limiting factor as many real-
life samples for the determination of carbohydrates are rather
concentrated and need to be diluted. In such cases, other
detection techniques, not requiring sophisticated and expen-
sive special equipment, with no need for laborious sample
treatment can be used. C*D and direct UV detection exhibit
similar performance considering repeatability, LOD, LOQ,
and recovery. The disadvantage of direct UV detection is a
very long separation time so when C*D is available it should
be considered a better option. Indirect UV detection of car-
bohydrates shows lower sensitivity and worse recovery at
lower concentration levels. It can be considered when only
a UV detector is available and analysis time is an important
parameter.

Analysis of cola beverage, honey, and orange juice sam-
ples showed that the tested methods provide similar results.
The results obtained by indirect UV detection can be influ-
enced by lower baseline stability. The accuracy of the results
obtained by LIF detection can be affected by the extremely
large dilution necessary for successful analysis. From the
three matrices tested, orange juice was found to be problem-
atic as it made determination of glucose by the LIF method
impossible and probably also negatively influenced the accu-
racy of the C*D method.

Experimental

Glycylglycin (>99%) was purchased from Sigma-Aldrich
(St. Louis, MO, USA). D-Glucose monohydrate, p.a.,
D-fructose p.a., D-lactose monohydrate p.a., and sodium
hydroxide, p.a. were purchased from Penta (Prague, Czech
Republic). Sucrose p.a. was supplied by Lachema (Nera-
tovice, Czech Republic). Samples and BGEs were prepared
using deionized water produced by the Milli-Q system from
Millipore (Danvers, USA). For pH measurements, Jenway
3540 pH/conductivity meter from Jenway (Staffordshire,
UK) was used. The dry block heating system QBD?2 used for
the derivatization of saccharides was purchased from Grant
Instruments (Shepreth, UK). A fused-silica capillary was
purchased from Polymicro Technologies (Phoenix, USA).
An Agilent 7100 CE instrument from Agilent Technolo-
gies (Waldbronn, Germany) equipped with a diode array
detector was used for all electrophoretic measurements. The
CE system was further equipped with a C*D detector from
Admet (Prague, Czech Republic), consisting of two cylindri-
cal electrodes, 4 mm long with a 1-mm insulation gap. The
inner diameter of the electrodes was 400 um. The detector
was operated at a frequency of 1.84 MHz with an amplitude
of 44 V. ZetaLLIF LED-induced fluorescence detector from
Adelis (Labege, France) with 480 nm excitation wavelength
was used for CE-LIF experiments.
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Samples of cola beverage, honey, and orange juice from
concentrate were purchased in a local grocery store. The
orange juice sample was filtered through a 0.20 um PVDF
filter. The cola beverage sample was degassed in an ultra-
sonic bath for 10 min and then filtered through a 0.20 pm
PVDF filter. From the honey sample, 3.6 mg were weighed
into a 10-cm?® volumetric flask and filled up with deionized
water. Then, the sample was filtered through a 0.20 um
PVDF filter. The samples were eventually further diluted
according to the sensitivity of the tested methods.

Direct UV

Unmodified fused-silica capillary, 50 um ID, 375 um
OD, 65.0 cm total, 56.5 cm effective length was used.
Between consecutive runs, the capillary was rinsed for
3 min with 10% v/v acetic acid and 2 min with BGE (diso-
dium phosphate, 36 mmol dm™3, and sodium hydroxide,
130 mmol dm~2 at pH = 12.6). Samples were injected into
the capillary using a pressure of 5 kPa for 4 s with consecu-
tive injection of BGE using the same pressure for 5 s. A
separation voltage of 16 kV was applied (linearly increas-
ing from 0 kV within the first 2 min), inducing a current
of approximately 112 pA. The temperature of the capillary
cassette was maintained at 17 °C. The UV detector was set
at 270 nm wavelength. Samples of cola beverage and orange
juice were diluted 100 x with deionized water prior to analy-
sis. The honey solution was injected without further dilution.

Indirect UV

Unmodified fused-silica capillary, 50 um ID, 375 pm OD,
50.0 cm total, 41.5 cm effective length was used. Between
consecutive runs, the capillary was rinsed for 4 min with
BGE (glycylglycine, 50 mmol dm~, adjusted to pH=12.3
using NaOH). Samples were injected into the capillary using
a pressure of 5 kPa for 3 s. A separation voltage of 20 kV
was applied, inducing a current of approximately 63 pA.
The temperature of the capillary cassette was maintained
at 25 °C. The UV detector was set at 207 nm wavelength.
Samples of cola beverage and orange juice were diluted
100 x with deionized water prior to analysis. The honey solu-
tion was injected without further dilution.

D

Unmodified fused-silica capillary, 20 um ID, 375 um OD,
50.0 cm total, 15.0 cm effective length was used. Between
consecutive runs, the capillary was rinsed for 4 min with
BGE (sodium hydroxide, 40 mmol dm™). Samples were
injected into the capillary using a pressure of 5 kPa for
20 s. A separation voltage of 15 kV was applied, inducing
a current of approximately 10 pA. The temperature of the
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capillary cassette was maintained at 25 °C. Samples of cola
beverage and orange juice were diluted 1000 X with deion-
ized water prior to analysis. The honey solution was diluted
2.5 x with deionized water.

LIF

Unmodified fused-silica capillary, 50 um ID, 375 pm OD,
50.0 cm total, 29.0 cm effective length was used. Between
consecutive runs, the capillary was rinsed for 2 min with
BGE (triethylamine, 30 mmol dm™3, acetic acid, 1 mol dm>,
pH=3.1). Samples were injected into the capillary using a
pressure of 5 kPa for 5 s. A separation voltage of —30 kV
was applied, inducing a current of approximately 25 pA.
The temperature of the capillary cassette was maintained
at 25 °C. The cola and orange juice samples were diluted
1000 x with deionized water. 1 mm~> of the diluted sample
was put together with 1 mm™ of 100 mmol dm~> APTS in
15% (v/v) acetic acid. Then, 5 mm™ of 1 mol dm™ sodium
cyanoborohydride was added and the mixture was kept at
70 °C for 1 h. The derivatized samples were further diluted
100 X prior to analysis, resulting in a total dilution factor of
1/700,000. From the honey sample solution, 1 mm™> was
taken for the same derivatization procedure as in the case of
the other samples. Following the derivatization, this sample
was diluted 250 X with deionized water.
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