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CARBOHYDRATES ARE ESSENTIAL 
to a wide range of industries, 
including food, pharmaceu-
ticals, and consumer goods. 
Within the food industry, car-
bohydrates stand out as one 
of the key factors in determin-

ing the nutritional value of a product. Con-
sequently, the analysis of carbohydrates 
has become an indispensable tool in the 
food industry. Various techniques are avail-
able for carbohydrate analysis, each with 
its own merits and disadvantages (1). This 
article focuses on high performance ani-
on-exchange chromatography in combi-
nation with pulsed amperometric detection 
(HPAEC-PAD) as a preferred technique for 
carbohydrate analysis. HPAEC allows the 
separation of complex mixtures of carbo-
hydrates, for example between mono-, di-, 
oligo-, and polysaccharides. Furthermore, 
isomeric sugars such as epimers, or disac-
charides with different linkage positions, are 
known to be separated using HPAEC (2,3). 
The use of pulsed amperometric detection 
(PAD) in combination with HPAEC enables 
the direct analysis of carbohydrates, elimi-
nating the necessity for derivatization (2,3). 
Additionally, PAD enables sensitive detec-
tion of carbohydrates down to pico- or fem-
tomole levels (2).

The history of carbohydrate analysis 
using HPAEC-PAD started in the late 1950s 

when the ionization of hydroxyl groups of 
carbohydrates in alkaline conditions was 
shown, revealing the potential for carbo-
hydrate separation using anion-exchange 
chromatography (AEC) (4). At that time, 
the lack of strong and commercially avail-
able anion-exchange resins capable to 
withstand the harsh alkaline conditions 
limited the practical use of this discovery. 
It was not until 1983 that Rocklin and Pohl 
introduced the first AEC for carbohydrates 
using a 10-µm particle coated with a mon-
olayer anion-exchange latex (5). Since then, 
the development of carbohydrate analysis 
using HPAEC-PAD has significantly pro-
gressed through improvements in both the 
chemistry of the anion-exchange resins and 
the reduction in particle sizes.

The separation capability of a stationary 
phase depends on several factors, such as 
the type of porous resin (microporous, mac-
roporous, or super macroporous), particle 
sizes (substrate and latex bead diameters), 
crosslinking degree of the substrate and 
latex beads, and type of anion-exchange 
group. For instance, the particle sizes have 
evolved from 10 µm to smaller dimensions, 
such as 8.5 µm, 6 µm, 5.5 µm, 4 µm, and 
sub-4-µm particles, to improve separa-
tion efficiencies and shorten analysis time 
(6–8). Using smaller particle sizes with 
improved chemistries and stationary phase 
architecture enabled fast, high-resolution 

anion-exchange separation of complex 
carbohydrate samples (6–8). Nevertheless, 
it is evident that smaller particle sizes will 
give rise to higher column back pressures, 
especially the use of columns with sub-5-
µm particles, which puts some limitations 
on the metal-free ion chromatography (IC) 
instrumentation that can be used for fast, 
high-resolution HPAEC-PAD analysis. The 
construction materials of the equipment, 
capillaries, and column blanks should have 
a sufficiently high maximum pressure rating 
to operate with such columns. Therefore, 
a novel agglomerated pellicular anion-ex-
change stationary phase for carbohydrate 
analysis has been developed and evalu-
ated. The new stationary phase is based 
on a monodisperse 5-µm resin of a highly 
crosslinked poly(divinylbenzene-co-ethylvi-
nylbenzene) copolymer coated with quater-
nary amine functionalized latex nanoparti-
cles. A 200 × 4 mm i.d. column packed with 
these highly uniform 5-µm resin particles 
produces relatively low column back pres-
sures, reaching only approximately 130 bar 
under typical separation conditions (0.7 mL/
min, 12 mM NaOH, 30 °C). The schematic 
in Figure 1 illustrates the particle architec-
ture of the new stationary phase, and the 
monodispersity of the particles is evident 
from the provided scanning electron micro-
scope (SEM) image. The monodisperse 
particle size of the resin should enable 
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high-resolution separation in contrast to 
resins with a larger particle size distribution. 
In this article, we demonstrate the perfor-
mance of this new stationary phase in the 
separation of all classes of carbohydrates, 
ranging from mono-, di-, and trisaccha-
rides to oligo- and polysaccharides. The 
separation was performed using a 200 × 4 
mm i.d. analytical column packed with this 
new stationary phase. The specifications of 
the column are shown in Table I.
 
Materials and Methods
Materials
All chemicals were purchased from Sig-
ma-Aldrich, Carbosynth, or Alfa Aesar 
unless stated otherwise. All carbohydrate 
standards were of analytical grade. Sodium 
hydroxide solution (50% w/w), high per-
formance liquid chromatography (HPLC) 
grade sodium acetate trihydrate, and 
LC–mass spectrometry (LC–MS) grade 
acetonitrile were purchased from Fisher 
Scientific. Ultrapure water was obtained 
using a Merck Synergy Water Purification 

UV System (resistivity 18.2 MOhm/cm, 
TOC ≤5 ppb). All mobile phases were man-
ually prepared, sparged, and blanketed with 
nitrogen 5.0 (nitrogen ≥ 99.999%) to mini-
mize the build-up of carbonate ions and to 
ensure a reproducible analysis.

General Methods
All analyses were performed using the 
ALEXYS Carbohydrate Analyzer (Antec 
Scientific). This metal-free, bio-inert ana-
lyzer consists of a quaternary low-pressure 
gradient (LPG) pump, autosampler, column 

TABLE I: Specifications of a column packed with the new stationary phase.

Parameter Specification

Type Latex agglomerated pellicular resin

Particle diameter 5 µm

Material Poly(divinylbenzene-co-ethylvinylbenzene)

Crosslinking (%) 80%

Functionality Quaternary amine groups

Column dimensions 200 x 4 mm i.d.

Ion exchange capacity 86 µeq

Organic solvent limit 0–100% of any common solvent (cleaning)

Temperature limit 5–60 °C (recommended 10–40 °C)

pH range 0–14

Pressure rating Max. 300 bar/4500 psi

Typical back pressure Around 130 bar (0.7 mL/min, 12 mM NaOH, 30 °C)

For references, go to chromatographyonline.com/journals/lcgc-international
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thermostat, eluent tray, and electrochem-
ical detector. During the preparation of the 
mobile phase, borate ions may be present 
in low parts-per-billion (ppb) concentra-
tions, which can lead to peak tailing of some 
carbohydrates such as fructose and lactu-
lose. Therefore, as a precaution, a borate ion 
inline trap column (50 × 4 mm i.d., Antec 
Scientific) was installed between the pump 
and the injector. A 200 × 4 mm i.d. analyti-
cal column packed with the new stationary 
phase (SweetSep AEX200) was used for 
all experiments. The separation temperature 
was set to 30 °C and an injection volume of 
10 µL was used in all applications. For pulsed 
amperometric detection, the SenCell electro-
chemical flow cell was used (9). This flow cell 
has a confined wall-jet design and consists 
of a gold working electrode (WE), HyREF 
(Pd/H2) reference electrode (RE), and stain-
less-steel auxiliary electrode (AE). 

The flow cell has an adjustable spacer and 
was set to position 2, which corresponds to 
a 50-µm spacing and a 160-nL working vol-
ume. A four-step potential PAD waveform 
was applied for detection: E1, E2, E3, and E4 
were +0.10, –2.0, +0.6, and –0.1 V, respective-
ly, with pulse duration of t1 = 400 ms, t2 = 20 
ms, t3 = 10 ms, and t4 = 70 ms. The signal 
(cell current) is acquired for 200 ms with a 
sampling rate of 10 ms during t1 between t = 
0.20–0.40 s. The signal output is the average 

cell current in nA measured during this 200-
ms time period. The data rate of the signal 
output is 2 Hz, which corresponds to the 
500-ms pulse time duration of the applied 
four-step potential waveform. This particular 
four-step waveform has several benefits: (1) 
long-term reproducible response factor for 
all analytes and (2) minimal electrode wear 
(10). The detection temperature was set to 
35 °C. The stock solutions of the individual 
standards were prepared in 95:5 (v/v%) 
water/acetonitrile with a concentration of 
10 mM. Acetonitrile was added to prevent 
fast degradation and minimize bacterial or 
fungal growth. The stock solutions of the 
standards were stored in the freezer at −20 
°C and were stable for more than a month. 
The working standard mixes were prepared 
by serial dilution of the stock standards with 
deionized (DI) water. 

Evaluation of Column  
Performance And Long-Term Stability
Separations of a mix of 10 sugar standards 
were performed on the aforementioned 
analytical column to evaluate its perfor-
mance and long-term stability. The mix of 
standards consists of fucose, arabinose, 
galactose, glucose, sucrose, fructose, allol-
actose, lactose, lactulose, and epilactose in 
DI water. The final concentration of the mix 
was 10 µM. The separation was based on 

a step gradient. During the first 20 min, the 
sugars are eluted under isocratic conditions 
using 12 mM NaOH as the mobile phase at 
a flow rate of 0.7 mL/min. The isocratic elu-
tion step was followed by a column clean-
up step using 100 mM NaOH for 5 min at 
0.8 mL/min and equilibration to the starting 
conditions for 17.5 min, resulting in a total run 
time of 42.5 min. The long-term stability of 
the column was assessed by repetitive 10 
µL injections of the standard mix solution 
for about 4 months, resulting in more than 
2600 chromatographic runs.
 
Application 1: Sugars in Honey
A 10 µM mix of 14 sugars in DI water com-
monly found in honey (trehalose, glucose, 
fructose, isomaltose, sucrose, kojibiose, 
gentiobiose, turanose, palatinose, melezi-
tose, raffinose, 1-kestose, maltose, and 
erlose) was used as the working standard 
for this application. A wild honey obtained 
from a Swiss beekeeper was used as a 
sample. The honey sample was harvested 
during the summer season of 2023. The 
honey samples were prepared by weigh-
ing 100 mg of the honey and dissolving it in 
100 mL DI water to achieve a concentration 
of 1 g/L. Subsequently, the samples were 
filtered over a 0.22-µm polyethersulfone 
(PES) syringe filter (GVS Filter Technology) 
into the vials for injection. The separation 
was performed on the HPAEC-PAD sys-
tem described above, using the following 
step-gradient program: isocratic elution at 
0.7 mL/min using 68 mM NaOH for 25 min, 
followed by a 5-min column clean-up step 
using 100 mM NaOH + 100 mM NaOAc 
(sodium acetate), and equilibration to the 
starting conditions for 15 min. The total run 
time of each run was 45 min. For quantifica-
tion purposes, the honey sample was dilut-
ed into concentrations of 0.1 g/L and 0.01 
g/L using serial dilution with DI water.

Application 2: Profiling of 
Fructooligosaccharides (FOS)
Inulin from chicory was used as a sample to 
obtain the fructooligosaccharides profile. The 
sample was prepared by dissolving a known 
amount of inulin powder in DI water, followed 
by filtration over a 0.22-µm PES syringe fil-
ter and dilution to the final concentration of 
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FIGURE 1: (a) Schematic of the individual resin particle of the new stationary phase 
(SweetSep AEX200). The particle consists of a 5-µm non-porous poly(DVB-co-EVB) core 
(green) coated with latex particles (white) with quaternary amine anion-exchange groups 
(for clarity, only half of the nano-beads are shown). (b) SEM picture of monodisperse resin 
particles, scale bar 10 µm. (c) SEM picture of the latex agglomerated surface of the mono-
disperse resin particles, scale bar 1000 nm.
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200 ppm. The separation was performed on 
the same HPAEC-PAD system as mentioned 
earlier, using a gradient program with a flow 
rate of 0.8 mL/min. The gradient program 
started with 100 mM NaOH, and a linear gra-
dient to 100 mM NaOH + 180 mM NaOAc 
was applied until t = 12 min. Subsequently, a 
more gentle linear gradient to 100 mM NaOH 
+ 450 mM NaOAc was applied until t = 60 
min. The system was equilibrated to the start-
ing condition for 15 min, resulting in a total run 
time of 75 min. Initial peak assignments were 
based on the elution pattern of glucose (G), 

fructose (F), sucrose (GF), 1-kestose (GF2), 
nystose (GF3), and fructosyl nystose (GF4). 
Because of the lack of commercial standards 
for sugars with a high degree of polymeriza-
tion (DP), further assignments were based on 
the assumption that the retention of a homol-
ogous series of carbohydrates increases as 
the DP increases.

Results and Discussion
Column Performance and Long-Term Stability
The column performance and long-term sta-
bility assessment of a 200 × 4 mm i.d. column 

were conducted based on the separation of 10 
sugars. The 10 sugars were carefully chosen 
to cover a range of molecular structures of 
saccharides: (1) monosaccharides (glucose) 
or disaccharides (sucrose); (2) isomers (allo-
lactose and lactose); (3) epimers (galactose 
and glucose); (4) hexose (fructose) or pen-
tose (arabinose) for monosaccharides; and 
(5) deoxy sugars (fucose). The separation of 
the 10 sugars on the analytical column was 
achieved under isocratic elution condition 
with 12 mM NaOH at the flow rate of 0.7 mL/
min. Under this condition, all 10 sugars were 
baseline separated (resolution ≥1.5). The sym-
metry and tailing factors for the 10 sugars were 
excellent, with a value of approximately 1.1 for 
most sugars except for arabinose (1.2). The 
plate numbers of all sugars range between 
about 12300 to 19300, and the reduced plate 
heights (h) for most of the sugars were close 
to the ideal value of 2.0 for a 200 mm column 
with a 5-µm particle size. All column parame-
ters are provided in Table II.

The long-term stability of the 200 × 4 
mm i.d. column was assessed using the 
same 10-sugar mix under the same condi-
tions. The overlay chromatograms of sev-
eral selected injections over four months, 
during which more than 2600 injections 
were conducted, are provided in Figure 2. 
The retention times for all 10 compounds 
remained stable over this period. The small 
variations in peak height and peak area 
were caused by differences in the manual 
preparation or aging (degradation) of the 
standard mix. The long-term stability of the 
column was also assessed based on the 
loss of the plate numbers and changes in 
tailing factors. There was no observed loss in 
plate numbers nor increase in tailing factors, 
which indicates that columns packed with 
this resin result in very stable columns with 
outstanding lifetime.

Sugars in Honey
Honey is a complex natural substance with a 
promising potential for various health benefits, 
and it consists of approximately 80% carbo-
hydrates (11). Because of its economic appeal, 
honey is susceptible to food fraud and adultera-
tion. For instance, in 2021 the value of imported 
honey was 2.32 €/kg, whereas commonly used 
adulterants such as rice syrups cost approxi-

Time (min)
FIGURE 2: Overlay of injections #10, #800, #1500, and #2600 after 4 months of continuous 
injections of a carbohydrate mixture. Peak labels: (1) fucose; (2) arabinose; (3) galactose; (4) 
glucose; (5) sucrose; (6) fructose; (7) allolactose; (8) lactose; (9) lactulose; and (10) epilactose. 

TABLE II: Column performance test results, 200 x 4 mm i.d.

No. Compound Tr 
(min) k N Rs Symmetry/

Tailing
HETP 
(µm) h

1 Fucose 2.75 1.17 12312 1.11 16.2 3.2

2 Arabinose 4.33 2.41 18494 14.01 1.23 10.8 2.2

3 Galactose 5.08 3.00 16981 5.25 1.14 11.8 2.4

4 Glucose 5.59 3.40 17322 3.18 1.08 11.5 2.3

5 Sucrose 6.36 4.01 16455 4.18 1.07 12.2 2.4

6 Fructose 7.08 4.57 17748 3.50 1.07 11.3 2.3

7 Allolactose 10.56 7.31 18375 13.33 1.09 10.9 2.2

8 Lactose 11.43 8.00 16661 2.61 1.12 12.0 2.4

9 Lactulose 12.53 8.87 18538 3.08 1.09 10.8 2.2

10 Epilactose 14.29 10.25 19375 4.53 1.09 10.3 2.1
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mately 0.40–0.60 €/kg in the European Union 
(EU) (12). The composition and definition of 
honey in the EU are regulated by the EU Honey 
Directive 2001/110/EC (13). The directive spec-
ifies the criteria for unadulterated honey prod-
ucts including the threshold of sugars in honey. 
Therefore, HPAEC-PAD is an attractive method 
that can quantify sugars in honey to check the 
authenticity of honey samples.

The separation of the 14 sugars commonly 
found in honey using the aforementioned 
column is depicted in Figure 3. Out of the 14 
sugars, two are monosaccharides (glucose 
and fructose), eight are disaccharides (treha-
lose, isomaltose, sucrose, kojibiose, gentio-
biose, turanose, palatinose, and maltose), and 
four are trisaccharides (melezitose, raffinose, 
1-kestose, and erlose). All sugars were elut-
ed within 25 min, and most of the sugars 
were baseline separated (R ≥1.5), except for 
palatinose and melezitose (resolution 1.1 and 
1.2, respectively). The peak efficiency for all 
sugars ranged between 8000–16000 plates, 
and all peaks exhibited no significant tailing 
(tailing factor between 1.0–1.2).

The presented method was validated by 
testing the linearity, repeatability, and deter-
mining the limits of detection (LODs). The 
linearity of the method was investigated 
in the concentration range of 0.01–50 µM. 
In this concentration range, the linearity is 
excellent with the correlation coefficients 
(r) >0.999 for almost all sugars except for 
turanose (r = 0.9986). A total of 10 repetitive 
injections of the 10 µM standard mix in DI 
water were performed to assess the repeat-
ability of the method. Excellent repeatabili-
ty was found as shown by the very small 
relative standard deviations (RSDs) of the 
retention times, peak heights, and peak 
areas (<0.3%, <0.5%, and <0.6%, respec-
tively). The LODs were calculated based on 
the International Council for Harmonization 
(ICH) guidelines (that is, LODs were calcu-
lated as the analyte response correspond-
ing to 3× the ASTM noise, with an average 
peak-to-peak baseline noise of 10 segments 
of 0.5 min). The excellent sensitivity of the 
method is evident from the low detection 
limits for all sugars (<70 nM).

To demonstrate the applicability of the 
method, a summer honey sample obtained 
from the Swiss beekeeper was tested. The 

chromatogram of the 10 µL injection of the 
honey sample is shown in Figure 3. All 14 
sugars were detected in the honey, with 
glucose and fructose being the most dom-
inant sugars. Quantification of the sugars 
shows that the glucose, fructose, sucrose, 
and maltose contents are 27.4 g, 31.9 g, 0.1 g, 
and 0.8 g per 100-g honey products, respec-
tively. These values align with the specified 
criteria of unadulterated honey defined by 
the EU Honey Directive 2001/110/EC (13). 
Overall, the presented method shows the 

outstanding separation of sugars using the 
new stationary phase and sensitive detec-
tion of the sugars in honey using pulsed 
amperometric detection.

Profiling of Fructooligosaccharides (FOS)
Fructooligosaccharides are polymers con-
sisting of fructose found widely distributed 
in nature as plant storage carbohydrates. 
Fructooligosaccharides are a form of die-
tary fiber, and they can serve as an energy 
source for the gut microbiota (14). Many 

FIGURE 4: Chromatogram of 10-µL injections of 200 ppm inulin from chicory.  
Monosaccharides (glucose and fructose) are labeled with an asterisk. 

Time (min)

FIGURE 3: Overlay chromatograms of 10 µL injections of 10 µM standard mix of 14 sugars 
commonly found in honey (black lines) and 1 g/L honey sample obtained from Swiss  
beekeeper (red lines). Peak labels: (1) trehalose; (2) glucose; (3) fructose; (4) isomaltose;  
(5) sucrose; (6) kojibiose; (7) gentiobiose; (8) turanose; (9) palatinose; (10) melezitose;  
(11) raffinose; (12) 1-kestose; (13) maltose; and (14) erlose.
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plant species, including wheat, onion, bananas, garlic, and chic-
ory, contain inulin-type fructooligosaccharides (ITF). ITF exists as 
a blend of polymers with degrees of polymerization (DP) ranging 
from 2 to 60 subunits (14). Some ITFs in plants have a glucose unit 
at the reducing end, while others do not include a glucose residue 
at all. Therefore, all ITFs can be described with the generic chemi-
cal structure GFn (with G as optional glucose, F as fructose, and n 
indicating the number of fructose moieties).

The column described earlier was employed to obtain a fruc-
tooligosaccharides profile in inulin from the chicory sample. A 
chromatogram in Figure 4 illustrates the profile of fructooligosac-
charides from the sample. Based on the chromatogram, inulin 
predominantly consists of GFn-type fructooligosaccharides rang-
ing from DP3 (GF2) to approximately DP61 (GF60). Additionally, this 
sample contains a substantial amount of free sugars (glucose, 
fructose, and sucrose). Although the GFn and Fn type fructooligo-
saccharides are baseline separated until GF7 and F7, they exhibit 
slightly different retention behavior. Consequently, they unavoida-
bly overlap, leading to the coelution of components starting from 
GF8 and F8. The GF12 and F12 were observed to be baseline sepa-
rated again until approximately GF22 and F22. Further, F23 onwards 
was not observed, whereas GFn-type was still detected up to 
approximately GF60. It is important to note that the chain-length 
distribution should only be interpreted qualitatively because the 
response factor decreases with increasing chain length, and 

therefore, it does not represent the exact quantitative distribution. 
Overall, the presented method demonstrated excellent separation 
of inulin-type fructooligosaccharides.

Conclusion
A new anion-exchange stationary phase based on 5-µm particles 
was developed, and it enables fast, high-resolution separation of 
carbohydrates at moderate column back pressures. A 200 mm × 
4 mm i.d. analytical column based on the stationary phase demon-
strated a superior performance with reduced plate heights for near-
ly all sugars close to the ideal value of 2.0. The column showcased 
great stability in retention times, peak efficiencies, and tailing factors 
over an impressive span of 2600 injections. The versatility of this 
new stationary phase was evident in its ability to achieve high-res-
olution separation of carbohydrates from mono-, di-, tri-, oligo-, up 
to polysaccharides. In conclusion, the newly introduced column 
provides high-resolution separation of all classes of carbohydrates 
using HPAEC-PAD and will help to achieve accurate identification 
and quantification of carbohydrates in food products, including 
detection of adulteration and fraud. 

This article has additional supplemental information only available online. 
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