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Carbohydrates are one of the most abundant classes of
organic compounds in nature, which not only constitute
complex biomolecules in human and animals but are also
distributed in plants and bacteria.'* Among a variety of
carbohydrates, glucose is a key compound in carbohydrate
metabolism. In humans, glucose circulates in the blood and
plays important roles through a variety of functions: glucose
is not only the main source of energy for most organs such as
muscles, central nervous system and brain but it also pro-
vides substrates to other metabolic reactions.>* Separation
and discrimination of carbohydrates and glucose levels in
human matrices so thus have been continued growing more
and more in carbohydrate metabolism research.>>’ Recent-
ly, high performance liquid chromatography (HPLC) coup-
led with electrospray ionization mass spectrometry (ESI-
MS) has become a powerful and essential tool for trace
determination of not only carbohydrates but also a variety of
compounds due to its rapid, specificity, and sensitivity.”'>*°
ESI involves transferring compounds from liquid solution to
gas phase and the formation of charged ions under a strong
electrical field. This soft ionization method accomplishes a
number of processes including the production of charged
droplets, desolvation, ion generation, declustering.*'*> Hence,
the sensitivity of ESI-MS is not only strongly dependent on
the properties of analytes, samples preparation methods,”
and chromatographic conditions,”?’ but is also decided by
series of its own parameters.”!”’ These factors can enhance
or suppress the ion intensity, resulting in the enhancement or
suppression of signal for analytes; therefore these effects
should be examined in order to achieve optimal conditions
and improve the sensitivity of the method.>*?’ This report
presents the systematic optimization of both ESI source and
analyte-dependent parameters for analysis of a variety of
carbohydrates by LC-MS.

*These authors contributed equally to this work.

Experimental Section

Seven carbohydrates (xylose, fucose, fructose, glucose,
sucrose, cellobiose, melezitose), internal standard (salicin)
and ammonium acetate were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Methanol and acetonitrile (ACN)
were pesticide grade and obtained from Kanto Chemical
(Chuo-ku, Tokyo, Japan). Formic acid and acetic acid were
purchased from Fluka (St. Louis, MO, USA). Deionized
water (resistivity more than 18 MQ) was produced by an
Ultra-pure water system from Sinhan science Tech Co. Ltd.
(Yuseong-gu, Dejeon, Korea).

LC analysis was carried out using a Dionex Ultimate 3000
liquid chromatography system (Dornierstrale 4, D-82110
Germering, Germany) consisting of a Dionex SRD-3600
vacuum degasser, a LPG-3600 micro pump, a FLM-3100
flow manager and a WPS-3000T auto-sampler. Carbohyd-
rates were separated using a Luna amino column (150 mm x
2 mm ID., 3 um particle size) from Phenomenex (Torrance,
CA, USA) at a flow rate of 200 pL/min. The column
temperature was maintained at 40 °C. Sample volumes of 5
puL were introduced by partial mode. The mobile phase was
composed of acetonitrile (A) and water (B) with gradient
program as follows: 0-6 min, 80% A + 20% B; 6-8 min,
80% A + 20% B to 60% A + 40% B and maintained for 4
min (8-12 min); finally, the column was equilibrated for 13
minutes (12.1-25 min) with 80% A +20% B.

ESI-MS experiments were performed on a MDS SCIEX
3200 QTRAP tandem mass spectrometer (Applied Bio-
systems, Toronto, Canada) equipped with a turbo ionspray
source. The ion spray voltage was set to —4500 V, the probe
temperature was 500 °C with the interface heater turned on.
High-purity nitrogen gas and air supplied from a Peak scien-
tific gas generator (Inchinnan, PA4 9RE, Scotland) were
used as auxiliary gas for curtain, nebulization and vapori-
zation processes. The ESI-MS was operated in negative ion
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mode. The compound-dependent parameters including de-
clustering potential (DP), entrance potential (EP), collision
cell entrance potential (CEP), collision energy (CE) and
collision cell exit potential (CXP) were individually optimiz-
ed for all compounds by flow injection analysis (Table 1).
For these experiments, an HPLC pump was used at a flow
rate of 0.2 mL/min with an eluent of acetonitrile-water
(80:20, v/v), and 5 pL of standards at 0.1 mg/mL were inject-
ed directly into the MS without a column. Both quadrupole
Q1 and Q3 were set to unit resolution. The deprotonated
molecule [M-H]™ ions were monitored in selected ion moni-
toring mode (SIM) and were chosen as the precursor ions for
two specific multiple reaction monitoring (MRM) transi-
tions in MS/MS mode. Data acquisition and quantification
were performed using Analyst 1.4 software (Applied Bio-
systems, Toronto, Canada).

Standard stock solutions of seven carbohydrates (xylose,
fucose, fructose, glucose, sucrose, cellobiose, melezitose)
were individually prepared at 10 mg/mL in deionized water.
Working standard solutions and standard mixtures (100, 10
and 1.0 pg/mL) were made up from stock solutions by
further dilution with ACN-deionized water (80:20, v/v). A
solution of salicin at 0.1 mg/mL in 80% ACN solution was
prepared from its stock solution (10 mg/mL) and used as the
internal standard (IS) since it is not found in human bio-
logical samples.

Plasma samples were collected from healthy volunteers
and stored in a deep freezer at —79 °C until use. Plasma
samples were thawed at room temperature and 10 pL. were
spiked with 25.0 pL of internal standard (100 pg/mL) and
vortex-mixed for 30 seconds. Plasma proteins were precipi-
tated by addition of ACN-water (80:20, v/v) mixture (965
pL), then vortex-mixed for 3 min and centrifuged at 14000
rpm for 10 min. The supernatant was filtered through 0.2 pm
membrane, diluted 5-fold with a mixture of ACN-water
(80:20, v/v) and transferred to auto-sampler vials. 5 pL. of
the diluted plasma extract was injected onto the LC tandem
MS system.

Calibration standards ranged from 0.005 to 5.0 pg/mL
(0.005, 0.01, 0.05, 0.1, 0.5, 1.0, 2.0 and 5.0), each containing
0.5 pg/mL of IS, were prepared from the standard mixture in
80% ACN. Linear regression of peak area ratios of analytes/
internal standard against corresponding concentrations were
used to plot the calibration curve. The slope, intercept and
correlation coefficient values were established from the re-
gression line and used for quantification. Intra-assay precision
and accuracy were examined at three different levels.

Results and Discussion

In this method, clean-up is a necessary and important pro-
cess for sample preparation in order to prevent blockage in
the HPLC column and ESI source, which is based on protein
precipitation with acetonitrile (ACN) and subsequent centri-
fugation and membrane filtration for removal of insoluble
particles before injection into the LC-MS system. The advant-
age is that sample preparation reduces time to a minimum
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and enables direct injection of the diluted plasma extract into
the LC-MS system.” This procedure is simple and rapid,
consumes minimal solvent and yields pure carbohydrates
from plasma samples for biological analysis.

Optimization of the LC Separation. Mobile phases com-
posed mainly of ACN and water provided good separation
and reasonable retention time for glucose and several carbo-
hydrates on an amino column.'"'*!* In this work, a mobile
phase composed of ACN and water without any modifier
was used. The retention of carbohydrates on a bonded amino-
propyl silica column could be controlled by the proportion
of organic modifier in the mobile phase because the reten-
tion is based on the hydrophilic interaction between the
carbohydrate hydroxyl groups and the stationary phase.”® In
the present study, different percentages of ACN in the
mobile phase were tested. By using isocratic flow, increases
in peak broadening and analysis time were observed when
the organic content increased from 60 to 85%, while the
resolution of carbohydrates was not improved. When simul-
taneously analyzing glucose together with di- and tri saccha-
rides, the initial isocratic flow of 80% ACN was maintained
for the first six minutes and then modified to a gradient
program by decreasing the ratio of ACN from 80 to 60%.
This resulted in a well-resolved chromatogram with appro-
priate retention times and improved the peak shape for all
compounds.

The effect of flow rate on the signal response of [M-H]”
ions for carbohydrates was investigated. The intensities of
[M-H] ions decreased with the increase of flow rate from
200-500 pL/min; lower flow rate gave higher sensitivity in
the same ESI-MS conditions. Flow rate reduces the size of
charged droplets that minimize the solvent cluster, and less
solvent vaporization is therefore required prior to transfer
into the gas phase.

The signal suppression/enhancement of ESI-MS may occur
due to changes in these conditions. Several additives, such as
formic acid, acetic acid, and ammonium acetate at concen-
trations ranging from 1 to 10 mM, were employed in negative
mode for investigation of the effect of modifiers on the ESI-
MS response. Mass spectrometric properties and the specific
fragmentation of each compound in negative mode were
confirmed, and the mobile phase additives enhanced the
intensities of adduct ions [M+HCOO]", [M+CH3;COQ]" for
all compounds tested in negative mode. The ratio of [M+
HCOO]/[M-H]™ was significantly increased when formic
acid was added, while [M+CH3;COO]/[M-H] was increased
in the presence of acetic acid or ammonium acetate. How-
ever, the intensities of these adduct ions were relatively
weak compared to those of the corresponding deprotonated
molecular ions [M-H]; hence, the prominent [M-H]™ ions of
carbohydrates were monitored in Q1 SIM and used as pre-
cursor ions for multiple reaction monitoring (MRM) transi-
tions.

Sodium adduct molecular ions [M+Na]" were observed in
positive mode as the most abundant ions for all examined
analytes since carbohydrates are not easily protonated to
form [M+H]" ions. The formation of a sodium adduct in
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positive ionization without the addition of sodium salt to the
mobile phase also gave higher intensity than [M-H]™ ions in
negative mode at the same concentration level. However, the
trace amounts of sodium originating from various sources
such as mobile phase impurities, glassware, and analytical
instruments may vary and thus affect the response of ions.
Therefore, deprotonated molecular ions were selected for
analysis of carbohydrates in negative ion mode. After optimi-
zation of the chromatographic separation, the MS para-
meters were optimized by flow injection analysis to achieve
the maximum response for each analyte. The source-
dependent parameters include ion spray voltage, temperature
(TEM), gas 1 (GS 1) and gas 2 (GS 2). Ion spray voltage
depends on the polarity and affects the stability of the spray
and the sensitivity.?® The response of [M-H] ions of carbo-
hydrates was affected by the electro spray voltage. Electro
spray voltage was examined from —2000 to —4500 V for all
analytes. A higher ion spray voltage drastically increased the
signal intensity, and the optimal value was set at —4500 V.
Gas 1 and gas 2 control the nebulizer gas and auxiliary gas,
respectively. The signal intensity was enhanced by increas-
ing GS 1 and GS 2 values from 0 to 60 psi, depending on the
compounds. The response tended to be reduced at too higher
pressure of GS 1 and GS 2 (data not shown). The results
demonstrate that ion spray voltage, TEM, GS 1 and GS 2 are
source-dependent parameters that can affect the response of
ions in the ESI-MS; that is, they depend on the LC condi-
tions and should be optimized to significantly impact the
sensitivity of the analysis.

Declustering potential (DP) is used to minimize solvent
cluster ions that may attach to the sample. The higher the
voltage, the greater the amount of fragmentation or declu-
stering, however, too high DP value can cause ion suppre-
ssion and unexpected fragmentation of analytes. The inten-
sities of [M-H]™ ions of the studied carbohydrates increased
gradually with the increase of DP values at low range to
reach the maximum response; after passing this optimal
point, the signal decreased with the higher DP values.
Entrance potential (EP) guides and focuses the ions through
the high pressure region and affects the values of ion path
voltage. An acceptable value of EP equal to —10 V is re-
commended in negative mode for nearly all applications;*®
however in this study, lower EP values indicated that carbo-
hydrates may involve fragile analytes (Table 1). The MRM
transition ion for each carbohydrate is shown in Table 1. In
MS/MS-type experiments, collision energy (CE), collision
cell entrance potential (CEP), and collision cell exit potential
(CXP) control the energy, entrance potential and exit poten-
tial of collision cell, respectively.”® CE provides energy to
the precursor ions transmitted the collision cell where they
collide with gas molecules and fragment, while CEP and
CXP are used to focus and accelerate ions. The effect of CE
on the ESI response was investigated from —5 to =70 V. The
parent ions may not fragment at initial low CE. Among the
examined carbohydrates, sucrose and melezitose required
the highest energy to collide in the collision cell. The signal
intensity increased significantly with higher CE, but drasti-
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Table 1. Optimal ESI-MS parameters for MRM experiments

Analyte  Voleeular MRM © - pn g cEP CxP
mass transition
Xylose 150 14989 20 -1 -10 -5 -5

Fucose 164
Fructose 180
Glucose 180
Sucrose 342
Cellobiose 342
Melezitose 504
Salicin (IS) 286

163/89 -5 -1 -10 -5 -5
179/89 20 -3 -10 -10 -5
179/89 20 -10 -10 -10 -5
341/89 40 -4 30 -15 -5
341/161 -5 -3 -10 -10 -5
503/323 40 -10 -30 -20 -5
285/123 -40 -10 -10 -10 -5

cally decreased with too high CE. The reduction of response
and increase in background noise may be due to the ex-
cessive fragmentation of precursor ions when too much
energy was provided.

Results from calibration curves are summarized in Table
2. The correlation coefficients were better than 0.999 over
the range of 0.005-5 pg/mL for all carbohydrates examined.
The limit of detection (LOD) for each carbohydrate was
evaluated based on the signal of the blank and the standard
deviation of the sample that gave a significantly different
signal from the blank. LOD was calculated as 3 times the
standard deviation divided by the slope of triplicate mea-
surements of spiked sample at 50 ng/mL and 10 ng/mL for
SIM and MRM mode, respectively. The method presents
high sensitivity for carbohydrates with LOD ranging from
4.1-11.7 ng/mL in SIM mode and 1.4-5.9 ng/mL in the MRM

Table 2. Calibration data of carbohydrates by selected ion monitor-
ing method

Analyte Diagnostic LOD“  Amount Precision Accuracy
ion (m/z) (ng/mL) added (ug) (% RSD)® (% RE)*
Xylose 149 8.6 0.1 34 -0.2
0.5 4.9 7.8
2.0 2.9 -0.6
Fucose 163 7.1 0.1 2.2 10.9
0.5 2.5 34
2.0 42 -1.0
Fructose 179 8.6 0.1 0.5 3.1
0.5 6.9 9.7
2.0 5.7 2.6
Glucose 179 4.1 0.1 7.9 10.6
0.5 2.9 0.1
2.0 2.8 -1.1
Sucrose 341 11.7 0.1 4.0 8.6
0.5 4.9 8.8
2.0 6.3 2.0
Cellobiose 341 4.2 0.1 8.9 73
0.5 5.7 2.6
2.0 5.9 -4.6
Melezitose 503 10.1 0.1 4.2 -3.9
0.5 9.2 5.5
2.0 3.7 3.1

“Limit of detection was calculated based on the response of spiked
sample at 100 ng/mL. *Relative standard deviation. ‘Relative error
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Figure 1. SIM chromatograms of carbohydrates (a) and plasma

sample (b). 1, fucose; 2, xylose; 3, fructose; 4, glucose; 5, sucrose;
6, cellobiose; 7, melezitose, IS, salcin.

experiment. Typical SIM chromatograms of carbohydrates
and glucose in plasma samples are shown in Figure 1.

The precision expressed as percentage relative standard
deviation (% RSD), was calculated from triplicate experi-
ments. The accuracy was measured as the percentage differ-
ence (relative error, % RE) from theoretical added values
obtained from three samples spiked with standards. The
method showed acceptable precision (% RSD = 0.5-9.2),
and accuracy (% RE = —4.6-10.9) for all analytes at three
concentration levels (Table 2) and was reliable for the
quantitative measurement of carbohydrates in biological
samples. The validated method was applied for the mea-
surement of glucose in human plasma. The mean of glucose
concentration in normal subjects was 0.89 £ 0.15 mg/mL
(0.68-1.15 mg/mL). These were similar with those reported
other methods.” The presence of fructose in human plasma
was also confirmed.'” Other carbohydrates were not found in
human plasma or their concentrations were below the LOD
of the method.

Conclusions

In conclusion, the developed HPLC coupled with ESI-MS
was a powerful technique for the separation and characteri-
zation of carbohydrates by either SIM or MRM mode. The
present method will be useful for the monitoring of carbo-
hydrate profile in biological fluids from various diseases
including diabetic ketoacidosis, hypoglycemia and hyper-
osmolar coma.
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