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Introduction

Highly sensitive ultra-performance liquid
chromatography coupled with triple quadrupole
mass spectrometry detection method for
levoglucosan based on Na™ enhancing its ionization
efficiencyf

Xiunan Yao, & 2 Ninglian Wang,*2°¢ Xingwang Zheng,® Quanlian Li,° Ewerton Santos,'
Linda Maharjan,® Junjie Wang,?® Zhihui Guo, Jiahua Guo,?® Huan Zhang,®®
Kui Zheng,?® Jingquan Wu® and Yao Li®

The sensitive determination of levoglucosan in aqueous samples has great significance for the study of
biomass burning. Although some sensitive high-performance liquid chromatography/mass spectrometry
(HPLC/MS) detection methods have been developed for levoglucosan, there are still plenty of
shortcomings, such as complicated sample pre-treatment procedures, large-amount sample
requirements, and poor reproducibility. Herein, a new method for the determination of levoglucosan in
the aqueous sample was developed using ultra-performance liquid chromatography with triple
quadrupole mass spectrometry (UPLC-MS/MS). In this method, we firstly found that compared with H,
Na* could effectively enhance the ionization efficiency of levoglucosan, even though the content of H*
is higher in the environment. Moreover, the precursor ion m/z 1851 [M + Nal* could be used as
a quantitative ion to sensitively detect levoglucosan in aqueous samples. Only 2 plL of un-pretreated
sample is required for one injection in this method, and great linearity was obtained (R? = 0.9992) using
the external standard method when the concentration of levoglucosan was 0.5-50 ng mL™%. The limit of
detection (LOD) and quantification (LOQ) were 0.1 ng mL™ (0.2 pg absolute mass injected) and 0.3 ng
mL~, respectively. Acceptable repeatability, reproducibility, and recovery were achieved. This method
has the advantages of high sensitivity, good stability, good reproducibility, and simple operation, which
could be widely used for the detection of different concentrations of levoglucosan in various water
samples, especially for the detection of samples with low content such as ice core or snow samples.

research has been conducted on the important chemical
composition of biomass burning products, monosaccharide

Biomass burning is an important source of greenhouse gases
and aerosols that significantly influence the atmospheric envi-
ronment and climate.*® To study the impact of biomass
burning on climate change or ancient fire records, extensive
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anhydrides (MAs), including levoglucosan and its isomers
mannosan and galactosan.*® MAs only could be generated by
the thermal decomposition reaction of cellulose or hemi-
cellulose when the temperature is higher than 300 °C, and
cannot be produced in normal human activities.*® In addition,
previous studies have shown that MAs can normally remain
stable for over ten days under most atmospheric conditions
during transportation.”® Because of these properties, MAs are
often used as indicators of biomass burning. Among the three
isomers of MAs, levoglucosan is an absolutely dominant
constituent, accounting for more than 90% of MAs and is
usually the focus of MA detection.®®

In past decades, a range of analytical methods available for
levoglucosan have been developed'™ and mass spectrometry
(MS) detection has been widely used due to its excellent selec-
tivity and high sensitivity. Among them, methods based on
anion exchange and gas chromatography/mass spectrometry

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(GC/MS) were commonly used to detect levoglucosan in aerosol
samples but not in aqueous samples. Because levoglucosan is
a strong hydrophilic compound,'®*® it is very arduous to
concentrate or extract low concentrations of levoglucosan from
aqueous samples such as ice or snow samples with other
solvents. Therefore, high-performance liquid chromatography/
mass spectrometry (HPLC/MS) detection methods have been
developed to detect levoglucosan in aqueous samples.'****”

HPLC/MS detection does not require complex sample
pretreatment. By adjusting the flow phase gradient and select-
ing a suitable chromatographic column, the detection efficiency
of HPLC/MS can be improved for complex water sample anal-
ysis. Most of the available levoglucosan HPLC/MS detection
methods use [M + H]|" or [M-H] as the precursor ions. The
sensitivity, chromatographic conditions, and mass spectro-
metric conditions of each detection method are very
different.’®*"” The method developed by Yao et al.** only could
achieve a sensitivity of 10 ng mL ™", which is not appealing for
the detection of some snow and ice samples that have a low
content of levoglucosan, moreover, a relatively large volume of
sample is required for injections, and single-needle analysis
takes about 60 min. Even though great sensitivity, recovery,
repeatability, and reproducibility were obtained, in the method
developed by You et al.™” there is a need to add acetonitrile to the
filtered sample at a ratio of 50/50 (v/v), which would introduce
significant error caused by the operator and the pretreatment
process. In the work of Andrea et al.,'® the detection method was
only applicable to the concentration ranges between 4 and 30 pg
mL ™", and this linear range was too small for many ice and
snow samples.

Moreover, during actual detections, the results are easily
affected by factors such as instrument performance, operators,
and seasonal changes, resulting in poor reproducibility.

Under normal circumstances, the sample volume of an
aqueous sample is generally small and the content of levoglu-
cosan is relatively low, especially for snow and ice samples. The
sensitivity of a detection method must be higher enough to
meet the detection requirements. Moreover, a complex
pretreatment process may have an impact on the repeatability
and accuracy of the detection. Therefore, the objectives of this
study were to develop a new method with characteristics of
simplicity, sensitivity, and stability to detect low-concentration
levoglucosan in aqueous samples.

The ionization efficiency is the key factor to determine the
sensitivity of mass spectrometry methods. This study found that
the ionization efficiency of levoglucosan combined with Na" was
much higher than that combined with H'. Good stability and
high sensitivity could be achieved in the positive mode if [M +
Na]" was adopted as the precursor ion and quantitative ion
when detecting levoglucosan. Based on this study, a new
analytical method for detecting levoglucosan in aqueous
samples performed on UPLC-MS/MS has been developed. This
method requires lower sample volume and no pretreatment
while achieving sufficient sensitivity, accuracy, and reproduc-
ibility in low-content levoglucosan detection, which is appro-
priate for the detection of the analytes in samples with limited
volume and low content, such as the ice core or snow samples.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Experimental section
Instrument and chemicals

All experiments in this study were performed using the Agilent
1290 UPLC coupled with Agilent 6470 triple quadrupole mass
spectrometry system (USA) which was equipped with a Jet
stream electrospray ionization (AJS-ESI) source, all data were
collected and analyzed using mass-hunter software developed
by Agilent company.

HPLC grade methanol, formic acid (10%), and sodium
formate used in the experiment were obtained from Fisher
Scientific (USA). Ultrapure water was obtained from Milli-Q
1Q7000D ultrapure water system (USA). Standard levoglucosan
(1,6-anhydro-B-p-glucopyranose, 99%, CAS-498-07-7) was ob-
tained from Aladdin (Shanghai, China). Mannosan (1,6-anhy-
dro-B-p-mannopyranose, 98%, CAS-9036-88-8) was obtained
from Sigma-Aldrich (St. Louis, USA). Galactosan (1,6-anhydro-f-
p-galactopyranose, 97%, CAS-39300-87-3) was obtained from
TRC (Toronto, Canada).

Levoglucosan, mannosan, and galactosan standard stock
solutions were prepared with ultrapure water at a concentration
0f 1000 pg mL ™" and stored in the dark at a temperature of 4 °C,
and diluted stepwise using ultrapure water before use.

Selection of the experimental conditions

The performance of the instrument was optimized using an
aqueous solution of 1 pg mL™"' levoglucosan standard
substance. The mass spectrometric conditions were optimized
by infusing a single standard of three isomers in both positive
and negative ionization, respectively. Ultrapure water and
methanol were used as mobile phases. The optimized mass
spectrometric parameters were applied following parameters:
gas temperature 300 °C, gas flow 5 L min ', sheath gas
temperature 250 °C, sheath gas flow 11 L min~", capillary 3.5
kv, and nozzle voltage 500 V.

The BEH Amide column (2.1 x 100 mm, 1.7 pm, Waters,
USA) was chosen for the separation after comparison, and the
optimized column temperature was 40 °C. The mobile phase
comprised ultrapure water containing 0.1% formic acid (mobile
A) and methanol (mobile B), the mobile phase ratio was A: B =
80: 20, and the flow rate of isocratic elution was 0.1 mL min .
The analytical process of one injection lasted 5.00 min, while
the post-running time was 2.00 min. All details of the selection
of the experimental conditions can be found in the ESL.f

Sample preparation

Ice-core samples used in this experiment were processed using
a reported pre-treatment method.’ Snow and other aqueous
samples were not pretreated. All sample vials were repeatedly
ultrasonically cleaned with ultrapure water and methanol and
were dried in a hundred-grade ultra-clean workbench before
use. In order to verify whether the filtration would introduce
sample contamination, both the polyether sulfone (PES) filter
and online filter were tested, with results shown in the ESI
(Fig. S17). To avoid potential loss and contamination of samples
caused by complex preprocessing, no pretreatment was
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performed on these samples. The sample injection volume was
reduced to minimize matrix effects, solvent effects, and damage
to the chromatographic column. Through comparative experi-
ments, the single injection volume of each sample was deter-
mined at 2 pL, and about 300 pL samples were transferred into
the cleaned sample vial with a pipette before analyzing.

Results and discussion
Detection of levoglucosan and its isomers

The ion transitions of these three isomers were selected by
direct infusion of a single standard solution with a concentra-
tion of 1 ug mL™" into the ion source of the mass spectrometer
(185.1/185.1 and 185.1/125 for levoglucosan, 185.1/185.1 and
185.1/122.9 for galactosan, 185.1/185.1 and 185.1/106.8 for
mannosan). As shown in Fig. S2,T even at such a high concen-
tration, the response intensities of galactosan and mannosan
were much lower than that of levoglucosan. Considering the
content of MAs in snow and ice samples is generally at a trace
level and the content of levoglucosan is dominant among MAs
in the environment,’® the response of trace levels of galactosan
and mannosan can be ignored. Thus, the follow-up study was
focused on the detection of levoglucosan.

The investigation of levoglucosan ionization efficiency with
Na*
By comparing the response of the levoglucosan standard solu-
tion in different ionization modes, it was found that the
response of the levoglucosan standard substance in the positive
ionization mode was better than that in the negative ionization
mode. In addition, the [M + H]" response was much lower than
[M + Na]" in the positive mode (Fig. 1).

In order to investigate the enhancement effect of Na* on the
ionization efficiency of levoglucosan, distilled water, ultra-pure
water, 0.1% formic acid-ultrapure water, and 0.1 mM sodium
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3.5x10° m/z 185.1[M+Na+
m/z 163.1[M+H]+
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Fig.1 Chromatogram for 1 ng mL™* levoglucosan standard solution in
selected ion monitoring (SIM) mode with [M + Nal]* (positive mode,
black curve), [M + HI* (positive mode, red curve), [M—H]~ (negative
mode, blue curve) as the target ion, respectively.
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formate solution were used as mobile phase A, respectively.
According to the ICP-MS detection data provided by Merck
Millipore, the Na* content of ultrapure water produced by the
Milli-Q IQ system is between 0.68-68 nanograms per liter, and
distilled water usually has a relatively low content of Na*. Cor-
responding to the content of Na' in different aqueous phases,
the mass spectrometric response of levoglucosan using ultra-
pure water as the aqueous phases, was higher than that using
distilled water. The mass spectrometric response of levogluco-
san was higher than that of other aqueous phases when 0.1 mM
sodium formate solution was used as the aqueous phase
(Fig. 2). These results demonstrated that Na* could significantly
enhance the ionization efficiency of levoglucosan.

With the results achieved from the above experiment, we
consider that the ionization efficiency of Na" with levoglucosan
was much higher than H' with levoglucosan in UPLC-MS
detection, even though the content of H" was higher in the
environment (Scheme 1).

While a large amount of free H' in formic acid does not
combine with the LEV to form the precursor ions, the ionization
environment provided by H' could effectively improve the
ionization efficiency of Na' and levoglucosan. The mass spec-
trometric response of levoglucosan, as shown in Fig. 2, using
0.1% formic acid-ultrapure water as the aqueous phases was
higher than that observed using ultra-pure water and proves its
influence.

Nonetheless, subsequent experiment results showed that
extra Na' could significantly inhibit the formation of produc-
tion ions, which seriously affects the accuracy of qualitative
analysis, even though it could enhance the response strength of
quantitative ion mass spectrometry. Furthermore, sodium
formate could not completely evaporate in the mobile phase,
which might cause mass spectrometry contamination or capil-
lary clogging. Since the content of levoglucosan in water
samples is generally at the nanogram level, the content of Na* in

4.0x10% - —— Ultrapure water

—— 0.1% formic Acid - Ultrapure water
3.5x10° | — Distilled water
—— 0.1mM Sodium formate water

3.0x10°
2.5x10°

2.0x10°

Intensity

1.5x10°

1.0x10°

5.0x10° |

0.0

Time (min)

Fig. 2 Chromatogram for 1 pg mL™! levoglucosan standard solution
using distilled water (blue curve), ultra-pure water (black curve), 0.1%
formic acid—ultrapure water (red curve), and 0.1 mM sodium formate
(green curve) solution as mobile phase A, respectively.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The ionization state of levoglucosan in the ion source.

the mobile phase and environment can fully meet the demand
for levoglucosan ionization. After comprehensive consider-
ation, 0.1% formic water was finally selected as the aqueous
phase, [M + Na]" m/z 185.1/185.1 was used as the precursor ion
for the selection of qualitative and quantitative ions. After
repeated comparison and screening, it was found that the ion
ratio between the product ions was unstable, which has
a certain influence on accurate quantification. Finally, the
precursor ion m/z 185.1/185.1 was used as a quantitative ion,
and the production ion m/z 185.1/125.1 was used as a qualitative
ion. All subsequent experiments were performed in the positive
mode through multiple reactions monitoring (MRM).

Under the optimal experimental conditions, the chromato-
grams of 1 ng mL ™" standard solution and ice core sample were
compared. As can be seen in Fig. 3 that the retention time of
levoglucosan was 2.89 min, and both the ice core sample and
the standard solution had obvious responses even at very low
concentrations. The chromatographic peak of qualitative ion
was not interfered with by the impurity peak, and thus, the
chromatographic peak of quantitative ion could be accurately
located and quantified.

Analytical performances

According to ICH's recommendations,* this method was vali-
dated on the basis of the optimized conditions in terms of
repeatability and reproducibility, linearity, recovery, the limit of
detection (LOD), and the limit of quantitation (LOQ).

Detection limit and quantitative limit

The LOD was quantified three times using procedural blanks,
and the mean value was 0.1 ng mL . The limit of quantification

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(LOQ) was estimated to be three times the LOD, which was met
at 0.3 ng mL ™.

Reproducibility and repeatability

The method reproducibility was evaluated by detecting a snow
sample with a concentration of 3.88 ng mL ™" taken at three
different times, the relative standard deviation (RSD) value was
calculated to be 10.5%; the repeatability of the method was
evaluated by 10 consecutive measurements using a 5 ng mL™"
levoglucosan standard solution (Tables S1 and S27), the RSD
was calculated to be 5.0%. The results indicate that this method
has relatively good reproducibility and repeatability.

Calibration

A part of mass spectrometry methods was calibrated by the
internal standard method. However, the internal standard
methods cannot eliminate the environmental, sample
handling, and container contamination that may exist in actual
testing. Therefore, this method used an external standard
method for quantitative analysis to increase the reliability of the
test results. The levoglucosan concentration of the calibration
curve varied from 0.5 to 50 ng mL ™" at 6 concentration levels
(0.50, 1.00, 5.00, 10.00, 20.00, and 50.00 ng mL™'). A good
linearity was obtained (Fig. 4), and the coefficient of determi-
nation (R*) value was 0.9992.

Recovery and matrix effect

In order to verify the influence of the matrix effect of different
samples, three different ice core samples, snow samples, and
river water samples with different concentrations of levogluco-
san were selected for the recovery experiment. The ice core

RSC Adv, 2023, 13, 7030-7036 | 7033
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Fig.3 Chromatogram for levoglucosan under the optimal experimental conditions. (a—c) Standard solution at a concentration of 1 ng mL™?; (a) is
MRM; (b) is in transition 185.1/125.1; (c) is in transition 185.1/185.1. (d—f) Chromatogram for the ice core sample, (d) is MRM; (e) is in transition

185.1/125.1; (f) is in transition 185.1/185.1.

sample was collected from the Tanggula Mountains on the
Qinghai-Tibet Plateau (longitude: 92.07, latitude: 33.10), the
snow sample was collected from the Heihe fixed monitoring
station in Heilongjiang Province (longitude: 100.24, latitude:
38.01), and the river sample was sampled from the tributaries of
the Han River in Shaanxi Province (longitude: 107.20, latitude:
33.38).

As shown in Table 1, the results of three consecutive
measurements showed that the recovery rate was 92% for the
ice core sample with a concentration of 1.5 ng mL ™", 97.8%, and
97.2% for the snow sample with a concentration of 7.52 ng
mL~", and 99.7% and 101.6% for river water sample with
a concentration of 13.63 ng mL ™", respectively. The results
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y=3282.33*x-260.8
R2=0.9992

1.5x10°

1.8x10* |-

5.0x10"
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wke
i

Concentration (ng/mL)

1.2x10* |-
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9.0x10°

6.0x10°

3.0x10°

50ppb

Time (min)

Fig. 4 Calibration curve and chromatogram for standard solutions of levoglucosan at different concentrations.
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Table 1 Detection results and recoveries of levoglucosan in samples of different types®

Sample concentration®

Adding concentration®

Final concentration®

Sample (ng mL™) (ng mL ™) (ng mL ™) Recovery (%)
Ice-core sample 1.50 + 0.08 1 2.42 £ 0.09 92
Snow sample 7.52 £ 0.11 5 12.41 £+ 0.25 97.8
10 17.24 £ 0.20 97.2
River water sample 13.63 £+ 0.07 5 18.62 £+ 0.10 99.7
10 23.79 £ 0.14 101.6

% Note: a is the original concentration of the sample (average value of three detections); b is the added amount of levoglucosan standard solution; ¢
is the detected concentration of the sample after adding a standard solution. The =+ values in the sample (a) and final (c) concentrations column

means standard deviations (£SD).

Table 2 Comparison of the results of levoglucosan in snow samples in similar areas®

Region Latitude (N) Longitude (E) Sampling time Number of samples Concentration (ng mL ™) References
Southern TP 28.23 85.61 2012.5 4 26.66 + 4.77 You et al.*®
30.11 90.27 2014.6 7 11.72 + 15.61 Q. Li et al.*®
28.64 86.11 2021.1 3 19.74 + 5.96 This method
Southeastern TP 29.20 96.90 2012.11 19 1.41 + 1.69 You et al.*®
31.09 96.49 2021.1 3 1.85 + 1.38 This method
Northeastern TP 39.25 97.75 2012.9 3 2.56 + 0.53 You et al.*®
39.14 97.46 2014.6 8 0.50 + 0.06 Q. Li et al.*®
39.26 96.33 2014.6 6 0.44 + 0.32 Q. Li et al.*®
39.26 97.75 2020.8 7 4.25 + 1.50 This method

% Note: the =+ values in the concentration column means standard deviations (+SD).

demonstrate that the matrix effect has a limited influence on
the detection of levoglucosan in practical samples.

Sample analysis

To verify the reliability of this method, the results of snow
samples were compared with those of similar and adjacent
areas reported in other literature,"*° with the results shown in
Table 2. The comparison results show that the detection
concentration of snow samples collected in similar areas
between the current and studies in the literature are very close,
the results of samples from the adjacent areas are basically at
the same concentration level as in this study, indicating that
this method is reliable.

Conclusion

In this work, we found that levoglucosan combined with Na*
could achieve higher ionization efficiency in a positive mode
than that combined with H" in mass spectrometry detection. On
the basis of this phenomenon, a new, simple, efficient, and
sensitive UPLC-MS/MS method has been proposed for the
determination of levoglucosan in aqueous samples based on
Na'-promoted ionization efficiency. Consequently, precursor
ion m/z 185.1 [M + Na]" served as the precursor ion and quan-
titative ion, and the product ion was used as the qualitative ion.
Due to this, the influence of environmental factors on quanti-
tative ions could be minimized and obtained better stability and

© 2023 The Author(s). Published by the Royal Society of Chemistry

reproducibility. This method has been verified to have excellent
sensitivity, accuracy, reliable recovery, and good linearity in
concentration ranges between 0.5 to 50 ng mL™ ", which could
meet the requirement of multiple types of aqueous samples
with different concentrations at the same time. In addition, the
excellent sensitivity makes this method only require a sample
volume of 2 uL in one injection and 5 min for analysis, without
any pretreatment, which is very suitable for the detection of
trace concentrations of levoglucosan in limited-volume samples
such as ice cores or snow.
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