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a b s t r a c t

A method is developed for determination of levoglucosan at trace concentration levels in complex
matrices of snow and ice samples. This method uses an injection mixture comprising acetonitrile and
melt sample at a ratio of 50/50 (v/v). Samples are analyzed using ultra-performance liquid chromato-
graphy system combined with triple tandem quadrupole mass spectrometry (UPLC-MS/MS). Levoglu-
cosan is analyzed on BEH Amide column (2.1 mm�100 mm, 1.7 um), and a Z-spray electrospray ioni-
zation source is used for levoglucosan ionization. The polyether sulfone filter is selected for filtrating
insoluble particles due to less impact on levoglucosan. The matrix effect is evaluated by using a standard
addition method. During the method validation, limit of detection (LOD), linearity, recovery, repeatability
and reproducibility were evaluated using standard addition method. The LOD of this method is
0.11 ng mL�1. Recoveries vary from 91.2% at 0.82 ng mL�1 to 99.3% at 4.14 ng mL�1. Repeatability ranges
from 17.9% at a concentration of 0.82 ng mL�1 to 2.8% at 4.14 ng mL�1. Reproducibility ranges from 15.1%
at a concentration of 0.82 ng mL�1 to 1.9% at 4.14 ng mL�1. This method can be implemented using less
than 0.50 mL sample volume in low and middle latitude regions like the Tibetan Plateau.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Biomass burning emissions contribute to about half of the
carbonaceous aerosols all over the world [1]. The chemical com-
position inventory can provide detail source identification of the
carbonaceous aerosols. Monosaccharide anhydrides (MAs) such as
levoglucosan can be adopted as specific molecular tracers for
biomass burning aerosols, because they can only be generated by
the degradation of cellulose and hemicellulose when the burning
temperature is higher than 300 °C [2]. MAs can remain stable for
long periods of time, with only negligible degradation in sediment
conditions [3,4], which further extends applicability of MAs in
historical biomass burning studies.

Snow and ice samples from high latitude/altitude glaciers can
provide important information about past fire regimes [3,5,6].
Levoglucosan and its isomers mannosan and galactosan can be
used as ideal markers in biomass burning studies of snow and ice
n Environment Changes and
esearch, Chinese Academy of
[3,5–7]. Several methods have been developed for determination
of MAs in snow and ice samples [3,5,7,8]. The gas chromatography
based methods need extreme dehydration conditions, which re-
quires a long time for sample preparation [9]. The extreme dehy-
dration conditions reduced the recovery and precision for hand-
ling trace concentration of levoglucosan in aqueous samples [5,7].
The high-performance liquid chromatography (HPLC) based
method was used as an alternative to overcome these issues. The
HPLC with triple quadrupole tandem mass spectrometry (HPLC-
ESI-MS/MS) method with low LOD and high recovery ensured
accurate results for detecting levoglucosan in Arctic and Antarctic
ice [3,4,6]. However, samples frommiddle and low latitude regions
(e.g. the Tibetan Plateau (TP)) usually contain much more complex
organic components like the glycose and sugar alcohols besides
MAs [5,7]. The method for polar ice showed very poor perfor-
mance for levoglucosan due to matrix interferences when applied
to samples from Tibetan glaciers [8]. A HPLC method with an es-
timated LOD of 10 ng mL�1 was reported for the Tibetan ice cores
[8]. However, evidence showed that the levoglucosan concentra-
tion was at about 1 ng mL�1 level even in regions strongly affected
by biomass burning emissions [5,7]. Due to the large quantity of
insoluble particles in samples from low and middle latitude
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Table 1
Detailed gradient flow program for the UPLC system.

Time (min) Mobile A/mobile B Flow rate (mL min�1) Curve

initial 65/35 0.20 6
0.25 65/35 0.20 6
0.50 50/50 0.20 9
7.00 50/50 0.20 6
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glaciers [10], direct injection without any pretreatment in previous
methods [3,8] is harmful to the HPLC system and chromatographic
columns. Accurate quantification of levoglucosan in middle and
low latitude glacier snow and ice samples can provide important
information for understanding regional biomass burning regimes,
which is critical for understanding the relationship of biomass
burning, climate change and human activities. Therefore, it is ne-
cessary to develop a rapid and effective method for determination
of levoglucosan at trace concentration levels in complex matrix
snow and ice for regions like the TP.

In this study, a method based on UPLC-MS/MS for determina-
tion of levoglucosan in snow and ice is reported. The preparation
process and instrument conditions are specific for complex matrix
samples from low and middle latitude glaciers.
2. Material and methods

2.1. Chemicals

HPLC gradient grade acetonitrile (ACN) was obtained from
Fisher Scientific (U.S.A.). HPLC gradient grade methanol for stan-
dard stock solutions was obtained from J.T.Baker (U.S.A.). HPLC
grade ammonium hydroxide (10%) was obtained from Mreda (U.S.
A.). Ultrapure water was obtained from a Milli-Q ultrapure water
system (U.S.A.). Standard levoglucosan (1,6-anhydro-β-D-gluco-
pyranose, 99%) was obtained from Sigma-Aldrich (St. Louis, U.S.A.),
mannosan (1,6-anhydro-β-D-mannopyranose, 98%) was obtained
from TRC (Toronto, Canada), and glactosan (1,6-anhydro-β-D-ga-
lactopyranose 97%) was obtained from J&K (Pforzheim, Germany).
Individual standard stock solutions were prepared using methanol
at a concentration of 1000 μg mL�1, and progressively diluted by
ultrapure water for use. Standard stock solutions were stored in
dark conditions at a temperature of 4 °C.

2.2. Sample preparation

A total of 61 snow samples were collected from different Ti-
betan glaciers. Fresh snow samples were compacted in pre-
cleaned PET bottles and were kept frozen at a temperature of
�20 °C before analysis [7]. Ice samples were obtained from the
Zangsegangri ice core. Ice core sections were stored in a freeze
storeroom at a temperature of �20 °C. Previous studies indicated
that samples stored under these conditions displayed no apparent
degradation of levoglucosan for at least several years [3,6]. Sample
preparation was carried out in a cold ultraclean room at �18 °C.
The outer part of each sample was scraped using a pre-cleaned
scalpel, and one portion of the inner part was used for levoglu-
cosan analysis. Fifty ice samples were selected at different depths
for levoglucosan analysis in this study. Samples were melted at a
room temperature (about 15 °C) in a fume cupboard before ana-
lysis, and shaken for 5 min. A sample volume of 0.50 mL of each
sample was extracted and filtered by polyether sulfone (PES) filter.
The filtrate was collected in a 2.00 mL sample vial, and 0.50 mL
ACN was added to each sample before analysis.

2.3. Instrumentation

Sample analysis was performed by a Waters Acquity UPLC
system (USA) in reversed phase mode. The autosampler was
thermostatically controlled at a temperature of 15 °C. A BEH
VanGuard Pre-column (2.1 mm�5 mm, 1.7 um, Waters, USA) was
used to protect the chromatography column. For the chromato-
graphic analysis, 5.00 uL of each sample was injected onto a BEH
Amide column (2.1�100 mm, 1.7 um, Waters, USA). The column
temperature was set to 40 °C. The mobile phase comprised
ultrapure water with 0.1% NH3H2O (mobile A) and ACN (mobile B).
Gradient elution was employed at a flow rate of 0.20 mL min�1,
and the gradient program was shown in Table 1. The retention
time of levoglucosan was 1.41 min, and the analytical process
lasted 7.00 min in total (Fig. 1).

The Acquity triple quadrupole mass spectrometer (TQD)
equipped with a Z-spray electrospray ionization (ESI) source was
used for determination of levoglucosan in this study. Data were
collected in negative ion mode by multiple reactions monitoring
(MRM), and the ESI source block temperature was 150 °C. The
optimal MS conditions of the mass spectrometers were as follows:
source voltage 3.00 kV; source desolvation temperature 500 °C;
source gas flow desolvation 800 L h�1; cone gas 50 L h�1. The ion
transition m/z 161/101 was used for quantification of levoglucosan
in samples. The data were collected and analyzed by Masslynx
4.1 software developed by Waters company.

2.4. Method validation

The method was validated following recommendations of ICH
and some recent scientific publications relating to the analytical
process [3,9,11–14]. During the method validation, LOD, linearity,
recovery, repeatability and reproducibility were evaluated using
standard additions method. Special attention was paid to evalu-
ating the “matrix effect”, because different Tibetan glaciers might
have inconsistent matrix conditions and we did not get a com-
mercial applicable isotope labeled levoglucosan for internal cali-
bration. A snow sample (named KKSL-G) reported with no le-
voglucosan in our previous study [7] was used as real matrix
procedural blanks. The standard addition method was used for
evaluating the matrix effect in this study [15], and levoglucosan
standard solutions at known concentrations were added into
samples after filtering.
3. Results and discussion

3.1. Optimization of the instrumental performance

The ESI-MS conditions were optimized by infusing single
standard of three isomers in both positive and negative ionization
mode. No signal was recorded under different ion source para-
meters in positive mode. Highly abundant analytes signals were
detected in negative mode, and ion transitions of the three iso-
mers were selected using single standard solutions by direct in-
fusion at a concentration of 100 ng mL�1 into the ion source of the
mass spectrometer (161/71 and 161/101 for levoglucosan, 161/59
and 161/101 for galactosan, 161/85 and 161/101 for mannosan).
The effect of various ESI-MS parameters such as ESI source tem-
perature (100–200 °C), source voltage (2.5–4.5 kV), source deso-
lvation temperature (300–650 °C) and desolvation gas flow rate
(600–1000 L h�1) was studied.

C18 columns have usually been used for HPLC determination of
levoglucosan in snow/ice [3,8]; however, very poor chromato-
graphic response intensity was observed when the Acquity BEH
C18 column (Waters, 2.1�100 mm, 2.1�75 mm and 2.1�50 mm,



Fig. 1. Chromatogram for levoglucosan under the optimal experimental conditions. (a) Standard solution at a concentration of 2.00 ng mL�1; (b–d) Chromatogram for the
Zangsegangri ice core sample T405_01, b is MRM; c is in transition 161/101; d is in transition 161/71.
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1.7 um) was introduced in the UPLC system in this study. MAs are
strongly hydrophilic compounds, and previous studies even re-
ported that MAs could not be sufficiently retained on alkyl-bonded
silica columns [12]. Due to extensive column bleeding, the car-
bohydrate column was not compatible with the mass spectro-
meter ion source for levoglucosan analysis reported in previous
aerosol studies [11]. Polar compounds have been proven to achieve
higher retention and selectivity on the BEH Amide stationary
phase compared with BEH hydrophilic interaction chromato-
graphy (HILIC) stationary phase in the UPLC system [16]. Previous
study indicated that BEH amide columns were with good perfor-
mances for dealing with MAs in aqueous matrix samples [12].
Therefore, the Acquity BEH Amide column (2.1 mm�150 mm,
1.7 um) was chosen for analysis of levoglucosan in snow and ice
samples in this study.

Pure water matrix injection is harmful to the Amide column
due to the severe depletion of the amide group by water. However,
a higher proportion of ACN can apparently dilute the concentra-
tion of levoglucosan in samples. An injection mixture comprising
ACN and melt sample at a ratio of 50/50 (v/v) was used. This ratio
not only yields a good chromatographic peak of levoglucosan, but
also protects the BEH amide stationary phase. Furthermore, 50%
ACN can also prevent the potential microbial decomposition of
levoglucosan in melted samples, noting the large number of bac-
teria reported in Tibetan glaciers [10]. Result of repeated tests
showed that levogluocsan was stable and displayed negligible
degradation under the 50% ACN during storage at a temperature of
4 °C for longer than one week.

The recommended mobile phase for the Acquity BEH Amide
column includes a high ACN ratio. The rotation time becomes
longer when a higher ratio of ACN is used. On the other hand, a
higher ratio of ACN in the mobile phase can also lead to a broader
chromatographic peak of levoglucosan. Different ratios of ACN/
water (30/70, 32.5/67.5, 35/65, 37.5/62.5, 40/60, 50/50, 60/40, 70/
30) were tested as mobile phases. The best signal to noise (S/N)
was obtained using a mobile phase of 35% ACN, with S/N¼263 at a
concentration of 10.00 ng mL�1 for levoglucosan standard solu-
tion. However, when the isocratic program of 35% ACN was ap-
plied to Tibetan glacier samples, it showed poor levoglucosan se-
paration. Considering the depletion of the BEH amide stationary
phase and the impact of other unknown polar organic compounds
on levoglucosan, a gradient method was used to achieve a better
result (Table 1). The S/N under this gradient program was 287 at a
target concentration of 10.00 ng mL�1 (3 injections), was 56 at a
concentration of 2.00 ng mL�1 (Fig. 1a), and was 73 at a con-
centration of 3.02 ng mL�1 for a Tibetan ice sample (Fig. 1b–d).

Comparative experiments showed that signal intensity in-
creased when temperature increased from 25 to 40 °C, and then
decreased with increasing temperature. Thus, the column tem-
perature was chosen as 40 °C in this study.

Experimental results showed that the signal intensity increased
a little with increasing flow rate of the mobile phase, but the re-
tention time increased with lower flow rates. When the ratio of
ACN is lower than 50% in the mobile phase, a lower flow rate is
helpful to protect the BEH amide column. Previous studies also
indicated that a lower flow rate could reduce matrix effects [17].
Finally, a flow rate of 0.20 mL min�1 was used in this study.

The excellent separation capacity of the BEH Amide column can
provide potential separation of three isomers. Good chromato-
graphic performance was obtained for single standard solutions of
three isomers. However, the response intensity was very low for
mixed standards even at a concentration of 100 ng mL�1 (about 20
times lower than that for a single standard). A similar phenom-
enon was reported in Antarctic ice samples [3]. Considering the
extremely low concentration of the MAs in snow/ice samples, we
finally concentrated on increasing the instrumental sensitivity of
levoglucosan at the cost of the chromatographic separation of the
three isomers. This is acceptable because levoglucosan accounting
for more than 90% of total MAs in environmental conditions [2,3],
mannosan and galactosan were reported only minor contributors



Fig. 2. Comparative experimental results of four water system Millipore filters by
adding levoglucosan at a concentration of 4.14 ng mL�1 into procedural blanks,
based on 6 injections.
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to the total MAs in the TP ice [8].

3.2. Extraction of levoglucosan in samples

Although previous studies have indicated that the filtration
process might absorb and contaminate the samples [3], filtration
was necessary for sample preparation when using the UPLC sys-
tem due to the large quantity of insoluble particles in samples
from Tibetan glaciers [10]. In this study, comparative experiments
were conducted with four commercially available 0.22 um water
system Millipore filters: Teflon filter, Polyamides filter, Poly-
propylene (PP) filter and PES filter (6 injections). Results showed
that the PP filter could absorb levoglucosan significantly. However,
repeatability tests (6 injections) showed a relative standard de-
viation (RSD) of 21.1% for the Polyamides filter, 12.2% for the Teflon
filter and 3.2% for the PES filter at a concentration of
4.14 ng mL�1(Fig. 2). All of the samples were filtered using 0.22
um PES filters.

3.3. Matrix effect

Co-eluting compounds originating from the matrix can sig-
nificantly impact the signal intensity [15,17]. Series of known le-
voglucosan standard solutions were added into authentic samples
from three different glaciers after filtration for evaluating the
matrix effect. The absolute matrix effects were investigated using
the standard addition method [15]. Good linearity was obtained
from standard addition samples, with R240.995 (Table 2).
Therefore, we can be confident that the impact of the matrix effect
Table 2
Absolute matrix effects (%) based on areas and areas ratio for levoglucosan in Ti-
betan glacier snow and ice samples with the UPLC system.

Sample series Sample type Adding
concentration

Matrix ef-
fects7RSD (%)

CPG06 (0.77 ng mL�1) Snow 0.50 93.7711.6 (n¼3)
1.00 97.177.6 (n¼3)
2.00 99.674.0 (n¼3)

ZSGR0403 (BLD) Ice 0.50 81.1714.4 (n¼3)
1.00 94.276.1 (n¼3)
2.00 97.673.5 (n¼3)

ZQP_S3(1.11 ng mL�1) Snow 0.50 96.976.6 (n¼3)
1.00 98.074.4 (n¼3)
2.00 99.272.7 (n¼3)
is limited for samples from different Tibetan glaciers.

3.4. Method validation

Results show that there are no apparent chromatographic
peaks of levoglucosan in procedural blanks, and the response in-
tensity is 4478 (based on 18 injections). Method LOD was eval-
uated by standard addition at a known concentration into the
procedural blanks. The RSD was 0.037 ng mL�1 at a target con-
centration of 1.00 ng mL�1 (based on 6 injections). The LOD of this
method was quantified as three times the averaged RSD, yielding a
concentration of 0.11 ng mL�1. The absolute mass LOD is 0.55 pg
(0.11 ng mL�1�5 uL injection) in this study, compared with 0.3 pg
(3 pg mL�1�100 uL injection) reported by Gambaro et al. (2008).

Results of three consecutive measurements show that recovery
is 91.2% at a concentration of 0.82 ng mL�1, and 99.3% at a con-
centration of 4.14 ng mL�1. Repeatability of the method was
evaluated by RSD, and varies from 17.9% at a concentration of
0.82 ng mL�1 to 2.8% at a concentration of 4.14 ng mL�1. Re-
producibility of the method was assessed by analyzing the same
concentration over three consecutive days (three replications per
day). RSD is 15.1% at 0.82 ng mL�1, and 1.9% at 4.14 ng mL�1. Three
consecutive measurements of the selected samples from the
Zangsegangri ice core also show high repeatability; RSD is 17.5% at
a concentration of 1.49 ng mL�1 and 8.2% at a concentration of
3.41 ng mL�1 in authentic ice samples.

The linearity was evaluated based on matrix matched calibra-
tion curve, and daily calibration was performed. The target con-
centration of levoglucosan for the calibration curve varied from
0.25 to 4.00 ng mL�1 at five concentration levels (0.25, 0.50, 1.00,
2.00, 4.00 ng mL�1), covering typical concentrations of levoglu-
cosan in the snow/ice samples reported in previous studies. Good
linearity was obtained, with an R2 value of 0.9993. The intercept of
the calibration curve is 39, indicating that the background is much
lower than the LOD. The coefficient of variation for the daily ca-
libration curves was only 4.6% during the experimental period,
which indicates that the matrix effect impact is small and has no
apparent influences on snow and ice samples [18].

Two snow samples, which had been analyzed in our previous
study [7], are used for validating this method. A Muztagh Ata
glacier snow sample was reported with levoglucosan concentra-
tion of 1.93 ng mL�1 in previous study, and it is 1.97 ng mL�1

using this method. A Beijing snowfall sample was reported with
1.65 ng mL�1 of MAs in total, and it is 1.60 ng mL�1 using this
method.

3.5. Levoglucosan in Tibetan glacier samples

Levoglucosan concentration varied from below LOD to
7.56 ng mL�1, and the average value was 0.85 ng mL�1 in the Ti-
betan glacier samples (Table 3). Levoglucosan concentration has
been reported with an average value of 0.11 ng mL�1 in ice sam-
ples from polar regions [3,4,6]. The concentration reached
Table 3
Concentration of levoglucosan (ng mL�1) in snow and ice samples on the TP.

Glacier name Levoglucosan
concentration

Average Sample
number

Sample type

Dasuopu BLD to 1.56 0.31 11 Snow
Muji 0.32 to 2.78 1.14 12 Snow-pit
Demula BLD to 1.13 0.28 6 Snow
Zuoqiupu BLD to 6.07 1.41 17 Snow
Cuopugou BLD to 3.95 1.01 15 Snow-pit
Zangsegangri BLD to 7.56 0.71 50 Ice core

Notes: BLD means below limit of detection.
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0.75 ng mL�1 in a Ushkovsky ice core, due to the strong influence
of wildfires over Siberia [5]. Results indicated that Tibetan glaciers
are more seriously contaminated by biomass burning emissions
when compared with high latitude regions.
4. Conclusions

A UPLC-MS/MS method for rapid determination of levogluco-
san in snow and ice samples has been validated in this study. This
method is suitable for samples from Tibetan glaciers, and can be
applied to other low and middle latitude snow and ice samples
with complex matrices. Result indicates that Tibetan glaciers are
evidently affected by biomass burning emissions. This method will
facilitate further studies of biomass burning records on Tibetan
glaciers.
Acknowledgments

This study is supported by National Scientific Foundation of
China (41190081) and Chinese academy of Sciences (KZCX2-YW-
T11 and GJHZ0906). We would like to thank the editor and two
anonymous referees for their very valuable comments greatly
improving the paper.
References

[1] M.Z. Jacobson, H.C. Hansson, K.J. Noone, R.J. Charlson, Organic atmospheric
aerosols: review and state of the science, Rev. Geophys. 38 (2000) 267–294.

[2] B.R.T. Simoneit, J.J. Schauer, C.G. Nolte, D.R. Oros, V.O. Elias, M.P. Fraser, W.
F. Rogge, G.R. Cass, Levoglucosan, a tracer for cellulose in biomass burning and
atmospheric particles, Atmos. Env. 33 (1999) 173–182.

[3] A. Gambaro, R. Zangrando, P. Gabrielli, C. Barbante, P. Cescon, Direct de-
termination of levoglucosan at the picogram per milliliter level in Antarctic ice
by high-performance liquid chromatography/electrospray ionization triple
quadrupole mass spectrometry, Anal. Chem. 80 (2008) 1649–1655.

[4] P. Zennaro, N. Kehrwald, J.R. McConnell, S. Schupbach, O.J. Maselli, J. Marlon,
P. Vallelonga, D. Leuenberger, R. Zangrando, A. Spolaor, M. Borrotti, E. Barbaro,
A. Gambaro, C. Barbante, Fire in ice: two millennia of boreal forest fire history
from the Greenland NEEM ice core, Clim. Past 10 (2014) 1905–1924.

[5] K. Kawamura, Y. Izawa, M. Mochida, T. Shiraiwa, Ice core records of biomass
burning tracers (levoglucosan and dehydroabietic, vanillic and p-hydro-
xybenzoic acids) and total organic carbon for past 300 years in the Kamchatka
Peninsula, Northeast Asia, Geochim. Cosmochim. Acta 99 (2012) 317–329.

[6] N. Kehrwald, R. Zangrando, P. Gabrielli, J.L. Jaffrezo, C. Boutron, C. Barbante,
A. Gambaro, Levoglucosan as a specific marker of fire events in Greenland
snow, Tellus B 64 (2012).

[7] C. You, T. Yao, S. Gao, P. Gong, H. Zhao, Simultaneous determination of Le-
voglucosan, Mannosan and Galactosan at trace levels in snow samples by GC/
MS, Chromatographia 77 (2014) 969–974.

[8] P. Yao, V.F. Schwab, V.-N. Roth, B. Xu, T. Yao, G. Gleixner, Levoglucosan con-
centrations in ice-core samples from the Tibetan Plateau determined by re-
verse-phase high-performance liquid chromatography–mass spectrometry, J.
Glaciol. 59 (2013) 599–612.

[9] G. Schkolnik, Y. Rudich, Detection and quantification of levoglucosan in at-
mospheric aerosols: a review, Anal. Bioanal. Chem. 385 (2006) 26–33.

[10] T. Yao, S. Xiang, X. Zhang, N. Wang, Y. Wang, Microorganisms in the Malan ice
core and their relation to climatic and environmental changes, Glob. Bio-
geochem. Cycles 20 (2006) GB1004.

[11] C. Dye, K.E. Yttri, Determination of monosaccharide anhydrides in atmospheric
aerosols by use of high-performance liquid chromatography combined with
high-resolution mass spectrometry, Anal. Chem. 77 (2005) 1853–1858.

[12] A.A. Ghfar, S.M. Wabaidur, A.Y. Ahmed, Z.A. Alothman, M.R. Khan, N.H. Al-
Shaalan, Simultaneous determination of monosaccharides and oligosacchar-
ides in dates using liquid chromatography-electrospray ionization mass
spectrometry, Food Chem. 176 (2015) 487–492.

[13] ICH, Guideline Q2(R1)—Validation of Analytical Procedures: Text and Metho-
dology, ICH Secretariat, c/o IFPMA, 2005.

[14] M.P. de Almeida, C.P. Rezende, F.D. Ferreira, L.F. de Souza, D. Cristina, S. de
Assis, T.C. de Figueiredo, M. de Oliveira Leite, S. de Vasconcelos Cançado,
Optimization and validation method to evaluate the residues of β-lactams and
tetracyclines in kidney tissue by UPLC-MS/MS, Talanta 144 (2015) 922–932.

[15] J.C. Van De Steene, W.E. Lambert, Comparison of matrix effects in HPLC-MS/MS
and UPLC-MS/MS analysis of nine basic pharmaceuticals in surface waters, J.
Am. Soc. Mass Spectrom. 19 (2008) 713–718.

[16] L. Novakova, I. Kaufmannova, R. Janska, Evaluation of hybrid hydrophilic in-
teraction chromatography stationary phases for ultra-HPLC in analysis of polar
pteridines, J. Sep. Sci. 33 (2010) 765–772.

[17] A. Van Eeckhaut, K. Lanckmans, S. Sarre, I. Smolders, Y. Michotte, Validation of
bioanalytical LC-MS/MS assays: evaluation of matrix effects, J. Chromatogr. B
877 (2009) 2198–2207.

[18] B.K. Matuszewski, M.L. Constanzer, C.M. Chavez-Eng, Strategies for the as-
sessment of matrix effect in quantitative bioanalytical methods based on
HPLC�MS/MS, Anal. Chem. 75 (2003) 3019–3030.

http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref1
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref1
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref1
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref2
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref2
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref2
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref2
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref3
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref3
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref3
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref3
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref3
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref4
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref4
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref4
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref4
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref4
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref5
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref5
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref5
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref5
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref5
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref6
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref6
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref6
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref7
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref7
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref7
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref7
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref8
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref8
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref8
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref8
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref8
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref9
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref9
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref9
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref10
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref10
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref10
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref11
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref11
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref11
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref11
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref12
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref12
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref12
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref12
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref12
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref13
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref13
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref13
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref13
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref13
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref13
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref13
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref14
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref14
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref14
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref14
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref15
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref15
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref15
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref15
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref16
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref16
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref16
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref16
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref17
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref17
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref17
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref17
http://refhub.elsevier.com/S0039-9140(15)30484-7/sbref17

	Method for determination of levoglucosan in snow and ice at trace concentration levels using ultra-performance liquid...
	Introduction
	Material and methods
	Chemicals
	Sample preparation
	Instrumentation
	Method validation

	Results and discussion
	Optimization of the instrumental performance
	Extraction of levoglucosan in samples
	Matrix effect
	Method validation
	Levoglucosan in Tibetan glacier samples

	Conclusions
	Acknowledgments
	References




