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Lichens are effective atmospheric bioindicators, and the bioaccumulation of pollutants is frequently measured
in their tissues to assess contamination levels. Even though monosaccharide anhydrides are not directly con-
sidered as contaminants, Levoglucosan is a common tracer of biomass burning in atmospheric samples and
measuring their accumulation in lichens could help to evaluate the main atmospheric pollution sources on a
spatially resolved scale depending on the size of the sampling grid. In this work, a realiable analytical method
to determine monosaccharide anhydrides in liches was developed. It is based on ASE extraction, solid phase
extraction to clean the sample, and silylation derivatization before GC/MS analysis. The reliability and detec-
tion limits of the method were suited to the analysis of lichen samples, and additional quality tests achieved
the validation of the method with lichen test matrix. Finally field samples were quantified and the results ob-
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tained were consistent with atmospheric levels.

©2019.

1. Introduction

Lichen are used as atmospheric pollution bioindicators since
decades, and demonstrated bioaccumulation features in bioaccumu-
lation of metal elements, polycyclic aromatic hydrocarbons, dioxins
and furans and other organics [1, 14, 17]. More recently, some works
showed promising perspectives in performing source apportionment
studies from lichen chemical content [3, 17]. In this context, the po-
tentially high spatial resolution and the long integration time offered
by lichen would be very complementary to the usual active sampling
methods which provide source apportionment results at a high fre-
quency but limited to very few sampling sites simultaneously [5, 6,
20].

Specific markers are often determined in ambient air to discrim-
inate atmospheric pollution sources (fossil fuel combustion, indus-
trial processes, biomass burning, secondary aerosols). As combustion
products of cellulose, monosaccharide anhydrides are reliable indica-
tors of biomass burning emissions [19], and they are generally deter-
mined by liquid or gas chromatography associated to mass spectrome-
try, e.g. LC/MS or GC/MS [22]. There are numerous methods reported
for atmospheric particulate matter, ice, soil and sediment [8, 12, 15,
21,22]. To our knowledge, there is only one reference to levoglucosan
and congeners in a biological matrix [13], but did not provide quanti-
tative results.
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Levoglucosan and its congeners have only a few days lifetime
in the atmosphere according to reaction with OH radicals, but may
remain for years in less exposed matrices such as soils, sediments
and ice [11, 21]. Also, PAH, PCDDF and PCB for example, which
have comparable lifetimes in the atmosphere, soils and sediments, are
well retrieved in lichen with an integration time estimated to several
months [17]. As a result, it may be expected that monosaccharide an-
hydrides remain for months in lichen.

In order to enhance the source apportionment studies using lichen
as atmospheric bioaccumulators, we developed an analytical method
to determine levoglucosan, mannosan and galactosan in lichen sam-
ples. To our knowledge, this is the first report of quantitative analyt-
ical method for the determination of monosaccharide anhydrides in a
biological sample. The sample preparation, based on solvent extrac-
tion and solid phase clean-up, and the GC/MS analysis were thor-
oughly examined and optimized.

2. Materials and methods
2.1. Field samples collection and preparation

The field samples were collected in urban background sites (e.g.
parcs or gardens), in Vitrolles, Marseille and Aix-en-Provence (South
of France) city centers, on February 14 and 15, 2017. Marseille is
located by the Mediterranean Sea and is the largest city in the area
(pop. 860 000), before Aix-en-Provence (pop. 140 000) which is lo-
cated 20km inland. About 15km away, Vitrolles (pop. 34 000) is a
more industrial town located a few km from an international air-
port and
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Table 1

Recoveries (%) of levoglucosan (levo), mannosan, galactosan measured according to
the solvent nature and the ratio of acetone volume to analyte load. Values in brackets
were obtained for the internal standard levoglucosan-d7 (levo-d7) during the experi-
ments with acetone.

Analyte load

Solvent (ng) Recoveries (%)

levo (levo- mannosan  galactosan

d7)
Acetonitrile 50 0 0 100

(6mL)

Methanol (6 mL) 50 0 0 0
Ethanol (6 mL) 50 tr 0 tr
Acetone (6 mL) 50 83 (85) 76 92
Acetone (6mL) 200 100 (113) 94 104
Acetone (12mL) 50 89 (89) 73 89
Acetone (18mL) 50 86 (89) 77 85

a petrochemical complex. Additional samples from several spots were
collected and brought together to constitute a large lichen test sample.

The sampling was carried out according to a procedure described
in detail in a previous work [17]. Briefly, about 10g wet weight
(ww) of
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whole Xanthoria parietina thalli were collected, using ceramic knives,
on 5 to 10 tree trunks located inside a 200 m? area. They were placed
immediately in a Nalgene® flask and stored at 4 °C in the dark. Within
24h, they were sorted with non-metallic tools (ceramic and antistatic
PS) to remove remaining dust, bark and unwanted species. They were
freeze-dried and grounded in a ball mill equipped with ZrO, beads and
capsules, giving a fine and homogeneous powder and finally stored at
—40°C.

2.2. Chemicals and standards solutions

Standard solutions (1 gL™") of levoglucosan (1,6-anhy-
dro-B-D-glucopyranose, Sigma-Aldrich), galactosan (1,6-anhy-
dro-p-D-galactopyranose, Santa Cruz Biotechnology), mannosan
(1,6-anhydro-B-D-mannopyranose, Santa Cruz Biotechnology) and
levoglucosan-d7 (1,6-anhydro-p-D-glucopyranose d7, Cambridge Iso-
topes Laboratories) were individually prepared in acetonitrile. A con-
centrated mother mix was obtained by dissolving them into
dichloromethane to reach 5 mg L' for each compound. Solvents used
(acetonitrile, dichloromethane, hexane and acetone) were all analyti-
cal grade (Sigma-Aldrich).
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Fig. 1. Derivatization efficiency (as relative yield of target TMS derivatives) according to the reaction time (BSTFA volume 80 pL) and the BSTFA volume (reaction time 90 min),

with and without pyridine. Monosaccharide anhydrides concentrations were 5mg L.
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Table 2
LOD and LOQ of levoglucosan — mannosan — galactosan.

LOD (mg L™ LOQ (mg L™ Quantifying Ton
Levoglucosan 0.08 0.24 204
Mannosan 0.02 0.06 217
Galactosan 0.04 0.12 217

2.3. Sample extraction, cleanup and derivatization

2.3.1. Extraction of monosaccharide anhydrides from the lichen
matrix

Approximately 0.5 g of lichen powder were precisely weighted and
spiked with 1 pg of levoglucosan-d7 as an internal standard and intro-
duced in a 66 mL stainless-steel cell.

Accelerated Solvent Extraction was carried out with
dichloromethane using an ASE 350 system (Dionex) at 100°C and
100 bars, according to the usual conditions defined by the manufac-
turer (2 cycles of 5min). Dichloromethane was chosen because it was
well adapted to further SPE extraction purpose. The flush volume
amounted to 60% of the extraction cell volume and the extract was
purged from the cell using pressurized nitrogen for 100s. The extract
was concentrated under a gentle N, stream at 40 °C (TurboVap II, Bio-
tage) down to approximately 10 mL. The number of ASE extraction

A

RT: 20,67-20,73
T: +c Full ms [50,00-500,00]

1 73,08

cycles was optimized, and its efficiency was compared with ultrasonic
extraction.

Ultrasonic extraction was performed with 0.5g of lichen spiked
with levoglucosan-d7 in 10mL of dichloromethane. The extraction
time was set to 30min and the supernatant was decanted for 3 h. A
longer extraction time would no longer be advantageous compared to
ASE conditions, and heating could not be considered according to the
high volatility of dichloromethane.

The extract was finally filtered through a 0.45 um PTFE syringe
filter (Sigma-Aldrich).

2.3.2. Solid phase purification

The filtered extracts were then purified by Solid Phase Extraction
(SPE), on silica SPE cartridges (Supelco Discovery DSC-Si, 6 mL,
1g, Sigma-Aldrich). The cartridge sorbent was initially conditioned
with 6 mL hexane and 6 mL dichloromethane. The extract was slowly
loaded and the cartridge was then rinsed with 6 mL hexane followed
by 6mL dichloromethane. Eventually, the targeted monosaccharide
anhydrides were eluted drop by drop with 6 mL acetone. The extract
was concentrated under a gentle stream of N2 and adjusted to a vol-
ume of 0.5mL with acetonitrile. The samples were finally filtered
again through a 0.45 um PTFE syringe filter.

The SPE purification was the key step in the sample prepara-
tion. Silica and Florisil cartridges (Supelclean ENVI, 6mL, 1g,
Sigma-Aldrich), as well as several eluting solvents were tested. Fi-
nally, the
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Fig. 2. MS spectrum of levoglucosan in a standard solution (A) and MS spectrum of levoglucosan co-eluting with a sugar alcohol compound in a lichen extract (B).
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Fig. 3. Results of the standard addition method of levoglucosan, mannosan and galac-
tosan in the lichen test matrix.

solvent volume and the sample quantity were optimized with the best
cartridge-solvent association using the lichen test sample.

2.3.3. Derivatization

The monosaccharide anhydrides were derivatized by silylation in
order to perform the GC-MS analysis of their trimethylsilyl (TMS)
derivatives. In this objective, 80 uL of BSTFA (N,O-Bis(trimethylsi-
lyDtrifluoroacetamide) + 1% TMCS (trimethylchlorosilane)
(Sigma-Aldrich) and 80 pL of pyridine (Sigma-Aldrich) as a cata-
lyst were added to a 40 pL aliquot of the final extract. The reac-
tion was carried out at 70°C for 90min, and the sample was an-
alyzed within 24h. The

reaction time and reagent quantity were optimized and the use of the
pyridine as catalyst was evaluated.

2.4. GC-MS conditions

The GC-MS conditions, derived from previous works carried out
on atmospheric particulate matter samples, are reported by El Had-
dad et al. [4, 5] and Sylvestre [20]. The analysis was done using a
Trace GC 2000 (Thermo Scientific) equipped with a TR-5MS capil-
lary column (30 m*0.25 mm*0.25 um, Thermo Scientific) coupled to
a Polaris-Q (Thermo Scientific) ion trap mass spectrometer. Helium
was used as carrier gas at a constant flow rate of 1 mL min ' and 1 pL
of the sample was injected in splitless mode at 280 °C. The GC oven
temperature program was set to start at 65 °C and ramp to 200°C at a
6°C min ! rate and then to 300 °C at 20°C min ', held for 12 min. The
ion source temperature was fixed at 220°C and the MS was operated
in the electron impact ionization mode (70eV) in full scan (m/z 50 —
500).

3. Results and discussion
3.1. Adaptation of the standard procedure

3.1.1. Comparison of ASE and ultrasonic extraction

The efficiencies of ASE and ultrasonic extraction procedures were
compared using identical lichen test samples spiked with levoglu-
cosan-d7 (N =4 for each procedure). The ASE extraction technique
showed satisfying recoveries of 86+9%, while the results for ultra-
sonic extraction were below 10%. The ASE also offered interesting
preliminary reproducibility results. As expected, decent reproducibil-
ity could not be achieved with the low recoveries of ultrasonic extrac-
tion. These low recoveries could be explained by the ambient temper-
ature used for ultrasonic extraction, imposed by the low volatility of
the dichloromethane extraction solvent, while ASE offers supercritical
conditions (100 °C and 100 bars).

3.1.2. SPE cleanup

In order to preserve the GC-MS system from polar compounds
such as organic acids, or macromolecules, and to remove a substantial
amount of potentially interfering compounds, a cleanup step by SPE
was developed. Two SPE sorbents were tested, namely Florisil and
silica cartridges. Recoveries were determined for both of them using
standard solutions. Hexane and dichloromethane were used as loading
and rinsing solvents. Both of them gave satisfying results to load the
analytes and to wash the cartridges on both types of solid phase, as no
target compounds were detected in the loading and rinsing residuals.

Several solvents were evaluated to eluate the analytes from the
SPE cartridges. The recoveries obtained with the Florisil cartridges
were all 0%, whatever the solvents tested (acetonitrile, methanol,
ethanol or acetone). The results obtained with the silica cartridge are
summarized in Table 1, and clearly demonstrated a single possibility
to achieve the SPE cleanup, by using silica cartridges and eluting with
acetone.

The acetone volume used for the elution step was optimized ac-
cording to the analyte loading. The experiments were performed with
standard solutions, spiked with internal standard. The results, pre-
sented in Table 1, are quite homogeneous towards the acetone vol-
ume, mannosan presenting slightly lower recoveries (73-77%) than
the other compounds (83-92%). However, they were very satisfying
for further analytical developments. An assay with a higher amount
of analyte loaded was performed to simulate a complex matrix which
could potentially saturate the sorbent and interfere with the reten-
tion of the analyte. The recoveries reached 94-104% when increas-
ing the monosac-
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Fig. 4. Chromatograms (19.5min to 21.2 min) obtained for the selected ions m/z 217 (left) and m/z 204 (right) in a lichen sample (up) and in a spiked lichen sample (1 pg spiking
level, bottom). The chromatograms of the selected ion m/z 220 specific to the internal standard levoglucosan-d7 is also superimposed to visualize the interference effect at m/z 2017
for levoglucosan, and the ratios of levoglucosan/levoglucosan-d7 areas are indicated.* most likely xylulose, from MS spectra interpretation.

charide loading, but at the same time the recovery of levoglucosan-d7,
which is aimed to be employed as an internal standard, also raised to
113%. As a greater analyte load implies a greater sample size, and
that no significant improvement was obtained considering the internal
standard results, an acetone volume of 6 mL was conserved, according
to a standard analyte load of 50 pg.

3.1.3. Optimization of silylation derivatization

The efficiency of the derivatization reaction is critical for the quan-
titative analysis of monosaccharide anhydrides by GC-MS. In com-
parison with particulate matter, biological samples may be much more
concentrated in monosaccharide anhydrides and in possible interfering
compounds i.e. species possessing -OH chemical groups. This could
lead to an incomplete derivatization of the target analytes and an un-
derestimation in monosaccharide anhydrides concentrations. The ef-
ficiency of the derivatization can depend on different parameters in-
cluding reaction time, temperature, derivatization reagent and solvent
nature and quantities. Here, the temperature was kept at 70 °C for all
the experiments to favor the silylation reaction, as mentioned by other
studies [Medeiros et al., 2006, 5]. The MSTFA reagent was tested but
induced the fronting of the chromatographic peaks, even with pyri-
dine as a catalyst, while the results obtained with BSTFA containing
1% TMCS were very satisfying. This silylation agent was thus con-
served for all the further experiments, while the influence of the reac-
tion time, the reagent volume and the addition of pyridine as catalyst
was assessed (Fig. 1).

The results showed that the complete derivatization, using the
BSTFA+1%TMCS as reagent, could only be achieved when com-
bined with pyridine. It was completed for all the compounds un-
der study after only 30min of reaction at 70 °C when pyridine was
added (Fig. 1). Shorter times were not tested as the results from previ-
ous studies in the laboratory and elsewhere generally required longer
reaction times [Medeiros et al., 2006, 5]. Without pyridine, the de-
rivatization yields of monosaccharide anhydrides increased with re-
action time,

but never exceeded 70%, even after 180min. On the other hand, the
derivatization yields were not improved by increasing the reagent
quantity from 80 to 160 puL, for any analyte, and only the addition of
pyridine achieved a complete reaction, regardless of BSTFA quantity.

The derivatization conditions eventually selected were a reaction
time of 90 min, a 80 uL volume of BSTFA 1% TMCS and 80 pL pyri-
dine as a catalyzer. From the laboratory experience and the literature
mentioned above recommending at least 90 min, this reaction time was
adopted for security, even though 30 min were satisfying [Medeiros
et al.,, 2007, 5, 20]. The selected conditions were tested with a spiked
lichen test sample and still showed a complete derivatization. The sta-
bility of the TMS derivatives at room temperature was verified for
24h.

3.1.4. Calibration, reproducibility and detection limits

The calibration range was determined with standard solutions from
0.2 to 6mg L7!, with a linearity assessed by correlation coefficients
(R?) above 0.992, 0.998 and 0.995 (levoglucosan, mannosan and
galactosan, respectively) using external calibration. The R? values
were slightly higher when switching to internal calibration, above
0.998, 0.996 and 0.999 (levoglucosan, mannosan and galactosan, re-
spectively), in the same concentration range. The extension of the lin-
earity range was tested down to 0.05mg L 'and up to 14mg L, and
the R? results were kept above 0.990.

The reproducibility experiments were carried out at mid-range
(N=5) and low-range (N=06) concentrations, and provided very satis-
fying results, with the m/z 217 peak of the TMS derivative. Based on
internal calibration, the relative standard deviations (RSD) were be-
low 5% for the three analytes and were not affected by the concentra-
tion levels. The concentrations determined using an internal standard
did not suffer from a systematic deviation from the theoretical concen-
tration for levoglucosan (<3.4%). The difference from the theoretical
concentration was slightly higher for mannosan (7-12%) and galac-
tosan (17-21%). Here again, the concentration level did not affect the
results.
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These results confirmed the potential of this method, in particular
to analyze levoglucosan, which is the main target of this work, as it is
the most common biomass burning tracer used worldwide in ambient
air samples. Internal calibration was selected for further experiments.

The limits of detection (LOD) and quantification (LOQ) given in
Table 2 were calculated from the standard deviation of ten replicates
analyzed at 0.25mg L' using the Student's value for a 99% confi-
dence level.

3.2. Method validation in the lichen matrix

3.2.1. Mass spectra interference from lichen matrix

The characteristic fragments obtained by GC/MS and electronic
impact (EI) ionization of the TMS derivatives were m/z 217 (65% rela-
tive abundance), 204 (45%) and 333 (10%) for levoglucosan and man-
nosan, 217 (100% relative abundance) and 204 (10%) for galactosan.
Thus, either in the total ion current (TIC) or selected ion (SIM) mode,
the compounds under study were easily determined in airborne partic-
ulate matter [5, 12, 19], as well as other inorganic environmental ma-
trices such as sediment and soil [12].

However, fungal and plant tissues are constituted of large amounts
of saccharides and sugar alcohols [2, 13, 16, 18], leading to poten-
tial matrix effects. Here, it has been demonstrated in several lichen
samples that a strong interference occurs for levoglucosan, when scan-
ning the m/z 217 ion. Fig. 2 shows that this artifact is probably due to
the co-elution of levoglucosan with a sugar alcohol, as imply the MS
peaks at m/z 307 and 319 [5, 12, 13].

The m/z 333 fragment appeared specific to levoglucosan and man-
nosan, among other saccharides [12], but suffered from a much lower
signal intensity compared to m/z 217 and 204.

The m/z 204 fragment is preeminent in the mass spectra of most
saccharides, which are major constituents in algae and bacteria, and
a fortiori lichen, but it is absent in the sugar alcohols [12]. From the
comparative abundances of m/z 204 and m/z 333 observed in the mass
spectra of the standard solution and of the lichen sample, no interfer-
ence was suspected for this ion at the retention time of levoglucosan
(Fig. 2), neither for mannosan and galactosan.

3.2.2. Method validation

The analysis of spiked lichen samples was achieved to select the
best candidate ion for quantification, in particular among interference
and sensitivity issues revealed by the study of the mass spectra in
lichen matrix, and eventually validate the complete method. These ex-
periments were carried out at 3 spiking levels by adding 1, 2 and 3 pg
of levoglucosan (0.25, 0.50, and 0.75 pg of galactosan and mannosan)
to the finely grounded lichen test sample. The full results are presented
in Fig. 3 and the chromatograms displayed for m/z 217 and m/z 204
selected ions of the raw lichen sample and the first spiking level are
presented in Fig. 4.

For levoglucosan, they confirm the major interference for the m/
z217 ion, as illustrated in Figs. 3 and 4 by the lack of linearity in
the ratio of levoglucosan/levoglucosan-d7 areas. As expected, the m/
z 333 fragment intensity is 4 and 5 times lower compared to m/z 204
and 217, respectively, which could further cause sensitivity issues. Fi-
nally, the calculation of concentrations by internal calibration revealed
that the levels determined for m/z 204 were comparable to what ob-
tained for m/z 333. As the latter is very specific to monosaccharide
anhydrides, it corroborated that no interference from the lichen matrix
occurred when monitoring m/z 204. Moreover, m/z 204 increased lin-
early with spiking levels, validating this ion for the quantification of
levoglucosan.

The response of mannosan and galactosan in the spiked lichen
samples was also investigated. Linearity was conserved when working

with m/z 204 instead of the m/z 217 ion, but it induced a loss of sen-
sitivity for both compounds (Figs. 3 and 4). However, the concen-
trations deduced from internal calibration were similar whether m/z
2170r m/z 204 was used for quantification, also confirming that man-
nosan and galactosan did not suffer from coelution interference and
could still be quantified with the m/z 217 ion.

The overall reproducibility was calculated for the whole extraction
and analysis procedure, from the ASE step. The results showed a very
high reproducibility, with relative standard deviations <5% (N=4), in-
dicating that the lichen matrix did not affect the analysis in terms of
uncertainty.

3.3. Analysis of field samples

Lichen samples were collected from 3 urban background sites in
the Marseille metropolitan area and its vicinity (South of France), and
analyzed following the developed method. The levoglucosan concen-
trations were 1.38, 0.97 and 1.06 mg kgfl, in Aix-en-Provence, Mar-
seille and Vitrolles, respectively. On the other hand, neither galactosan
nor mannosan were detected. Galactosan and mannosan are generally
lor 2 orders of magnitude below levoglucosan in atmospheric partic-
ulate matter samples, which lead logically to undetectable levels in
lichens.

The levoglucosan concentrations are higher than PAH measured in
lichen collected in nearby urban sites during a previous study, which
ranged from 0.25 to 0.65mg kg ' [17]. This is consistent with the con-
centration ratios between levoglucosan and PAH in the atmospheric
compartment usually observed in urban areas [5, 7, 9 , 10]. Lev-
oglucosan and to a lesser extend PAH atmospheric concentrations are
highly dependent of seasonal variations and local land use, such as the
degree of urbanization, and the proximity of industry and agriculture.
Also, lichen accumulate over a period of time which may reduce or
even eliminate such temporal contrasts, and possibly explain that the
difference between PAH and levoglucosan is smaller than what could
be possibly expected in winter. On the other hand, the lower level
measured in Marseille is consistent with its large and densely urban-
ized area, where biomass burning from agricultural practices and resi-
dential heating is less important than in the Aix-en-Provence city.

4. Conclusions

An analytical method has been developed for the determination of
monosaccharide anhydrides such as levoglucosan, in lichen samples.
Several clean-up conditions were tested and the derivatization con-
ditions were optimized, leading to very satisfying recoveries of the
method. The internal standard guarantees the analytical quality of the
results in the lichen matrix. The deviation, limit of detection and lin-
earity range suited the expected environmental levels of levoglucosan,
which is the most commonly used in atmospheric source apportion-
ment studies.

The application to a lichen test sample showed coelution issues,
that were solved by selecting m/z 204 for quantification. The quality
results were as satisfactory as in the standard solution. Finally, lichen
samples from urban background sites were analyzed and revealed con-
sistent levoglucosan levels, while galactosan and mannosan were not
detected.

The method should be applied to broader sampling campaigns,
in order to precise future source apportionment studies using lichen
bioindicators, and more globally to investigate the incidence of bio-
mass burning by means of bioindication.
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