ol

chemistry

Subscriber access provided by EDINBURGH UNIVERSITY LIBRARY | @ http://www.lib.ed.ac.uk

Direct injection liquid chromatography high-resolution
mass spectrometry for determination of primary and
secondary terrestrial and marine biomarkers in ice cores

Amy King, Chiara Giorio, Eric Wolff, Elizabeth Thomas, Marco Roverso,
Margit Schwikowski, Andrea Tapparo, sara bogialli, and Markus Kalberer

Anal. Chem., Just Accepted Manuscript « DOI: 10.1021/acs.analchem.8b05224 « Publication Date (Web): 20 Mar 2019

Downloaded from http://pubs.acs.org on March 21, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

N4 ACS Publications

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course

of their duties.



Page 1 of 23

oNOYTULT D WN =

w

O 00 N o u b

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

33
34

Analytical Chemistry

Direct injection liquid chromatography high-resolution mass
spectrometry for determination of primary and secondary terrestrial
and marine biomarkers in ice cores

Amy C.F. King2a®*, Chiara Giorio®><**, Eric Wolffd, Elizabeth Thomas?, Marco Roverso®, Margit

Schwikowski¢, Andrea Tapparo®, Sara Bogiallic, Markus Kalberer®f

aBritish Antarctic Survey, High Cross, Madingley Road, Cambridge, CB3 OET, United Kingdom
®Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge, CB2 1EW,
United Kingdom

¢Dipartimento di Scienze Chimiche, Universita degli Studi di Padova, Via Marzolo 1, 35131
Padova, Italy

dDepartment of Earth Sciences, University of Cambridge, Downing Street, Cambridge CB2 3EQ,
United Kingdom

ePaul Scherrer Institut, OFLB/109, 5232 Villigen PSI, Switzerland

fDepartment of Environmental Sciences, University of Basel, Klingelbergstrasse 27, 4056 Basel,
Switzerland

Email addresses in order of authorship;
acfk2@cam.ac.uk; chiara.giorio@unipd.it; ew428@cam.ac.uk; lith@bas.ac.uk;

marco.roverso@unipd.it; margit.schwikowski@psi.ch; andrea.tapparo@unipd.it;

sara.bogialli@unipd.it; mk594@cam.ac.uk
*Corresponding author Amy C.F.King, acfk2@cam.ac.uk
**Corresponding author Chiara Giorio, chiara.giorio@unipd.it

Declarations of interest: none

ACS Paragon Plus Environment


mailto:acfk2@cam.ac.uk

oNOYTULT D WN =

35
36

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

54

55
56

57

58

59

60

61

62

Analytical Chemistry

Abstract

Many atmospheric organic compounds are long-lived enough to be transported from their sources
to polar regions and high mountain environments where they can be trapped in ice archives. While
inorganic components in ice archives have been studied extensively to identify past climate
changes, organic compounds have rarely been used to assess paleo-environmental changes,
mainly due to the lack of suitable analytical methods. This study presents a new method of direct
injection HPLC-MS analysis, without the need of pre-concentrating the melted ice, for the
determination of a series of novel biomarkers in ice-core samples indicative of primary and
secondary terrestrial and marine organic aerosol sources. Eliminating a preconcentration step
reduces contamination potential and decreases the required sample volume thus allowing a
higher time resolution in the archives. The method is characterised by limits of detections (LODs)
in the range of 0.01-15 ppb, depending on the analyte, and accuracy evaluated through an
interlaboratory comparison. We find that many components in secondary organic aerosols (SOA)
are clearly detectable at concentrations comparable to those previously observed in replicate
preconcentrated ice samples from the Belukha glacier, Russian Altai Mountains. Some
compounds with low recoveries in preconcentration steps are now detectable in samples with this
new direct injection method significantly increasing the range of environmental processes and

sources that become accessible for paleo-climate studies.
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Analytical Chemistry

1. Introduction

The analysis and quantification of non-anthropogenic marine and terrestrial organic compounds
in ice cores is a developing field presenting a new suite of compounds potentially applicable to
palaeoenvironmental reconstruction '. A small selection of studies obtaining new records of
various novel organic compounds in ice has proven the concept; Kawamura et al. 2 detected lipid
compounds in snow layers dating back 450 years at Site J, Greenland, using gas chromatography
— mass spectrometry (GC-MS), Pokhrel et al.  detected oxidation products of isoprene and
monoterpenes in ice up to 350 years old in Alaska using GC-MS on rotary evaporation-
preconcentrated samples, and Muller-Tautges et al. 4 detected carboxylic acids and inorganic
ions between 1942-1993 from Grenzgletscher (Monte Rosa Massif) in the southern Swiss Alps
using high performance liquid chromatography-mass spectrometry (HPLC-MS) on stir-bar
preconcentrated samples. Following this, King et al. > developed a method of HPLC-MS analysis
for rotary evaporation-preconcentrated ice samples. We quantified concentrations of a wide range
of novel organic compounds in ice core samples which had shown good potential for survival
during transport to, and preservation within, ice core records, and relationships to environmental
conditions . These included a range of fatty acids, secondary oxidation aerosol compounds, and

primary biogenic molecules at both detectable and reproducible concentrations.

Adaptation of methods towards those not requiring preconcentration has been previously
successfully applied to levoglucosan, an organic compound produced by combustion of cellulose
and used to indicate past biomass burning trends from ice core analysis. In order to both
circumnavigate the need for preconcentration and to avoid more time consuming GC-MS
methods, Gambaro et al. 6 developed the first method of direct injection HPLC-triple quadrupole
mass spectrometry (HPLC/ESI-MS/MS) for quantification of levoglucosan in Antarctic ice
samples, where concentrations are expected to be very low. They achieved detection limits as
low as 0.003ppb in samples as small as 1mL, reproducible at 20-50%, while lowering analysis

time and contamination risk, demonstrating the potential benefits of this process.

In this study we compare our previous method ° for preconcentrated samples with a similar one
for use on non-preconcentrated snow and ice samples, i.e. direct injection HPLC-MS, for an

identical compound list (Table 1).

While preconcentration is still needed in many cases due to the very low levels of organic

compounds in polar and alpine ice samples (typically parts per ftrillion (ppt, equivalent to ng/L) —
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parts per billion (ppb, equivalent to pug/L)), some samples closer to source location may contain
higher compound concentrations detectable without requiring such a step. Alternatively, new
instrumentation presents the opportunity to analyse samples at detection levels as low as ppt,
thus removing the need for preconcentration. The elimination of a preconcentration step would
be beneficial for several reasons; reducing the processing steps of samples reduces the
possibility for introduction of contamination, especially in the case of fatty acids where background
contamination is generally high compared to SOA compounds 5. Additionally, for some of the
compounds on our target list, preconcentration has been ineffective, due to very low recovery.
For example, the rotary evaporation method previously applied in King et al. (2018) showed very
low recovery for oxidised biogenic aerosol markers such as MBTCA. Direct injection, if suitable
detection limits can be achieved, opens up these additional compounds to ice core analysis, and
therefore offers an enhanced suite of compounds for paleo-environmental reconstruction. Finally,
the required sample volume for direct injection is also much smaller, in this case approximately
100 uL per sample rather than 10 mL for a sample requiring preconcentration, thus improving the
depth and time resolution that can be attained from the ice core. As an example, this will often
allow seasonally-resolved samples to be analysed, as opposed to annual or multi-annual records,
which will be invaluable to develop an understanding of the processes and sources these novel
organic paleo-environmental markers represent. This may also be particularly useful when
evolving the method to analyse much older ice than currently tested, where annual ice layers are
much thinner, due to ice flow, than those in younger, shallower counterparts. As a long-term
perspective, methods requiring low sample volume may be amenable to adaptation for coupling
with continuous flow analysis systems (e.g Kaufmann et al. 2008). Finally, the use of high-
resolution MS without sample preconcentration would allow retrospective non targeted analysis,

whereas the sample preconcentration step invariably alters the samples representatively.
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1
2
431 125  Table 1: Target compound list for this study (adapted from King et al. ®), by compound group and
5 126  in order of increasing number of carbon atoms.
? Compound Source Neutral Name
Formula
8
?O Isoprene-derived SOA C4H1004 Meso-erythritol*
11 Isoprene-derived SOA CsH120, Methyl-tetrols
12
13 Monoterpene-derived SOA C-H,0, Pimelic acid*
14 Monoterpene-derived SOA C;H1006 1,2,4-butanetricarboxylic acid (BTCA)*
15 Monoterpene-derived SOA CsH420 3-methyl-1,2,3-butanetricarboxylic acid (MBTCA)
gh'l126
16 Monoterpene-derived SOA C7H1004 Terebic acid
17 Monoterpene-derived SOA C1oH1503 Pinolic acid
18 Monoterpene-derived SOA C1oH1603 Cis-pinonic acid
;g Monoterpene-derived SOA C1oH1403 Keto-pinic acid
21
2 Sesquiterpene-derived SOA C14H204 B-caryophyllinic acid
23 Sesquiterpene-derived SOA C15H2405 B-caryophyllonic acid
24 Sesquiterpene-derived SOA C14H204 B-nocaryophyllonic acid
25
26 Biogenic SOA CaHo0s D-malic acid
27
28 Primary biogenic C7HeOs Salicylic acid
29
2(1) Low molecular weight fatty acids C4,H,40, Lauric acid
32 (LFA) (<C24); marine / microbial C4H550, Myristic acid
33 sources C47H340, Heptadecanoic acid
34 C1gH340, Oleic acid
35 C19H3505 Nonadecanoic acid
36 C20H3202 Arachidonic acid
37 CyoHa40, Behenic acid
38 Co3H10, Tricosanoic acid
39
40 High molecular weight fatty acids C,;H540, Heptacosanoic acid
Z; (HFA)  (>C24);  terrestrial C,gHssO, Octacosanoic acid
43 biomass C30Hg002 Melissic acid
44

45 127 *surrogate standards (analytes chemically similar to those being extracted where actual standard not
46 128  available)
48 129
49 130
131
52 132
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2. Materials and methods

Sample analysis was carried out by direct injection ultra-high performance liquid chromatography
(UHPLC) electrospray ionisation (ESI) high-resolution mass spectrometry (HRMS) with a post-

column injection of ammonium hydroxide in methanol.

2.1 Standard solutions and eluents

Bulk standard solutions were prepared in dichloromethane (>99.9%, Optima™, HPLC/MS, Fisher
Chemical), and acetonitrile (>99.9%, Optima™ HPLC/MS, Fisher Chemical), and then combined
into a diluted standard mixture of all analytes at a concentration of 1 ppm in acetonitrile. Details
of the sources and purities of each compound standard can be found in King et al. 5. Final
standards for instrument calibration, quantification of detection limits, and quantification of matrix
effects were made at concentrations of 10 ppt, 100 ppt, 1 ppb,10 ppb and 100 ppb by dilutions
with water (>99.9%, Optima™ UHPLC/MS, Fisher Chemical).

2.2 Decontamination protocols

All glassware was baked at 450°C for 8 hrs using the method of Muller-Tautges et al. (2014).
Glassware was capped with PTFE lined lids. Solvents were also cleaned using ozonation
following the method of King et al. 3, which has been shown to reduce background contamination

of unsaturated fatty acids.

2.3 Instrumental analysis

Analysis was carried out using an UltiMate3000 UHPLC coupled with a Thermo Scientific™ Q
Exactive™ Hybrid Quadrupole-Orbitrap MS at the Department of Chemical Sciences, University
of Padua, Italy. We utilise this more sensitive instrument than that used in the methodological
development of the previous study. The interlaboratory comparison described in the previous
study shows how this instrument lowered detection limits to the range of ppt for many compounds,
in comparison to the HPLC-ESI-HRMS (with Accela system HPLC (Thermo Scientific, Bremen,
Germany) coupled to an LTQ Velos Orbitrap (Thermo Scientific, Bremen, Germany)) at the
University of Cambridge, UK, which did not achieve detection limits below ppb concentrations
(Table 2). Given that concentrations of compounds detected in preconcentrated samples in King
et al.> were in the order of ppb, this more sensitive instrument should allow detection not only of

these compounds without preconcentration but may allow detection of previously undetected
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compounds. This is due in part to the different detectors in the two instruments, which gives the
Q-Exactive a better sensitivity and thus lower detection limits. Similarly, a triple quadrupole mass
analyser may provide better sensitivity for SOA compounds while it would not give reliable
determination of unsubstituted fatty acids when using HPLC with an ESI source. This is because
the fragmentation used in the single and multiple reaction monitoring when using triple quadrupole
mass analysers cannot be exploited for the determination of unsubstituted fatty acids which would
lose the only functional group that can be easily ionised (the carboxylic group). Further factors
giving the Q-Exactive better sensitivity are that the ionic path is much shorter than for the Velos,
resulting in less ion scattering, and that the Q-Exactive has an enhanced vaccum, increasing the
electronic performance. There are also factors which are unique to every instrument set-up and
specific laboratory environment: the contamination introduced into the instrument is dependent
on the working environment in which the instrument sits, the previous samples analysed and also
the age of the instrument. Beside these, removing a sample pre-concentration procedure may
reduce potential contaminations introduced during sample handling. In this study we account for
these factors by repeating some optimisation steps applied to the previously used instrument, as

discussed further in section 3.1.

The optimised settings of the instrument were those developed by King et al. > and were as
follows; the LC injected sample volumes of 20 pyL and used a Waters XBridge™ C18 (3.5 um,
3.0x150 mm) column with the mobile phases (A) water with 0.5 mM NH4OH and (B) methanol
with 0.5 mM NH,OH. The gradient programme was 0—-3 min 0% B, 3—4 min linear gradient from
0% to 30% B, 4—9 min 30% B, 9—10 min linear gradient from 30% to 100% B, 10—-25 min 100%
B, 25-26 min linear gradient from 100% to 0% B, 26—35 min 0% B, with a 250 yL/min flow rate at
20°C. We applied a post-column injection of methanol with 5 mM NH,OH at a flow rate of
100 pL/min. MS analysis was performed in negative ionisation using the following ESI source
parameters: 400°C source temperature, 40 arbitrary units (a.u.) sheath gas flow rate, 20 a.u.
auxiliary gas flow rate, 3.5 kV needle voltage, 350°C transfer capillary temperature, S-Lens RF
Level 50%. MS spectra were collected in full scan, with a resolution of 70 000 at m/z 400, in the
mass range m/z 80-600 and in MS/MS for all target compounds with a collision-induced
dissociation (CID) energy of 30 (normalized collision energy). Instrumental calibration was carried
out routinely to within an accuracy of £ 2 ppm, using Pierce LTQ Velos ESI Positive lon Calibration
Solution and a Pierce ESI Negative lon Calibration Solution (Thermo Scientific, Bremen,

Germany).
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Calibration for quantification of target analytes was carried out at the start of each sample series,
for which analysis took approximately 60 continuous hours, using standard solutions of 10 ppt,100
ppt,1 ppb,10 ppb and 100 ppb. Deuterated internal standards d3-malic acid, d10-pimelic acid and
d31-palmitic acid at a concentration of 10 ppb were used as internal standards to adjust
concentrations accounting for methodological and instrumental variability. Quality check
standards solutions at a concentration of 10 ppb have also been analysed every 10 samples to

ensure no changes in detection sensitivity throughout the sequence of analysis.

2.4 Sample preparation

Ice samples analysed were from the Belukha glacier ice core, Russian Altai mountains, for which
details on drilling, transportation and cutting can be found in Olivier et al. 8. A total of 18 samples
were tested representing ice from a range of ice-core ages, accounting for differences in ice
chemistry and physical ice properties which may affect analysis. These were 12 samples from
1866-1869, and 6 samples from 1821-1823.

Sample sections were cut to avoid the outer-most ice of the core, which has been exposed to
potential contamination. Additionally, once cut, samples for the analysis of organic compounds
were scraped with a metal scalpel to remove cut surfaces and placed directly in pre-cleaned
amber glass vials with PTFE lined caps. Samples were stored at -25°C before melting in sealed
vials inside a class 100 clean room, at approximately 16°C. Each sample represented 10 cm ice
core resolution, equivalent to sub-annual resolution. 1 mL of the well-mixed sample was
transferred to a glass LC-MS vial and spiked with 10 ppb deuterated standards for immediate

analysis.

3. Results and discussion

3.1 Methodological optimisation

While the HPLC-MS method was optimised in our previous study (°), some parameters were re-
tested to ensure the methodology was appropriate for the new instrument (i.e. the Q Exactive™
Orbitrap MS). This particularly included steps in reducing background contamination, which can
be different for individual compounds depending on the instrument and lab environment being

used.

ACS Paragon Plus Environment
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The repeated tests were: testing of non-ozonated and ozonated solvents, testing of the inclusion
of a post-column injection, and the application of MS-MS analysis to ensure correct identification

of peaks in the mass spectra.

On average, the application of a post column injection of 5 mM NH,OH in methanol increased
peak areas by 1.5 to 2 times compared to peak areas without a post-column injection. The use of
ozonated solvents was again shown to be effective at reducing background contamination of
unsaturated fatty acids which break down during ozonolysis; in non-ozonated solvents these
compounds were present at contamination levels of 210 ppb, while ozonated solvents allowed

detection at as low as 10 ppt.

Instrumental analysis showed that the retention time of some compounds shifted when comparing
preconcentration/direct injection analysis. This is because the solvent of the final sample (and
standard solutions) is different in the two cases; in the preconcentrated samples the solvent is
methanol, used to re-dissolve the compounds from the rotary evaporation vial. In direct injection,
the solvent is the snow melt water of the sample or LC-MS water for the standard solutions. The
retention times for the direct injection, aqueous sample are presented in Table 2. In general, the
retention times of SOA compounds are slightly shorter while retention times of fatty acids are

longer for samples and standard solutions in water compared with methanol °.

3.2 Methodological validation

Instrumental LODs were evaluated on standard solutions prepared in water to match the matrix
of the ice samples. Calculation used the Hubaux-Vos method, following IUPAC recommendations
910, Limits of quantifications (LOQs) are 10/3*LODs. Sensitivity (slope of the calibration line) and
linearity range were tested using both the r-Pearson correlation test and the F-test to compare
linear and quadratic fits. Results showed a good linearity in the tested range (10 ppt-100 ppb) for
all compounds. Method/instrumental repeatability was evaluated in real ice core samples.

Validation parameters are reported in Table 2.

Matrix effects of direct-injection samples were tested by comparing the linear calibration lines of
two different sets of prepared standards, each analysed in triplicate; one set of 1 ppb, 10 ppb,
and 100 ppb concentrations diluted with water (external calibration), and another of the same
concentrations diluted with ice-sample melt made by pooling together aliquots of the different ice
samples analysed in this study (internal calibration). Comparison of the slopes of the lines, using

a t-test, was used to evaluate the difference in values quantified between the two standard types.
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This approach was used instead of the post-column infusion and post-extraction addition
protocols ' due to unavailability of blank samples (i.e. melted ice samples free from target
analytes). Results show (Table 2) the presence of a small but significant matrix effect for most of
the analytes. Analytes with lower background contaminations are generally also less affected by
matrix effects while compounds with higher background contaminations are more affected by
matrix effects (e.g. fatty acids). Isotopically labelled (deuterated) standards do not compensate
for matrix effects, probably due to slight differences in lipophilicity and ion suppression effects, as

observed in previous studies 1213,
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Table 2: Parameters of methodological validation of the direct injection HPLC-MS analysis, which are presented in order of increasing

LOD. Also presented are LOQ, retention time, repeatability (presented as residual standard deviation from three repeat injections of

calibration samples each of 10 ppt, 100 ppt, 1 ppb, 10 ppb and 100 ppb), intralaboratory comparison (presented as R? values of a

linear trend line of preconcentrated-direct injection samples, see also Figure 1) and matrix effects (presented as the change in

calibration slope between the standards diluted in ice sample melt compared to those diluted in water). NA=not applicable. Calibration

curves and respective plots showing instrumental repeatability for example compounds are shown in Figure S1 of the supplementary

information.
Compound LOD LoQ LOD of Retention Instrumental Intralaboratory Matrix effect
(ppb) (ppb) previous time (min) Repeatability comparison (%x%RSD)
study (ppb) (%RSD) (R?)
BTCA* 0.01 0.03 3.09 1.70 5 NA 13.5+9.12
MBTCA** 0.02 0.06 2.68 1.70 5 NA 5.7+9.22
Keto-pinic acid 0.02 0.07 2.62 7.85 7 0.68 4.9+4.82
B-caryophyllinic acid 0.02 0.08 2.9 7.79 6 NA 5.614.32
D-malic acid 0.04 0.13 2.61 1.76 4 0.75 3.946.82
B-caryophyllonic acid 0.10 0.32 2.73 13.12 6 NA -2.0+3.52
Methyl-tetrols 0.13 0.43 4.57 3.57 4 0.92 11.412.3°
Terebic acid 0.14 0.46 5.65 3.22 3 0.64 -9.445.52
Pimelic acid 0.22 0.74 2.32 1.79 5 0.50 -4.248.42
Cis-pinonic acid 0.35 1.16 8.94 7.61 6 NA 4.316.92
Arachidonic acid 0.44 1.46 4.69 14.09 9 NA 1.1£3.1°
Pinolic acid 0.59 1.96 8.38 7.40 12 NA -5.548.02
Meso-erythritol 2.57 8.62 5.94 2.93 17 NA 9.9+3.8°
B-nocaryophyllonic acid 3.02 10.06 2.52 12.88 5 NA 6.8+8.62
Tricosanoic acid 3.82 12.74 4.73 19.27 6 NA 16.845.3°
Salicylic acid 5.44 18.15 10.23 7.61 12 NA 7.5+6.02
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Behenic acid
Melissic acid
Nonadecanoic acid
Heptacosanoic acid
Octacosanoic acid
Lauric acid
Heptadecanoic acid
Myristic acid

Oleic acid

5.68
6.08
6.32
6.97
9.99
10.91
12.83
15.74
15.75

18.93
20.28
21.07
23.19
33.28
36.35
42.76
52.46
52.49
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5.93
17.03
2.00
12.21
11.73
4.47
6.27
19.14
20.13

18.19
28.22
15.91
25.29
27.46
13.56
14.92
13.94
14.60

10
12

w O o1 o1

NA
NA
NA
NA
NA
NA
NA
NA
NA

20.6+2.9°
18153
30+23°
3.0+3.4P
11.746.5°
15.616.6°
10+27°
8.0+7.6°
-9+15P

@ Evaluated in the concentration range 0-10 ppb;

acid. ** 3-methyl-1,2,3-butanetricarboxylic acid.

b Evaluated in the concentration range 0-100 ppb. * Butane-1,2,3,4-tetracarboxylic
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3.3. Method comparison

A method comparison was done to assess the accuracy of the direct injection UHPLC-ESI-HRMS
method, comparing ice samples from the Belukha glacier ice core measured both with the method
developed in this study and with the method developed by King et al. °. The method of King et al.
5 used rotary-evaporation to preconcentrate the samples before analysis with HPLC-ESI-HRMS
using an Accela system HPLC (Thermo Scientific, Bremen, Germany) coupled to an LTQ Velos
Orbitrap (Thermo Scientific, Bremen, Germany) 5. An inter-laboratory comparison has already
been carried in King et al. ® showing that sample concentrations measured on the previously used
instrument are reliably reproduced on the instrument used in this study, and therefore our sample
concentrations of the preconcentrated method are accurate and may be reliably compared to the

direct injection samples.

Compounds detected in the preconcentrated Belukha samples were as follows; D-malic acid,
terebic acid, methyl-tetrols, pimelic acid, keto-pinic acid, cis-pinonic acid, heptacosanoic acid,
octacosanoic acid, and melissic acid. MBTCA was detected in a very few samples above
detection limits. In the direct injection method compounds detected were MBTCA, D-malic acid,
terebic acid, methyl-tetrols, pimelic acid and keto-pinic acid. BTCA and cis-pinonic acid were
detected in some of the direct injection samples, but in others were below LODs. In comparison,
the direct injection promoted BTCA and MBTCA detection, as recovery percentage for both
compounds in preconcentrated samples was only 3%, the lowest value observed for all
compounds [5], which results in values falling below LOD in these samples. Avoiding this
drawback, the direct injection method successfully detects MBTCA in all samples well above
LODs.

All of the fatty acids detected with the pre-concentration technique were below detection limits in
the direct injection samples; this is because background contamination levels were high in these

experiments, and consequently so are LODs.

The results of the comparison between the preconcentrated and direct injection samples are
shown in Figure 1, as scatterplots representing the reproducibility of final concentration values in
the samples. The scatterplots show good linearity for all compounds, indicating that trends in the
sample timeseries are reliably reproduced. For some compounds, the linear trend lines deviate
from the 1:1 ratio line, for example terebic acid. This difference is not accounted for by matrix

effects evaluated using a test ice-sample melt (see section 3.2 for details). However, each
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individual ice sample would be characterized by a different matrix composition, which may affect
quantification differently from one sample to another. In each case, the deviation from the 1:1 ratio
line suggests either a lower-than-expected sample concentration in the direct injection samples,
or higher-than-expected concentration in the preconcentrated samples. This may be because
preconcentrated samples are finally analysed in methanol, used to re-dissolve the samples from
the dried vial following rotary evaporation, whereas direct injection samples are measured in the
original snow melt. It would be expected that methanol is an overall cleaner sample as the lower
solubility discourages the presence of inorganics in the sample which may otherwise interfere
with the ionisation of the analytes in the ESI source. Ideally, matrix effects could be accounted for
by using an internal calibration. However, this is not a viable alternative for this application due to

limited amount of sample available for the analysis.

The observed offset, where large enough to be significant such as for terebic acid, may be

quantified and accounted for in further analysis.
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Figure 1: Scatterplots representing comparisons between final sample concentrations of each of
direct injection and preconcentration methods of analysis of replicate environmental samples.
Linear trendlines and associated R? values are presented to assess reproducibility, and error
bands at 95% confidence intervals shown in pink. The bracketed outlying point in the pimelic acid
plot is shown but not included in the trend line and R? value. Compounds shown are those with a

complete dataset (i.e. no sample concentrations below detection limits).
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Because of the poor detection of MBTCA in the preconcentrated samples, we cannot assess the
reproducibility of this compound compared to direct injection. We instead compare to previously
reported ions in the ice core '* to see if overall trends detected in the sample series appear
reasonable. Figure 2 compares MBTCA to sulfate. Sulfate was chosen for comparison as it
showed the most significant correlation to MBTCA of all other measured ions in the core
(R?=0.55). We display only the corresponding sample numbers since environmental interpretation
is outside the scope of this study. The record shows that both compounds display similar trends
over time, with peaks coinciding with mid-year summertime. Therefore MBTCA measured by
direct injection produces results that are reasonable with previous findings. Indeed, this is also
the case for all other new organic compounds detected i.e. trends match those of previously
detected ions. However we save presentation of thee results for future work alongside

environmental interpretation.

MBTCA (ppb)
w

Sample number

Figure 2: MBTCA and sulfate concentrations measured in a time series of ice core samples.

4. Conclusions

A method for analysing a series of organic compounds in ice core samples by direct injection
UHPLC-ESI/HRMS is presented. This method is beneficial in reducing the required sample
volume and the potential for contamination generated by sample preconcentration steps. The
method provides LODs of 0.01-3.02 ppb for SOA compounds, and 0.44-15.75 ppb for fatty acids,
with average instrumental repeatability of 7%. Small, but significant, matrix effects (~10% on

average) were determined.
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This direct injection analytical method is particularly suitable for SOA compounds which showed
low recoveries in preconcentrated samples, e.g. MBTCA, and which are significantly above
detection limits only with direct injection analysis. Other SOA compounds, detected more clearly
than MBTCA in preconcentrated samples, were also detected with similar sensitivity in direct
injection samples. Many of the studied tracers showed good reproducibility in final sample
concentrations in both analytical methods, while others showed a lower-than-expected
concentration in direct injection samples compared with pre-concentrated samples. This can be
accounted for by differences in sample matrices or ionisation efficiency in samples analysed with

the two techniques, and can be adjusted for in final sample concentrations.

Direct injection is less suitable for fatty acid compounds; their high background contamination
results in high detection limits, and thus these compounds are more suited to analyses after a
preconcentration. Alternatively, detection limits for these compounds require new, tailored,
cleaning protocols to reduce background contaminations in the solvents and in the instrument

itself before direct injection analysis.
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Supporting Information: Figure showing calibration curves and respective error of instrumental

repeatability plots for example compounds representing a range of compounds classes and

percentage relative standard deviation values.

5. References

(1)

Giorio, C.; Kehrwald, N.; Barbante, C.; Kalberer, M.; King, A. C. F.; Thomas, E. R.; Wolff,
E. W.; Zennaro, P. Prospects for Reconstructing Paleoenvironmental Conditions from
Organic Compounds in Polar Snow and Ice. Quat. Sci. Rev. 2018, 183, 1-22.
https://doi.org/10.1016/j.quascirev.2018.01.007.

Kawamura, K.; Suzuki, I.; Fuijii, Y.; Watanabe, O. Ice Core Record of Fatty Acids over the
Past 450 Years in Greenland. Geophys. Res. Lett. 1996, 23 (19), 2665—2668.
https://doi.org/10.1029/969102428.

Pokhrel, A.; Kawamura, K.; Ono, K.; Seki, O.; Fu, P.; Matoba, S.; Shiraiwa, T. Ice Core
Records of Monoterpene- and Isoprene-SOA Tracers from Aurora Peak in Alaska since
1660s: Implication for Climate Change Variability in the North Pacific Rim. Atmos.
Environ. 2015, 130, 105-112. https://doi.org/10.1016/j.atmosenv.2015.09.063.

Muller-Tautges, C.; Eichler, A.; Schwikowski, M.; Pezzatti, G. B.; Conedera, M.;
Hoffmann, T. Historic Records of Organic Compounds from a High Alpine Glacier:
Influences of Biomass Burning, Anthropogenic Emissions, and Dust Transport. Atmos.
Chem. Phys. 2016, 16 (2), 1029-1043. https://doi.org/10.5194/acp-16-1029-2016.

King, A. C. F.; Giorio, C.; Wolff, E.; Thomas, E.; Karroca, O.; Roverso, M.; Schwikowski,
M.; Tapparo, A.; Gambaro, A.; Kalberer, M. A New Method for the Determination of
Primary and Secondary Terrestrial and Marine Biomarkers in Ice Cores Using Liquid
Chromatography High-Resolution Mass Spectrometry. Talanta 2019, 194, 233-242.
https://doi.org/10.1016/j.talanta.2018.10.042.

Gambaro, A.; Zangrando, R.; Gabrielli, P.; Barbante, C.; Cescon, P. Direct Determination
of Levoglucosan at the Picogram per Milliliter Level in Antarctic Ice by High-Performance
Liquid Chromatography / Electrospray lonization Triple Quadrupole Mass Spectrometry.
Anal. Chem. 2008, 80 (5), 1649-1655. https://doi.org/10.1021/ac701655x.

ACS Paragon Plus Environment

Page 18 of 23



Page 19 of 23 Analytical Chemistry

1

2

2 425 (7) Muller-Tautges, C.; Eichler, A.; Schwikowski, M.; Hoffmann, T. A New Sensitive Method
5 426 for the Quantification of Glyoxal and Methylglyoxal in Snow and Ice by Stir Bar Sorptive
? 427 Extraction and Liquid Desorption-HPLC-ESI-MS. Anal. Bioanal. Chem. 2014, 406 (11),
8 428 2525-2532. https://doi.org/10.1007/s00216-014-7640-z.

9

:(1) 429 (8) Olivier, S.; Schwikowski, M.; Briitsch, S.; Eyrikh, S.; Gaggeler, H. W.; Lithi, M.; Papina,
12 430 T.; Saurer, M.; Schotterer, U.; Tobler, L.; et al. Glaciochemical Investigation of an Ice
a3 Core from Belukha Glacier, Siberian Altai. Geophys. Res. Lett. 2003, 30 (19), 3-6.

12 432 https://doi.org/10.1029/2003GL018290.

1; 433 (9) Hubaux, A.; Vos, G. Decision and Detection Limits for Linear Calibration Curves. Anal.
;g 434 Chem. 1970, 42 (8), 849-855. https://doi.org/10.1021/ac60290a013.

;; 435  (10) Currie, L. A. Nomenclature in Evaluation of Analytical Methods Including Detection and
23 436 Quantification Capabilities. Int. Union Pure Appl. Chem. 1995, 67 (10), 1699-1723.

;‘51 437 https://doi.org/10.1016/S0003-2670(99)00104-X.

26

27 438 (11) Zhou, W.; Yang, S.; Wang, P. G. Matrix Effects and Application of Matrix Effect Factor.
29 439 Bioanalysis 2017, 9 (23), 1839-1844. https://doi.org/10.4155/bio-2017-0214.

31 440 (12) Nicolo, A. De; Cantu, M.; D’Avolio, A. Matrix Effect Management in Liquid

33 441 Chromatography Mass Spectrometry: The Internal Standard Normalized Matrix Effect.

2‘5‘ 442 Bioanalysis 2017, 9 (14), 1093—1105. https://doi.org/10.4155/bio-2017-0059.

2? 443  (13) Wang, S.; Cyronak, M.; Yang, E. Does a Stable Isotopically Labeled Internal Standard

gg 444 Always Correct Analyte Response?. A Matrix Effect Study on a LC/MS/MS Method for the
40 445 Determination of Carvedilol Enantiomers in Human Plasma. J. Pharm. Biomed. Anal.

4 446 2007, 43 (2), 701-707. https://doi.org/10.1016/j.jpba.2006.08.010.

43

44 447  (14) Eichler, A.; Bru, S.; Olivier, S.; Papina, T.; Schwikowski, M. A 750 Year Ice Core Record
448 of Past Biogenic Emissions from Siberian Boreal Forests. Geophys. Res. Lett. 2009, 36,
47 449 1-5. https://doi.org/10.1029/2009GL038807.

450
52 451

4 452

60 ACS Paragon Plus Environment



oNOYTULT D WN =

453

454

455

456

457

458

For TOC only

Analytical Chemistry

1. Terrestrial/marine
organic aerosol
deposited and
trapped in ice.

%@%

1981 1982 1983 1984

2. Analysis of
sample using
optimised direct
injection HPLC-MS.

3. New records from ice
cores for potential
application to palaeoclimate
reconstruction.

ACS Paragon Plus Environment

Page 20 of 23



Page 21 of 23 Analytical Chemistry

D-malic acid Pimelic acid
R’=0.75 . R’=0.50

oNOYTULT D WN =

(=)

140
23 Terebic acid Methyl-tetrols
s R*=0.64 120 R?=0.92

5 100
80
60

40

S
Direct injection samples (ppb)

20

39 0 1 2 3 4 5 6 7 0 20 40 60 80 100 120 140
3.0

Keto-pinic acid

R’=0.68

25

46 2.0

57 0.0
0.0 0.5 1.0 15 2.0 2.5 3.0

Pre-concentrated samples (ppb)

ACS Paragon Plus Environment



oNOYTULT D WN =

MBTCA (ppb)

Analytical Chemistry

Mid-year

/N

N______________________________

ACS Paragon Plus Environment

5 6 7 8

Sample number

9 10 1

1

Page 22 of 23



Page 23 of 23

oNOYTULT D WN =

Analytical Chemistry

1. Terrestrial/marine
organic aerosol
deposited and
trapped in ice.

1981 1982 1983 1984

2. Analysis of
sample using
optimised direct
injection HPLC-MS.

3. New records from ice
cores for potential
application to palaeoclimate
reconstruction.

ACS Paragon Plus Environment




