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Abstract

We have compared and assessed the suitability of several chromatographic methods for the
analysis of long chain alkenones and long chain diols and the associated paleotemperature
proxies (UX's7 and LDI). We evaluated the traditional methods for the analysis of the UX's7 and
the LDI, gas chromatography (GC) - flame ionization detection (FID) and GC mass
spectrometry (MS) using selected ion monitoring (SIM), respectively, and developed a new
method using GC-MS/MS in multiple reaction monitoring mode (MRM) for the analysis of

long chain diols as well as a method for automatic silylation of diols using a robot autosampler.
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Finally, we evaluated liquid chromatography (LC) methods to simultaneously measure the
U¥'37 and the LDI, using ultra high performance LC (UHPLC) with low (nominal mass)
resolution MS in SIM mode, and UHPLC with high resolution MS (HRMS). Detection and
quantification limits and reproducibility were assessed by means of serial dilutions of culture
extracts.

Automated silylation by robot autosampler showed similar reproducibility as off-line silylation
while substantially decreasing sample preparation time. The novel MRM method had a slightly
lower limit of quantification (LOQ; i.e. 0.3 pg Cos 1,13-diol injected on-column) than the
traditional method (0.5 pg) and improved reproducibility while allowing more unambiguous
identification of LCDs in complex matrices. For diols, UHPLC-MS using SIM had the highest
LOQ (i.e. 15 pg) and a comparable reproducibility as GC-MS. UHPLC-HRMS had a LOQ of
ca. 1.5 pg, and an improved reproducibility for diol analysis. For alkenone analysis, both
UHPLC-HRMS and UHPLC-MS using SIM were 2-3 orders of magnitude more sensitive
(LOQ ca. 20 and 2 pg Ca7:2 alkenone injected on-column, respectively) than GC-FID (LOD ca.
3 ng), with a similar reproducibility of the U¥3; index. Hence, UHPLC-HRMS allows
simultaneous analysis of the UX'37 and LDI at an increased sensitivity. In addition, it allows
simultaneous measurement of TEXgs, @ temperature proxy based on the isoprenoid glycerol
dialkyl glycerol tetraethers. This reduces the preparation time by excluding the need of
derivatization and separation of the ketone (containing the long chain alkenones) and polar
fractions (containing the long chain diols and GDGTSs). However, synthetic standards are

required to fully assess the accuracy of the new methods for determination of the LDI and UX 3.

Keywords: LDI; UX37; diols; alkenones; GC-MS MRM; UHPLC-MS
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1. Introduction
Future climate conditions can be better assessed if we have knowledge of past climate and
oceanic responses to past climate perturbations. The reconstruction of past temperatures is one
of the main goals for paleoceanographers as temperature is an important boundary condition
for identifying the processes and mechanisms responsible for past climate changes. Two
organic proxies, the TEXge based on glycerol dialkyl glycerol tetraethers (GDGTSs) [1] and
UX'37, based on long chain alkenones (LCASs) [2] (Fig. 1) have been developed, and are now
commonly applied in reconstructing past sea water temperatures. Recently, a new index has
been proposed, the Long chain Diol Index (LDI) [3], based on the distribution of specific long
chain diols (LCDs) occurring in marine sediments (Fig. 1) [4,5], likely derived from
eustigmatophyte algae. Thus, it is now possible to use a multiproxy approach using three
independent organic proxies to constrain past seawater temperatures. This is often preferred as
every proxy has its limitations, and therefore the comparison between different proxies can shed

more light on these shortcomings, and result in better constrained temperature reconstructions.

The traditional method for the analysis of LCAs is gas chromatography-flame ionization
detection (GC-FID) [6]. Although this method separates and quantifies LCAs satisfactorily,
there are disadvantages such as the co-elution of long chain alkenoates and adsorption effects
[7,8], and studies have therefore focused on e.g. sample clean up [9], different GC stationary
phases [10], multidimensional GC [11] and new detection methods such as GC-chemical
ionization mass spectrometry (GC-CI-MS) [12,13], GC-electron ionization MS (GC-EI-MS) in
selected ion monitoring (SIM) mode [14], and GC time-of-flight MS (GC-TOF-MS) [15]. Two
studies have evaluated the possibility to analyze LCAs by means of liquid chromatography
(LC)-MS. Schwab et al. [16] presented a semi-preparative normal phase high pressure LC-MS

(NP-HPLC-MS) protocol for purifying Cs7 and Czs LCAs and Becker et al. [17] proposed a
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method for the quantitation of the Cz7 and Csg LCAs using LC-gqTOF- high resolution MS (LC-
qTOF-HRMS). Despite all these developments, LCA analysis by means of GC-FID is still the
most preferred method as the instrumentation is relatively cheap and easy to use, and the
chromatographical separation and the sensitivity is generally sufficient.

GDGTs, which are used for the TEXgs index, are analyzed by normal phase high performance
liquid chromatography coupled to atmospheric pressure chemical ionization mass spectrometry
(NP-UHPLC-APCI-MS), and were initially quantified in full scan (m/z 950-1450) by peak
integration of the [M+H]" and [M+H]*+1 (protonated molecule and isotope peak) [1,18,19].
Presently, GDGTSs are analyzed by SIM of the protonated molecules [M+H]" [20]. In 2013, a
new HPLC protocol using reversed phase (RP) combined with electrospray ionization (ESI)
MS was proposed for the analysis of GDGTSs, enabling comprehensive analysis of intact polar
lipid (IPL) and core GDGTSs [21]. Becker et al. [22] proposed a new method with improved
chromatography for the isoprenoid core GDGTs, using two UHPLC BEH HILIC amide
columns in tandem. Recently, improved NP separation of core GDGTs was achieved using two
UHPLC silica columns in series, in combination with the APCI-MS detection method [23].
Finally, LCDs are commonly analyzed by GC-MS of their silylated derivatives and quantified
using SIM [3]. GC separates the diols based on chain lengths but not on mid-chain alcohol
position. MS analysis, however, allows identification of the specific mid-chain isomers based
on fragment ions formed by cleavage adjacent to the OTMSi groups (silylated hydroxyl groups)
and quantification is achieved by SIM analysis of these specific fragment ions [3,4]. The
contributions of these selected ion fragments to the total ion counts for the different LCDs is
taken into account and corrected for. Unfortunately, LCD analysis requires substantial work up
time because of derivatization, and injection of silylated polar fractions of sediment extracts
often results in major build-up of column contamination, limiting sample throughput. Recently,

it was shown that diols can also be analyzed by UHPLC-HRMS in which diols are separated
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on the basis of their mid-chain alcohol position rather than on chain length [17]. Analysis of
LCDs by LC-MS offers several advantages, i.e. no derivatization is needed, therefore
contamination by silylation reagents is avoided, and sample preparation is less time consuming.
Another advantage of this approach is that other lipids used as proxies for past climate
conditions can be measured simultaneously, i.e. GDGTSs for the TEXgs temperature proxy, and
LCAs used in the UX37 index, substantially improving sample throughput. However, an
UHPLC-HRMS is relatively expensive and therefore not readily available in paleoclimate
geochemical labs. Furthermore, it is not clear how well the sensitivity and accuracy of LCD
and LCA analysis on an UHPLC-HRMS compares with that of the more traditional GC-MS
and GC-FID, respectively.

Here we evaluated different analytical methods for the identification and quantification of lipids
for paleotemperature assessment (see Table 1 for overview). The ideal method would be one
that allows the simultaneous analysis of multiple proxies, i.e. the TEXgs, UX'37 and LD, i.e.
UHPLC-HRMS [17]. However, since most paleoclimate geochemical labs have less advanced
MS equipment, we have evaluated this approach using both low (hominal mass) resolution MS
and HRMS. In addition, we developed a novel method for diol analysis using GC-MS/MS in
multiple reaction monitoring (MRM) mode and compare this with the UHPLC-MS and
traditional GC-SIM methods. Furthermore, we developed an automated silylation procedure

using a robot autosampler to minimize preparation time for GC-analyses.

2. Experimental section
2.1 Samples and extraction

2.1.1 Long chain diols
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LCDs were extracted from Nannochloropsis oculata biomass (Reed Mariculture, Inc., San Jose,
USA). After freeze-drying, the biomass (46.9 g dry weight) was saponified (following de
Leeuw et al. [24] and Rodrigo-Gamiz et al. [25]) by refluxing for 1 h with 1 N potassium
hydroxide (KOH) in methanol (MeOH) (96%). Subsequently, 2 N hydrochloric acid
(HCI)/MeOH (1:1, vol./vol.) was added to obtain a pH of 3. The extract was then transferred to
a separatory funnel filled with bidistilled water. The residue was washed with MeOH/H>0 (1:1,
vol./vol.), MeOH (two times) and dichloromethane (DCM) (three times), and these solvents
were pipetted in the separatory funnel. The DCM layer was collected in a round-bottom flask.
The solvent was removed by rotary evaporation. Subsequently, water was removed from the
total lipid extract (TLE) over anhydrous Na>SO4 using a Pasteur pipette, and the TLE was dried
down under N. The TLESs were separated by column chromatography, for which activated (for
2 h at 150 °C) Al203 was used as stationary phase, using 3 column volumes DCM and
DCM/MeOH (95:5, vol./vol.) as eluents to yield the apolar and polar fractions, respectively.
Prior to GC-MS analysis, aliquots of the polar fraction were silylated by means of addition of
BSTFA (N,O-bis(trimethylsilyl)trifluoroacetamide) and pyridine, and heating of the sample at
60 °C for 20 min. For GC-MS/MS analysis the polar fraction was silylated by a robotic
autosampler (see below). In case of LC-MS analysis, an aliquot of the polar fraction was re-
dissolved in hexane/isopropanol (99:1, vol./vol.), and filtered over a 0.45 um PTFE filter. For
quantification purposes we added a Cz 7,16-diol internal standard (31.0 pg) to the polar

fractions (MolPort SIA, Latvia).

A selected set of sediment extracts and one river suspended particulate matter (SPM) sample
with a range of LDI values were analyzed on GC-MS/MS in MRM mode and GC-MS in SIM
mode. These samples derive from the Iberian Atlantic margin and the Tagus river, collected
during the PACEMAKER 64PE332 cruise with the R/V Pelagia in 2011 [26,27]. Furthermore,

to evaluate the simultaneous analysis of LCDs, LCAs and isoprenoid GDGTs by means of
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UHPLC-HRMS, we also analyzed a lipid extract from a sediment sample derived from
sediment core 434G (252.5 cm) (Alboran Sea, latitude: 36°12.313N, longitude: 4°18.735W;
depth: 1108 mbsl, sample interval: 231.25 — 232.75 cm) recovered during the TTR-17 cruise
with the R/V Professor Logachev [28]. All samples were extracted by means of accelerated
solvent extraction (ASE) and polar fractions were obtained by column chromatography as
described previously by Rodrigo-Gamiz et al. [28] for the Alboran Sea and Zell et al. [26,27]

for the Iberian Atlantic margin and Tagus river.

The LDI was calculated according to Rampen et al. [3]:

LD = Fcz01,15—diol [1]

Fcyg1,13-diol T Fegg1,13-diol + Fczp1,15-diol
where Fyx indicates the fractional abundance of the diol. Sea surface temperature (SST) is
calculated from the LDI index based on the following relation:

LDI = 0.033 X SST+0.095  (R2=0.969; n = 162) [2]

2.1.2 Long chain alkenones

LCAs were extracted from freeze-dried Emiliani huxleyi biomass obtained by collecting
washed out cells from a continuous culture. The biomass was extracted by sonication using
DCM/MeOH (2:1, vol./vol.) according to Chivall et al. [29]. The TLE was separated over
activated Al,O3, using 4 column volumes of n-hexane/DCM (9:1, vol./vol.), n-hexane/DCM
(1:1, vol./vol.) and 3 column volumes of DCM/MeOH (1:1, vol./vol.) as eluents to yield the
apolar, ketone and polar fractions, respectively. The fraction was dissolved in ethyl acetate prior
to analysis on GC-FID, and in hexane/isopropanol (99:1, vol./vol.), and filtered over a 0.45 pm
PTFE filter prior to injection on LC-MS. For quantification purposes, a 10-nonadecanone (Cio:0

ketone; 300.8 pg; Aldrich Chemical Company, Inc., USA) internal standard was added to the
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extract.

The UX'3; index as described by Prahl and Wakeham [30] was calculated:

[C37., alkenone]

K' _
U37 " [Cs7., alkenone] + [C3.3 alkenone] [3]
The U¥'37 values were converted to SST using the following equation [31]:
UX =0.033 xSST +0.044  (R?=0.958; n = 370) [4]

2.2 Instrumentation

2.2.1 GC-FID

GC-FID analysis of LCAs was performed using an Agilent 6890N GC with FID and mounted
with a 50 m fused silica column (diameter 0.32 mm) coated with CP Sil-5 (thickness 0.12 pum)
(e.g. Rodrigo-Gamiz et al [25]). Helium was used as carrier gas. The oven program started at
70 °C upon injection, and T was subsequently increased by 20 °C per minute to 200 °C, and
finally by 3 °C per minute until 320 °C. The final temperature of 320 °C was held for 30 min.
A constant pressure of 100 kPa was maintained and samples were injected on-column. The
alkenone fraction of the E. huxleyi extract, containing LCAs, was serially diluted to assess the
limit of detection and quantitation (LOD and LOQ), and these dilutions were measured in

duplicate.

2.2.2 GC-MS

GC-MS analysis of LCDs present in silylated polar fractions was carried out on an Agilent
7890B gas chromatograph coupled to a Agilent 5977A mass spectrometer. Samples were
dissolved in ethyl acetate and injected at 70 °C. The oven temperature was programmed to 130
°C by 20 °C/min, and subsequently to 320 °C by 4 °C/min; this temperature was held for 25

8
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min. The GC was equipped with an on-column injector and fused silica column (25 m x 0.32
mm) coated with CP Sil-5 (film thickness 0.12 um). Helium was used as carrier gas at a constant
flow of 2 mL/min. The mass spectrometer operated with an ionization energy of 70 eV and a
cycle time of 1.9 s. The temperature of the ion source was 250 °C, and of the interface 320 °C.
The injection volume was 1 pL. The LCDs were identified by means of the characteristic
fragmentation spectra in full scan mode, using a m/z range of 50-800 [4]. Quantification of the
different diol isomers was achieved by selective ion monitoring (SIM) mode scanning of the
characteristic fragment ions, i.e. m/z 299, 313, 327, 341 and 355, with a gain factor of 3 and a
dwell time of 100 ms. The runtime was 75.5 min. Serial dilutions of polar fraction of the N.

oculata extract were analyzed in full scan and SIM mode in triplicate.

2.2.3 GC-MS/MS

GC-MS/MS analysis of LCDs was performed on an Agilent 7890B GC system interfaced to a
7000 C / Triple Quadrupole MS, in multiple reaction monitoring (MRM) mode. An Agilent
7693 robotic autosampler was used to silylate the polar fractions. For this purpose, a small
aliquot of the polar fraction was transferred into an autosampler vial with a 250 L insert and
the solvent was evaporated using nitrogen. Firstly, 10 uL pyridine was added, after which the
sample was shaken at 2500 rpm for 5 x 5 sec. Subsequently, 10 uL BSTFA was added, and the
sample was shaken again at 2500 rpm for 5 x 5 sec. The sample was then heated at 60 °C for
20 min, after which the sample was kept at room temperature for 10 min. Next, 100 pL ethyl
acetate was added and the sample was shaken at 3000 rpm for 5 x 10 sec, left for 30 sec, and
again shaken at 3000 rpm for 5 x 10 sec. Subsequently, 0.5 pL out of 120 pL was injected on-
column. Oven program, column, carrier gas and MS settings were the same as for GC-MS
described above, apart from the interface temperature which was 330 °C and a runtime of 60.5

min (kept for solely 10 min at 320 °C). Serial dilutions of the N. oculata fractions were analyzed
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in SIM and MRM mode in triplicate. The environmental samples deriving from the Iberian
margin, to assess the relationship between SIM and MRM derived LDI values, were analyzed

once.

2.2.4 NP-UHPLC-APCI-MS

NP-UHPLC-APCI-MS analysis of LCDs and LCAs was performed using an Agilent 1260
UHPLC, equipped with automatic injector, coupled to a 6130 Agilent single quadrupole MSD
with HP Chemstation software. The method has been previously been described by Hopmans
et al. [23] for the analysis of GDGTSs. Briefly, separation of LCDs and LCAs was achieved
using 2 silica BEH HILIC columns in series (150 mm x 2.1 mm; 1.7 um; Waters Acquity), kept
at 25 °C. The compounds were eluted isocratically with 82% A and 18% B for 25 min, followed
by a gradient to 35% B in 25 min and 100% B, kept for 20 min, where A = hexane and B =
hexane/isopropanol (90:10, vol./vol.). Flow rate was kept constant at 0.2 mL/min. Maximum
pressure during analysis was 400 bar. The total run time was 102 min followed by 20 min re-
equilibration, for LCDs. For LCAs the total run time was shortened to 26 min, i.e. using solely
isocratic elution, however, in case of multi-proxy analysis, a total run time of 102 minutes is
needed. Conditions for the APCI-MS were as follows: nebulizer pressure 60 psi, vaporizer
temperature 400 °C, drying gas (N2) flow 6 L/min and temperature 200 °C, capillary voltage -
3kV, corona 5 pA. Initially detection of diols was achieved by monitoring m/z 375 to 525. In
general, a 10 L injection volume was used. For determination of LOD and LOQ, serial
dilutions of both the N. oculata and E. huxleyi fractions were analyzed in triplicate in SIM
mode. For the LCDs the [M+H]*-18 ions with m/z 409 (C2s), 437 (C30), 451 (Cs1), 465 (Cs2),
493 (Cas) and 521 (Cse) were integrated, whereas for the Csz7:2 and Cs7z.s LCAs the [M+H]"

protonated molecule traces were integrated, i.e. m/z 531 and 529, respectively.

10
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2.2.5 UHPLC-HRMS

UHPLC- high resolution MS (HRMS) was performed using an Ultimate 3000 RS UHPLC
equipped with thermostatted auto-injector and column compartment coupled to a Q Exactive
(Quadrupole Orbitrap hybrid MS) MS equipped with ion max source with APCI probe (Thermo
Fisher Scientific, USA). The Q Exactive was calibrated within a mass accuracy range of 1 ppm
using the Thermo Scientific Pierce LTQ Velos ESI Positive lon Calibration Solution
(containing a mixture of caffeine, MRFA, Ultramark 1621, and N-butylamine in an
acetonitrilemethanol-acetic solution). The positive-ion APCI settings were as follows: capillary
temperature 275°C, sheath gas (N2) 50 arbitrary units (AU); auxiliary gas (N2) 5 AU, corona
current 4.5 pA, APCI heater temperature 275 °C and S-lens 50 V. Separation was achieved
using the identical chromatographic conditions as described above for the UHPLC-single
quadrupole MS measurements.

Detection of LCDs, LCAs and GDGTSs was achieved in positive ion mode by scanning m/z 400-
1450 with a resolution of 17,500 ppm mimicking the resolution of a typical TOF MS.
Quantifications were done by integrating mass chromatograms (smoothed with Gaussian factor
7) within 20 ppm mass accuracy of the protonated molecules (LCAs and GDGTS) or the
protonated molecules after loss of water ([M+H]"-H20) in case of LCDs. Serial dilutions of

both the N. oculata and E. huxleyi fractions were analyzed in triplicate.

To determine the elution order of the LCD isomers on the UHPLC-MS, LCD isomers of the
Nannochloropsis oculata culture were isolated by separation on the Agilent 1260 UHPLC with
identical chromatography (2 x BEH HILIC Si [23]) as described above, and subsequent
collection of half minute intervals by an ISCO Foxy Jr. fraction collector. The solvent in the
collection vials within the diol time window (15 — 30 min) were evaporated under N2, the

fractions were silylated and analyzed by GC-MS.
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3. Results and discussion

3.1 Development and evaluation of different methods for the analysis of LCDs

The traditional method for quantification of LCDs, as well as computation of the LDI, is single
quadrupole GC-MS using SIM, as introduced by Rampen et al. [3]. We developed a new
method, using triple quadrupole GC-MS/MS using MRM to improve selectivity compared to
SIM detection. Moreover, we developed a method for the automatic silylation of polar fractions
using a robot autosampler to increase sample throughput. Additionally, a multi-proxy analytical
method using UHPLC-HRMS modified from Becker et al. [17] was evaluated in terms of
sensitivity. Besides UHPLC-HRMS, we also analyzed LCDs using UHPLC- single quadrupole
MS in SIM mode (see Table 1 for overview of methods). For both approaches the UHPLC
chromatographic protocol according to Hopmans et al. [23] (i.e., 2 x BEH HILIC Si) was used.
Below, we will first discuss the development of automated silylation combined with MRM
analysis using triple quadrupole GC-MS/MS, followed by the analysis of diols on UHPLC-

HRMS and UHPLC-MS.

3.1.1 Automated silylation

Traditionally, polar fractions are silylated manually in the laboratory prior to injection by
addition of two silylation reagents (pyridine and BSTFA) and heating for >20 min, followed by
the addition of the injection solvent (mostly ethyl acetate). Here, a robot autosampler was used
for automatic silylation of the polar fractions, meaning that during a sequence of analyses each
fraction is derivatised during the analysis of the prior sample. This is a major advantage in case
of large sample sets, saving substantial work-up time, and ensuring that compounds are
derivatised freshly at the time of analysis. The most important parameter to optimize was

mixing efficiency, i.e. the combination of mixing time and mixing speed (rpm), to ensure

12
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complete mixing of the derivatizing reagents pyridine and BSTFA with the injection solvent
ethyl acetate in the 205 pL insert vials. For this purpose, several aliquots of the N. oculata
extract were automatically silylated and after addition of solvent, shaken at different mixing
speeds for different durations. Comparisons of the resulting diol peak areas showed that the
largest diol peak areas were obtained with a mixing time and speed of 5 x 10 s at 3000 rpm,
which was done twice with a 30 s pause in between. Subsequently, we compared the overall
yield of diol derivatization of automatic silylation with manual silylation by derivatization and
analysis of the C»2 7,16-diol standard (in quintuplicate). The difference in peak area between
manual silylation and robot silylation (ca. 1.1e% and 9.6e’, respectively) is statistically not
significant (two-tailed t-test p-value = 0.10) and the reproducibility of both derivatization
methods is highly comparable: 9.4% and 9.7%. This confirms the robustness of the automated

silylation method.

3.1.2 MRM analysis using triple quadrupole GC-MS/MS

We developed methodology for the detection of LCDs using MRM. For a reliable identification
we used two MRM transitions: one to quantify the diol (quantifier) and another to confirm the
identity of the diol (qualifier). For the first MRM transition (quantification), we selected the
ions m/z 299 (e.g., C2s 1,14), 313 (e.g., C28 1,13; C30 1,15) , 327 (e.g., C30 1,14) and 341 (e.g.,
Ca0 1,13) as parent ions (Table 2), as these are the most dominant ions produced during electron
ionization, and commonly used in GC-MS SIM analysis of diols [3,4]. We examined their MS?
product spectra after collision induced dissociation with helium and nitrogen. The resulting
MS? fragmentation spectra reveal m/z 73 as the dominant fragment as well as m/z 103 as
characteristic product ions for all parent ions, representing the [TMSi]* and [CH.OTMSi]*
groups, respectively (see Fig. 2b for m/z 313 as parent ion for the Csg 1,15-diol). Although m/z

73 is much more abundant than m/z 103 ion, the latter is more characteristic for LCDs as it is
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mostly derived from the midchain TMSi group and consequently this ion was selected in MS?
as the product ion for all LCD parent ions. The collision energy was optimized for maximum
yield of the m/z 103 product ion for each individual LCD (Table 2). The parent ions selected in
MS for the second transition (qualification), are the more minor fragments generated from the
opposite a-cleavage of the mid-chain silylated alcohol group (see Fig. 2), corresponding to m/z
359, 373 and 387 for the 1,13, 1,14 and 1,15 diols [4]. In the MS? spectrum of these qualifier
ions, one of the major fragments is m/z 109 (CgHz3), which was selected as the product ion.
Also for this product ion, the collision energy for the production of this fragment was optimized

for maximum yield (Table 2).

3.1.3 NP-UHPLC-(HR)MS

Becker et al. [17] showed the possibility of a multi-proxy analysis using UHPLC-MS. We
tested this approach using normal phase chromatography of Hopmans et al. [23] as it has been
shown that it results in an improved chromatographic resolution for GDGTSs. First we performed
a full scan analysis (using single quad MS) to verify the dominant formation of the [M+H]*-
18.0 Da (loss of water) for the LCDs over the [M+H]" after APCI as described by Becker et al.
[17]. The LCDs eluted in a time window of 16 to 24 min (Fig. 3b). The elution order of the
various diols was confirmed by analyzing collected 30 s effluent fractions with GC-MS. This
showed that the normal phase UHPLC method of Hopmans et al. [23] (2 silica BEH HILIC
columns) also results in the separation of LCDs based on the mid-chain position of the hydroxyl

group, as observed earlier by Becker et al. [17] (2 amide BEH HILIC columns).

3.2 Comparison of LCD analysis methods

We compared five different methods for the quantitation of LCDs: single quadrupole GC-MS

using SIM, triple quadrupole GC-MS/MS in SIM mode using the 3™ quadrupole only, triple

14



344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

quadrupole GC-MS/MS using MRM, single quadrupole UHPLC-MS using SIM and Orbitrap
UHPLC-HRMS set at a resolution of 17,500 (Table 1). The latter resolution is somewhat lower
compared to the 27,000 used by Becker et al. [17] but in the range of typical LC-TOF-MS

equipment which are less expensive.

3.2.1LOD and LOQ

We determined the limit of detection (LOD) (signal-to-noise ratio (S/N) of > 2) of the C2g 1,13-
diol (as this was the lowest abundant LCD in the culture extract) and the limit of quantitation
(LOQ) of the LDI by repeated analysis of serial dilutions of an extract of N. oculata biomass as
there are currently no synthetic standards of naturally occurring C2s-Cs2 LCDs available. The
dominant LCDs present in the N. oculata extract are the Czs 1,13-, C30 1,13- and 1,15-, Ca1
1,15-, C32 1,15-, C34 1,17- and the C3s 1,19-diol. In order to determine the abundance of the Cag
1,13-diol in the extract we added a known amount of a C», 7,16-diol synthetic standard and
analyzed the extract by GC-MS in SIM mode. The Cys 1,13-diol and C2 7,16-diol were
quantified by integrating mass traces m/z 313 and m/z 187, respectively. A correction of 27%
and 16% for the C2. 7,16- and Cas 1,13-diol, respectively, was applied for the contributions of
these fragment ions to the total ion counts. The LOQ is defined as the amount of the Cyg 1,13-
diol at which the LDI index significantly deviated from the average LDI determined at higher

concentrations.

In Fig. 4 the LDI values versus different amounts of Cog 1,13-diol injected are shown for the
different methods. The lowest LOD was obtained by MRM analysis, corresponding to ca. 0.05
pg Cas 1,13-diol injected on-column. However, the LDI value at this LOD is significantly
different from the values at higher concentrations (two-tailed t-test p-value << 0.05) and
therefore we define the LOQ for the LDI as ca. 0.3 pg LCD injected on-column based on the

first higher concentration injected. The LOD and LOQ were slightly higher for SIM analysis
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on both the single quadrupole MS or the triple quad MS with LODs and LOQs of ca. 0.5 pg Cas
1,13-diol injected on-column (Fig. 4). The slightly improved LOD and LOQ of the MRM
method compared to a SIM approach is probably due to the elimination of non-targeted
compounds and background. This is further demonstrated by the analysis of an environmental
sample (Tagus River SPM, Portuguese margin [27,32]) using MRM (Fig. 5) revealing
considerably improved signal-to-noise ratios compared to SIM. The LOD obtained for Orbitrap
UHPLC-HRMS is higher than that of both MRM and SIM analysis using GC-MS, being around
ca. 1.5 pg Cas 1,13-diol injected on-column (Fig. 4). Since at this concentration the LDI is
significantly different from the LDI at higher concentrations (two-tailed t-test p-value < 0.05),
the LOQ is defined as ca. 3 pg Czs 1,13-diol injected on-column. This LOQ is in the same order
of magnitude as reported by Becker et al. [17] for LC-qToF-MS (“<10 pg”). However, we
observed substantial variations in LOD/LOQ for our triplicate measurements due to variability
in background signals, probably due to differences in solvent batches used as mobile phase.
Single quadrupole UHPLC-MS reveals a LOD, as well as LOQ, of around ca. 15 pg C2g 1,13-

diol, i.e. a lower sensitivity compared to GC-MS and UHPLC-HRMS.

3.2.2 Reproducibility and linearity

The reproducibility of the LDI index was, as observed for the sensitivity, better for GC-MS
MRM (£0.0030, n = 24 when solely data above LOQ is considered; reproducibility visualized
as error bars in Fig. 4), compared to reproducibility’s of +£0.0052 (n = 21) and £0.0049 (n = 21)
we obtained on the single and triple quadrupole GC-MS systems in SIM mode, respectively.
The reproducibility of the LDI on UHPLC-HRMS was £0.0027 (n = 30 above LOQ), similar
to the MRM method on GC-MS and better than the single and triple quad GC-MS(/MS) in SIM
mode. The reproducibility on UHPLC-MS was +0.0053 (n = 30). The responses (peak area

versus amount of Czg 1,13-diol (pmol) injected on-column) were linear for all methods over the
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measured decades (Table 3).

3.2.3 Comparison of LDI values

We compared the LDI values of the N. oculata extract obtained by the five different analysis
methods and only considered data above the LOQ (Fig. 6). For the commonly used SIM
analysis the LDI was 0.276+0.0052 and 0.287+0.0049 for the single and triple quadrupole MS,
respectively, which is statistically different. In fact, all LDI values obtained by the different
methods are significantly different from each other (two-tailed t-test p-value << 0.05 for all
methods). The average LDI values for UHPLC-MS and UHPLC-HRMS are quite similar with
values of 0.216+0.0053 and 0.224+0.0027, respectively. Hence, whereas the difference in LDI
between the single and triple quadrupole GC-MS was solely 0.011, and the difference between
UHPLC low (nominal mass) resolution MS and HRMS 0.007, the average difference between
GC-MS and UHPLC is the largest at 0.062. Becker et al. [17] analyzed a sample set with LDI
values varying between 0.58 and 0.98 on GC-MS, and showed that the linear relationship was
close to the 1:1 line, but the mean ALpi between GC and LC was * 0.03. Hence, in spite of the
almost 1:1 relationship, there is a clear difference in absolute LDI values derived from UHPLC
and GC-MS. Accordingly, standards are required to monitor the relative responses of the LDI
LCDs on LC-MS. The MRM method reveals an average LDI value of 0.36 for the N. oculata
extract, i.e., significantly higher than the LDI values in SIM method (Fig. 6). For further
comparison, we measured the LDI in MRM and SIM in a number of environmental samples
from the Iberian Atlantic margin [26,27,32]. The resulting LDI values show a strong linear
correlation (Fig. 7; R? = 0.99; slope = 0.84). However, note that this relation is not 1:1, with
LDI values derived from MRM being generally higher than those from SIM for lower LDI
values. This is not unexpected, as the relative peak areas of the LCDs are different in the MRM

compared to SIM due to the different fragment yields of m/z 103 from the target ions (m/z 299,
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313, 327 and 341). Hence, because of these different responses as compared to SIM, authentic
LCDs standards will be required to assess the response of the individual LCDs, posing a severe

limitation on this MRM method.

3.3 Comparison of methods for LCA analysis

Though many studies have focused on different methods for the analysis of LCAs, the most
applied method is still GC-FID due to the relative simplicity of the method, the sufficient
sensitivity and chromatographic separation and the consistency in UX's; results between
different laboratories [33]. However, the recently proposed UHPLC-HRMS approach of Becker
et al. [17] offers the key advantage of the potential analysis of LCAs simultaneously with other
biomarkers used in paleothermometry (i.e. GDGTs and LCDs). Similar to Becker et al. [17],
the NP chromatography of Hopmans et al. [23] allows the computation of the LDI. However,
the applicability of this UHPLC method for the determination of the U¥'s7 index needs to be
investigated. We therefore also determined LOQ and LOD for LCAs, using the identical
chromatography as for the LCDs (2 x BEH HILIC Si [23]), combined with HRMS and low
(nominal mass) resolution MS using SIM, and compare this with the traditional GC-FID

method.

3.3.1 NP-UHPLC-(HR)MS

We analyzed the ketone fraction of an extract of the coccolithophorid alga E. huxleyi. This
fraction mainly contains the Cs7:3, Cs7:2, Css:3, Cas:2, C30:3 and Cao:2 LCAS, Cse:2 fatty acid ethyl
ester and Cse:3 and Cse:2 fatty acid methyl esters. The dominant ions for the Ca7:2and Cz7:3 LCAS
formed with APCI ionization are the [M+H]" protonated molecules [17]. Similar to the

separation of the LCDs, the application of the NP-UHPLC [23] method results in LCA
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separation based on the position of the carbonyl group, and not the chain length (as obtained
using GC); i.e., the ethyl and methyl LCAs are separated, but the Cz7:2 and Ca7:3 methyl LCAS
(used in the UX37) co-elute with a retention time of 4-5 min (Fig. 3a). In contrast, the
chromatographic protocol of Becker et al. [22] results in the chromatographic separation of the
Cs7 LCAs. The Cag and Cag ethyl ketones, as well as the di- and tri-unsaturated Caze fatty acid
methyl esters and Csg:» fatty acid ethyl ester elute before the Cs7.2 and Cs7:3 Me ketones (3.5 -
4.5 min; Fig. 3a). Because of the co-elution of all Cs; LCAs, the 13C; isotopic peak of the Cs73
LCA (i.e. the second isotope peak which has the same m/z value as the Cz7:2 LCA) contributes
to the monoisotopic peak of the Cs7:2 LCA, and thus the peak area of the Cs7.2 LCA requires
correction in order to quantify the UX s7. The fractional abundance of this *C; isotopic peak is
7.79% of the monoisotopomer (theoretically determined). Consequently, when quantifying co-
eluting Cs7 LCAs or calculating the U¥'37 index on single quadrupole UHPLC-MS using SIM
or UHPLC-HRMS, the peak area of the Cs7:2 LCA has to be corrected by subtracting 0.0779 x
areac,,, from the peak area of the Cs7.2 LCA. In this culture, we did not detect the Cs7.4 LCA.
However, when present (normally produced under low temperatures or in freshwater
environments [34]), its 13C, peak would in turn contribute to the area of the Csz3s LCA. This

contribution would be the same, and hence, also the correction.

3.3.2 LOD and LOQ

We used a serially diluted E. huxleyi alkenone fraction in order to determine the LOD of the
Cs7:2 LCA and the LOQ of the UK's; for the different methods. To quantify the amount of Cs7-
LCAs in the E. huxleyi alkenone fraction, we added 10-nonadecanone (C19:0 ketone) as standard
and analyzed the extract by GC-FID assuming equal response factors for the LCAs and 10-

nonadecanone. For GC-FID, a LOD of ca. 3 ng Cs7:2 LCA injected on-column was evident (Fig.
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8), in agreement with detection limits of 5 to 10 ng previously reported [7]. The LOD for both
the UHPLC-MS and UHPLC-HRMS is ca. 1 pg and ca. 2 pg LCA injected on-column,
respectively, 3 orders of magnitude lower than for GC-FID. Based on significant deviation of
the UX 37 values (two-tailed t-test p-value < 0.05) for the lowest amounts injected, as compared
to the average U¥'s7 calculated from the higher concentrations (Fig. 8), we define LOQs of the
U357 index of ca. 2 and ca. 20 pg Cs7 LCA injected on-column for UHPLC-MS and UHPLC-

HRMS, respectively.

3.3.3 Reproducibility and linearity

The reproducibility of the UX'3; (above LOQ) on the single quadrupole UHPLC-MS was
+0.0032 (n = 33) and £0.0021 (n = 24) on the UHPLC-HRMS which is similar to that obtained
for GC-FID (x0.0028; n = 6). The responses (peak area versus amount of Cs7:> alkenone (pmol)
injected on-column) were linear for both methods (Table 3). This contrast the results of
chemical ionization MS in a GC/MS method (GC-1C-MS) for quantitation of LCAs which has
shown a substantial non-linear response [35]. However, these authors have analyzed higher
amounts Cs7 LCAs, i.e., up to ca. 160 ng injected on-column, whereas we have analyzed

between ca. 0.4 pg and 4 ng, and Becker et al. [17] between 10 pg and 10 ng.

3.3.4 Comparison of UX’3; values

The average UX3; value calculated for the E. huxleyi culture fraction on GC-FID is
0.238+0.0028, whereas on single quadrupole UHPLC-MS and UHPLC-HRMS we obtain
values of 0.211+0.0032 and 0.267+0.0021, respectively, i.e. there is a significant difference
(two-tailed t-test p-value << 0.05) between both UHPLC low (nominal mass) resolution MS

and HRMS and GC-FID of 0.026 and 0.029, respectively (Fig. 6). Becker et al. [17] showed
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that UX 37 values obtained by GC-FID and LC-MS reveal almost a 1:1 relationship, suggesting
the suitability of LC-MS for the measurement of the UX's7 index. This contrasts, for example,
with the findings of Hefter [15], who observed different relative linear responses for the Caz:
and Cs7:3 LCAs leading to different UX's; values for a GC-TOF-MS method as compared to
GC-FID. However, as for LCDs, standards are required to monitor the relative responses of the

UX’37 LCAs on LC-MS.

3.4 Multi-proxy versus individual proxy analysis

As pointed out by Becker et al. [17], a major advantage of using LC-MS for determination of
organic proxies is the simultaneous analysis, i.e. the TEXgs, UX'37 and LDI can be determined
in a single run. Fig. 9 shows an example of an environmental sample analyzed for LCDs, LCAs
and GDGTs on the Orbitrap NP-UHPLC-HRMS. This method results in the elution of the
isoprenoid GDGTSs and LCDs in the same retention window (between ca. 16 and 30 min). Our
results show that for LCDs, the LOD and LOQ for UHPLC-HRMS (with a resolution of typical
TOF MS) is similar to the conventional GC-MS SIM method, while for LCAs the LOD and
LOQ are more than two orders of magnitude lower as compared to GC-FID. Hence, in this
sense UHPLC-HRMS seems highly suitable for the simultaneous analysis of GDGTs, LCAs
and LCDs. Additionally, since HRMS operates in full scan mode, it allows for identification of
other compounds, in contrast to SIM methods. Although the analysis time (ca. 1.7 h) is similar
to those of the other methods, the significantly reduced sample preparation time, i.e. no need
for silylation of LCDs, and separation of alkenone and polar (GDGTs and LCDs) fractions,
allows a substantial increased sample throughput. However, a UHPLC-HRMS is relatively
expensive, and not available in all paleoclimate labs in contrast to GC-FID and GC-MS
instruments. Another alternative, UHPLC low (nominal mass) resolution MS, which is an

increasingly used instrument in geochemical labs [36], has an LOQ for LCDs that is an order
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of magnitude higher as compared to GC-MS, making this method less suitable, as LCDs are

often present in trace amounts in environmental samples.

With respect to the UHPLC methods, we chose to use the NP-UHPLC chromatographic method
according to Hopmans et al. [23], as the resolution between several critical pairs of GDGTSs is
highest using this method [23]. However, this two UHPLC silica column method does not result
in chromatographic separation of the Cs7:2 and Cs7.3 LCAs and the isomers are only partially
separated in mass, requiring an isotope contribution correction. In contrast, the protocol of
Becker et al. [22] does result in the chromatographical separation of the Cs7 LCAS, but has
lesser separation for several critical pairs of GDGTs [23]. Hence, both protocols can be

considered equally suitable for multi-proxy analysis.

Although UHPLC-HRMS seems thus highly suitable for the analysis of the TEXgs, UX 37 and
LDI together, we find small but significant differences between LDI and UX'37 values obtained
with this method in comparison with traditional methods. Even though Becker et al. [17]
showed that the U¥ 37 and LDI indices over temperature ranges gave similar values on LC-MS
as compared to the traditional methods (i.e., GC-FID and GC-MS, respectively), absolute
responses, and relative responses between compounds can differ substantially per MS. For
example, the round-robin study of Schouten et al. [36], in which the GDGT indices were
compared between 35 laboratories, showed differences in the TEXgs, and especially in the BIT
index, a proxy for soil organic matter input based on a ratio of branched GDGTs and
crenarchaeol. These offsets are likely due to differences in instrumental characteristics.
Therefore, it is highly recommended to use standard mixtures to obtain consistent proxy values.
The differences in LDI and UX 37 values between LC and GC obtained for our culture fractions
are £ 1.87 °C and £ 0.84°C, respectively, when translated to temperature. Although these
differences are within the calibration errors of the proxies (2°C and 1.5°C for LDI and U¥'s7,

respectively), for consistency with studies of e.g. proxy calibrations from different laboratories
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using different methods, it would be desirable that standard mixtures would be available.

4. Conclusions

We have developed and compared different methods to analyze LCDs and LCAs. Firstly, we
developed a method for automated silylation using a robot autosampler which substantially
reduced sample preparation time. We also developed a triple quadrupole GC-MS/MS method
for the detection of LCDs, using MRM transitions, resulting in substantial lowering of
background levels, and thus increased reliability of identification. Due to this improved
selectivity, this method is potentially convenient for detection of LCDs in environmental
matrix-rich samples. The LOQ (ca. 0.3 pg Czg 1,13-diol injected on-column) is slightly lower
than the original GC-MS SIM method (ca. 0.5 pg). The reproducibility was also slightly better.
However, for quantification purposes, authentic standards are needed to quantify the LCDs,
posing a limitation. Additionally, we have evaluated the multi-proxy approach, i.e. analysis of
multiple proxies with a single method as introduced by Becker et al. [17], using the NP-UHPLC
method of Hopmans et al. [23] combined with Orbitrap HRMS and single quadrupole UHPLC-
MS. The HRMS revealed for LCDs a similar sensitivity as GC-MS (LOQ ca. 1.5 pg), and the
best reproducibility. In contrast, the LOQ of the low (nominal mass) resolution MS was more
than one order of magnitude higher (ca. 15 pg) as compared to the traditional GC-MS method,
and therefore less suitable for the analysis of LCDs. The LOQ of the LCAs used for
determination of the UX 37 index was also in the pg range for both UHPLC-HRMS and UHPLC-
MS, which is a substantial improvement as compared to the detection limit of 5— 10 ng on GC-
FID. Although UHPLC-HRMS is an excellent method for multi-proxy analysis, standard
mixtures are recommended to enable quantification and monitor the absolute response of the

LCAs and LCDs.
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Figure 1. Structures of some long chain alkenones, isoprenoid GDGTSs and long chain diols.

Figure 2. Panel 3a shows the mass spectrum (MS?) of the silylated Cso 1,15-diol and the typical
fragmentations adjacent to the OTMSi group are indicated, resulting in the characteristic
product ions with m/z 313 and 387. The MS? product ions scans of the characteristic mass
fragments with m/z 313 (quantifier ion) and 387 (qualifier ion) are shown in panel 3b and 3c,
respectively. The product ions selected in the second stage of mass filtering (m/z 103 and 109)

are in bold.

Figure 3. Partial total ion currents of the E. huxleyi (panel a) and N. oculata fractions (panel b)
analyzed by UHPLC-HRMS (m/z 400 — 1450). Me = methyl; Et = ethyl; FAME = fatty acid

methyl ester; FAEE = fatty acid ethyl ester.

Figure 4. LDI values versus the amounts of Czg 1,13-diol injected on-column for different
methods (GC-MS/MS using MRM, GC-MS using SIM for two different MS detectors (dark
green = 7000 C GC/MS Triple Quad and light green = Agilent 5977A MS), Orbitrap UHPLC-
HRMS and UHPLC-MS using SIM. LCDs were extracted from a Nannochloropsis oculata
culture. The error bars reflect + 1o standard deviation from triplicate measurements; when not

visible, the error bars are smaller than the symbol size.

Figure 5. SIM and MRM chromatograms (left and right) of a sediment sample deriving from
the Portuguese margin [27,32]. As identification in MRM mode is based upon the presence of

two target ions, selectivity is improved.

Figure 6. Average LDI and U¥ 37 values for the N. oculata and E. huxleyi culture, respectively,
obtained using the different methods. The black error bars reflect reproducibility; the red error
bars represent the calibration errors (2 °C for LDI; 1,5 °C for UX'37). All proxy values are

significantly different from each other, as well as from the values obtained by the traditional
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methods (GC-MS for LDI, GC FID for U¥'37; * = p-value < 0.005; ** = difference is larger
than calibration error). S.q. = single quadrupole; t.g. = triple quadrupole.

Figure 7. Cross-plot of LDI values determined by GC-MS using SIM (Agilent 5977A mass
spectrometer) and GC-MS/MS using MRM (7000 C GC/MS Triple Quad). The orange dashed
line represents the 1:1 line.

Figure 8. UX'3; values versus the amounts of Cs7:2 alkenone injected on-column for different
methods (UHPLC-HRMS, UHPLC-MS and GC-FID). LCAs were extracted from an Emiliana
huxleyi culture. The dotted lines represent the average UX's; values within the linear response
ranges. The error bars reflect + 16 standard deviation from triplicate measurements for UHPLC

and duplicates for GC; when not visible, the error bars are smaller than the symbol size.

Figure 9. The upper panel shows the total ion current (TIC) of a sediment sample deriving from
the Alboran Sea [28] analyzed on the Orbitrap UHPLC-HRMS. The lower three panels show
partial extracted ion chromatograms (0 - 40 min) of long chain alkenones, long chain diols and

isoprenoid GDGTs (from top to bottom).
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