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Molecular structures of brGDGTs, isoGDGTs and IPL-GDGTSs in the environment.
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Table 1 Different extraction, separation and purification methods of GDGTs in geological environment samples.
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Shuanggoushan, Inner Mongolia. The chromatogram generated by HPLC-APCI-MS showing the elution order of brGDGTs

and isoGDGTs with [M+H]" ions.
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Research Progress in Analytical Methods of Biomarker GDGTs in
Geological Environments
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HIGHLIGHTS

(1) GDGTs are a new class of biomarkers, which are ubiquitous in geological environments and have unique
advantages in paleoclimate reconstruction.

(2) The analysis of GDGTs is difficult due to their structural diversity, and the existing analytical methods still face
challenges in separation, purification, and accurate quantification.

(3) The future analysis of GDGTs should focus on improving the analytical separation, efficiency, and accuracy and

expand to method standardization, new component identification, and isotopic techniques.

Membrane lipids IPL-GDGTs=CL-GDGTs+polar heads
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ABSTRACT: Glycerol dialkyl glyceryl tetracthers (GDGTs) are a class of environment biomarkers that are widely
found in the environment of oceans, lakes, soils, and peat. GDGTs usually exist as intact polar lipids (IPL-GDGTs)
in living cells, while they exist as core lipids stripped of polar head groups (CL-GDGTs) in geological
environments. CL-GDGTs are structurally stable and sensitive to environmental changes and are considered to be a
powerful tool for reconstructing palaeoclimate-palacoenvironmental changes. GDGTs are structurally complex and
diverse, coexisting with other compounds and present low contents, which brings challenges in analysis, especially
in separation, purification, and quantification. This article summarizes the classification and structure of GDGTs,
and presents a summary and comparison of methods for the separation and purification of IPL-GDGTs and CL-
GDGTs in the environment. Multiple extraction methods can be used for CL-GDGTs, while the polar and thermally
unstable IPL-GDGTs are preferably extracted using the Bligh-Dyer method. This article reviews the characteristics
and limitations of various analysis methods, including liquid chromatography-mass spectrometry, nuclear magnetic
resonance spectroscopy, and gas chromatography-isotope ratio mass spectrometry. The BRIEF REPORT is
available for this paper at http://www.ykes.ac.cn/en/article/doi/10.15898/j.ykes.202306100077.
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BRIEF REPORT
Glycerol dialkyl glycerol tetraethers (GDGTs) are lipid biomarkers that are widely distributed in geological
environments, including oceans'*®) lakes!"'"), river estuaries!', hot springs!'?, soil'"*'”), and peats!"***. They are

sensitive to environmental changes and can effectively record paleoclimate information over a range of geological
time scales. GDGT-based proxies are widely used in the reconstruction of terrestrial and marine

(23281 However, the accurate analysis of GDGTs is challenging due to their diverse nature and

paleoenvironments
difficulties in their separation, purification, and quantification.

GDGTs in the environment exist in two forms: intact polar lipids (IPL-GDGTSs) or as core lipids (CL-
GDGTs) (Fig.1). CL-GDGTs can be further classified into two types based on their structural differences:
isoprenoid GDGTs (isoGDGTs) and branched GDGTs (brGDGTs). IsoGDGTs are primarily composed of GDGT-0

to GDGT-8, Crenarchaeol, and its stereoisomer. [soGDGTs are produced by archaea*"

, while the biological
origin of brGDGTs is still uncertain, although there is evidence to indicate that their potential producers are
heterotrophic bacteria, including Acidobacteria, Proteobacteria, Nitrospira, Bacteroidetes, Actinobacteria, and
Verrucomicrobia®>"**. BrGDGTs consist of three series (I, I, and II), each of which differs by a methylene
group. The alkyl side chains of brGDGTs in series II and Il may possess various methyl groups at the Cs, Cg,
and C, positions, leading to the formation of positional isomers, such as 5-methyl, 6-methyl, and 7-methyl
brGDGTs'™ 1,

Extraction methods for GDGTs from environmental samples mainly involve the Bligh-Dyer

14, 32, 51-52 33561 accelerated solvent extraction

method!'* ** 49'5()], ultrasonic extraction! ], Soxhlet extraction'
(ASE)?" 1 and microwave-assisted extraction (MAE)™" ¥l The Bligh-Dyer method was originally used to
extract cell membrane lipids from eukaryotes and bacteria, but modifications have been made to increase extraction
rates™ ** 1. Ultrasonic extraction usually uses methanol, methanol-dichloromethane, and dichloromethane as the
extraction solution®” *!. Soxhlet extraction is highly efficient but demands a large amount of solvents and is time-
consuming*?®. ASE is the most commonly used method for extracting CL-GDGTs, using dichloromethane-
methanol as the extraction solvent’”’ "), MAE is a simple, fast, efficient, and selective method for solid samples, but

its application is limited by the lack of widespread microwave reactor availability!?* >*,

30-1, 63-641  Schouten et al.lP!!

Different GDGTSs extraction methods have been compared in several studies!
compared the efficiency of three extraction methods: ultrasonic extraction, Soxhlet extraction, and ASE extraction
for isoGDGTs. They found that the TEX;, values obtained by the three methods were almost identical within +1a
error. Wang et al®” also compared the efficiency of Bligh-Dyer and ultrasonic extraction. They found that the Bligh-
Dyer method was more effective in extracting IPL-GDGTSs, whereas the ultrasonic extraction method was more
efficient in extracting CL-GDGTs. However, the values of palaeoclimatic indicators (TEXg, MBT, and CBT)
obtained by both methods were identical, indicating that the different extraction methods did not affect the value of
palacoclimatic proxies””). Yang et al.l later confirmed that the Bligh-Dyer method was more efficient than the
ultrasonic extraction in extracting OH-GDGTs that contain polar head groups. In summary, the Bligh-Dyer method
is preferable for IPL-GDGTs due to their greater polarity and lower thermal stability, while various extraction
methods can be used for CL-GDGTs.

To isolate and purify GDGTs from environmental samples, column chromatography
[40, 65-66

1 -61]
B1.39-611 is commonly used

along with preparative liquid chromatography (Prep HPLC) in some cases 1. Prep HPLC is mainly used to
separate components that are hard to fractionate or prone to loss in column chromatography, such as certain GDGT



51 ] E=R AR B =.9 2024 2

http: //www. ykes. ac. cn

monomers, isomers, or IPL-GDGTs with unstable head groups™ ** ® °*|_ The Ib and Ilas ¢ components were
successfully isolated from mixtures of brGDGTs through Prep HPLC along with repeated separation and
purification!"® **). Silica and alumina (AL,0;) are commonly used as stationary phases. The elution process yields
nonpolar and polar fractions. GDGTs are usually found in the polar fraction and can be further analysed for
structural identification and isotopic analysis using Prep HPLC or a combination of both methods. During the
process of separating and purifying GDGTs, some IPL-GDGTs may lose their polar head groups due to poor

stability. To address this issue, Huguet et al.””)

proposed an indirect method for determining IPL-GDGTs. The total
lipid extract was divided into two equal parts. The first part was purified through an Al,O; column to obtain the
content of CL-GDGTs. The second part underwent acid-hydrolysis, which converted IPL-GDGTs into CL-GDGTs
by losing their polar head groups. The hydrolysis product was the sum of (IPL+CL)-GDGTs. The quantity of IPL-
GDGTs was determined by subtracting CL-GDGTs from (IPL+CL)-GDGTs. However, the error of this “ subtraction
method” is greater than that of the direct measurement. Therefore, this method should be used with caution,
especially when the concentration of IPL-GDGTs is lower than that of CL-GDGTs™",

The analysis of GDGTs in the geological environment mainly involves content determination, structural
identification, and isotopic analysis. This is commonly done using high-performance liquid chromatography-mass

spectrometry (HPLC-MS)® °'% gas chromatography-mass spectrometry (GC-MS) ¢ ©-701

, nuclear magnetic
resonance spectroscopy (NMR)!'® 71 "and gas chromatography-isotope ratio mass spectrometry (GC-IRMS)!% > 72,
CL-GDGTs are usually analyzed by HPLC-APCI-MS, while IPLs-GDGTs with polar head groups are usually
analyzed by RP-HPLC-ESI-MS. Good separation of 5-, 6-, and 7-methyl isomers of brGDGTs can be achieved by

83941731 In a normal-phase HPLC system, the peaks of

using four HPLC columns or two UPLC columns in tandem!
GDGTs are sorted by their mass-to-charge ratios (m/z) from the largest to the smallest, as shown in Fig. 2.

Single and triple quadrupole mass spectrometry are commonly used for the GDGTSs analysis through HPLC-
MS. SIM mode is preferred for quantification due to its higher sensitivity and reproducibility than the full-scan
mode, which captures the characteristic ions [M+H]" of each GDGT component™'!. However, low resolution can
cause ion loss for isoGDGTs and brGDGTs, which affects the accuracy of quantitative results!’®. Recently, high-
resolution mass spectrometry, such as Orbitrap-MSU7*1 and FTICR-MSP* ™) has been applied to the GDGTs
analysis. HPLC-HRMS provides a comprehensive characterization of the structure and composition of GDGTs in
environmental samples, offering great potential for future analyses.

Structure identification of GDGTs involves various techniques such as HRMS, GC-MS, and NMR

18, 42.63. 701 " The molecular formulae of GDGTs can be determined by HRMS through precise mass

[77, 79

techniques[
measurement of the protonated molecular ion peaks and isotopic peaks evaluation 1. Conventional GC has a
temperature limit of 300-350°C, which makes it impossible to vaporize GDGTs directly. However, HT-GC has a
higher limit of 400-450°C, allowing for direct analysis of GDGTs. HT-GC equipped with a flame ionization detector
can be used to analyse CL-GDGTs!"® ™. The possible molecular structures of GDGTSs can be deduced from
analyzing the primary and secondary fragment ions of the mass spectra, along with their fragmentation pathways'*'***.
NMR techniques provide molecular structural information of GDGTs, which can be verified by other methods such
as HPLC-MS and GC-MS!"**":7"-%2] Nevertheless, NMR has certain limitations and requires high sample purity and
content to ensure adequate signal intensity. NMR analysis usually requires high sample purity and milligram
injection quantities, which means it is not easy to separate and enrich GDGT monomers from their homologues and
isomers, so only a few GDGT components (e.g., Ia, Ib, and Ila) have been verified by NMR!'* ** 7! In the future,
HPLC-NMR technology may simplify the process and achieve more efficient and convenient structural analysis of

GDGTs*.
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The isotopic composition of GDGTs provides vital biological and environmental information > *% GC-

(40, 61, 65, 87-89] it

IRMS is the primary method used for stable carbon and hydrogen isotope analysis of GDGTs
GC-IRMS analysis, GDGTs are converted into smaller and more volatile alkanes through “ether bond
cleavage”(®" @70 %] Accelerator mass spectrometry is used to analyze radiocarbon isotopes for GDGTs, but it
requires a carbon content of the sample greater than 100ug C”*!. To meet this testing requirements, a large amount
of environmental samples must be extracted, separated, and purified to obtain an adequate amount of high-purity
individual GDGT component[] 8,901

Significant progress has been achieved in the analytical techniques and methods for GDGTs during the last two
decades. However, existing approaches still face issues regarding standardization, method efficiency, and novel
GDGT components. Future studies should focus on the following aspects: (1) Establishing standard methods and
quality control systems for GDGTs. Developing standard analytical procedures for GDGTs and establishing a
quality control and evaluation system is crucial to improve the reliability and comparability of the analytical results.
(2) Developing convenient and efficient analytical methods. It is necessary to establish simpler and more automated
techniques for GDGT extraction, separation, and purification. In addition, developing qualitative and quantitative
methods with better sensitivity and accuracy is also important. (3) Identification of unknown components of
GDGTs. Using various techniques such as HPLC-HRMS, GC-MS, and NMR to identify the unknown GDGT
components, enhancing the understanding of their composition and distribution in the environment. (4) Developing
new isotopic techniques and methods for GDGTs with fewer samples and easier procedures, and helping to expand

the use of isotopic methods in the future.
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