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ABSTRACT: Sample pretreatment for mass spectrometry (MS)- A:ﬁhja:—;m:‘gm%f:

based metabolomics and lipidomics is normally conducted Metabolomics \
independently with two sample aliquots and separate matrix 0 - ™ h
cleanup procedures, making the two-step process sample-intensive . ] ! ’ 4 s i >f =
and time-consuming. Herein, we introduce a high-throughput - =] Anmotated >2500 QU \\\‘«\
pretreatment workflow for integrated nontargeted metabolomics ‘ IE Q mzﬁ::gﬁeasc(;lg%

and lipidomics leveraging the enhanced matrix removal (EMR)-  one sample e . matemal & cord bwood)/

lipid microelution 96-well plates. The EMR-lipid technique was ™ £ygaipid etution

innovatively employed to effectively separate and isolate non-lipid
small metabolites and lipids in sequence using significantly reduced
sample amounts and organic solvents. Our proposed methodology
enables parallel profiling of metabolome and lipidome within a single sample aliquot using ultrahigh-performance liquid
chromatography-high resolution mass spectrometry (UHPLC-HRMS). Following method development and optimization with
representative metabolites at levels comparable to those detected in human blood, the optimized workflow was applied to prepare
metabolome—lipidome from maternal and umbilical cord—blood sera prior to comprehensive profiling using three different UHPLC
columns. Results indicate that, compared with conventional two-step metabolomics—lipidomics sample pretreatment workflow, this
new approach substantially reduces sample amount and processing time, while still preserving metabolite profiles and revealing
additional MS features. Over 2500 metabolites were annotated in human sera with >1000 shared across maternal and cord blood.
The shared metabolites are closely linked to various physiological functions, including nutrient transfer, hormonal regulation, waste
product clearance, and metabolic programming, underscoring the significant impact of maternal metabolic activities on neonatal
metabolic health. In summary, the proposed workflow enables efficient sample pretreatment for nontargeted metabolomics—
lipidomics using one single sample while achieving broad metabolite coverage, highlighting its remarkable applicability in clinical and
preclinical research.

- ‘?3

B INTRODUCTION novel therapeutic targets, and the development of personalized
medicine.’

Although metabolomics technology has been rapidly
advancing, various analytical challenges still persist in non-
targeted analyses. First, the metabolome encompasses a vast
array of metabolites with diverse physicochemical properties
and is present at varying concentrations in complex biological

Metabolomics, the systematic study of metabolites, or low-
molecular-weight molecules, endeavors to elucidate the
dynamic and intricate metabolic network underlying the key
biochemical processes in live biological systems."” As a
principal field in metabolomics, nontargeted metabolomics

can be viewed as a bottom-up holistic strategy that provides matrices. Consequently, challenges arise with respect to
comprehensive perspectives on systemic metabolic alterations ensuring sample quality, minimizing artifacts, standardizing
in response to different stimuli, e.g, disease development, extraction methods, achieving broad metabolome coverage,

dietary changes, environmental fluctuations, or medical

treatments.” Lipidomics, considered as a specialized sub- Received: June 23, 2024
domain of metabolomics, is the comprehensive study of Revised:  December 10, 2024
lipidome, encompassing the entire lipid molecules present in Accepted: January 15, 2025
cells, organisms, individuals, etc. Metabolomics investigations Published: January 30, 2025
intuitively aid in understanding the metabolic alterations under

physiological and pathological conditions, the discovery of
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and accurately annotating metabolites.”” For lipidomics, in
addition to the abovementioned challenges, analysis is further
complicated by the difficulty in chromatographic separation
and structural elucidation of complex lipid molecules.”’
Additionally, the matrix effect represents another major
obstacle to achieving high resolution and broad coverage of
metabolites in nontargeted metabolomics. The presence of
matrical interferences in biological and environmental samples
can lead to ion suppression or enhancement, thereby
debilitating analytical reproducibility and reliability.® As such,
various strategies are applied to mitigate matrix effects but
require substantial additional efforts.” On top of these, the
guidelines for nontargeted method validation, data normal-
ization, and integration have not been well established as the
validation practices in targeted analysis.'’

Previously, we and others reported the superior advantages
of the enhanced matrix removal (EMR)-lipid sorbent in
addressing analytical issues arising from matrix effects.'"'”
EMR-lipid sorbent stands out among various dispersive SPE
(dSPE) sorbents as it selectively traps lipid molecules with
long aliphatic chains without retaining the relatively small polar
analytes in biosamples.”” ™" In addition, the 96-well plate
format and the microelution pretreatment technique remark-
ably enhance sample processing efficiency and reproducibility.
The EMR-lipid technique has been widely applied in the
analysis of non-lipid small metabolites (abbreviated as small
metabolites) in multiple types of biosamples, especially lipid-
rich materials.'® Based on its design features and applications,
the EMR-lipid technique can also be utilized for separating
lipids and small metabolites in addition to matrix removal. This
represents an exciting opportunity for the simultaneous
harvesting of small polar metabolites and lipid metabolites
with minimal matrix effects prior to metabolomics and
lipidomics. In this work, a novel strategy for integrated
nontargeted metabolomics and lipidomics was proposed with
the application of EMR-lipid as a technique for parallel
separation and isolation of the metabolome and lipidome in a
single aliquot of biosample. The optimized method was applied
to characterize the serum metabolites of healthy pregnant
women and the umbilical cord blood of their babies. To the
best of our knowledge, this is the first sample pretreatment
workflow employing the EMR-lipid technique for integrated
nontargeted metabolomics and lipidomics with demonstrated

clinical applicability.

B EXPERIMENTAL SECTION

Chemicals and Reagents. Description of the solvents,
chemicals, and analytical standards used can be found in the
Supporting Information.

Human Blood Collection. Human blood samples were
obtained from healthy participants involved in the SmartGen
Cohort study consisting of 120 Chinese mother-child pairs.
Chinese pregnant women aged 18—4S5 years without significant
medical conditions were recruited during the first trimester of
singleton pregnancy during 2018—19."°

Sample Preparation. An aliquot of human serum sample
was processed using the proposed EMR-lipid method prior to
nontargeted metabolomics and lipidomics analyses, while two
aliquots of serum samples were extracted using the conven-
tional methods for comparison.

Metabolite Extraction Using EMR-Lipid pelution 96-Well
Plates. An aliquot of serum sample (50 L) was first added to
the solvent system MTBE/MeOH/H,0 (10:3:2.5, v/v/v) for
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metabolite extraction and deproteinization. In brief, the sample
aliquot was sequentially mixed with 300 uL of cold methanol
and 1000 uL of cold MTBE and vortexed for 30 s. The mixture
was then incubated for 1 h. Next, 250 yL of water was added,
and the mixture was incubated for 10 min. After centrifugation,
both the upper (MTBE) and lower (MeOH/H,0) phases
were collected and dried separately using Thermo Scientific
Savant SpeedVac concentrator (Waltham, MA, USA). For
metabolomics, the dried lower phase was reconstituted in 600
UL of 90% ACN, and the supernatant was transferred to an
EMR-lipid 96-well plate and mixed with 100 uL of water
containing 4% formic acid. The sorbent was preactivated with
600 uL of 80% ACN containing 4% formic acid. Elution was
performed under an increasing vacuum from 1 to $ in. of
mercury (in.Hg), with each step held for 1 min. Following two
more rounds of elution with 300 L of 90% ACN containing
4% formic acid, the eluents were pooled and dried in a
SpeedVac concentrator. The dried residue was reconstituted in
150 uL of MeOH/H,0 (80:20, v/v) and spiked with internal
standards (ISs), i.e.,, 4-chloro-phenylalanine (1 pg/mL) and
isotope-labeled standards — Metabolomics QReSS Standard
Mix (Cambridge Isotope Laboratories) for metabolomic
analysis. To recover lipids trapped in the wells, 620 uL of
MTBE/MeOH/H,0 (10:3:2.5, v/v/v) was added to each
well, and elution was conducted under the same vacuum
conditions as metabolomics. After two more rounds of elution
(310 pL each), the eluents were combined and dried in the
SpeedVac concentrator. The dried residue was reconstituted in
150 uL of ACN/IPA/H,0 (65:30:5, v/v/v) and spiked with
CUDA (400 ng/mL) as the IS for lipidomics. The
reconstituted extracts were vortexed for 30 s, sonicated for S
min, and centrifuged at 17,000¢ for 15 min at 4 °C before
analysis.

Metabolite Extraction Using the Conventional Methods.
For metabolomics, 450 uL of ice-cold MeOH was added to an
aliquot of serum sample (S0 uL) followed by vortexing for 30 s
and centrifuged at 17,000¢ for 10 min at 4 °C. For samples
with relatively high lipid contents, e.g., blood from obese
individuals, samples should proceed to matrix removal before
concentrating. The supernatant was dried using a SpeedVac
concentrator, spiked with ISs as described above and
reconstituted in 150 uL of MeOH/H,0O (80:20, v/v) and
then centrifuged at 17,000¢ for 15 min at 4 °C before analysis.

For lipidomics, lipids were extracted twice using the solvent
system MTBE/MeOH/H,0 (10:3:2.5, v/v/v). In brief, 450
uL of ice-cold methanol was added to a serum aliquot (50 uL)
and vortexed followed by the addition of 1000 uL of cold
MTBE. After vortexing and incubating for 1 h, 250 uL of water
was added to induce phase separation. The sample was
centrifuged, and the upper MTBE phase was collected. The
lower MeOH phase was re-extracted with 400 uL of the
solvent system, and the upper MTBE phase was collected after
centrifugation. The combined MTBE phases were dried in a
SpeedVac concentrator. The dried lipid residue was spiked
with CUDA (400 ng/mL) as IS, reconstituted in 150 uL of
ACN/IPA/H,0 (65:30:S, v/v/v), and then centrifuged before
lipidomics analysis.

UHPLC—HRMS Analysis. The instrumentation consisted
of an Orbitrap IQ-X Tribrid mass spectrometer coupled to a
Dionex UltiMate 3000 UHPLC system (Thermo Fisher
Scientific, Waltham, MA, USA). MS data were acquired in
both positive and negative ionization modes. Instrumental
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Figure 1. Illustration of the proposed integrated sample pretreatment workflow with EMR-lipid processing (A), and the conventional 2-step
workflow for nontargeted metabolomics and lipidomics (B); step-by-step timelines for comparison (C). The initial extraction was performed with
MTBE/MeOH/H,0 (10:3:2.5, v/v/v). “Upper phase” (a) refers to the MTBE layer, while “lower phase” (b) refers to the MeOH/H,O layer in

text, tables, and figures.

calibration was performed using the Pierce FlexMix Calibration
Solution (Thermo Fisher Scientific).

For nontargeted metabolomics, chromatographic separation
was achieved using an ACQUITY UPLC HSS T3 column (2.1
X 100 mm, 1.8 ym, Waters, Milford, MA, USA). Mobile phase
A consisted of 0.1% formic acid in water. Mobile phase B
consisted of 0.1% formic acid in ACN. The LC gradient and
MS parameters are shown in Table S1. In addition, for very
polar small metabolites, an ACQUITY UPLC BEH Amide
column (2.1 X 100 mm, 1.7 pum, Waters) was used. Mobile
phase A consisted of 5 mM ammonium formate and 0.1%
formic acid in water. Mobile phase B consisted of 5 mM
ammonium formate, 0.1% formic acid in 95% ACN and 5%
water. The LC gradient and MS parameters are shown in Table
S2. The column was thermostated at 40 °C during elution. The
flow rate was 0.3 mL/min with an injection volume of 3 uL.

For nontargeted lipidomics, chromatographic separation was
achieved using an ACQUITY UPLC BEH C18 column (2.1 X
100 mm, 1.7 yum, Waters). Mobile phase A consisted of S mM
ammonium formate, 0.1% formic acid in 40% ACN and 60%
water. Mobile phase B consisted of S mM ammonium formate,
0.1% formic acid in 10% ACN and 90% IPA. The column was
thermostated at 50 °C during elution. The flow rate was 0.3
mL/min with an injection volume of 3 yL. The LC gradient
and MS parameters are shown in Table S3.
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Method Performance Assessment. The following
parameters were assessed for different classes of metabolites:
recovery, matrix effect, repeatability, and relative abundance.
The relative abundance (RA) is calculated as below:

abundance of metabolites in extract with EMR processing

abundance of metabolites in extract without EMR processing

Quality control samples (QCs) were prepared by pooling an
small ailquot of each sample (5 uL) for assessing method
repeatability and to correct data variations due to signal
drifts.'” All experiments were conducted in at least triplicate (n
= 3-6).

Data Analysis. Mass spectral data for metabolomics were
processed using the Compound Discoverer software (v. 3.3,
Thermo Fisher Scientific, San Jose, CA, USA) for peak picking,
retention time alignment, MS/MS matching, and local/online
database searching (e.g, mzCloud and Chemspider) for
metabolite annotation. The parameters and settings of the
Compound Discoverer software are described in Supporting
Information. Lipidomics data was analyzed in Xcalibur
QualBrowser (v. 4.5, Thermo Fisher Scientific, San Jose, CA,
USA). Subsequently, lipidomics data were processed using
LipidSearch software (version 5.0, Thermo Fisher Scientific,
San Jose, CA, USA) to identify the lipid molecular species
within each lipid fraction. The parameters and settings of the
LipidSearch software are described in the Supporting
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Figure 2. Method development and optimization processes. Step 1: optimization of the metabolomics method: rounds of elution (A) and elution
solvents (B). Step 2: optimization of the lipidomics method: rounds of elution (C, D), and elution solvents (E, F). Step 3: optimization of the
integrated method for metabolomics and lipidomics: elution solvent systems at the metabolomics step (G), and the lipidomics step (H). Solvent
systems: A, MTBE/MeOH/H20 (10:3:2.5, v/v/v); B, CHCL,/MeOH/H,0 (1:2:1, v/v/v); C, CHCl;/MeOH/H,0 (2:1:1, v/v/v); D, CHCl,/
MeOH/MTBE (3:4:3, v/v/v). Mixed out-of-well, all solvents in the solvent system were mixed outside the EMR-lipid 96-well plate; mixed in-well,

solvents were mixed inside the plate.

Information. All MS features were filtered based on their
coefficient of variation (CV) of integrated peak areas. Only
features with a CV below 30% were further examined to avoid
highly dispersed data. Lipid metabolites were assigned to major
lipid categories according to the LIPID MAPS Lipid
Classification System.

Generally, statistical analysis and graph plotting were
performed in GraphPad Prism (v10.0, GraphPad Software,
Inc., San Diego, CA, USA) and/or RStudio (v. 4.3). A value of
p < 0.05 was considered statistically significant. Pathway
enrichment analysis was performed using MetaboAnalyst 6.0
(https://www.metaboanalyst.ca/ModuleView.xhtml). Log P
was predicted by ChemDraw (v20.0, PerkinElmer Informatics,
Inc, Waltham, MA, USA). Log P was obtained using
ChemSpider (http://www.chemspider.com/) if not available
from ChemDraw.

B RESULTS AND DISCUSSION

The EMR-lipid technique, featured with a dSPE sorbent, excels
at selectively removing various lipid molecules while
minimizing the entrapment of small non-lipid analytes from
biosamples.'> Although the EMR-lipid processing was
originally designed for matrix cleanup, we hypothesized that
it can be well-suited for metabolite separation and isolation
prior to parallel profiling of metabolome (nonlipid) and
lipidome, which can be a 2-in-1 integrated process that saves
time and sample amount. This study confirmed the feasibility
of the EMR-lipid technique for sequentially separating and
isolating small metabolites and lipids for integrated parallel
nontargeted metabolomics and lipidomics and demonstrated
the potential of the proposed workflow in clinical applications.

Study Design. To confirm the feasibility that the small
metabolites and lipid metabolites can be separated and eluted
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in sequence, we first used a biphasic solvent (MTBE +
MeOH/H,0) to precipitate proteins and to extract as many
metabolites as possible and then subject all the extracted
metabolites to EMR processing. Through adjusting eluting
solvents with different eluotropic strengths and optimizing
elution processes, we aimed to retain more lipids in the 96-well
plate at the metabolomics step while recovering them mostly at
the lipidomics step. Following optimization, method perform-
ance was assessed with the use of representative metabolites
from the major metabolite superclasses in human blood'®
(Table S11). Finally, the optimized method was applied to the
comparative analysis of human serum metabolome and
lipidome from healthy pregnant women and umbilical cord
blood of their babies. A comparison of our proposed 2-in-1
workflow versus the traditional two-step metabolomics and
lipidomics workflow is illustrated in Figure 1.

Method Development and Optimization. Metabolo-
mics Step. Building upon our previous work applying the
EMR-lipid technique,” the optimization process began with
using 80% ACN for eluting non-lipid small metabolites from
the loaded EMR 96-well plate. First, we compared the
recoveries of representative small metabolites following
different rounds of elution (same solvent volume for each
round). As shown in Figure 24, 3 rounds of elution obtained
better average recovery (closer to 100%) for most metabolites
tested than 2 or 4 rounds of elution. Although the four-round
elution showed elevated recoveries, additional elution
increased the chances of eluting lipid metabolites at the
metabolomics step and also made the entire process more
time-consuming. Therefore, a three-round elution was selected
for further optimization. As shown in Table S4, satisfactory
recoveries (80—100%) were achieved for most representative
metabolites of diverse classes at this step, particularly

https://doi.org/10.1021/acs.analchem.4c03222
Anal. Chem. 2025, 97, 2629-2638


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c03222/suppl_file/ac4c03222_si_001.pdf
https://www.metaboanalyst.ca/ModuleView.xhtml
http://www.chemspider.com/
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c03222/suppl_file/ac4c03222_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.4c03222/suppl_file/ac4c03222_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03222?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03222?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03222?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.4c03222?fig=fig2&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.4c03222?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

pruns Enriched by EMR
c.mu;yl alcohols
300
‘dnnes
—_ Giggeroipids
o
g ]
<
3 stpyruns
g ‘“"“ Relative abundance
© 200 Trioxanes
T Beazodioxoles S00
£ &
3 Depsides and depsidones 200
© Non-metal oxoanionic compounds k) LHC00e
Y Exogenous metaboltes
o P Lactams -Qrganic phogahoric acids and derivatie Ryrenes 100
> or 4 -
2 ganic carbonic acids and derivatives
-} PY" dines: Phenol ethers
= Qylinoines and es
[} Hydroxy acids nuggm cids anddexyatives Dnm“ anr Acy Isoquinoines and derivatives
14 FBINS,._peeral m,s
Piperidin /S«emus and steroid derivatives
rimidine n w “'}“ Thioethers
100 Py & er non-metal organides ey Benzene and SUDSTIUTEY
Viniioous thicesters — 8 Tetfhiydrofurans \
inylogous thioest erosn . , FIM\ | vt Haml skaids Chnnaic acids and derivatives
A ydro /::/ enols
Peptidomimetics ¢, 2. ~E8TDOXYiC fcids and defivativesi) Azolidines = i Oxazinanes @
Diydrothiophene; Pyms and derivative: ok loids and derivatives sohingoli
P
Azole enzofurans
Keto acids and d; alwes‘.,"“.“, g ‘)
Purine nucleoside:
Benxmduzobs ‘Benzotriazoles A@eﬂzenes
Tetrapyrroles and derivatives Carboximidic acids a lerivatives
0 Nepnlenes Diminished by EMR

200+

175+

150+

125+

100+

75+

Relative abundance (%)

;
1
H

v T T

DG TG

LPC

PC

4
LogP value (Chemical similarity scale)

8

T
PE SM Cer

PFAA

Glycerolipids

Glycerophospholipids

Sphingolipids  Fatty Acyls

Figure 3. Influence of EMR-lipid processing on the recovery (stated as relative abundance) of different classes of metabolites in human sera.
Relative abundance (%) of annotated metabolites eluted at the metabolomics step (A) or the lipidomics step (B) with EMR-lipid processing
compared to that without the processing. 516 annotated small metabolites were clustered according to their chemical taxonomy recorded in the
Human Metabolome database (HMDB). X-axis is the mean logarithmic octanol—water partition coefficients (log P) with the node size indicating
total compound numbers for each cluster set and node color depicting the varying degrees of relative abundance (blue—enriched, red—diminished);
Y-axis is the mean relative abundance for each cluster set. Refer to Table S18 for full names of lipid subclasses.

promising for amino acids (86%), nucleotides, purine and
derivatives (80%), energy metabolism intermediates (103%),
xenobiotics (109%), and bile acids (100%). Next, we
compared the effects of elution solvents with different
percentages of ACN in water on the recoveries of metabolites
following three rounds of elution. As shown in Figure 2B and
Table S5, the recoveries of metabolites eluted with 70—100%
ACN were largely comparable. Yet, for certain metabolites, e.g.,
L-leucine, L-valine, L-carnitine, adenine, and cholic acid, elution
with 80% and 90% ACN allowed better recoveries than 70%
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ACN. Therefore, 80% and 90% ACN were selected as the
preferred solvents for further assessment at the method
integration step.

Lipidomics Step. According to our preliminary study, the
primary challenge lay in the recovery of the adsorbed lipids in
the 96-well plate. For lipid extraction, the most commonly
used solvent systems include CHCI3-based (e.g., Folch, Bligh,
and Dyer) and MTBE-based systems."” In order to confirm the
feasibility of recovering lipids trapped following the previous
metabolomics elution step, we mixed a stock solution of 6
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Figure 4. Comparison of metabolite coverage in human serum using the proposed and conventional methods. Metabolite extracts prepared using
the EMR-lipid workflow (left circle) or the conventional workflow (right circle) were chromatographically separated by three UHPLC columns:
BEH Amide (A) and HSS T3 (B) for metabolomics; BEH C18 (C) for lipidomics.

representative lipids with other small metabolites, diluted it to
levels comparable to endogenous concentrations, and loaded it
onto the EMR plate. First, we compared the lipid-eluting
power of classical MTBE-based System A (MTBE/MeOH/
H,0, 10:3:2.5, v/v/v) and CHCl;-based System B (CHCl;/
MeOH/H,0, 2:1:1, v/v/v). As shown in Figure 2C and Table
S6, System A gave better recoveries than System B, and two
rounds resulted in better recoveries than one round of elution.
Furthermore, we compared the recoveries with 2—4 rounds of
elution using MTBE-based System A. As shown in Figure 2D
and Table S7, three rounds of elution gave the best recoveries.
For example, three-round elution (97.2%) showed the best
recovery for 15:0—18:1 PE when compared with two-round
elution (87.6%) and four-round elution (91.2%). More
recently, a one-phase extraction system consisting of CHCIL,,
MeOH, and MTBE (System D) was introduced to extract
lipids for lipidomics.'” Therefore, we further compared the
efficiency of four solvent systems in releasing trapped lipids
from the wells. As shown in Figure 2E,F and Tables S8, the
best recoveries for most lipids tested were achieved with
System A and mixing out-of-well. By contrast, mixing the
solvents in the system in the well resulted in considerably
lower recoveries.

Method Integration. Following optimization of each step,
the workflow processes were integrated for both metabolomics
and lipidomics. Additional metabolite standards were included
to mimic the representative metabolite classes and concen-
tration levels present in human blood. To further optimize the
integrated method, three elution solvents for small metabolites,
i.e, 80%, 85%, and 90% ACN, were further compared at the
metabolomics step. As shown in Figure 2G and Table S9, 85%
and 90% ACN resulted in better recoveries for most
metabolites tested compared to 80% ACN. In addition, the
highest recoveries of representative lipids at the lipidomics step
were achieved when 90% ACN was used at the metabolomics
step (Figure 2H and Table S10). Results suggest that 90%
ACN was the optimal elution solvent at the metabolomics step,
although the recoveries of different metabolites, even within
the same class, still varied a lot. For example, among
hydrophobic amino acids, L-leucine and L-valine had good
recoveries, while L-alanine and L-proline were much less
satisfactory. A similar phenomenon was also observed in other
classes such as acylcarnitines, nucleotides, purines and
derivatives, and xenobiotics. For lipidomics, 18:1 Lyso PE
and 15:0—18:1 PE were better recovered than the other lipid
groups. This led us to further examine the performance of this
workflow, with respect to the recoveries of different classes of
metabolites in both solvent systems and human serum samples.

Method Performance Assessment. Analytical method
performance is crucial for metabolomics to ensure high data
quality for subsequent reliable biological interpretation and
translational application of the findings. There are very limited
references to nontargeted metabolomics method performance.
Similar to targeted metabolomics, method performance should
be assessed prior to application of nontargeted analysis.'” In
this study, method performance was assessed in terms of
recovery, matrix effect, repeatability, and relative abundance

Assessment of Recovery, Matrix Effect, and Repeatability.
Using the optimized workflow, we determined the recoveries
of representative human blood metabolites first in pure solvent
systems. Results show that more than half of the tested
metabolites (20 of 32) exhibited satisfactory recoveries (80—
120%) (Table S11). Furthermore, to determine the recovery of
metabolites in the presence of biomatrix, 12 isotope-labeled ISs
representing the major metabolite superclasses in human sera
with diverse chemical properties and molecular masses were
spiked before (prespiked) or after (postspiked) the entire
pretreatment process. The recovery was assessed by comparing
the peak area of isotope-labeled ISs in the prespiked samples to
that in the postspiked samples. As shown in Table S12, the
method resulted in good recoveries for almost all of the ISs.
Meanwhile, the matrix effect was assessed by comparing the
recoveries of ISs spiked in seral extracts following EMR-lipid
processing with that processed without EMR-lipid. Almost all
ISs experienced insignificant matrix effect. The repeatability, or
intraday precision, was determined as the RSD (%, n = 6).
According to the FDA guideline, the threshold of repeatability
was set at 15%.”° All analytes exhibited satisfactory
repeatability with RSDs < 15% (Table S12).

Influence of EMR-Lipid Processing on the Recovery and
Coverage of Metabolites in Human Serum. Next, we assessed
the overall influence of EMR-lipid processing on the recovery
of different classes of metabolites in human sera from healthy
Chinese pregnant women, which is expressed as relative
abundance (RA), the ratio of metabolite abundance/peak
intensity in samples with or without EMR processing (Figure
3, Tables S13 and S14). At the metabolomics step, 606
metabolites with relatively high abundances (peak area >10°)
were annotated with 516 metabolites exhibiting relatively good
RA (RSD < 30%, Figure 3A). 270 metabolites with satisfactory
RA (75—125%) are listed in Table S13. These metabolites
mainly belong to carboxylic acids and derivatives (84
annotated), organooxygen compounds (40), benzene and
substituted derivatives (38), steroids and steroid derivatives
(25), organonitrogen compounds (21), phenols (14), etc.
Regarding the annotated lipid metabolites, 1137 metabolites
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Figure S. Analysis of lipids from the upper and lower phases indicates the effects of EMR-lipid processing. (a) Abundance (expressed as total peak
intensity) of different classes of lipids present in the lower phase (recovered following EMR processing). Abundance (b) and total ion
chromatogram (c) of the lipids recovered in the lower phase (MeOH/H,O layer—blue trace) compared with the lipids in the upper phase (MTBE

layer—green trace). Refer to Table S18 for full names of lipid classes.

with RA values ranging 50—200% and RSD < 30% were
selected for further investigation (Figure 3B). Consistent with
previous reports, the lipids identified in our study mainly
belong to six lipid classes, ie., glycerolipids, glycerophospho-
lipids, sphingolipids, prenols, sterols, and fatty acyls.”’ Among
them, 592 lipids achieved satisfactory RA (75—125%),
primarily from the classes of diradylglycerol (DG), triradyl-
glycerol (TG), phosphatidylcholine (PC), ceramide (Cer),
phosphatidylethanolamine (PE), and sphingomyelin (SM)
(Table S14). Of note, some categories of lipids were also
detected at considerable amounts at the metabolomics step,
including 25 sterols, 10 prenol lipids, and 74 fatty acyls (Figure
3A).

In terms of metabolite coverage, using the new workflow, a
broader range of metabolites were revealed, with 615
additional metabolites uncovered compared with the conven-
tional workflow (Figure 4). All these demonstrate that the
integrated EMR-lipid workflow can effectively separate small
metabolites from lipids, which enables sequential isolation and
comprehensive profiling of metabolites within a single sample
aliquot, achieving satisfactory recoveries, insignificant matrix
effect, and broad coverage. This will enable comprehensive
metabolomic fingerprinting with high consistency, allowing for
a more in-depth exploration of the alterations in metabolic
network and the identification of novel biomarkers.

Assessment of the Lipids Recovered in the Lower Phase
by the EMR Processing. Compared with the pretreatment
method with EMR-lipid processing, the conventional 2-in-1
pretreatment method for metabolomics and lipidomics has
some drawbacks. It should be noted that the upper phase,
mainly MTBE, is truth mixed with a small amount of methanol
and possibly even water, while the lower phase, mainly
methanol, may also contain MTBE. Some lipids in the lower
phase (MeOH/H,O layer) can be lost if only the upper phase
(MTBE layer) was analyzed at the lipidomics step. Meanwhile,
the lipids present will cause matrix effects when the lower
phase was subjected to HRMS analysis. Therefore, we
determined the lipids eluted at the metabolomics step and
the small metabolites lost at the lipidomics steps to gain a more
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comprehensive view on method performance. As shown in
Figure 5 and Table S15, different classes of lipids were
detected in the lower phase. Considering that a significant
amount of lipids (ca. 29%) was lost to the lower phase, it is
necessary to combine the lipids recovered from the lower
phase (via EMR processing) with those extracted into the
upper phase for lipidomics. Additionally, we also detected a
number of small metabolites present in the upper phase (Table
S16). However, as they represent less than 6% of total small
metabolites, the workflow was simplified to only subject the
lower phase to EMR-lipid processing for recovering more
lipids which are then combined with MTBE-extracted lipids
(Figure 1).

Method Application — Comparative Analysis of
Maternal and Umbilical Cord Blood Metabolomes.
The developed method was further applied to comprehensive
profiling of the metabolome and lipidome in human serum
samples from healthy Chinese puerperants and their
corresponding cord blood. As the human blood metabolome
encompasses metabolites of vastly diverse polarity, BEH amide
(for very polar compounds), HSS T3 (for polar and
moderately polar compounds), and BEH C18 (for nonpolar
and moderately polar compounds) UHPLC columns were
used in combination. We annotated a total of 2629 small
metabolites and lipids, of which 1056 were shared across
maternal and cord blood. For small metabolites, 606
compounds were identified in maternal blood and 721 in
cord blood, with 346 shared metabolites categorized into 57
classes, represented by carboxylic acids and derivatives, fatty
acyls, and organooxygen compounds (Figure 6A). In addition,
global lipidome profiling revealed 1270 lipids in maternal sera
and 1088 lipids in cord blood sera (Figure 6B). Among these,
710 lipids were identified as shared metabolites, consisting of
235 PCs, 101 TGs, 80 SMss, 48 DG, and 44 LPCs. Previous
findings on maternal and cord blood metabolomic profiles are
summarized in Table 1. Compared with all previous studies,
the metabolite coverage in this study was significantly
expanded with the application of the proposed EMR-lipid
workflow. This highlights the significant potential of our
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Figure 6. Classification and distribution of shared metabolites across
maternal and cord blood sera. (A) Shared metabolites eluted at the
metabolomics step (346 in total), primarily categorized into 11 major
metabolite classes and 57 subclasses (refer to Table S17 for the full
names). (B) Shared lipids eluted at the lipidomics step (710 in total),
primarily categorized into 4 major lipid classes and 19 subclasses
(refer to Table S18 for full names). Venn diagrams show the number
of distinctive and shared small metabolites (C) and lipid metabolites

(D).

sample pretreatment method in identifying novel biomarkers
for evaluating maternal-fetal health and predicting disease risks.
Although our cohort samples were from healthy individuals,
the shared metabolites still reflect the metabolite exchange
between the puerperants and umbilical cord. The shared small
metabolites can be classified according to their physiological
functions related to maternal and child health: nutrient transfer
(e.g, choline, DL-tryptophan, niacin, and taurochenodeox-
ycholic acid), hormonal regulation (e.g, progesterone and
cortisol), waste product removal (e.g, creatinine and uric
acid), and metabolic programming (e.g., S-hydroxyindoleacetic
acid and spermine).”* ° In the context of metabolic
programming, work by the Shokry workflow demonstrated a
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Table 1. Summary of the Numbers of Maternal and Cord
Blood Metabolites Annotated in the Present and Previous
Relevant Studies

metabolites shared
sample type annotated metabolites refs
maternal and cord 2629 1056 present study
(serum)
metabolomics
analysis”
maternal and cord 181 56 Moros et al. 2021%*
(serum)
maternal and cord 400 201 Shokry et al.
(plasma) 2019%
maternal and cord na’ 37 Shearer et al.
(serum) 2021%
maternal and cord na’ 203 Zhu et al. 2023%°
(serum)
cord (serum) 68 Robinson et al.
2018
cord (plasma) 230 Schluetze7r et al.
2020
cord (plasma) 155 Ross et al. 2021%°
cord (plasma) 125 Hartvig_sgson et al.
2022
lipidomics analysis
maternal and cord nat 573 LaBarre et al.
(plasma) 2020%
maternal and cord 480 480 LaBarre et al.
(plasma) 2020°"

“Metabolome and lipidome were not separately extracted and were
profiled in one sample extract. n.a,, data is not available.

positive association between body mass index (BMI) and levels
of leucine and isoleucine, while gestational diabetes mellitus
(GDM) was linked to the elevated hexoses levels in both
maternal and cord blood.”® Moros et al. found that elevated
levels of branched chain amino acids (leucine, isoleucine and
valine) in intrauterine growth-restricted pregnancies correlated
with increased insulin resistance based on maternal and
umbilical cord blood metabolomics analysis.”” In the lipidome,
PC and DG were identified as the most abundant shared lipid
classes. PCs are essential for fetal development, particularly in
the growth and maturation of the fetal brain and nervous
system, while DGs play significant roles in insulin sensitivity,
which is vital for glucose regulation and maintaining the
metabolic health of both the mother and fetus.?” Furthermore,
other abundant shared metabolites such as androsterone
sulfate and 16a-hydroxydehydroepiandrosterone 3-sulfate
have been infrequently studied in the context of maternal
and child health yet may possess significant implications.
Pathway enrichment analysis also highlighted the involvement
of these shared metabolites in multiple metabolic pathways,
e.g., alanine, aspartate, and glutamate metabolism, steroid
hormone biosynthesis, primary bile acid biosynthesis and
sphingolipid metabolism (Figure S1).

While our results highlight the distinct advantages of the
integrated EMR-lipid workflow, some limitations should be
acknowledged. For example, analytical reproducibility in the
workflow has not been thoroughly investigated, especially
when using different MS instrumentation platforms (e.g, AB
Sciex QTRAP 5500 MS vs Thermo Fisher Scientific Q
Exactive HRMS) in different laboratories or research centers.
In addition, issues with low relative abundances of certain
metabolite and lipid classes warrant further method
optimization or can be applied in conjunction with targeted
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analysis. Future cross-laboratory validation shall further
demonstrate the feasibility of this novel approach in broad
preclinical and clinical applications.

B CONCLUSIONS

This study presents a novel workflow utilizing the EMR-lipid
technique for sequential separation and isolation of non-lipid
small metabolites and lipid metabolites prior to integrated
nontargeted metabolomics and lipidomics. Compared with the
conventional 2-step metabolomic and lipidomic profiling,
parallel profiling of small metabolites and lipids in a single
aliquot of biosample captures more comprehensive and reliable
information on the metabolic landscape. This novel method
also reduces the amount of biosamples needed (up to 50%)
while achieving efficient and wide-coverage analysis (increasing
the overall metabolite coverage by over 34%). The EMR-lipid
workflow also holds significant promise for automation, which
can be easily integrated into efficient and robust clinical and
preclinical metabolomics and lipidomics pipelines. In future
investigations, application of this novel analytical workflow to
larger human cohorts is anticipated to substantially deepen our
understanding on how changes in metabolite profile or certain
metabolite(s) reflect or influence the multifaceted spectra of
human health.
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