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based metabolomics using a novel
hybrid zwitterionic hydrophilic interaction liquid
chromatography and rigorous metabolite
identification reveals doxorubicin-induced
metabolic perturbations in breast cancer cells†

Salah Abdelrazig, *ad Áine McCabe,b Alia Yasin,b Rajneil Chaudhary,a

Michael A. Ochsenkühn,a David Scicchitanobc and Shady A. Amin *ade

The identification of metabolites in biological samples presents a challenge in untargeted metabolomics,

mainly due to limited databases and inadequate chromatography. Current LC columns suffer from high

pH instability (silica-based), low efficiencies and pressure limitations (polymer-based), or inadequate

retention of polar/semi-polar metabolites (reverse-phase). In this study, a comprehensive LC-MS

workflow was developed to address these limitations using a novel zwitterionic HILIC (Z-HILIC), high-

resolution MS, deep-scan data-dependent acquisition (DDA), and a large chemical library comprising

990 standards. The method performance was evaluated and compared with a widely-used ZIC-pHILIC

method. Z-HILIC detected 707 (71%) of the standards compared to 543 (55%) standards with the ZIC-

pHILIC showing enhanced resolution, sensitivity, selectivity and retention time (RT) distribution. In triple-

negative Hs578T breast cancer cell extracts spiked with the standards, Z-HILIC annotated 79.1% of the

detected standards versus 66.6% with ZIC-pHILIC, demonstrating improved sensitivity, stability, and

reduced matrix effects for metabolite profiling. Deep-scan DDA of the spiked cell extracts increased the

number of the identified metabolites using RT, m/z and MS/MS by more than 80% compared to standard

DDA. The workflow was used to investigate the metabolic signature of doxorubicin-treated Hs578T cells

(n = 15). The analysis resulted in identifying 173 metabolites, of which 26 metabolites and 20 metabolic

pathways were significantly altered in doxorubicin treated cells compared to controls. These pathways

were associated with oxidative stress, mitochondrial dysfunction, and impaired biosynthesis, consistent

with prior knowledge about the action of doxorubicin. This comprehensive workflow promises to

enhance metabolite profiling across diverse metabolomics studies.
1. Introduction

Untargeted metabolomics is an unbiased comprehensive anal-
ysis of metabolites that provides a powerful tool to study the
metabolic perturbation and pathways within a biological or
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environmental system under different conditions.1 Liquid
chromatography-mass spectrometry (LC-MS) using high-
resolution instruments, such as Orbitrap MS, is considered
the preferred choice for untargeted metabolomics due to its
higher sensitivity, mass accuracy and wide metabolite coverage
compared to nominal MS.1 The choice of chromatographic
columns plays a pivotal role in the simultaneous separation of
a broad spectrum of metabolites, particularly in complex bio-
logical and environmental samples. However, efficient chro-
matography alone is insufficient for a successful metabolomics
study due to the challenges associated with metabolite identi-
cation. The lack of a universal LC-MS platform, limited refer-
ence standards, well-characterized databases, complex
fragmentation, natural presence of isomers and the vast
chemical diversity of metabolites are major challenges for
accurate metabolite identication.2 For instance, using m/z of
metabolite from experimental data against online databases
annotates metabolites with low condence (i.e. putative
RSC Adv., 2025, 15, 20745–20759 | 20745
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identication) due to the existence of a wide-range of isobaric
and isomeric metabolites.3 This oen leads to false identica-
tion and subsequently inaccurate biological interpretations.2

Therefore, the use of additional orthogonal features to m/z of
metabolites such as retention time (RT) and/or MS/MS spectra,
as recommended by the Metabolomics Standards Initiative
(MSI),4 is essential to improve the condence in conrming the
identity of metabolites using authentic standards. That said,
efficient chromatography, robust analytical LC-MS perfor-
mance, the ability to acquire MS/MS spectra of metabolite
features in biological samples, and access to large and well-
curated metabolite standard databases are essential for reli-
able metabolite proling and accurate identication.

Chromatographic characteristics such as high sensitivity,
resolution and adequate retention time distribution of
metabolites are critical to obtain feature-rich proles and aid
metabolite identication in metabolomics studies. Sharp,
well-resolved, and adequately distributed peaks of a wide-
range of metabolites over the working RT range help to
decrease ion suppression effects due to co-elution, and
subsequently enhances the sensitivity of the MS. Reverse-
phase ultra-high-performance LC (UHPLC) columns are
capable of obtaining sharp peaks but they suffer from poor
retention of polar and semi-polar metabolites and high pH
instability (silica-based). In contrast, zwitterionic hydrophilic
interaction liquid chromatography (HILIC) has demonstrated
superior performance and enhanced retention of these
metabolites.5,6 For instance, ZIC-pHILIC has been widely used
in different metabolomics applications.6–10 However, current
zwitterionic HILIC columns, including ZIC-pHILIC, are either
unstable at high pH (silica-based) or suffer from low chro-
matographic efficiencies and pressure limitations (polymer-
based). Recently, a novel zwitterionic HILIC column (Z-
HILIC), designed for UHPLC with <3 mm particle sizes has
been introduced. Z-HILIC and ZIC-pHILIC contain sulfobe-
taine zwitterionic ligands that enable analyte elution with
a combination of hydrogen bonding, hydrophilic and elec-
trostatic interactions.6 The key difference in Z-HILIC is that
the sulfobetaine moiety is attached to an ethylene-bridged
organic/inorganic particle hybrid (BEH). These differences in
stationery phase composition improves the pH stability (pH 2–
10) and pressure tolerance compared to silica-based and
polymer-based HILIC columns, respectively.11 In addition, Z-
HILIC features a high-performance surface coating designed
to mitigate metal-analyte interactions to obtain improved peak
shape and recovery for metal-sensitive analytes.11 Few studies
characterized Z-HILIC under different chromatographic and
pH conditions using a small set of metabolite standards.11–13

However, no comprehensive study, to the best of our knowl-
edge, tested and compared the performance and sensitivity of
the newly introduced column using large and diverse chemical
classes of metabolites for LC-MS proling.

The analytical capability of the MS system to obtain rich MS/
MS spectra of metabolite features in samples is crucial to
identify metabolites using spectral database of standards. Data-
dependent acquisition (DDA) is widely used in
metabolomics8,10,14–16 for metabolite identication. However,
20746 | RSC Adv., 2025, 15, 20745–20759
low numbers of MS/MS spectra are typically obtained due to the
speed limitations of the MS data acquisition and its bias
towards the most abundant peaks for fragmentation.15 In
contrast, deep-scan DDA techniques have been introduced to
increase the MS/MS fragmentation of metabolites.15 The
combination of a metabolomics workow that utilizes Z-HILIC
and deep-scan DDA has the potential to improve metabolites
separation efficiently, increase the number of acquired MS/MS
spectra and subsequently enhance the detection and identi-
cation of metabolites.

Triple-negative breast cancer (TNBC) is an aggressive breast
cancer subtype characterized by the lack of estrogen and
progesterone receptors as well as human epidermal growth
factor receptor 2, which makes it challenging to treat with tar-
geted therapy.17 Hence, conventional chemotherapeutic agents
and radiotherapy remain the primary treatment strategy for
TNBC.18 Doxorubicin (Dox), a DNA intercalator and topoisom-
erase II inhibitor, is oen used in combination with other
chemotherapeutic agents for treating various breast cancers,
including TNBC. However, the efficacy of Dox in TNBC can be
compromised by the activation of chemoresistance-related
molecular mechanisms,19 a poorly understood phenomenon
partially driven by metabolic reprogramming or metabolic
rewiring in cancer cells. TNBC undergoes metabolic reprog-
ramming that sustains rapid cell proliferation, redox balance
and metastasis to ensure survival under stress conditions, such
as drug treatment.20 An in-depth understanding of these
metabolic alterations can provide unique insights into the
altered pathways that contribute to tumorigenesis, progression,
and chemoresistance.20 Untargeted metabolomics provides
a powerful tool to explore these metabolic changes in TNBC,
and may improve our understanding of the metabolic land-
scape to pave the way for effective therapeutic intervention and
ultimately the development of new therapies.

In this study, we develop and optimize an LC-MS untargeted
metabolomics workow using Z-HILIC and high-resolution
hybrid Orbitrap MS combined with deep-scan DDA to investi-
gate the metabolic changes in Hs578T cells (TNBC human cell
line) treated with Dox. The chromatographic performance and
metabolite coverage of the Z-HILIC was compared with ZIC-
pHILIC for untargetedmetabolomics using a comprehensive set
of 990 metabolite standards. In addition, an in-house frag-
mentation database of the standards was curated and used with
the deep-scan DDA (MS/MS) acquisition for precise and accu-
rate identication of metabolites.

2. Experimental
2.1. Chemicals and LC-MS reagents

Analytical standards of 990metabolites covering a wide range of
primary and secondary metabolism were obtained from IROA
technologies LLC (Chapel Hill, NC, USA). Each standard was
supplied as dried weight of 5 mg in 96-well plates; full details of
the standards are available in Table S1.† Methanol and aceto-
nitrile used in this study were LC-MS grade and were purchased
from Sigma Aldrich (Darmstadt, Germany) and Honeywell
(Seelze, Germany), respectively. Ammonium carbonate (purity:
© 2025 The Author(s). Published by the Royal Society of Chemistry
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99.999%) and doxorubicin HCl were obtained from Sigma-
Aldrich (Saint Louis, MO, USA). Ultrapure water (18.2 MU cm)
was prepared using a water purication system (Milli-Q Integral
10, Merck Millipore, Burlington, VT, USA).
2.2. Preparation of the standards for LC-MS

Batches of 8–12 standards (4 mg mL−1) were pooled in LC-MS
grade solvents following the supplier's recommendation and
used for the optimization, development and comparison of the
LC-MS methods in the study. Full details including reconstitu-
tion solvents used for each standard are available in Table S1.†

A mixture of all standards was also prepared by pooling all
the batch standard solutions, drying and reconstituting them in
1 : 1 methanol : water (standard mixture) or spiking them in
a pooled cell extract of Hs578T (spiked cell extract). The
concentration of each standard in the standard mixture and the
spiked cell extract was 4 mg mL−1.
2.3. LC-MS and LC-MS/MS for metabolite proling and
metabolite identication

Liquid chromatography was performed using Vanquish UHPLC
system (Thermo Fisher Scientic, Waltham, MA, USA) on either
(1) Z-HILIC column (4.6 × 150 mm, 2.5 mm, 95 Å) with Z-HILIC
guard column (4.6 × 5 mm, 2.5 mm) (Atlantis Premier BEH Z-
HILIC, Waters, Milford, MA, USA), or (2) ZIC-pHILIC column
(4.6 × 150 mm, 5 mm) with ZIC-pHILIC guard column (2.1 × 20
mm, 5 mm) (Merck SeQuant, Watford, UK). Both columns were
maintained at 45 °C with a ow rate of 300 mL min−1 of 20%
20 mM ammonium carbonate in water, pH 9.2 (A) and 80%
acetonitrile (B). The gradient used for both methods was: 0–
15 min: 20% to 95% A, 15–17 min: 95% to 20% A and 17–24 min
20% A. The injection volume was 5 mL and the samples were
maintained at 4 °C during analysis. The chromatographic ow
was diverted to waste before 1 min and aer 23 min of the
gradient, during which the heated ESI needle was washed with
water (50 mL min−1) to minimize precipitation of the mobile
phase buffer.

Orbitrap Fusion Lumos Tribrid Mass Spectrometer (Thermo
Fisher Scientic, Waltham, MA, USA) was used in switching
ESI+ and ESI− acquisition modes for full LC-MS proling and
DDA to generate MS/MS spectra using Xcalibur and/or AcquireX
acquisition sowares (Thermo Fisher Scientic, Waltham, MA,
USA). The MS parameters for both ionization modes were: spray
voltage 4.5 kV, sheath, auxiliary and sweep gas ow rate were:
40, 5 and 1 (arbitrary units), respectively. Ion transfer tube and
vaporizer temperatures were 275 °C and 150 °C, respectively.
Data were acquired in full scanmode with a resolution of 60 000
from m/z 70–1400. DDA was performed by either Xcalibur or
AcquireX deep-scan DDA (MS/MS) at a resolution of 15 000 in
separate ESI+ and ESI− modes and a normalized collision
energies (CE) of 20, 30, 50 and/or a stepped CE of 20, 30 and 50.
An inclusion list containing the m/z, RT and CE of the in-house
database standards was used for a targeted fragmentation of the
metabolite peaks in the study samples.
© 2025 The Author(s). Published by the Royal Society of Chemistry
2.4. Evaluation of the performance of the developed LC-MS
for metabolite proling

The authentic standards (4 mg mL−1) were analyzed on both Z-
HILIC and ZIC-pHILIC columns using LC-MS. The raw data-
sets from both methods were processed using Xcalibur 4.1 and
TraceFinder 4.1 (Thermo Fisher Scientic, Waltham, MA, USA)
for peak detection, retention times (RT) extraction and inte-
gration. The chromatographic performance of the two LC-MS
methods were evaluated by assessing the quality and the
retention proles of the detected peaks of the standards.
Different LC-MS properties, such as RT, peak quality (i.e.,
symmetry, tailing, full width at half-maximum (FWHM)),
sensitivity (S/N) and selectivity were used for the assessment.
Moreover, important characteristics for LC-MS metabolic
proling such as repeatability (RT, peak area), sensitivity and
metabolite coverage were studied by analyzing the standard
mixture (n = 3) and the spiked cell extract (n = 3) on both
columns.
2.5. Curation of in-house fragmentation database

The developed Z-HILIC method was used to create an in-house
fragmentation database of the standards (standard database)
using mzVault 2.3 (Thermo Fisher Scientic, Waltham, MA,
USA). Each standard (4 mg mL−1) was analyzed using LC-MS and
LC-MS/MS with a modied acquisition method for a targeted
fragmentation using the RT and exact mass of the standard at
CE of 20, 30 and 50 in both ESI modes. The quality of the
acquired MS/MS spectra of each standard was then assessed
based on the number of fragments and intensity using Xcalibur.
The MS/MS spectrum of each standard containing 5–10 frag-
ments with relatively high intensity compared to the rest of
fragmentation spectra at a specic CE in either ESI+ or ESI−was
selected for further processing. The selected spectra of the
standards were then imported into mzVault 2.3 to curate the
standard database. A comprehensive list of RT, exact mass and
specic CE of each standard (standard inclusion list) was also
created and used for targeted fragmentation as a part of the LC-
MS workow for metabolite identication.
2.6. Evaluation of data-dependent acquisition methods for
metabolite identication

Blanks, standard mixture, spiked cell extract and standard
inclusion list were used to evaluate and compare deep-scan
DDA using AcquireX (Thermo Fisher Scientic, Waltham, MA,
USA) to the standard DDA in Xcalibur (Thermo Fisher Scientic,
Waltham, MA, USA) for metabolite identication. AcquireX
deep-scan DDA is an automated, iterative, inclusion and
exclusion-based acquisition approach to maximize the MS/MS
of low-abundance analytes by dynamically excluding previ-
ously fragmented ions across multiple injections.15 The list of
the standards was divided into 4 inclusion lists and were used
with Xcalibur DDA to analyse the standard mixture (n = 4) and
the spiked cell extract (n = 4), while AcquireX used deep-scan
DDA method with a single inclusion list of all the standards.
AcquireX injections of the standard mixture (n = 4) and the
RSC Adv., 2025, 15, 20745–20759 | 20747
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spiked cell extract (n = 4) was automated to create an exclusion
list of the blank peaks and continuously update the inclusion
list of the standards aer each injection.
2.7. Untargeted metabolomics of Hs578T cell culture
samples

2.7.1. Cell culture and doxorubicin treatment. Breast
cancer human cell line HTB-126 (Hs578T) was obtained from
the American Type Culture Collection (ATCC, Manassas, VA,
USA). The Hs578T cells were revived and cultured at 37 °C in the
presence of 5% CO2 in Dulbecco's Modied Eagle's Medium
(DMEM) (Sigma Aldrich, St. Louis, MO, USA) containing 10 mg
mL−1 human insulin (Sigma Aldrich, St. Louis, MO, USA), 10%
Fetal Bovine Serum (FBS) (Gibco Invitrogen, Thermo Fisher
Scientic, Waltham, MA, USA), and 1% penicillin/streptomycin
(Gibco Invitrogen, Thermo Fisher Scientic, Waltham, MA,
USA). The Hs578T cells were seeded at a density of 5 × 105 cells
in 100 mm dishes (VWR, Radnor, PA, USA) in 10 mL of modied
DMEM and incubated overnight (n = 15). Six cell cultures were
treated with 0.05 mM Dox (Sigma Aldrich, St. Louis, MO, USA)
and incubated for 3 days (Dox 3 d, n = 3) and 7 days (Dox 7 d, n
= 3). Sub-half maximal inhibitory concentration (IC50) of 0.05
mM Dox was used to induce any possible metabolic changes on
the cells.21 The rest of the cell cultures were le untreated to
provide different controls and incubated for 0, 3 and 7 days as
control 0 d (n = 3), control 3 d (n = 3) and control 7 d (n = 3),
respectively. Cell-free media (n = 3) were also incubated under
the same culture conditions as a blank. Cell counts were per-
formed on an additional cell culture from each group in the
study using a cell counter (Fluidlab R-300, Anvajo GmbH,
Dresden, Germany) to assess cell viability and to normalize
metabolomics data.

2.7.2. Sample preparation for cell-based metabolomics.
The intracellular metabolites of the Hs578T cells in the study
were extracted using a previously reported protocol with small
modications.14 In brief, the modied DMEM spent media were
removed from the cultured samples and the adherent cells were
washed with pre-warmed phosphate-buffered saline (PBS) (5
mL). Cellular metabolic processes were then quenched by
adding 1 mL methanol (#−48 °C) to the cells, scraped and
transferred into 1.5 mL Eppendorf tubes (4 °C), vortexed for 1 h
at 4 °C and centrifuged (Eppendorf Centrifuge 5424 R, Eppen-
dorf, Hamburg, Germany) at 13 000 × g, 4 °C for 10 min. The
supernatants of the cell extracts were transferred and dried
using a Genevac HT-12 Vacuum Evaporator (Genevac, Scientic
Products, Ipswich, UK). The dried extract of each sample was
then reconstituted in 100 mL of 1 : 1 methanol : water, centri-
fuged at 13 000× g, 4 °C for 5 min, and 60 mL of the supernatant
was analyzed immediately with LC-MS and LC-MS/MS. Cell-free
media were extracted following the same protocol and used as
blanks. An equal volume from each extracted sample in the
study (30 mL) was collected, pooled and vortexed (30 s) and used
as pooled quality control (QC) sample or pooled cell extract. The
pooled QC was used for metabolite identication and assess-
ment of the instrument performance, while the pooled cell
extract was used for method development and evaluating the
20748 | RSC Adv., 2025, 15, 20745–20759
performance of the chromatographic methods for metabolite
proling.

2.7.3. LC-MS and LC-MS/MS. The extracted samples of the
Hs578T cells were randomized and analyzed with Z-HILIC in
a single LC-MS analytical batch with the standard mixture and
blanks. The column was conditioned using the pooled QC (n =

6) sample. The stability, robustness, reproducibility and
performance of the LC-MS system was assessed by injecting the
pooled QC every 5 samples. In addition, the pooled QC was
injected (n > 4) using AcquireX deep-scan DDA for targeted
fragmentation of the metabolite peaks in the samples including
any possible peaks of the metabolites available in the standard
database.

2.7.4. Data pre-processing and metabolite identication.
Compound Discoverer 3.3 SP1 (Thermo Fisher Scientic, Wal-
tham, MA, USA) was used to process the raw dataset of the
Hs578T cell extracts for untargeted metabolomics, univariate
analysis and metabolite identication. Briey, the pooled QC
sample was used for peak alignment. RT range, mass range,
mass tolerance for peak picking and metabolite identication
and activation energy tolerance were 3.2–23 min, m/z 70–1400,
5 ppm and CE 5, respectively. The dataset comprising control
0 d, control 3 d, control 7 d, Dox 3 d and Dox 7 d was normalized
to cell counts of each group in the study and log-transformed to
restore normality. Metabolite identication was performed by
matching RT, m/z and high-resolution MS/MS spectra (targeted
CE 20, 30 or 50) of metabolites in the samples with the in-house
standard database (mzVault). In addition, the m/z and/or high-
resolution MS/MS spectra obtained with stepped CE of 20, 30
and 50 of sample metabolites were interrogated against
mzCloud standard fragmentation database and the Human
Metabolome Database (HMDB). Identied metabolites in cell
extracts were assigned 4 levels (L1–L4) of condence in
metabolite identication based on the use of RT, m/z and/or
MS/MS for identication following the recommended classi-
cation by the Chemical Analysis Working Group (CAWG),
Metabolomics Standards Initiative (MSI).4 In this classication,
L1: identiedmetabolites using RT,m/z andMS/MS of reference
standards, L2: putatively annotated metabolites using m/z and
MS/MS, L3: putatively characterized metabolite classes usingm/
z and L4: unknowns. In this study, all annotated metabolites
with low condence in identication (L3–L4) were removed.

2.7.5. Data analysis and metabolite selection. Multivariate
analysis using principal component analysis (PCA) and partial
least squares-discriminant analysis (PLS-DA) were performed
on the cell extracts dataset using Simca 18 (Sartorius, Umeå,
Sweden). The dataset was mean-centered and Pareto scaled. The
robustness of the generated PCA and PLS-DA were monitored
using cross-validation (leave-one-out method) using tness of
model (R2X and R2Y) and predictive ability (Q2) values. A
successive comparative PLS-DA was also generated and used for
signicance testing across themetabolite features in the dataset
of the samples. In addition to cross-validation, the validity of
this model was also assessed using permutation test (100 iter-
ations). The number of viable cells aer 7 days of treatment with
Dox was relatively low compared to controls and therefore, Dox
7 days was not used for further investigation.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Signicantly altered metabolites in Dox 3 d extracts
compared to controls were selected using variable importance
in the projection (VIP) of the PLS-DA and adjusted p-values of
Student's t-test with false discovery rate (Benjamini–Hochberg
approach).22 Metabolites with VIP > 1.0 and adjusted p-value <
0.05 were considered signicantly altered in Dox 3 d extracts
compared to controls.

2.8. Metabolite enrichment and pathway analysis

Normalized abundance of the identied metabolites in Dox 3
d and control 3 d extracts were Pareto scaled and processed with
MetaboAnalyst 6.0 23 for metabolite enrichment and pathway
analysis.

3. Results and discussion

In this study, the chromatographic performance of Z-HILIC was
evaluated and compared with an existing ZIC-pHILIC6–10 using
a comprehensive set of 990 authentic standards of metabolites
under the same LC-MS conditions. These standards comprised
chemically-diverse classes of metabolites including organic
acids, amino acids, amines, energy intermediates, mono-/di-
saccharides, nucleotides, coenzymes, vitamins, phytochemi-
cals and their derivatives (Table S1†).

3.1. Evaluation of the chromatographic performance of Z-
HILIC LC-MS

Metabolite standards were analyzed with Z-HILIC and ZIC-
pHILIC LC-MS and the peak shape of each analyte was exam-
ined and evaluated (Fig. 1). Amino acids, organic acids and
derivatives showed a comparable LC performance with both
methods; however, sharper peaks were observed with Z-HILIC.
Both methods showed comparable sensitivity and high reten-
tion towards the middle of the LC run of these metabolite
classes. This is mainly due to enhanced electrostatic interac-
tions at high pH (9.2) that contributed to the improved reten-
tion and peak quality of basic and acidic ionizable species, as
previously reported.6 Nonetheless, amino acids and their
derivatives, such as glutamine and taurine, showed improved,
sharp (FWHM < 15 s) and symmetrical peaks using Z-HILIC
compared to ZIC-pHILIC, a direct reection of the UHPLC
performance of the Z-HILIC and consistent with a previous
column characterization study.24 Similar results were also
observed with organic acids and derivatives such as succinate
and guanidinosuccinate. For neutral analytes including mono-
and di-saccharides such as glucose, sucrose and lactose, an
identical retention but sharper peaks with increased sensitivity
and peak symmetry were observed with Z-HILIC compared to
ZIC-pHILIC. The retention of sugars was previously found not to
be affected by modulating the pH strengths on ZIC-pHILIC,
concluding that separation was achieved only by hydrophilic
interactions.6 Thus, identical retention of sugars on both
columns indicates similar separation mechanism.

In contrast, some primary and secondary amines with
dominant basic groups, such as 2-hydroxyphenethylamine and
purine, showed distinct retention and highly improved peak
© 2025 The Author(s). Published by the Royal Society of Chemistry
shape and sensitivity on the Z-HILIC compared to poor chro-
matography on ZIC-pHILIC (Fig. 1). This may indicate that the
electrostatic repulsion of the charged species on the surface of
ZIC-pHILIC was stronger compared to Z-HILIC, a phenomenon
previously shown to deteriorate peak shape and retention on
ZIC-pHILIC.12 Nevertheless, 2-hydroxyphenethylamine was
highly retained on ZIC-pHILIC signaling the possibility that the
improved peak shape on Z-HILIC is related to the different
percentage of ionizable species on the surface of the stationary
phase and the mitigated metal-analyte interactions compared
to ZIC-pHILIC, as previously discussed.11

Analytes with mixed functional groups such as pyrimidines,
energy intermediates and derivatives, e.g., cytidine, deoxy-
cytidine, ATP, ADP and AMP, showed higher peak quality and
sensitivity on Z-HILIC but similar retention proles, whereas
some analytes were not detected on ZIC-pHILIC column such as
ADP and AMP. Although these analytes were detected and
quantied previously using ZIC-pHILIC,7,9 the working
concentrations of standards (4 mg mL−1) used in this study was
lower than previous studies, indicating that the use of Z-HILIC
improved the LC-MS sensitivity for these analytes.

A holistic overview of the chromatographic performance of
all standards in this study further conrmed the superiority of
Z-HILIC relative to ZIC-pHILIC (Fig. 2). All detected standards
on either column were categorized based on their observed peak
shapes to enable direct comparison between the two methods
(Fig. 2A). Z-HILIC LC-MS detected 707 standards (71.41%),
while the ZIC-pHILIC LC-MS detected only 543 (54.85%) of all
990 standards. The undetected analytes were re-analyzed at
higher concentrations 8–12 mg mL−1, however, they remained
undetectable on both columns (data not included). Z-HILIC
produced overall sharper peaks and less broad peaks (547 and
27, respectively) relative to ZIC-pHILIC (341 and 66, respectively)
(Fig. 2B). Adequate distribution of the detected analytes along
the RT axis minimizes co-elution of peaks and reduces inter-
ferences and ion suppression during electrospray ionization
(ESI).25 Subsequently, this enhances the detection and sensi-
tivity for LC-MS metabolite proling. The distribution of eluted
standards across the working RT range in each column (Z-
HILIC: 3.42–22.96 min; ZIC-pHILIC: 3.54–19.55 min) exhibited
a similar RT distribution pattern with 41% (Z-HILIC) and 35%
(ZIC-pHILIC) of the analytes being well-retained and adequately
distributed in RT region 9.00–15.50 min (Fig. 2C–E). Overall, an
improved RT distribution pattern was observed with Z-HILIC
compared to ZIC-pHILIC.

The ability to resolve isobaric metabolites in the RT dimen-
sion is crucial for accurate metabolite identication in untar-
geted metabolomics. Therefore, we investigated the co-elution
of isobaric and isomeric analytes in our standards by
combining all 990 metabolite standards into a single ‘standard
mixture’. There were 256 metabolite standards with 2–10
isobaric/isomeric species detected using Z-HILIC and only 219
of these standards were detected using ZIC-pHILIC. 172 (67%)
and 112 (51%) isobaric/isomeric analytes of the detected stan-
dards were resolved with Z-HILIC and ZIC-pHILIC LC-MS,
respectively (Fig. 3), indicating that Z-HILIC outperformed
ZIC-pHILIC in selectivity, providing better separation and
RSC Adv., 2025, 15, 20745–20759 | 20749
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Fig. 1 Comparison of representative chromatographic peaks of the standards covering various chemical classes analyzed with LC-MS using (a)
Z-HILIC and (b) ZIC-pHILIC columns. The peak quality of all standards was assessed and compared for both methods as illustrated in Fig. 2.
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reducing co-elution. Modulating the gradient, pH and compo-
sitions of the mobile phase buffer were found to improve
selectivity and separation of charged isobaric and isomeric
20750 | RSC Adv., 2025, 15, 20745–20759
analytes on zwitterionic HILIC columns;6,7,9,12,13 however, such
changes to separate the rest of the isobaric and isomeric ana-
lytes are beyond the scope of this study. Overall, these results
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Chromatographic performance of the Z-HILIC compared to ZIC-pHILIC for the LC-MS analysis of standards. (A) Top: examples of the
coloring schemes of the heatmap below and how it corresponds to different peak shape qualities. Bottom: heatmap of all detected standards on
both columns with corresponding peak shape quality observed using (a) Z-HILIC and (b) ZIC-pHILIC LC-MS. Dark blue box indicates a sharp peak
(symmetrical peak, FWHM < 15 s and S/N > 3), light blue box indicates an adequate peak (symmetrical peak with FWHM= 15–30 s, S/N > 3), yellow
box indicates a broad peak (asymmetrical peak with or without tailing, FWHM >30 s, S/N > 3), and red box indicates no detection. Numbers 1–11:
96-well plate ID and A1-H12: well ID (Table S1†). (B) Total numbers of standards observed in each peak quality category using both columns. (C)
RT distribution showing the percentage of the retained peaks of standards at different RT range. (D) and (E) Histograms of the eluted peaks of the
standards showing the number of the peaks detected over the course of the chromatographic run (RT 3.2–23 min).

© 2025 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2025, 15, 20745–20759 | 20751
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Fig. 3 The performance of the Z-HILIC and ZIC-pHILIC for the separation of isobaric and isomeric analytes in the metabolite standards. (A) and
(B) Show the RT distribution and overlapping of different m/z groups of the detected isobaric and isomeric analytes in the standards using Z-
HILIC and ZIC-pHILIC, respectively. Each horizonal line in the Y-axis represents a single m/z group of 2–10 isobaric and isomeric analytes. (C)
The overall performance of the Z-HILIC compared to ZIC-pHILIC in detecting and resolving the isobaric and isomeric analytes.
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demonstrate that the Z-HILIC method offers superior chro-
matographic performance and sensitivity compared to ZIC-
pHILIC for metabolite proling.
3.2. Performance of Z-HILIC LC-MS for metabolite proling

Spiked cell extracts and standard mixtures were used as feature-
rich samples of unknown and known analytes to evaluate the Z-
HILIC LC-MS performance for metabolite proling and assess
the analyte/matrix effect. LC-MS for metabolite proling aims to
detect a wide range of metabolites with high precision and
20752 | RSC Adv., 2025, 15, 20745–20759
accuracy across samples in a given study. This requires efficient,
robust and stable chromatography with high peak capacity,
well-dened peaks and minimal co-elution/matrix interfer-
ence.1,25 These characteristics are critical to enhance the
detection of a large number of metabolite features and ensure
reliable MS signals for peak alignment, deconvolution, identi-
cation and fold change calculations. Therefore, the extent of
metabolite coverage, RT distribution, sensitivity, repeatability
(i.e. within-batch variation for RT and peak areas), and sample
matrix interference were assessed.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Spiked cell extracts (n = 3), pure standard mixtures (n = 3)
and blanks (n = 3) were analyzed in a single analytical run with
Z-HILIC and ZIC-pHILIC and processed with Compound
Discoverer for metabolite proling. Spiked cell extracts gener-
ated 4314 features with Z-HILIC compared to 3297 features with
ZIC-pHILIC, an improvement of 31% detection coverage
(Fig. 4A). Similar RT distribution of these features were
observed with both methods in RT region 3.2–14 min; however,
more features were found to be highly retained with Z-HILIC in
RT region 16–23 min. Thus, Z-HILIC provides an extended
elution range and increased the spread of metabolites on the RT
axis, a desirable characteristic for metabolite proling,
compared to ZIC-pHILIC and other columns12,13 (Fig. S1†). Of
those features, 559 (Z-HILIC) and 471 (ZIC-pHILIC) metabolites
were identied in the spiked cell extracts using RT and exact
mass of the standards, a metabolite coverage increase of 79.1%
with Z-HILIC compared to 66.6% with ZIC-pHILIC for all
detected standards in this study, and indicates that the Z-HILIC
is more sensitive and less prone to matrix effects. This is evident
in the enhanced sensitivity observed in the average peak areas
of all detected features and identied metabolites with Z-HILIC
compared to ZIC-pHILIC (Fig. 4B), which leads to less inuence
by the matrix species as the ion-suppression in electrospray
ionization is known to be more prominent against low abun-
dance peaks.25

Variability in the LC-MS analytical run (repeatability) was
assessed by calculating relative standard deviations (RSD) of the
RT and peak areas of the identied metabolites in the spiked
Fig. 4 Assessment of the metabolic profiling and metabolite identificati
obtained with Z-HILIC and ZIC-pHILIC LC-MS showing (A) the number o
peak areas in the spiked cell extract and the standardmixture. (C) The num
DDA (Xcalibur) compared to deep-scan DDA (AcquireX).

© 2025 The Author(s). Published by the Royal Society of Chemistry
cell extracts using both methods. Z-HILIC was more stable and
less prone to RT shis, with an average RSD of 0.79% and 85%
of the metabolites falling within an RSD range of 2%. In
contrast, ZIC-pHILIC showed a higher average RSD of 1.00%,
with only 73% of the metabolites falling within RSD range of
2%. However, both methods were within the acceptable limit of
$70% of the peaks having an RSD range of 2%.26 In addition,
enhanced repeatability across peak areas of the identied
metabolites was observed with Z-HILIC (RSD within 17.5%)
compared to ZIC-pHILIC (RSD within 71.8%). Overall, the
results showed that Z-HILIC analysis enabled detection of
a wide range of metabolites with high sensitivity, precision and
stability compared to ZIC-pHILIC and therefore, the former is
more suited for LC-MS metabolite proling.

3.3. Development of standard spectral database for
metabolite identication

Broad chemical-diversity of metabolites in biological samples
increases the possibility of false identication usingm/z only; in
addition, co-eluted isobaric/isomeric metabolites cannot be
distinguished even with the use of authentic standards RT and
m/z. MS/MS techniques generate high-energy spectra with
a specic set of fragments for each metabolite that can be
matched with an in-house or online standard spectral database
for identication.1,27 Considering that, fragmentation in MS is
structure-dependent and each metabolite has an optimum
collision energy (CE) that produces informative MS/MS spectra
essential for manual or automated metabolite identication.
on using Z-HILIC LC-MS. Comparison between the metabolic profiles
f the detected features and identified metabolites and their (B) average
ber of the acquiredMS/MS spectra and (D) identifiedmetabolites using

RSC Adv., 2025, 15, 20745–20759 | 20753
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The attempt to match metabolite fragmentation spectra with
reference spectral databases using different CE or tandem MS
techniques is suboptimal and leads to false identication.
Therefore, our spectral database of standards was curated with
a specic CE for each standard to enable accurate matching of
metabolite fragments with the reference spectra. The use of MS/
MS along with (m/z, RT) in the database provided a conrmatory
layer of condence in metabolite identication in addition to
the potential of identifying isobaric/isomeric metabolites with
high accuracy. The developed Z-HILIC LC-MS method was used
in DDA employing higher-energy collisional dissociation (HCD)
to optimize the collision energy (CE) for each standard and
curate an MS/MS spectral database for metabolite identica-
tion. Individual standards were analyzed using a modied
acquisition method to target their exact mass and RT for frag-
mentation at different CE values of 20, 30 and 50 in both ESI
modes. MS/MS spectra for each standard were then visually
examined and evaluated to select fragment-rich spectra (5–10
fragments) with at least 10% relative abundance and the data-
base was then populated with one specic CE value for each
standard (Fig. S2†). As a result, an in-house spectral database of
707 metabolite standards with m/z, RT and MS/MS at specic
CEs in ESI+ or ESI− modes (Table S2†) was curated using the
mzVault spectral database (Thermo Fisher Scientic, Waltham,
MA, USA). Therefore, our in-house database of standards
enabled metabolite identication in the samples with high
condence (level 1, MSI classication).4
3.4. Evaluation of MS/MS acquisition techniques for
metabolite identication

DDA is widely used in metabolomics to generate MS/MS spectra
of the metabolites in the biological samples to aid identication
and annotation using spectral database.8,10,14–16 However, low
numbers of MS/MS spectra of the metabolite features in the
samples were typically obtained with DDA as only the most
abundant peaks are selected for fragmentation, leaving behind
potentially important metabolites that are present at low
abundances.15 AcquireX is an automated fragmentation acqui-
sition soware using different DDA techniques, such as deep-
scan DDA, to increase MS/MS coverage of metabolite features
in experimental samples. By injecting samples multiple times
for fragmentation of unique peaks in a samples, while contin-
uously excluding blank background peaks and previously frag-
mented peaks, more MS/MS spectra can be collected.15

Therefore, a metabolomics workow was established using the
developed Z-HILIC LC-MS proling method and AcquireX deep-
scan DDA. The workow was used with the curated standard
spectral database and Compound Discoverer for high-
throughput identication of metabolites in the study. The
spiked cell extracts and the standard mixture were analyzed
with the AcquireX workow using 3 consecutives MS/MS itera-
tions for each CE in both modes and compared with a standard
DDA (Xcalibur). Multiple injections led to a marked increase in
the number of MS/MS spectra acquired, with a total of 608
fragmentation spectra obtained with deep-scan DDA (AcquireX)
(Fig. 4C) compared to only 278 acquired with standard DDA
20754 | RSC Adv., 2025, 15, 20745–20759
(Xcalibur). This enhancement enabled identication of 80%
more metabolites with 289 and 365 metabolites identied using
MS/MS in the spiked cell extract and the standard mixture,
respectively, compared to only 160 and 173 identied using
standard DDA (Fig. 4D). These results indicate that the use of
deep-scan DDA, compared to standard DDA, is more effective in
identifying metabolites, especially in samples were matrix
effects can compromise ion signals; this is higher than the
previously reported 50% increase obtained using a different
hybrid-Orbitrap MS.15 Therefore, the developed Z-HILIC LC-MS
with AcquireX deep-scan DDA workow was used for the anal-
ysis of the biological samples below.
3.5. Untargeted metabolomics of Hs578T cell extracts
exposed to doxorubicin (Dox)

3.5.1. LC-MS performance for metabolite proling. LC-MS
proles of Hs578T cell extracts of control 0 d (n = 3), control
3 d, control 7 d, Dox 3 d (n = 3), Dox 7 d (n = 3), pooled QC and
blank were pre-processed using Compound Discoverer for
untargeted ESI+ and ESI− peak picking, peak alignment,
adducts peak deconvolution, background peak subtraction,
normalization and log transformation to restore normality. As
a result, 3861 metabolite features were obtained and their raw
abundances were normalized to cell count (Fig. S3A†). The raw
and normalized dataset were then used for multivariate anal-
ysis. PCA of the raw dataset was generated to assess the stability
of the analytical system using the pooled QC approach.26,28,29

The pooled QCs were found closely clustered towards the center
of the PCA score plot and all samples were within the 95%
Hotelling's T2 condence limit (Fig. S3B†). These results indi-
cate satisfactory LC-MS system stability with no outliers for
untargeted metabolomics.

3.5.2. Data analysis. PCA and PLS-DA of the normalized
dataset of the samples in the study, omitting the QC samples
were generated. PCA was used to give an unbiased overview of
any trends, clustering and variation between the samples, and
PLS-DA was used for modelling the differences and identifying
signicant metabolite features between samples, if any. All
control samples (control 0 d, 3 d and 7 d) clustered together in
both PCA (Fig. 5A) and PLS-DA (Fig. 5B) score plots, while Dox 3
d and Dox 7 d clustered away from each other and from
controls. Cross-validation [R2X, R2Y and Q2] values of the
generated PCA and PLS-DA were higher than the recommended
value of 0.5 and above for a robust model,30 indicating that
these models are less likely to be spurious or overtted. Because
the number of the viable cells in Dox 7 d was very low compared
to controls and would compromise the ability to acquire a reli-
able MS signal (Fig. S3A†), Dox 7 d was not used for further
investigation. Comparative PCA and PLS-DA of the metabolic
proles of control 3 d and Dox 3 d (Fig. S3C and D†) further
conrmed that they were well separated and therefore, this PLS-
DA was used to extract the metabolite features responsible for
the difference between both sets of samples. The validity of the
comparative PLS-DA was further assessed using permutation
test (Fig. S3E†). R2Y and Q2 cumulative scores were higher than
the randomly permuted R2Y and Q2 values and the Q2 intercept
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Significantly affected metabolic pathways in Hs578T cells exposed to doxorubicin (Dox) compared to controls using multivariate,
enrichment and pathway analysis. (A) PCA and (B) PLS-DA score plots of themetabolic profiles of the study samples; cross validation values of the
models were: R2X = 0.792, Q2 = 0.657 for PCA and R2X = 0.890, R2Y = 0.899, Q2 = 0.541 for PLS-DA. (C) Log2 fold change of the significantly
affected metabolites identified in Dox 3 d compared to control 3 d. (D) Pathway enrichment analysis showing the top 25 enriched metabolic
pathways in Dox 3 d compared to control 3 d. (E) Pathway analysis highlighting the top significantly altered metabolic pathways in Hs578T cells
due to Dox treatment. Numbers correspond to (1) taurine and hypotaurine metabolism, (2) histidine metabolism, (3) nicotinate and nicotinamide
metabolism, (4) glycine, serine and threonine metabolism, (5) arginine and proline metabolism, (6) cysteine and methionine metabolism, (7)
pyrimidine metabolism, (8) glycerophospholipid metabolism, (9) pyruvate metabolism and (10) tryptophan metabolism. The value of −log10(p-
value) represented by colour graduation from white (small), yellow, orange to red (large), whereas, the pathway impact represented by the circle
size graduation: small (low impact) to large (high impact).
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value of the regression line was −0.033.31 These results
demonstrated that the model is statistically sound with a reli-
able predictive power and suitable for feature selection and
signicance testing.

3.5.3. Metabolite identication and signicance testing.
RT, m/z and MS/MS of the 3861 metabolite features detected in
the Hs578T cell extracts were interrogated against HMDB, the
in-house standard spectral database (mzVault) andmzCloud for
metabolite identication. As a result, 1543 metabolites were
identied/annotated; however, only 173 metabolites were
© 2025 The Author(s). Published by the Royal Society of Chemistry
reported (Table S3†) with high condence in identication (i.e.
L1 and L2, MSI classication).4 The signicantly altered
metabolite features in the samples were selected using both
PLS-DA VIP score $1.0 (multivariate analysis) and adjusted p-
values <0.05 across biological replicates (univariate analysis).
Across all detected 3861 features in the study, 176 features were
found signicantly altered in Dox 3 d compared to control of
which 26 metabolites were identied and selected as signi-
cantly altered metabolites in Dox 3 d compared to control 3
d (Fig. 5C). These metabolites cover different chemical classes
RSC Adv., 2025, 15, 20745–20759 | 20755
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such as organic acids, amino acids and derivatives, nucleotides
and derivatives, nicotinamides, energy molecules and sugars.

3.5.4. Pathway analysis. The identied metabolites in the
Dox 3 d and control 3 d samples were enriched and mapped
onto metabolic pathways using MetaboAnalyst 6.0.23 As a result,
27 metabolic pathways were found enriched (adjusted p-value <
0.05) (Fig. 5D and Table S4†). Further pathway analysis identi-
ed 20 signicantly altered metabolic pathways in Dox 3
d compared to control. These metabolic pathways were associ-
ated with amino acid, nicotinate and nicotinamide, pyrimidine
metabolism, glycerophospholipid and pyruvate metabolism
(Fig. 5E).

3.5.5. Doxorubicin-induced metabolic signature in Hs578T
cells. Lethal doses of Dox causes DNA damage, oxidative stress,
and apoptosis in breast cancer cells leading to cell death
through DNA intercalation and inhibition of topoisomerase II.32

The sublethal concentrations of Dox used here, induced
signicant metabolic shis in Hs578T breast cancer cells,
affecting diverse metabolites and pathways. For instance,
amino acids and their derivatives play a key role in metabolic
reprogramming in cancer cells under stress by maintaining the
antioxidant system (redox balance), mTOR signaling, nucleo-
tide and protein biosynthesis.33,34 Increased levels of proline,
arginine, leucine/isoleucine, trans-4-hydroxy-L-proline and a-
ketoisovalerate were found in Dox-treated cells compared to
control. These elevated levels indicate disrupted amino acid
metabolism in Hs578T cells, enhancing oxidative stress
response and protein turnover, consistent with previous
studies.35,36 Furthermore, elevated sarcosine levels in Dox-
treated cells highlight methylation cycle imbalances, while
altered levels of serine, threonine and histidine suggest
compromised one-carbon metabolism, which is critical for DNA
methylation and nucleotide biosynthesis. These results align
with previous ndings33–35 and are further supported by the
perturbation in pathways involved in one-carbon metabolisms34

and nucleotide biosynthesis37 identied in Dox-treated cells
(Fig. 5D), e.g. glycine, serine and threonine metabolism;
cysteine and methionine metabolism; tryptophan metabolism
and pyrimidine and purine metabolism.

The accumulation of lactate, pyruvate and suppression of the
TCA cycle were previously linked to glycolysis as the main
source of energy in cancer cells under oxidative stress.38 Our
results similarly showed that lactate and pyruvate were signi-
cantly elevated in Hs578T cells treated with Dox. However, the
increased levels of creatine, phosphocreatine and creatinine
support a possible shi in central energy pathways, reecting
a potential Warburg effect reversal under Dox exposure toward
oxidative phosphorylation.39 Pathway analysis identied alter-
ations in the pantothenate and CoA biosynthesis, vitamin B6

and biotin metabolism, which may indicate a perturbed acetyl
CoA production, TCA cycle and energy generation in Dox-
treated cells, similar to a previous investigation in MCF-7
breast cancer cells.40 Dox is, therefore, limiting cell prolifera-
tion by depleting energy resources; however, such stress causes
Hs578T cells to undergo metabolic reprogramming to be less
reliant on glycolysis for energy production, thereby conferring
resistance towards Dox.41
20756 | RSC Adv., 2025, 15, 20745–20759
Cytosine and 5-methylcytosine were found signicantly
elevated in Dox-treated cells compared to control, suggesting
disrupted DNA methylation, which impairs DNA repair and
replication.32 Concurrently, altered levels of glycer-
ophosphocholine, choline, and 2-amino-1,3,4-octadecanetriol
due to Dox treatment indicate an impaired lipid metabolism,
destabilizing the lipid bilayer and triggering apoptotic
signaling.42 This observation aligns with the ability of Dox to
activate cell death through apoptosis.43 In addition, disruption
of biotin metabolism and lipoic acid metabolism in Hs578T
cells by Dox correlates with the reported Dox-induced mito-
chondrial dysfunction in cancer cells, causing further oxidative
stress and apoptosis.44,45

In summary, Dox was found to alter many metabolic path-
ways in Hs578T cells reecting its multi-targeted modes of
action and a global oxidative stress, mitochondrial dysfunction,
and impaired biosynthesis response. These insights underscore
the importance of understanding the metabolic vulnerabilities
in TNBC to improve the efficacy of chemotherapeutic agents
and may contribute in dening a new targeted therapy for
TNBC.
4. Conclusion

A new LC-MS method using Z-HILIC column and a large
number of metabolite standards was developed, evaluated for
untargeted metabolomics studies and applied for metabolic
characterization of TNBC cells treated with Dox. The method
demonstrated higher sensitivity, selectivity, metabolite
coverage and analytical stability compared to the widely used
ZIC-pHILIC method.6–10 The use of the method with a compre-
hensive local spectral MS/MS database and RT along with MS/
MS deep-scan acquisition method provides a high-throughput
workow for metabolic proling and rigorous metabolite
identication. The developed metabolomics workow offers
improved metabolite and pathway proling related to Dox-
induced metabolic alterations in TNBC cells and is suitable
for different untargeted metabolomics applications.
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