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V. Summary of the Dissertation
This dissertation presents two studies, which respectively explored metabolite and lipid

biomarkers in relation to immune response after mRNA COVID-19 vaccination, and

introduced a comprehensive tissue sample preparation workflow to facilitate

metabolomics and lipidomics analysis across a broad spectrum of biological samples.

The first part of the dissertation, shown in chapter 1, aimed to investigate the

association between specific metabolite compounds and two key humoral response

outcomes, namely levels of spike-specific anti-SARS-CoV-2 antibodies and their

neutralization activity. Plasma and serum samples from healthcare workers (HCWs), as

part of the RisCoin study, at a quaternary care hospital in Munich, Germany, were

collected between October and December 2021. From over 4,000 participants, 412

were selected for detailed metabolomics and lipidomics analysis using high-

performance liquid chromatography electrospray ionization triple quadrupole-linear ion

trap mass spectrometry (HPLC-ESI-QTRAP-MS/MS), with 363 samples included in the

final statistical analysis after data cleaning. Statistical analysis revealed significant

positive correlations between elevated concentrations of three acylcarnitines and 15

lipid compounds, including sphingomyelins and ether lipids, with higher levels of spike-

specific antibodies (FDR adjusted p < 0.05). However, no metabolites were significantly

associated with neutralization activity, although neutralization activity showed a positive

correlation with anti-spike antibody levels (p < 0.001). Pathway analysis further

highlighted the involvement of sphingolipid, ether lipid, and glycerophospholipid

metabolism in modulating the immune response to vaccination. These findings suggest

that the metabolic state, particularly the activity of certain lipid pathways, played an

important role in influencing the efficacy of mRNA COVID-19 vaccination. 18 reported

discriminant metabolites, from sphingomyelin, ether phosphatidylcholine (ether PC),

ether/acyl lysophosphatidylcholines (LPC), and acylcarnitine groups, emerged as

potential biomarkers of vaccine-induced immune responses.
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The second part of this thesis, described in chapter 2, has been successfully published

in Analytica Chimica Acta on 25.01.2025 (DOI: 10.1016/j.aca.2025.343728). This

section highlights the challenges associated with metabolomics and lipidomics

analyses of tissue samples, which are less explored compared to other biological

matrices due to complexities regarding collection, preparation, and standardization. To

address these issues, we established a comprehensive robust tissue sample

preparation and a workflow capable of quantitatively analysing a broad spectrum of

metabolites, ranging from high polarity to high lipophilicity compounds. Using pork

tissue as the model, six solvent mixtures with varying lipophilicity were evaluated for

tissue homogenization, followed by metabolite extraction using methanol (MeOH) for

polar compounds and methyl-tert-butyl ether (MTBE) in MeOH for lipophilic ones. To

mitigate the issue of solvent-induced pipette tip blockage, a prewetting correction factor

was introduced for highly lipophilic homogenization solutions and low-volume

homogenate pipetting. Extraction efficiencies across 24 preparation conditions were

assessed using Upset plots, with the optimal performance achieved using phosphate-

buffered saline (PBS):MeOH (1:1, v/v) combined with a two-step extraction process

involving MeOH for polar metabolites and 75% MTBE in MeOH for lipids. This

optimized workflow was effectively applied to mouse pancreas tissues, uncovering

anatomical region-specific metabolic activities and demonstrating its potential to

advance metabolomics research.

Together, the findings from these two studies contribute to the understanding of

metabolite and lipid biomarkers in both vaccination-induced immune responses and

tissue-specific metabolic profiling, offering promise for advancing clinical and

experimental metabolomics research.

https://doi.org/10.1016/j.aca.2025.343728
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Chapter 1 – RisCoin Study

Plasma Metabolite Correlates of Immune Response in
Health Care Workers Post Two Doses of mRNA COVID-
19 Vaccines: Analysis of A Riscoin Study Subsample

1.1. Introduction

1.1.1. Background

1.1.1.1. Overview of SARS-CoV-2 and COVID-19 Pandemic

The global outbreak of COVID-19, triggered by the highly transmissible severe acute

respiratory syndrome coronavirus 2 (SARS-CoV-2), has emerged as one of the most

profound public health crises of the 21st century [1-3]. SARS-CoV-2 virus primarily

targets the lower respiratory tract, the COVID-19 disease can further inflict damage on

multiple organs, including heart, gastrointestinal tract, lymph nodes, liver, and brain [4,

5]. Although most patients exhibit favourable prognoses, approximately one-fifth

experience severe symptoms with a significant number requiring intensive care [6]. As

of August 2025, the World Health Organization (WHO) reported over 778 million

confirmed cases and 7.1 million deaths due to COVID-19, underscoring the disease's

massive impact [7].

The rapid mutation of SARS-CoV-2 has led to the appearance of numerous variants,

some of which have shown increased transmissibility, resistance to neutralizing

antibodies, and, in some cases, enhanced virulence [8]. Notable variants include Alpha,

Beta, Gamma, Delta, and Omicron, with the latter giving rise to several sublineages,

including BA.2.86, JN.1, and EG.5 [8, 9]. Each of these variants presents unique

challenges to public health efforts. The BA.2.86 variant carries numerous mutations in

its spike protein, prompting concerns regarding its ability to bypass immune defenses

established through prior infections or vaccinations [10]. Similarly, EG.5 and JN.1 have

shown increased transmissibility, which could lead to new waves of infections even in

populations with high vaccination coverage [10-12]. The continuous evolution of SARS-
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CoV-2 variants underscores the importance of maintaining vigilance and advancing

medical strategies to combat this infectious disease.

1.1.1.2. The Role of Vaccination in COVID-19 Prevention and Mitigation

Vaccination remains the cornerstone of efforts to control the COVID-19 disease by

effectively preventing severe disease and death, even breakthrough infections, where

vaccinated individuals still contract the virus, can happen, particularly with newer

variants [13, 14]. The development of vaccines, particularly mRNA-based vaccines

such as those produced by BioNTech & Pfizer and Moderna, has been a remarkable

scientific achievement, offering high levels of efficacy in preventing SARS-CoV-2

infections or mitigating severity following breakthrough infections [13, 14]. These

vaccines operate by delivering genetic instructions that encode the viral spike protein,

prompting an immune response that involves the generation of antibodies directed

against the spike antigen of SARS-CoV-2 [15]. Especially, the production of

neutralizing antibodies, which commonly target the receptor-binding domain (RBD) of

the viral spike protein, is recognized as a key indicator of immunity against severe

COVID-19 [16].

It is worth noting that the concentrations and kinetics of anti-spike antibodies vary

considerably among individuals following vaccination or infection [17, 18].

Understanding the underlying mechanisms of this variability is essential for optimizing

vaccination strategies, particularly for vulnerable populations, who may not possess

robust immune responses. Factors such as gender, age, health conditions and

previous exposure to the virus have been shown to affect the strength and longevity of

the immune response against SARS-CoV-2, while deeper underlying mechanisms are

still not fully unveiled [19-23].

1.1.1.3. Metabolomics and Immune Response

Metabolomics, the comprehensive analysis of metabolites within biological systems,

has provided substantial impetus to unveil the mechanism behind various health
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conditions and progression of diseases [24-29]. Emerging evidence links metabolic

regulation to adaptive immunity, involving several cellular metabolic pathways such as

fatty acid metabolism, cholesterol synthesis, glycolysis, and oxidative phosphorylation

[30-32]. Several studies have investigated changes in the metabolic state of COVID-19

patients relative to disease severity [33-35]. Blood sample-based metabolomics has

also provided valuable insights into the mechanisms underlying influenza and DTaP

(diphtheria, tetanus, and pertussis) vaccine-induced immune responses [36, 37].

However, limited research has examined the association between metabolites and the

humoral immune response to COVID-19 vaccination. Metabolites such as amino acids,

tricarboxylic acid cycle (TCA) organic acids, sphingomyelin (SM), free fatty acids,

cholesterol, triglycerides, ceramides and lysophosphatidylcholine (LPC) have been

linked to the immune response to COVID-19 vaccines [38-41].

1.1.2. Aim of the study

The present study, involving healthcare workers from the RisCoin (Risk Factors for

COVID-19 Vaccination Failure) study, sought to uncover metabolite biomarkers linked

to changes in humoral immunity against SARS-CoV-2 after mRNA COVID-19

vaccination. The study employed detailed metabolomics and lipidomics approaches

[42], , utilizing advanced targeted high-performance liquid chromatography-

electrospray ionization triple quadrupole linear ion trap mass spectrometry (HPLC-ESI-

QTRAP-MS/MS) to precisely quantify organic acids, acylcarnitines and ether-linked

lipids (such as ether phosphatidylcholine (PCae) and ether LPC (LPCe)). The latter

have been reported in several studies to be promising predictive biomarkers for the

outcome of COVID-19 patients and other diseases such as rheumatoid arthritis [43-45].

Linear regression and binomial logistic regression models, adjusted for covariates,

were utilized to explore metabolites significantly correlated with humoral immune

responses, i.e. anti-spike antibody concentrations and live-virus neutralization.

Pathway analysis based on the most discriminant metabolite biomarkers was further
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conducted to enhance understanding of the molecular mechanisms behind mRNA

vaccine-induced protection against SARS-CoV-2.

1.2. Material and Methods

1.2.1. Study Design

The recruitment strategy and fundamental characteristics of the RisCoin Study have

been previously outlined [42]. In brief, from October 7 to December 16, 2021,

coinciding with Germany’s fourth COVID-19 wave, all employees and trainees aged 18

and older at LMU University Hospital, the country's 2nd-largest quaternary care

hospital, were invited to provide blood samples and fill out an online survey. Most

healthcare workers participated during the last three weeks of October and first two

weeks of December, aligned with a hospital-organized COVID-19 vaccination

campaign. All participants were vaccinated at least twice, primarily with BNT162b2

(Comirnaty® by BioNTech & Pfizer) and mRNA-1273 (Spikevax® by Moderna), against

COVID-19 before enrolment. Among > 4000 HCWs, 412 HCW samples (340 HCW

considered healthy [HCW-H] and 72 with reported diseases [HCW-D]), while not

representative for the total group (n > 4000), were selected and analysed for the here

presented study. Regarding the selection criteria for these 412 HCWs, 294 HCW-H

samples of them were selected by matching the distribution of gender, age, vaccine

type, and absence of health issues (e.g., chronic lung diseases, diabetes) to the other

two smaller RisCoin subcohorts: psychiatric patients (PSY, n = 116) and inflammatory

bowel disease patients (IBD, n = 173) [42]. These 294 HCW samples will be further

utilized as negative controls for investigating the PSY and IBD cohort. 46 extra HCW-H

and 72 HCW-D samples were selected by matching gender, age, and health issue

distributions from the CORKUM (LMU-Klinikum Biobank) study (n = 91). These 118

HCW samples will later be utilized as negative controls for the CORKUM study (46

HCW-H + 72 HCW-D).

1.2.2. Biosamples
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Plasma samples were collected in LH-Plasma Monovette (Sarstedt) and transferred to

the lab in ice boxes using crushed ice for cooling. Within 4 hours after sample

collection, the following sample preparation steps were performed: centrifugation at

939 rcf for 10 minutes at 4°C, pipetting plasma into thermo matrix tubes in 96-tube-

racks, scanning the bar code and QR-code information on each individual blood

sample tube and their respective thermo matrix sample storage tube before storage at -

80°C. Plasma samples were later selected for metabolomics and lipidomics profiling.

The corresponding serum specimens of each plasma sample were tested for SARS-

CoV-2-specific anti-spike antibodies, anti-nucleocapsid IgG, and live-virus

neutralization activity.

1.2.3. Data Collection

The online questionnaire surveyed information on demographics, COVID-19

vaccination history, health conditions, medication intake, dietary patterns, supplement

use, education level, and lifestyle.

1.2.4. Detection of Anti-SARS-CoV-2 Antibodies

Serum specimens were processed as described to assess the abundance of anti-

SARS-CoV-2 antibodies targeting the nucleocapsid protein and the concentrations of

anti-spike antibodies [46, 47]. The Elecsys Anti-SARS-CoV-2 assay (Roche, Basel,

Switzerland, cat.: 09203095190) was conducted following the manufacturer’s protocol

to identify anti-nucleocapsid antibodies [46], while the Elecsys Anti-SARS-CoV-2 S

assay to measure the concentrations of anti-spike antibodies.

1.2.5. Live-virus Neutralization Assay

Antibody mediated live-virus neutralization was measured as described [48] [49]. In

brief, of the Omicron B.1.1.529 BA.1 SARS-CoV-2 variant (GISAID EPI ISL: 7808190)

after clinical isolation was expanded in Vero-E6 cells (American Typ Culture Collection)

and subsequently characterized using real-time RT-PCR as described [50]. Following

expansion, the tissue culture infection dose resulting in 90% loss of target cell viability
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(TCID90) was incubated with different dilutions of the participants’ sera for 2 h at room

temperature. Afterwards, the virus serum mixture was introduced to MDA-MB-231 cells

overexpressing hACE2. Cell viability was assessed at 48 h post infection by adding 10

µL of CellTiter-Glo 2.0 reagent (Promega) and measuring the bioluminescence signal

(no filter, 0.5 seconds integration time). IC50 values for live-virus neutralization were

determined through normalized sigmoidal dose-response curve fitting of the data. IC50

values ≤ 1:10 serum dilutions were corrected to IC50 = 1:10 serum dilution.

1.2.6. Sample Preparation and LC-MS Measurements

For metabolomic analysis, we used 96-wellplates, analyzing 74 samples, 6 sample

pool quality controls (QCs), 4 control plasmas (CPs), one internal standard (ISTD), one

H2O blank for system contamination check, and 6 to 10 calibration solutions depending

on the individual single platform analysis. 450 µL of the methanol containing all ISTDs

(MeOH-ISTD solution) was dispensed simultaneously with an epMotion 96XL device

from Eppendorf (Hamburg, Germany) into the wells of a 1.2 mL 96-well plate (Brand,

obtained from Sigma-Aldrich, Schnelldorf, Germany), followed by pipetting 50 µL LH-

plasma directly into the MeOH-ISTD solution. By drawing and ejecting 20 times, a

homogeneous protein precipitate was obtained. The plates were sealed by adhesive

foil, shaken at 700 rpm and 25°C for 20 minutes on a ThermoMixer C from Eppendorf

(Wesseling, Germany), and then refrigerated at -20°C for 20 minutes to finalize protein

precipitation. The extract slurry was transferred to a PTFE-membrane filter wellplate,

which was attached with adhesive tape to a new 1.2 mL 96-wellplate. The dual

wellplates were centrifuged at 2113 rcf and 22°C for 15 minutes. The lower wellplate

was sealed with an adhesive foil and stored at -30°C prior to LC-MS/MS sample

preparation and analysis.

For organic acid and lipid analysis, an Agilent 1260 HPLC system equipped with a

degaser (G1379B), a binary pump (G1312B), and a 1260 multi-sampler (G7167A)

(Agilent Technologies, Waldbronn, Germany) combined with MayLab column oven
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(MayLab, Vienna, Austria) were utilized. This HPLC system was coupled to a hybrid

QTRAP 4000 featuring an ESI source (AB SCIEX Pte. Ltd., Concord, Canada). The

Kinetex F5 column (2.6 µm, 2.1 mm x 150 mm) used for separating keto acids and

organic acids (15 analytes) [51] as well as a Kinetex EVO C18 column (2.6 µm, 2.1 x

150 mm) utilized for separating acyl-carnitines (60 analytes) were obtained from

Phenomenex (Aschaffenburg, Germany) [52, 53]. Phosphocholine lipids (LPCa, LPCe,

PCaa, PCae, and SM) were addressed through flow-injection-analysis (FIA) mode, ,

which operates without the need for a chromatographic column [54].

1.2.7. Software Information and Statistical Data Analysis

Sigmoidal dose response curve approximations for the IC50 calculations of live-virus

neutralization were performed using Prism 9 (Graphpad Inc.). Data acquisition was

performed with Analyst 1.6.1, while quantitative data analysis was carried out using

MultiQuantTM 3.0.3 (SCIEX, Ontario, Canada). Participants were considered to have

had COVID-19, if they tested positive for anti-SARS-CoV-2 antibodies against viral

nucleocapsid protein or had a specific positive PCR test. Statistical analysis and

visualization were executed using R programming version 4.4.0 from R foundation,

(Vienna, Austria). An in-house developed R script was used for automated peak

integration, isotopic correction, and quantification of phosphatidylcholine lipids.

Prior to statistical analysis, metabolomics data cleaning was performed according to

the following main steps: 1) Exclusion of all metabolites with 100% missingness and all

samples with 100% missingness. 2) Exclusion of experimental sample outliers based

on missingness analysis, PCA outliers test. Checking if the outliers in PCA could be

explained by high missingness (> 30%). 3) Exclusion of QC sample outliers (needed

for Batch Correction): threshold = Mean +/-3*SD (on log2-transformed data). If one QC

sample show outlier values for all or most of the metabolites (> 90%), then that QC

sample was excluded. Otherwise, only changing certain QC outliers values to NA. 4)

Batch correction for both experimental samples and QC samples (Correction factor =
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batch QC sample mean/ global QC sample mean). 5) Calculation of CV of QC samples,

and dispersion ration (D-ratio: SD (QC samples)/SD (experimental samples)). 6)

Exclusion of metabolites: Metabolites were excluded only if QC-CV > 30% and if the D-

ratio > 50%. Both criteria had to be met for exclusion. 7) Construction of final non-

imputed file: Final non-imputed file were created by combining all platforms in the same

file. All non-experimental samples (QC) were excluded from the final files. 8) Before

imputation, excluding samples that were not measured in all 3 platforms, excluding

samples with missingness > 30% and metabolites with missingness > 30%. 9)

Imputation with “missForest” function from the missForest R package.

Afterwards, multivariate analysis was performed using linear regression for anti-spike

antibodies and binomial logistic regression for neutralization activity. To improve the

conformity of residual distributions to normality, all metabolite and anti-spike antibody

outcomes were natural-log transformed prior to analysis. The main regression model

adjusted for gender, age, 2nd vaccination interval (interval of second vaccination prior

to sample collection), BMI and vaccine type. An extended regression model was

created, additionally adjusted for smoking behaviour, alcohol consumption, physical

activity, education level, vegetable consumption, fish consumption, ready-to-eat meal

consumption, vitamin/mineral/fish oil supplements intake, cardiovascular disease status,

chronic lung disease status, diabetes mellitus status, lipid metabolism disorder status,

thyroid dysfunction status, chronic kidney disease status, chronic hepatic or

gastrointestinal disease status, chronic neurological disorder status, cancer status,

transplantation status, rheumatological disease status, chronic immune disease status,

medication intake variables, taking into account previously identified variables related

to antibody response [19, 46, 47]. Two models were utilized for both linear regression

and logistic regression analysis. Effect estimates were expressed as percent changes

in anti-spike antibody titres (together with 95% confidence intervals [95% CI]) per 1%

increase of metabolites, or the odds ratio of immune neutralization activity (along with

95% CI) on metabolites between the results from main and extended models. Point-



Chapter 1 – RisCoin Study 21

biserial correlation analysis and partial correlation analysis, after controlling the

covariates from the main model were performed to check the association between anti-

spike antibodies and neutralization activity [55, 56].

Effect modification was assessed by incorporating an interaction term for the potential

effect modifier. The examined modifiers included gender (female vs male), age (≤ 45

years vs > 45 years, to keep sample size statistically similar in two groups), 2nd

vaccination interval (≤ 6 months vs > 6 months), vaccine type for twice vaccination

(BioNTech vs Moderna, all 363 participants in this study received same vaccine type

(BioNTech (n = 348) or Moderna (n = 15)) for 1st and 2nd vaccination), HCW group

(HCW-healthy (HCW-H, without disease status, n = 305) vs HCW-disease (HCW-D,

with disease status, n = 58)), smoking behaviour (No vs Yes), alcohol consumption (No

vs Yes), regular physical activity (No vs Yes), regular vegetable consumption (No vs

Yes), regular fish consumption (No vs Yes), regular ready-to-eat food consumption (No

vs Yes), regular vitamin/mineral/fish oil supplements intake (No vs Yes) and education

level (Without university degree vs University degree). Effect modification analyses

were exclusively performed for metabolites showing significant associations with anti-

spike antibody levels based on the main model, and corresponding samples with

unknown information were excluded when analyzing each effect modifier [57-59].

Sensitivity analyses were performed including the following restrictions, i) participants

belonging to HCW-H, ii) participants vaccinated with the BioNTech vaccine, and iii)

participants who did not have unknown information for all variables included in the

extended model [58, 59]. To account for multiple comparisons, the Benjamini-Hochberg

procedure was applied to control the false discovery rate (FDR) with a cut-off threshold

of 0.05 to filter metabolites showing significant associations with anti-spike antibodies

from the main model. For these significant metabolites, pathway analysis was

performed using MetaboAnalyst 6.0 combined with KEGG mapper [60, 61].

1.3. Results
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1.3.1. Characteristics of the Study Population

During the data cleaning procedure, of 412 HCWs who were selected from over 4000

HCW participants in RisCoin study, in total 49 were further excluded due to missing

information, previous SARS-CoV-2 infection, having received the second COVID-19

vaccination within the preceding 28 days or having received a third vaccination, use of

vaccines other than BioNTech or Moderna, or use of immunosuppressive drugs,

leaving 363 participants, not a representative subsample of the total group (n > 4000),

for following data analysis (Figure 1.1). The relative distributions of gender, age, HCW

group, education, 2nd vaccination interval, applied vaccine type for both vaccinations,

weight class, neutralization activity, smoking behaviour, alcohol consumption, regular

physical activity, diet habits, cardiovascular disease, medication intake and other

disease status among study participants are shown in Table 1.1

Missing information of the 
1st/2nd vaccine type (n = 2)

408
Known SARS-CoV-2 infection prior to 
the 1st blood sampling date (n = 5)

403
Positive for reactive anti-N antibodies 
in the 1st blood sample (n = 3)

400
2nd vaccination within 28 days prior 
to the 1st blood sampling date (n = 2)

398
3rd vaccination (booster) > 24 h prior 
to the 1st blood sampling (n = 19)

379
1st or 2nd Vaccine for basic immunization 
is not mRNA type (n = 15)

364
Intake of immunosuppressive drugs (n = 1)

412 HCW (340 
HCW-H, 72 HCW-D)

410

Not measured in all three platforms or 
100% 0 values in any platform (n = 2)

363 HCW (305 
HCW-H, 58 HCW-D)

Figure 1.1. Flow chart for the selection of included subjects.

HCW = Healthcare Worker, HCW-H = HCW considered healthy, HCW-D, HCW with reported

disease.
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Table 1.1. Overview of the study population.

Characteristics RisCoin Selection (n = 363)

Gender (Female) 165 (45.5%)
Age (years)

18-30 80 (22.0%)
31-40 60 (16.5%)
41-50 59 (16.3%)
51-60 86 (23.7%)
≥ 60 78 (21.5%)

HCW subgroup (HCW-H) 305 (84%)
2nd vaccination interval (≤ 6 months) 236 (65%)
Vaccine type (BioNTech) 348 (95.9%)
Weight class

Underweight 5 (1.4%)
Normal weight 210 (57.9%)
Pre-obesity 118 (32.5%)
Obesity 30 (8.3%)

Neutralization activity (Negative) 154 (42.4%)
Smoking behaviour

Non-smoker 339 (93.4%)
Unknown 1 (0.3%)
Smoker 23 (6.3%)

Alcohol consumption
No 173 (47.6%)
Unknown 10 (2.8%)
Yes 180 (49.6%)

Regular physical activity (No) 50 (13.8%)
Regular vegetables consumption (No) 166 (45.7%)
Regular fish consumption (No) 301 (82.9%)
Regular ready-to-eat meal (No) 336 (92.6%)
Regular vitamin/mineral/fish oil supplements

No 257 (70.8%)
Unknown 7 (1.9%)
Yes 99 (27.3%)

University degree
No 192 (52.9%)
Unknown 12 (3.3%)
Yes 159 (43.8%)

Cardiovascular disease (No) 334 (92.0%)
Chronic lung disease (No) 356 (98.1%)
Diabetes mellitus (No) 351 (96.7%)
Lipid metabolism disorder (No) 355 (97.8%)
Thyroid dysfunction

No 344 (94.7%)
Unknown 1 (0.3%)
Yes 18 (5.0%)

Chronic kidney disease
No 360 (99.2%)
Unknown 1 (0.3%)
Yes 2 (0.6%)

Chronic hepatic gastrointestinal disease
No 358 (98.6%)
Unknown 1 (0.3%)
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Characteristics RisCoin Selection (n = 363)

Yes 4 (1.1%)
Chronic neurological disorder

No 359 (98.9%)
Unknown 1 (0.3%)
Yes 3 (0.8%)

Cancer
No 350 (96.4%)
Unknown 2 (0.6%)
Yes_ Cured 10 (2.8%)
Yes_ Remission 1 (0.3%)

Transplantation
No 361 (99.4%)
Unknown 1 (0.3%)
Yes 1 (0.3%)

Rheumatological disease
No 359 (98.9%)
Unknown 1 (0.3%)
Yes 3 (0.8%)

Chronic immune disease
No 360 (99.2%)
Unknown 1 (0.3%)
Yes 2 (0.6%)

Hematological disease
No 357 (99.2%)
Unknown 5 (1.4%)
Yes 1 (0.3%)

Medication intake
No 301 (82.9%)
Unknown 4 (1.1%)
Yes 58 (16.0%)

Data was shown as total number plus percentage (in parenthesis) among all participants (N =

363) for each sub-class of each group. Weight class was set according to the BMI (body mass

index) definitions for adults by the WHO [62].

1.3.2. Characteristics of the Anti-Spike Antibody Concentrations

The distribution of anti-spike titres among different groups showed that the factors,

female gender, younger age, shorter distance between the second vaccination prior to

sample collection, receiving the Moderna vaccine, being healthy, not having a

cardiovascular disease, lipid metabolism disorder, or cancer history, regularly eating

ready-to-eat meals and no regular medicine intake, illustrated significantly positive

correlations with the measured anti-spike antibody levels (Figure 1.2a and Figure

1.2b).
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Figure 1.2a. Overview of the distribution of the log-transformed anti-spike antibody value

among different groups.

(A) gender, (B) age group, (C) 2nd vaccination interval, (D) vaccine type for twice vaccination,

(E) HCW group, (F) cardiovascular disease status, (G) ready-to-eat meal consumption, (H)

cancer status, (I) medication intake. The line within the box means median. Box boundaries

depict the interquartile range. Whiskers indicate outlier threshold (Lower one: 25 percentile –

1.5 * interquartile. Upper one: 75 percentile + 1.5 * interquartile). Independent t-test was

employed to calculate the statistical significance of differences between each group pair. * p <

0.05.
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Figure 1.2b. Overview of the distribution of the log-transformed anti-spike antibody value

among different groups.

(A) BMI, (B) smoking behavior, (C) alcohol consumption, (D) regular physical activity, (E)

regular vegetable consumption, (F) regular fish consumption, (G) regular

vitamins/minerals/fish oil supplements consumption, (H) education level, (I) chronic lung

disease status, (J) diabetes mellitus status, (K) lipid metabolism disorder, (L) thyroid

dysfunction. The line within the box means median. Box boundaries depict the interquartile

range. Whiskers indicate outlier threshold (Lower one: 25 percentile – 1.5 * interquartile.

Upper one: 75 percentile + 1.5 * interquartile). Independent t-test was employed to calculate

the statistical significance of differences between each group pair. * p < 0.05.

After controlling the covariates from the main model, a significant trend was no longer

found for regular ready-to-eat meal consumption (p = 0.06) and lipid metabolism

disorder (p = 0.1), while BMI ≥ 25 kg/m2 showed positive correlations with anti-spike

antibody concentrations (p < 0.01). However, no apparent correlation was found

between immune response and regular fish or vegetable intake, or vitamin/mineral/fish
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oil supplementation as well as physical activity, education level and other reported

diseases (Figure 1.2b).

1.3.3. Association between Metabolites and Anti-Spike Antibody Levels

In the main model, 18 metabolites from the acylcarnitine, phosphatidylcholine and

sphingomyelin groups showed significant positive associations with anti-spike antibody

concentrations (Figure 1.3a). In the extended model, 14 metabolites from the same

metabolite groups showed significant positive associations with anti-spike antibody

concentrations (Figure 1.3a). These significant metabolites among two models shared

Figure 1.3a. Volcano plots presenting the associations between metabolites and anti-spike

antibodies.

The Y axis indicates negative logarithm (-log10) of the p-value. The X axis represents the

association between metabolites and anti-spike antibodies. The red dashed line shows

adjusted statistical significance cut-off according to the Benjamini-Hochberg (FDR) method.

Carn: acylcarnitine, PCae: acyl-alkyl phosphatidylcholine, LPCa: alkyl lysophosphatidylcholine,

LPCe: acyl lysophosphatidylcholine, SM: alkyl sphingomyelin.
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Figure 1.3b. Venn diagram showing intersection between significant metabolites from the

main model (orange) and the extended model (purple).

Figure 1.3c. 95% CIs for the comparison of percent changes in anti-spike antibodies per 1%

increase of metabolite concentration between the results from main and extended models.

The triangle and dot mean Beta estimate for each compound from main and extended models

respectively.
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a big overlap (13 metabolites), indicating that the results are robust (Figure 1.3b). In

addition, the vertical line chart of 18 metabolites in the main model also showed a

similar positive trend in the extended model (Figure 1.3c).

1.3.4. Association between Metabolites and Live-virus Neutralization

The volcano plots clearly show that no metabolites were significantly correlated with

the participants live-virus neutralization activity against SARS-CoV-2 variant Omicron

BA.1 neither in the main nor in the extended model (Figure 1.4a). In addition, the

vertical line chart of most of the 18 metabolites from the main model for anti-spike

antibodies did not show a clear trend for neutralization activity using both models

(Figure 1.4b).

Figure 1.4a. Volcano plots presenting the associations between metabolites and

neutralization activity.

The Y axis indicates negative logarithm (-log10) of the p-value. The X axis represents the

association between metabolites and neutralization activity. The red dashed lines shows

adjusted statistical significance cut-off according to the Benjamini-Hochberg (FDR) method.



Chapter 1 – RisCoin Study 30

Figure 1.4b. 95% CIs for the comparison of odds ratio in of immune neutralization activity on

metabolites between the results from main and extended models.

The triangle and dot mean Beta estimate for each compound from main and extended models

respectively.

1.3.5. Relationship between Anti-Spike Antibody Titers and Live-virus

Neutralization Activity

The point-biserial correlation analysis demonstrated that anti-spike antibody titers were

significantly correlated with neutralization activity (cor = 0.615, p < 0.001). The partial

correlation analysis also showed a significant association between both immune

response variables (cor = 0.531, p < 0.001).

1.3.6. Pathway Analysis

For pathway analysis, 18 metabolites from the main model, which were significantly

associated with altered anti-spike antibody levels were uploaded to MetaboAnalyst 6.0,

and three metabolic pathways were identified. Specifically, LPCa 20:2 and LPCa 14:3
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were designated to the glycerophospholipid metabolism pathway (p = 0.07, impact

value = 0.02), SM 32:2, SM 33:1, SM 33:2, SM 35:1, SM 36:3, SM 39:1, SM 43:1 and

SM 43:2 were associated with the sphingolipid metabolism pathway (p = 0.06, impact

value = 0), and PCae 30:0, PCae 36:1, PCae 38:3, LPCe 16:0, and LPCe 18:1 were

related to the ether lipid metabolism pathway (p-value = 0.04, impact value = 0.08).

However, they were found to be insignificant after using the FDR method for p-value

correction (Figure 1.5 and Table 1.2). According to the KEGG database, Carn 5:0-DC,

Carn 9:0, and Carn 11:0 were not correlated.

Figure 1.5. Metabolic pathways identified for the 18 significant metabolites from the main

model.

The Y-axis shows the negative logarithm (-log10) of the p-value from the enrichment test,

while the X-axis represents the structural impact of anti-spike antibodies related metabolites in

the enriched pathways, determined by the cumulative importance of all significant metabolites

within the pathway. The bubble size indicates the impact value, while the bubble colour

reflects the enrichment significance. Pathways with a p-value ≤ 0.1 or an impact value > 0.5

(with p-value ≤ 0.3) were deemed most relevant, where the p-values were derived from

enrichment analysis and the impact values were from topology analysis [58, 63].
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Table 1.2. Metabolic pathways identified from pathway analysis that were related to anti-spike

antibodies induced by mRNA COVID-19 vaccine.

Total Hits p-value FDR Impact factor

Ether lipid metabolism 20 1 0.03763 1 0.08176

Sphingolipid metabolism 32 1 0.05976 1 0

Glycerophospholipid metabolism 36 1 0.06705 1 0.01736

Total refers to the number of metabolites within the pathway; while Hits indicates the matched

count from uploaded data; The p-value is originally derived from enrichment analysis; and the

FDR represents p-value adjusted using False Discovery Rate; The impact factor is the

pathway impact value determined through pathway topology analysis.

1.3.7. Effect Modification

Effect modification analyses were conducted for the 18 metabolites, which were

significantly associated with altered anti-spike antibody levels from the main model,

while the continuous variable age, 2nd vaccination interval, and BMI were respectively

replaced by their corresponding effect modifier, when analyzing effect modification for

their corresponding categorical modifiers. Results presented in Figure 1.6a showed

that the association between Carn 5:0-DC and anti-spike antibodies was significantly

modified by smoking (FDR corrected p < 0.05). Participants who reported smoking

behaviour showed stronger effects. Besides, elevated age (>45 years old), 2nd

vaccination interval greater than 6 months, and regular vegetable consumption

demonstrated higher modification between LPCa 20:2 and immune response

(uncorrected p < 0.05). Similarly, higher modification on LPCe 16:0, LPCe 18:1, and

PCae 36:1 was detected, when the interval between blood sampling and the 2nd

vaccination was > 6 months. Regular physical activity also showed higher modification

on PCae 36:1, while no alcohol consumption showed stronger modification on LPCe

18:1 (uncorrected p < 0.05). In addition, higher age showed stronger modification on

PCae 38:3 and SM 39:1, and female gender also displayed higher modification on

PCae 38:3 (uncorrected p < 0.05). Results also indicated the stronger modification with

a university degree on SM 43:1 (uncorrected p < 0.05). No significant effect

modification on the correlation between 18 metabolites and anti-spike antibody
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concentrations from other categories was found,namely, BMI, vaccine type, HCW

group, regular fish consumption, regular ready-to-eat food consumption, and regular

vitamin/mineral/fish oil supplements (Figure 1.6b)

Figure 1.6a. 95% CIs for the comparison of percent changes in anti-spike antibodies per 1%

increase of metabolite concentrations.

Metabolite concentrations were stratified by gender, age, 2nd vaccination interval, smoking

behavior, physical activity, vegetable consumption, and education level. The triangle and dot

mean Beta estimate for each compound from the main model. * p < 0.05, # FDR corrected p <

0.05.
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Figure 1.6b. 95% CIs for the comparison of percent changes in anti-spike antibodies per 1%

increase of metabolite metabolite concentrations.

Metabolite concentrations were stratified by BMI, vaccine type, HCW, regular fish

consumption, regular ready-to-eat food consumption and regular vitamins/minerals/fish oil

supplements. The triangle and dot mean Beta estimate for each compound from main model.

1.3.8. Sensitivity Analyses

The associations between anti-spike antibody levels and the 18 significant metabolites,

found from the main model for anti-spike antibodies analysis, generally remained

consistent across various sensitivity analyses. When limiting the participants to HCW-H

participants or the individuals who only received the BioNTech vaccine or additionally,

excluding the participants with unknown information among the variables included by
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the extended model, results shared notable Venn diagram overlaps (≥ 15) with original

results from all participants (Figure 1.7).

Figure 1.7. Venn diagram showing information and intersections among significant

metabolites for different sample sizes.

4 different sample sizes: all participants, participants who were only vaccinated with the

BioNTech vaccine, participants without unknown information among the variables included by

the extended model, as well as only HCW-H individuals.

1.4. Discussion

This study investigated the relationship between humoral immune responses in

healthcare workers post two doses of COVID-19 mRNA vaccine and participants'

metabolic states, identifying 18 key metabolites, including 3 acylcarnitines (Carn 5:0-

DC, Carn 9:0 and Carn 11:0), 2 LPCa (LPCa 20:2 and LPCa 14:3), 2 LPCe (LPCe 16:0

and LPCe 18:1), 3 PCae (PCae 30:0, PCae 36:1 and PCae 38:3) and 8 SMs (SM 32:2,

SM 33:1, SM 33:2, SM 35:1, SM 36:3, SM 39:1, SM 43:1 and SM 43:2), positively

associated with variations of spike-specific anti-SARS-CoV-2 antibodies, along with

pertinent metabolic pathways relevant to COVID-19 vaccination and vaccine-induced

immunity. The identified potential biomarkers hold promise for predicting humoral

immunity to COVID-19 and may grant insight into underlying mechanisms influencing
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antibody concentrations. Our study also indicated that older age, female gender,

second vaccine dose interval, smoking, non-alcohol consumption, and university

education were associated with stronger metabolic responses than their counterparts.

In addition, after restricting our study to healthy participants, those who received only

the BioNTech vaccine, and participants with completely valid information for the factors

in our extended model, the substantial overlap of significant metabolites with the

original results indicated the robustness of our findings.

Vaccines represent the primary defence against future infections or severe symptoms

upon exposure. Live-virus neutralization activities measured in serum specimens are a

strong predictor for protection against severe COVID-19 in vaccinated and/or

convalescent individuals [13, 64, 65]. Moreover, these neutralization activities often

positively correlate with the individual’s anti-spike antibody concentration, as reported

in several studies [64, 66, 67]. In our results, analysis of anti-spike antibody

concentrations across different groups revealed significant positive associations with

several epidemiological and lifestyle-dependent factors. After accounting for covariates

in our main model, these associations generally persisted, while BMI ≥ 25 kg/m²

exhibited a positive correlation with anti-spike antibody levels (p < 0.01). These findings

align with prior investigations [19, 68, 69], while one clinical study noted lower levels of

anti-spike antibodies and neutralization activity among individuals with severe obesity

(BMI > 40 kg/m²), vaccinated with BioNTech or AstraZeneca COVID-19 vaccines,

compared to those with normal BMI [70]. Notably, we did not identify any metabolites

that were significantly correlated with live-virus neutralization activity, possibly due to

the limited selected sample size (412 out of over 4000) being analysed. We found,

however, a strong positive association of neutralization activity with anti-spike antibody

levels before and after adjusting for covariates in the main model was consistent with

other reports [15, 71, 72].
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Three acylcarnitines (Carn 5:0-DC, Carn 9:0, and Carn 11:0) were identified in this

study, whereas the relationship between acylcarnitines and immune response induced

by vaccines has received very limited attention in previous research. It is worth noting

that recent findings in sepsis non-survivors imply a role of elevated long- and medium-

chain acylcarnitines in immune cell proinflammatory activation through cytokines such

as interleukin-6 and interleukin-4, which can facilitate immune response by enhancing

antibody production [73-75]. This activation process might account for the metabolism

of enhancing humoral immune response associated with the three acylcarnitine

compounds showed in our results.

Canonically, lysophosphatidylcholine (LPC) is produced from phosphatidylcholine (PC)

by the hydrolyzation of Phospholipase A2 (PLA2), which in turn mediates cell signalling

pathways in macrophages and T cells, and thus plays a role in the inflammatory

response [76, 77]. PCs and LPCs also function as reservoirs and transporters of

glycerophospholipid components, regulating homeostatic and inflammatory processes.

Increased LPC and PLA2, along with decreased PCs can indicate disturbances in

glycerophospholipid metabolism and elevated PC turnover for the production of both

pro- and anti-inflammatory mediators [78, 79]. PCs are important for generating

germinal center-derived B cells and antibody-secreting cells, with the latter having a

higher demand for PCs [80]. Long et al. discovered elevated plasma PCaa 36:0, PCaa

34:4, PCae 40:4 and PCae 42:5 as reliable biomarkers distinguishing tuberculosis (TB)

patients from healthy controls and those with latent infection. Their analysis revealed

significant alterations in ether lipid and linolenic acid metabolism pathways, alongside

changes in immune response signaling pathways, highlighting the role of lipid-related

gene enrichment in TB pathology [81]. Another study revealed elevated plasma PC

level, while decreased plasma lysoplasmenylcholine (LPC-P) level in septic patients,

plasma plasmenylcholine (PC-P) and LPC-P were decreased in septic rats, and

plasma PC-P was also decreased in SARS-CoV-2 infected mice [44]. Elevated PC

level had also been reported to correlate with higher antibody level following influenza
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vaccine [36]. This study proposed that increase of certain plasma PCae, LPCa and

LPCe compounds has the potential to improve immune response following COVID-19

vaccination. The underlying mechanism may involve modulation of post-transcriptional

mechanisms by PCs for driving the differentiation of naïve T cells to T follicular helper

cells, which can further enhance the humoral immunity post vaccine [82].

The downstream metabolites of sphingomyelins (SMs), including ceramides and

sphingosine-1-phosphate (S1P), play critical roles in immune cell development,

proliferation, and signalling [83-85]. Reduced sphingomyelin levels in circulating

lipoproteins of COVID-19 patients compared to healthy controls were reported [84]. Our

study found significant positive association between 8 novel SMs and anti-spike

antibody concentration, which might be indirectly mediated by the downstream

sphigolipids of SMs through regulating neutrophil phagocytosis, differentiation of Th1

and Th2 T cells, and T cell apoptosis [86].

Pathway analysis showed that the significant metabolites were related to

glycerophospholipid, sphingolipid, and ether lipid metabolism pathways, consistent with

one similar research that investigated metabolic correlates of the antibody response in

recipients of the inactivated COVID-19 vaccine and identified sphingolipid metabolism

via pathway analysis [87]. Additionally, early administration of the Bacille Calmette–

Guérin (BCG) vaccine in newborns is associated with metabolic changes, notably in

sphingolipid production, including N-acylsphingosine, sphingomyelin, glucosylceramide

and S1P, as well as PCs and LPCs, indicating a significant enrichment in sphingolipid

and glycerophospholipid metabolism pathways [88, 89]. Interestingly, one study

demonstrated perturbations in the same three metabolic pathways as our findings in

plasma samples from COVID-19 patients and noted that modifying the metabolite

profile by inhibiting the phosphatidate-phosphatase-1 (PAP-1) enzyme could suppress

SARS-CoV-2 replication [90].
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There are some limitations of our study. Study participants were not required to fast (≥

8 hours) before donating blood samples, and we did not collect food intake information

at the time of sampling, preventing us from assessing potential changes in results

based on dietary intake on the sample collection day [91, 92]. The included sample

size (n = 363) was informative, but did not allow detailed sub-group analysis, for

example only 15 participants received the Moderna vaccine, 12 had diabetes and

seven participants had chronic lung disease. Our sample selection criteria are

inappropriate, resulting in the selected group (n = 412) and the final group after data

cleaning (n = 363) being unrepresentative of the total population (n > 4000). Although

the multivariate regression analysis we performed could help mitigate the issue of a

non-representative subsample, bias stemming from unmeasured or excluded variables

persists and could benefit from more reasonable future sampling and further analysis

[93]. We used a flow-injection-analysis (FIA) method for the quantitative analysis of

lipid metabolites, which offers high throughput and speed, but lacks detailed structural

information such as fatty acid position, fatty acid chain length distribution, double bond

position and branched chain identification. Compared to untargeted metabolomics

analysis, our targeted metabolomics method could avoid misleading false annotation

for metabolites, while limiting the discovery of additional biomarkers which are not

included in the targeted method and does not completely capture the entire

metabolome.

To date, only one study has examined the metabolite profile related to immune

response triggered by mRNA-type vaccine, as opposed to inactivated vaccine against

SARS-CoV-2 [41]. Our study comparatively investigated bigger sample size and

covered broader range of metabolites, especially within the group of lipids. The

expanded scope is more likely to offer new insights into potential biomarkers for

enhancing vaccine efficacy. Given that analogues of bioactive sphingolipids are being

utilized to treat immune disorders and daily oral L-carnitine supplementation has been

shown to mitigate the organ lesion among COVID-19 patients, the 18 discriminative
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metabolites identified in this study are worth considering as promising candidates to

develop specific therapeutic supplements for enhancing immune response after

receiving mRNA vaccines [83, 93].

1.5. Conclusions

Our study provides novel insights into the metabolic characteristics linked to the

humoral immune response elicited by the BioNTech and Moderna mRNA COVID-19

vaccines, particularly focusing on sphingomyelins, ether PCs, (ether) lysoPCs, and

acylcarnitines. The observed metabolic alterations suggest that an enhanced immune

response is likely mediated by changes in the profiles of elevated concentrations of

these key metabolites, while the precise mechanisms underlying these associations

remain unclear and warrant further investigation. These findings offer potential

modifiable target metabolite candidates, which hold the promise to adjust immune

response post mRNA vaccination in clinical practice. The results from this sub-cohort,

especially the association between metabolites and live-virus neutralization activity, will

be further confirmed and explored in the whole cohort later.
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Chapter 2 – Tissue Homogenization Study
2.1. Introduction

2.1.1. Background

2.1.1.1. Importance of Tissue Homogenization in Biomedical Research

Tissue homogenization is a fundamental step in biomedical research, enabling the

extraction of biomolecules essential for downstream analyses. Biological tissues

contain a diverse range of analytes, including DNA, RNA and proteins, as well as

relatively smaller molecules such as lipids and polar metabolites [1-5], necessitating

specialized homogenization protocols tailored to the specific molecular class of interest.

Various homogenization techniques are available, each with distinct advantages and

limitations. Traditional approaches include ultrasonic disruption [6], mechanical grinding

using a pestle and mortar (with or without liquid nitrogen), and ultra-turrax

homogenization [2, 3, 7-13]. Bead-based homogenization has recently obtained

popularity for its efficiency in high-throughput workflows [8, 14, 15].

Although single-sample homogenization is often sufficient in basic biological and

biochemical research, large-scale studies, such as those in clinical research and

routine diagnostics, require parallel processing of big amount of samples. Automated

homogenization platforms, such as Precellys, Beadbug and Bullet Blender

homogenizers, have been developed to improve efficiency, minimize processing time,

and enhance sample-to-sample reproducibility [8, 16, 17]. These systems also offer

cooling options to prevent heat-induced degradation of metabolites, further ensuring

the integrity of extracted compounds.

2.1.1.2. Challenges in Standardizing Homogenization Protocols

One of the major challenges in tissue homogenization is the substantial variability

across different protocols, which can lead to inconsistencies in downstream analyses.

Variations arise from differences in homogenization tools, solvent composition, and

extraction conditions. For example, while a pestle-based homogenization method
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primarily relies on shear forces to break open cells, it does not necessarily disrupt

organelles or lipid membranes. In contrast, bead-based homogenization can

completely disrupt dense structures, including bones [18].

Additionally, many homogenization protocols were initially optimized for extracting

specific biomolecular classes, meaning that different extraction protocols are required

for the analysis of multiple analyte types. This is particularly problematic when dealing

with small biopsy samples, such as brain or tumour tissues, where maximizing the

extracted biochemical information from a single tissue section is critical. Recent

technological progress has facilitated real-time metabolite analysis through rapid

evaporative ionization mass spectrometry (REIMS) with the Harmonic scalpel (iKnife),

alongside tissue imaging mass spectrometry as well as spatial multi-omics methods

[19-22].However, these advanced methodologies require expensive instrumentation

and highly specialized expertise, limiting their routine clinical application.

2.1.2. Tissue Homogenization in Clinical Metabolomics

2.1.2.1. High-Throughput Sample Preparation and Extraction Techniques

Efficient and cost-effective sample processing in clinical metabolomics field

necessitates the automation of various preparation steps, such as analyte extraction

and derivatization [23]. A shift from single 15 mL glass tubes to 96-well plates can

improve throughput, while replacing two-phase extraction methods, like what E.G. Bligh,

et al reported [24], with single-phase solvent extraction techniques [25]. Sequential

solid-liquid extraction using solvents of increasing lipophilicity has been shown to

significantly enhance metabolite and lipid recovery [7, 17, 26]. However, employing

more than two extraction steps can cause time-intensive and cumbersome, particularly

when homogenization is conducted manually with a pestle [7] rather than using a bead

homogenizer compatible with multiple tubes [12]. An often-overlooked aspect is the

variability in metabolic profiles across different sample fractions, including the tissue

homogenate slurry, residual debris and supernatant. Recent research highlights that
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homogenate slurry and debris pellets contain substantial lipid content when water-rich

homogenization solvents are used, whereas non-aqueous solvents like methanol yield

similar lipid levels in both homogenate and supernatant [10]. Despite this, the

supernatant remains the most commonly used fraction for metabolite and lipid

extraction [26-28], with the homogenate gaining attention only in recent studies [10, 29].

2.1.2.2. Impact of Solvent Selection on Metabolite Recovery

The choice of homogenization solvent significantly affects the efficiency of metabolite

extraction. Different research facilities and tissue types utilize varying ratios of tissue

weight to solvent volume [26, 27], and solvent composition plays a crucial role in

determining which metabolites are extracted. When different homogenization solvents

are used on the same homogenate slurry, the resulting metabolic profiles can differ

substantially [30].

Temperature control is another critical factor in tissue homogenization. The lack of

active cooling mechanisms influences metabolite integrity, as elevated temperatures

can accelerate enzymatic and chemical degradation processes [31-34]. Without proper

cooling, the metabolic profile of a sample can change due to heat-induced degradation,

making temperature regulation an essential consideration in tissue homogenization

workflows. Additionally, pipetting homogenate slurries poses challenges, as increased

organic solvent content can lead to the accumulation of solid particles, increasing the

likelihood of pipette tip blockage. These technical issues must be addressed to ensure

consistency in tissue-based metabolomic studies.

2.1.3. Aim of the Study

This study aims to systematically evaluate the influence of tissue homogenization

parameters on metabolite extraction efficiency. Specifically, the research focuses on

optimizing tissue sample preparation by testing different solvent compositions and

extraction procedures.
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Pork tissue samples underwent extraction using six different solvent combinations with

varying degrees of lipophilicity. A sequential two-step extraction approach was applied,

first utilizing methanol (MeOH) to isolate polar metabolites, followed by a mixture of

methyl-tert-butyl ether (MTBE) in MeOH to extract lipophilic ones. Metabolite recovery

was compared between the supernatant and homogenate fractions. Sixty experimental

conditions were tested with four replicates each, analyzing over 400 metabolites and

lipids. Multidimensional analysis, including Upset plots, were performed to determine

the optimal extracting condition of both polar and lipophilic metabolites.

Temperature control was also investigated to miitigate metabolite degradation during

homogenization. Additionally, a prewetting correction (PWC) factor was introduced to

improve pipetting accuracy and ensure reproducible metabolite quantification in high-

organic solvent conditions.

For analytical validation, a targeted HPLC-ESI-QTRAP-MS/MS metabolomics platform

was used to quantify a range of metabolite classes, including amino acids, organic

acids, acylcarnitines, and phospholipids. Furthermore, the optimized homogenization

and extraction protocol was applied to pancreas tissue samples from three mice to

investigate intra-organ metabolic variations.

2.2. Material and Methods

2.2.1. Chemicals and Consumables

H2O (LC-MS grade) Merck, via Sigma-Aldrich, Schnelldorf,

Germany

H2O (HPLC grade) Sigma-Aldrich, Schnelldorf, Germany

Methanol (MeOH) Sigma-Aldrich, Schnelldorf, Germany

Acetonitrile (ACN) Sigma-Aldrich, Schnelldorf, Germany

Isopropanol (IPA) Sigma-Aldrich, Schnelldorf, Germany
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Ethanol (EtOH, LC-MS grade) Sigma-Aldrich, Schnelldorf, Germany

Methyl tert-butyl ether (MTBE) Sigma-Aldrich, Schnelldorf, Germany

Phosphate buffer saline (PBS) Gibco, via Sigma-Aldrich, Schnelldorf,

Germany

PCR 96-well microplates (200 µL, conical, skirted) Axygen, via Sigma-Aldrich,

Schnelldorf, Germany

96 deep-well plates (1.2 mL, round bottom, low profile) Brand, via Sigma-Aldrich,

Schnelldorf, Germany

Human control plasma (Level I and II, used as individual control plasmas (CPI and CPII)

and pooled quality controls (QCs)) ClinChek, Recipe, Munich, Germany

10 µL, 200 µL, and 1000 µL pipette tips TipONE, StarLab, Hamburg, Germany

PCR microplate aluminum heat sealing foil Eppendorf, Wesseling, Germany

Multipette M4 Eppendorf, Wesseling, Germany

HeatSealer S100 Eppendorf, Wesseling, Germany

ThermoMixer C (with well plate adapter) Eppendorf, Wesseling, Germany

Polypropylene PCR microplate foil RatioLab, Dreieichen, Germany

3 mm tungsten carbide beads QIAGEN, Hilden, Germany

2 mL screw cap tubes Sarstedt, Nümbrecht, Germany

2 mL reinforced screw caps Omni-International, Biolabproducts

GmbH, Bebensee, Germany
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Tissue homogenizer Bead Ruptor-4 Omni-International, Biolabproducts

GmbH, Bebensee, Germany

Digital food thermometer HCP1 Habor, Taiping City, Taiwan

PRACTUM64-1S analytical balance Sartorius Lab Instruments GmbH & Col.

KG, Goettingen, Germany

Vortexer IKA®-Werke GmbH & Co. KG, Staufen,

Germany

ROTINA 380 R and MIKRO 22 R Hettich centrifuges Andreas Hettich GmbH & Co.

KG, Tuttlingen, Germany

NGM 22-LC/MS nitrogen generator CMC Instruments GmbH, Eschborn,

Germany

Nitrogen sample concentrator and related accessories (96-well block thermostat for

Dri-block, Dri-Block DB100/3 heater, PTFE coated needles and sample concentrator)

Techne, VWR, Darmstadt,

Germany

2.2.2. Sample Preparation

2.2.2.1. Processing of Pork Tissue

Pork chops were obtained from a local grocery store while still in the warranty period.

The chops were rinsed using a sterile phosphate-buffered saline (PBS) solution and

sectioned into pieces of approximately 100 mg ± 10 mg using a disposable scalpel on a

sanitized glass plate. Each tissue fragment was accurately weighed 4 times in a 2 mL

screw-cap tube equipped with a reinforced lid. The prepared tissue fragments were

subjected to rapid freezing in liquid nitrogen for 20 sec before being stored at -80 °C

until performing homogenization.
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2.2.2.2. Processing of Mouse Pancreas Tissue

Pancreatic tissues were sourced from Julia Alexandra Wolff (LMU Klinikum) and

obtained from three female C57BL6/J mice housed under standard dietary and

environmental conditions. The mice were sacrificed in compliance with §4 of

Tierschutzgesetz (the German Animal Welfare Act) for research purposes. Tissue

samples were collected from three individuals—one aged 17 weeks (M-1) and two

aged 15 weeks (M-2 and M-3). Each pancreas was sectioned into three portions (A, B,

and C), with each segment weighing approximately 50 mg ± 10 mg. To ensure

accuracy, each sample was weighed three times in 2 mL screw-cap tubes with

reinforced lids for subsequent homogenization, following in-house protocols. The

samples were quickly flash-frozen in liquid nitrogen and stored at -80 °C prior to

processing homogenization.

2.2.3 Tissue Homogenization

2.2.3.1 Temperature Management During Homogenization

Tissue homogenization was carried out using the Bead Ruptor-4, a device that

processes up to four tubes at a time but lacks a cooling feature. For each pork tissue

sample, tubes were loaded with five 3 mm steel beads and 300 μL of PBS. A digital

food thermometer was used to measure the temperature of both the homogenization

solution and the resulting homogenate before (0 min) and post homogenization for

varying durations (30 sec to 5 min) at intensity level 4 under different cooling conditions.

Due to the rapid temperature increase, in-solution measurements were typically

recorded once unless otherwise specified.

The following experiments were conducted to evaluate temperature control during

homogenization:
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Table 2.1. Experiment conditions for temperature management test.

Experiment Cooling Method
Homogenization

Duration
Additional Details

1 (Figure 2.1a)

One tube was flash-frozen

in liquid nitrogen (-196°C)

for 20 sec before each run

1, 2, 3, 4, 5 min

Same tube frozen at the start

of each run; homogenate

temperature measured four

times for standard deviation

2 (Figure 2.1b)

One tube was cooled at -

20°C for 5 min before

homogenization

0.5, 1.5, 3, 5

min

Zip-lock bag with crushed ice

placed (ice bag) between

sample tubes and

homogenizer lid

3 (Figure 2.1c)
Tube cooled at -20°C for 5

min before homogenization
0.5, 1.0, 1.5 min

Ice bag was placed either

under or on top of the

homogenizer lid

4 (Figure 2.1d)

One tube was pre-cooled on

crushed ice; two tubes

cooled at -20°C for 5 min

30 sec

One of the two -20°C cooled

samples was further cooled

with a ice bag under the

homogenizer lid
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Figure 2.1. Temperature optimization test of tissue homogenization.

The test was performed at intensity level 4 with 5 * 3 mm steel beads in 300 µL PBS. In part

(a), the homogenization tubes (n = 3) were cooled in liquid nitrogen for 20 seconds before

undergoing homogenization in 1-minute intervals at room temperature. In part (b), the

homogenization tube (n = 1) was kept at -20°C for 5 minutes, followed by homogenization

with an ice pack placed between the lid and the sample to ensure consistent cooling.

Homogenate temperature was tested before and after homogenization. The red line shows

the proposed upper limitation of homogenate temperature (15°C). In part (c), the

homogenization tube (n = 1) was subsequently cooled for 5 minutes at -20°C prior to

homogenizing for 0.5, 1.0, and 1.5 minutes with the ice bag putting between lid and sample

(inside cooling) as well as on top of the lid (outside cooling). Homogenate temperature was

tested before and after homogenization. In part (d), the homogenization tube (n = 1) was

cooled for 5 minutes on crushed ice (A) or at -20°C (B and C) before homogenization for 30

sec. at room temperature (A and B) or with ice bag cooling (C), placing a ice bag between
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sample tubes and homogenizer lid. Figure is cited from Y. Hao, et al [41] under the Creative

Commons CC-BY license[42].

2.2.3.2. Effect of Solvent Polarity on Tissue Homogenization

Every pork tissue sample (100 mg; n = 4) was homogenized with 5 steel beads (3 mm)

and 300 μL of a designated homogenization solvent. The solvents included pure PBS,

PBS/methanol (1:1; v/v), PBS/methanol (1:3; v/v), PBS/ethanol (15:85; v/v), methanol

alone, and isopropanol (IPA). Homogenization was carried out at intensity level 4 for a

duration of 5 minutes, with temperature control maintained by placing a zip-lock bag

containing crushed ice (ice bag) beneath the lid of the Bead Ruptor 4. To minimize

temperature fluctuations, all sample tubes were stored on ice both prior to and

following homogenization, as well as throughout the metabolite extraction process. It is

worth noting that none of the homogenized samples were subjected to re-freezing, and

metabolite extraction was initiated immediately after homogenization.

Subsequent metabolite and lipid extractions were conducted for three different volumes

of both homogenate and supernatant (10 µL, 25 µL, and 50 µL), employing two

separate two-step extraction procedures: (a) methanol followed by 25% MTBE in

methanol, and (b) methanol followed by 75% MTBE in methanol. Notably, homogenate

extraction was conducted prior to centrifugation, whereas supernatant extraction was

carried out on the same homogenized samples post-centrifugation.

2.2.3.3. Background Contamination Check

Three distinct background contamination checks were conducted in quadruplicate to

ensure analytical accuracy. The details of each blank experiment are summarized

below:
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Table 2.2. Blank types for background contamination investigation.

Blank Type Description Procedure

Blank 1

Empty tubes (n = 4) with

300 µL of homogenization

solution and 5 * 3 mm

steel beads

Homogenization was performed in parallel with

pork tissue samples, followed by a two-step

metabolite extraction process using 25% and 75%

MTBE in MeOH in the second step

Blank 2 Same as above

The homogenization solution underwent the two-

step metabolite extraction process directly, omitting

the homogenization step

Blank 3
No tubes or beads were

employed

Pipetting homogenization solution into the MeOH-

ISTD solution and proceeded directly to the LC-MS

related sample processings)

2.2.4. Extraction for Polar and Non-polar Metabolites

2.2.4.1. Extraction for Polar Metabolites

A methanolic ISTD mix solution (MeOH-ISTD, 450 µL) was added to pre-designed

wells of a 96-deep-well plate (1.2 mL, well plate A) with the stepper pipette Multipette

M4. Aliquots of 10 µL, 25 µL, and 50 µL from the vortexed homogenate slurry (n = 4 for

each volume), along with 50 µL QC plasma (n = 6), 50 µL CPI (n = 2), 50 µL CPII (n =

2), and 50 µL H2O (n = 1) for the ISTD blank, were pipetted directly into the MeOH-

ISTD solution. The solutions were mixed by drawing and ejecting 20 times with a

pipette tip, forming a fluffy protein precipitate for plasma and tissue samples.

The homogenate samples were then centrifuged at 10,000 rcf for 10 minutes at 4°C.

Clear extracts (10 µL, 25 µL, and 50 µL) were carefully transferred from the

supernatants (n = 4) to the MeOH-ISTD solution without disturbing the pellet. Notably,

10 µL extract volumes were excluded for experiments with 75% MTBE in MeOH. The
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well plates were sealed with PCR foil, shaken at 25°C and 700 rpm for 20 minutes, and

then refrigerated at 4°C for 20 minutes to finish the protein precipitation. After

centrifugation for 5 minutes at 3,000 rpm and 22°C, the polar metabolite extract (extract

A) was pipetted into a fresh 96-well plate (1.2 mL, well plate B; Figure 2.2).

2.2.4.2. Extraction of Lipids Using 25% and 75% MTBE in MeOH

Immediately, the protein precipitate in well plate A was resuspended in 50 µL H2O by

shaking at 800 rpm and 25°C for 20 minutes. Then 450 µL of 25% or 75% MTBE in

MeOH was added, followed by mixing via pipette tip for 20 times to form a flocculent

precipitate. The plate was then shaken, incubated at 4°C, and centrifuged using the

same protocol as for polar analyte processing. The resulting supernatant extract was

mixed together with the polar metabolite extract in well plate B (Figure 2.2).

The pooled extract was divided: 600 µL was then immediately transferred to a fresh 1.2

mL well plate (well plate C1), while the remaining 400 µL was retained in well plate B

(well plate C2). Well plate C2, containing the MTBE-containing extract, was sealed with

PCR foil and stored at -30°C for lipidomics analysis (acylcarnitines and

phosphocholines) via UHPLC-ESI-QTRAP-MS/MS platform[35-37].

The extract in well plate C1 was dried at 25°C under a mild nitrogen stream and

reconstituted in 300 µL of 10% H2O in MeOH, representing a 1:1 concentration ratio.

Well plate C1 was then sealed with PCR foil and stored at -30°C for subsequent

analysis of polar metabolites, including organic acid, keto-acids and amino acids [38-

40]. For long-term storage, extracts were kept at -80°C.



Chapter 2 – Tissue Homogenization Study 67

Figure 2.2. Workflow for tissue homogenization, followed by two-step extraction.

For polar metabolite extraction (well plate A), a methanol-ISTD solution was used, while lipid

extraction for medium to non-polar compounds employed either 25% or 75% MTBE in MeOH.

Post combining the extracts from well plate B, 400 µL of the pooled extracts was directly

utilized for lipidomics analysis (well plate C2). The remaining 600 µL underwent evaporation,

followed by reconstitution in 300 µL of a 10% H2O in MeOH solution for metabolomics
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analysis (well plate C1). Figure is cited from Y. Hao, et al [41] under the Creative Commons

CC-BY license[42].

2.2.5. Volume Adjustment for Homogenate Pipetting with Prewetting

To determine the volume correction factor when pipetting tissue homogenates with tip

prewetting, four types of pipette tip conditions were weighed (n = 5): (A) empty tips, (B)

tips retaining residual homogenate slurry (RHS) after prewetting and ejection, (C) tips

containing homogenate without prewetting, and (D) tips filled with homogenate

following prewetting. The prewetting process was conducted by performing multiple

draw-and-eject cycles before pipetting the homogenate. This study utilized 10 µL and

200 µL TipONE pipette tips, testing pipetting volumes of 10 µL, 25 µL, and 50 µL. The

pre-wetting correction factor (PWC-factor) was calculated only for homogenization

solutions with a high organic solvent content, as fully aqueous PBS and 50% MeOH in

PBS did not lead to tip blockage and could be pipetted directly (Table 2.2a, Table

2.2b).

The residual homogenate slurry (RHS) weight was calculated by Eq-I and Eq-III.

Additionally, the weight of calculated pipetting volume (PV- I) with prewetting (Eq-II)

was used to compared with the weight of right pipetting volume without prewetting (PV-

II) by Eq-IV, and the weight of wrong pipetting volume after prewetting (Eq-V). The

PWC-factor (%) was determined using Eq-VI and Eq-VII (Table 2.2c). PWC-factor-II

was applied using Eq-VIII for the volume correction.

Equations:

Eq-I RHS-I = B – A

Eq-II PV-I = D - B

Eq-III RHS-II = D – C

Eq-IV PV-II = C - A

Eq-V PV + RHS = D - A

Eq-VI PWC-factor-I = (B-A) * 100 / (D-A)
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Eq-VII PWC-factor-II = (D-C) * 100 / (D-A)

Eq-VIII Concentration (corrected) = (1 - PWC-factor-II / 100) * Concentration

(original)

2.2.6. Extraction for Mouse Pancreas Tissue

Each mouse pancreas sample was put in a tube containing 300 μL of a 1:1 PBS/MeOH

mixture (v/v) along with five 3 mm steel beads for homogenization. Homogenization

was conducted for 5 minutes at intensity level 4, with cooling provided by a ice bag. For

lipid and metabolite extraction, 50 µL of the homogenate (n = 4) was used without pre-

wetting the pipette tips. The extraction process followed a two-step approach, first

using MeOH with ISTD, followed by a 75% MTBE in MeOH solution. Metabolomics

profiling was carried out using the same methodology for pork tissue samples.

2.2.7. Instruments and Analytical Methods

The targeted analysis was performed to quantify 20 proteinogenic amino acids, along

with ornithine (Orn) and citrulline (Cit), using an Agilent 1100 HPLC system. This

system included a degasser (G1379A), a binary pump (G1312A), a autosampler

compatible with two plates (G1367A), a column oven (G1316A), and a 1290 thermostat

(G1330B) from Agilent Technologies, Inc. (Waldbronn, Germany). The HPLC system

was connected to an API 2000 triple quadrupole mass spectrometer equipped with an

electrospray ionization (ESI) source, supplied by AB SCIEX Pte. Ltd. (Concord,

Canada). Chromatographic separation was achieved using a Waters GmbH (Eschborn,

Germany) XBridge C18 column (2.1 mm × 150 mm, 3.5 µm) [38, 39].

For the targeted analysis of organic acids, keto-acids, and lipids, an Agilent 1260 HPLC

system was employed, featuring a multi-sampler capable of handling eight plates

(G7167A), a binary pump (G1312B) and a degasser (G1379B) from Agilent

Technologies, Inc. (Waldbronn, Germany). This system was integrated with a MayLab
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column oven (Vienna, Austria) and linked to a hybrid QTRAP 4000 mass spectrometer

with an ESI source from AB SCIEX Pte. Ltd. (Concord, Canada). The separation of 15

organic and keto-acids was carried out using a Kinetex F5 column (2.1 mm × 150 mm,

2.6 µm) from Phenomenex (Aschaffenburg, Germany) [40]. Acylcarnitines, comprising

60 different analytes, were analyzed using a Kinetex EVO C18 column (2.1 mm × 150

mm, 2.6 µm) from the same manufacturer [35, 36]. Meanwhile, phosphocholine lipids—

including LPCa, LPCe, PCaa, PCae, and SM, where "a" indicates acyl and "e" denotes

ether—were examined using flow-injection analysis (FIA) mode without employing a

chromatographic column [37].

2.2.8. Data Analysis

Data acquisition was carried out using Analyst 1.6.1, while quantitative data analysis

was conducted with MultiQuantTM 3.0.3, both developed by SCIEX (Concord, Canada).

Metabolite concentrations, initially measured in µmol/L, were converted to pmol/mg

tissue by accounting for individual tissue weights, pipetting volumes, and, where

applicable, the PWC-factor-II. Data visualization was carried out using R programming

software (version 4.1.0) alongside R packages such as UpsetR [43], ComplexUpset

[44], ggplot2, tidyr, scales, and dplyr, supplemented by MS Office Excel sofware. An in-

house R script was used for automated peak integration, isotopic correction, as well as

phosphatidylcholine lipid quantification.

For generating Upset plots, the complete dataset for 50 µL volumes of supernatant (S)

and homogenate (H) was utilized, covering both metabolite extraction methods

involving 25% and 75% MTBE in MeOH in the second extraction step. To compare

extraction efficiencies, a 75% concentration threshold was applied to the highest

concentration of each metabolite across the full dataset, which included results from all

sample preparation conditions using 50 µL extract volumes (Figure 2.4a). To simplify

the Upset plots visually, only intersection sizes ≥2 were displayed. a comparative Upset

plot was created using a 75% concentration threshold for the most effective sample
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processing condition (PBS:MeOH (1:1, v/v) for tissue homogenization coupled with

75% MTBE in MeOH in the second extraction step using homogenate). This condition

was then compared to the extraction efficiencies of all other sample preparation

conditions (Figure 2.4b).

2.3. Results and discussion

2.3.1. Temperature Managed Homogenization

The BeadRuptor 4 tissue homogenizer, despite its high efficiency and power, lacks an

integrated cooling fitting, which poses a significant limitation. During homogenization

with 5 * 3 mm steel beads per tube, the temperature rose unexpectedly fast, reaching

nearly 30°C within 3 minutes post-thawing (Figure 2.1a). The primary objective was to

identify an effective cooling method to maintain the homogenate temperature <15°C

during homogenization period (5 min). This duration and intensity level 4 were selected

to ensure robust processing of resilient biological samples, eliminating the need for

subsequent re-optimization. The 15°C threshold was chosen for its practicality and

ease of maintenance. Pre-freezing samples with homogenization solution and steel

beads in liquid nitrogen resulted in a 2-minute delay as the samples remained frozen.

Upon thawing, a rapid temperature increase of 15°C occurred within 1 minute (Figure

2.1a). The most effective cooling strategy maintained a consistent homogenate

temperature of 12-15°C (Figure 2.1b), accomplished by adding a ice bag beneath the

homogenizer lid (Figure 2.1c). Pre-cooling samples on crushed ice or at -20°C for 5

minutes before homogenization caused temperatures to rise to 28°C and 20°C,

respectively, within 30 seconds (Figure 2.1d). Consequently, subsequent

homogenization experiments utilized a 5-minute pre-cooling step at -20°C followed by

icebag cooling during processing.

2.3.2. Prewetting Correction Factor for Volume Correction
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The ability to pipette homogenate slurries accurately depends on the type of

homogenization solvent, solvent mixtures, and pipette tip size (10 µL or 200 µL). In

some cases, prewetting the pipette tip by drawing and ejecting the slurry was

necessary to prevent tip blockage, while in others, prewetting was unnecessary for

accurate volume measurement. It was noted that higher organic solvent content in the

homogenate solution and smaller pipette tip sizes correlated with increased instances

of tip blockage (Table 2.3a). For experiments requiring prewetting (Table 2.3b), a

novel volume correction factor, termed the prewetting correction factor (PWC-factor),

was introduced. This factor accounts for the additional volume retained in the pipette tip

during prewetting, which can result in a 10% to 20% higher pipetted volume compared

to non-prewetted tips. The PWC-factor-II, calculated using Eq-VII, was applied to all

homogenate solutions pipetted with prewetting (Table 2.3a). Accurate pipetting is

critical in the initial sample preparation step (Figure 2.2), which involves transferring

biological samples into MeOH-ISTD solution. The PWC-factor-II was determined for

four homogenization solutions, pipette tip size 10 µL and 200 µL, homogenate volume

10 µL, 25 µL, and 50 µL (n = 5 tips with each weighed 5 times).

For comparative purposes, Table 2.3b also includes results for PWC-factor-I (Eq-VI).

Prolonged homogenization for 1 to 2 minutes did not reduce the particle size of solids

in the homogenate. The size and volume of these solids increased with higher organic

solvent content in the homogenization solution, likely due to protein precipitation in

biological samples exposed to organic solvents. These solids are presumed to consist

of a mixture of cell debris and protein precipitates. Once centrifuged and stored at low

temperatures for extended periods, the resulting pellet cannot be re-dispersed into a

homogeneous slurry. Consequently, metabolite and lipid extraction should be

conducted immediately after tissue homogenization, ideally on the same day.
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Table 2.3a. Frequency of pipette tip blockage caused by the homogenate precipitate (n out of

10) and PWC-factor-II.

Tip Blockage
Frequency

PWC-Factor-II ± SD [%]

Pipette Tip Size [μL] 10 200 200 10 200 200

Pipetted Volume [μL] 10 25 50 10 25 50

PBS:MeOH (1:1) 2* 0 0 0* 0 0

PBS:MeOH (1:3) 6 0 1* 14.62 ± 4.24 0 0*

MeOH 5 0 1* 15.62 ± 6.26 0 0*

PBS:EtOH (15:85) 8 4 6 15.20 ± 5.39 10.4 ± 2.62 10.72 ± 0.79

IPA 9 7 8 14.59 ± 8.31 10.69 ± 3.31 11.25 ± 1.39

For frequencies ≤3 (*), experiments were repeated with new pipette tips without prewetting.

Table is cited from Y. Hao, et al [41] under the Creative Commons CC-BY license[42].

Table 2.3b. Pipette tip prewetting for different homogenate solutions.

Homogenate Supernatant
Pipette Tip Size [μL] 10 200 200 10 200 200
Pipetted Volume [μL] 10 25 50 10 25 50

25
%

M
TB

E

PBS No No No No No No
PBS:MeOH 1:1 No No No No No No
PBS:MeOH 1:3 Yes No No No No No

MeOH Yes No No No No No
PBS:EtOH 15:85 Yes Yes Yes No No No

IPA Yes Yes Yes No No No

75
%

M
TB

E

PBS NA* No No NA* No No
PBS:MeOH 1:1 NA* No No NA* No No
PBS:MeOH 1:3 NA* No No NA* No No

MeOH NA* No No NA* No No
PBS:EtOH 15:85 NA* Yes Yes NA* No No

IPA NA* Yes Yes NA* No No

NA: not applicable (experiment was not performed). Table is cited from Y. Hao, et al [41]

under the Creative Commons CC-BY license[42].
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Table 2.3c. Prewetting volume correction factor (PWC-factor) determination (n = 5 tips with

each weighed 5 times) for different homogenization solvents

Homogenization

Solvent

Homogenate [mg] (n = 5) PWC Factor [%]

Pipette Tip [µL] 10 200 200 10 200 200

Pipette Vol. [µL] 10 25 50 10 25 50

PBS RHS-I --- --- ---
PV-I --- --- --- --- --- ---

RHS-II --- --- ---
PV-II --- --- --- --- --- ---

PV + RHS 5 --- --- ---
PBS:MeOH (1:1) RHS-I --- --- ---

PV-I --- --- --- --- --- ---
RHS-II --- --- ---
PV-II --- --- --- --- --- ---

PV + RHS --- --- ---
PBS:MeOH (1:3) RHS-I 2.19 ± 0.36 --- ---

PV-I 8.67 ± 0.46 --- --- 20.18 --- ---
RHS-II 1.59 ± 0.46 --- ---
PV-II 9.27 ± 0.56 --- --- 14.62 --- ---

PV + RHS 10.86 ± 0.46 --- ---
MeOH RHS-I 2.12 ± 0.63 --- ---

PV-I 8.10 ± 0.64 --- --- 20.70 --- ---
RHS-II 1.60 ± 0.64 --- ---
PV-II 8.62 ± 0.43 --- --- 15.62 --- ---

PV + RHS 10.22 ± 0.64 --- ---
PBS:EtOH (15:85) RHS-I 1.92 ± 0.25 3.88 ± 0.76 6.99 ± 0.40

PV-I 7.92 ± 0.53 21.96 ± 0.68 45.34 ± 0.41 19.55 15.02 13.36
RHS-II 1.50 ± 0.53 2.69 ± 0.68 5.61 ± 0.41
PV-II 8.34 ± 0.64 23.15 ± 0.80 46.73 ± 1.03 15.20 10.40 10.72

PV + RHS 9.84 ± 0.53 25.84 ± 0.68 52.34 ± 0.41
IPA RHS-I 2.07 ± 0.74 3.61 ± 0.88 6.72 ± 0.65

PV-I 7.20 ± 0.77 21.80 ± 0.83 45.08 ± 0.72 22.32 14.34 12.98
RHS-II 1.35 ± 0.77 2.69 ± 0.83 5.83 ± 0.72
PV-II 7.91 ± 0.72 22.46 ± 0.39 45.98 ± 0.51 14.59 10.69 11.25

PV + RHS 9.26 ± 0.77 25.15 ± 0.83 51.81 ± 0.72

---: no pipette tip blockage was observed. Table is cited from Y. Hao, et al [41] under the Creative

Commons CC-BY license[42].

2.3.3. Volume Choice of Homogenate and Extract

The analysed metabolites were categorized into substance classes based on their

polarity and lipophilicity, ranging from organic acids and amino acids to acylcarnitines,

lyso-phosphatidylcholines (Lyso-PCs), phosphatidylcholines (PCs), and
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sphingomyelins (SMs). Within each class, lipophilicity increases with longer alkyl-chain

lengths, as demonstrated in Figure 2.3a for acylcarnitines (Carn 4:0 < Carn 9:0 < Carn

16:0) and phospholipids (LPC < LPC 24:0; PC 18:2 < PC 38:0; SM 26:4 < SM 42:1).

Additionally, the presence of polar functional groups, such as hydroxyl (OH) and

carboxylic acid (DC), further influences polarity, as seen in acylcarnitines (Carn 4:0

DC > Carn 4:0 OH > Carn 4:0). Unless specified, PC and LPC compounds are of the

di-acyl and mono- types (PCaa and LPCa), while their acyl-alkyl and mono-alkyl

variants (PCae and LPCe) were analyzed but not discussed in detail. Given the

extensive dataset of 401 metabolites, changes in metabolite profiles were evaluated

based on extract type (supernatant vs. homogenate), homogenate solution polarity,

extract volume (10 µL vs. 25 µL vs. 50 µL), and lipid extraction solution (75% MTBE vs.

25% MTBE), with results presented for selected metabolites. Concentrations were

calculated to pmol/mg tissue from µmol/L, accounting for extract volume, tissue weight

and pipette tip prewetting.

To facilitate comparison of extraction efficiencies, results were normalized to a 50 µL

extraction volume in Figure 2.3b, while Figure 2.3a focuses on 50 µL of supernatant

and homogenate data. A consistent tissue-to-solution ratio of 1:3 (100 mg tissue to 300

µL homogenization solution) was maintained. The homogenization solutions spanned a

wide polarity range, including PBS, PBS:MeOH (1:1), PBS:MeOH (1:3),

PBS:EtOH (15:85), MeOH, and IPA. Notably, PBS:EtOH (15:85) and IPA are

recommended in literature for use with Biocrates metabolomics and lipidomics kits [45]

and are thus compared directly in Figure 2.3a and Figure 2.3b. Pipetting homogenate

slurries proved challenging for small volumes with high organic solvent content,

particularly for highly lipophilic ones. However, homogenate slurries provided more

consistent results for 25 µL and 50 µL volumes compared to supernatants and were

less dependent on homogenization solution type. For long-chain lipids like SM 42:1

(Figure 2.3a), solutions with low organic content significantly reduced extraction

efficiency from supernatants, whereas homogenates yielded reproducible results
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independent of solution or volume (Figure 2.3b). While lipophilic solvents like IPA

generally enhanced lipid extraction, this trend was not always evident in supernatants

(Figure 2.3a). Surprisingly, PBS:MeOH (1:1) or PBS:MeOH (1:3) combined with 75%

MTBE in MeOH outperformed IPA for both lipid and polar metabolite extraction.

For polar metabolites, adding organic solvents like MeOH (50% and 75%) or EtOH

(85%) to PBS improved recoveries compared to pure PBS. Quantitative results for

polar compounds were comparable between homogenates and supernatants, with

higher recoveries using 75% MTBE in MeOH versus 25% MTBE in MeOH. Smaller

homogenate volumes were preferable for lipids, while polar metabolites showed this

trend only with polar homogenization solutions (Figure 2.3b). Overall, PBS:MeOH (1:1)

or PBS:MeOH (1:3) combined with 75% MTBE in MeOH provided higher recoveries,

particularly for long-chain lipids like Carn 16:0, LPCa 24:0, PCaa 38:0, and SM 42:1.

The choice of homogenization and extraction solutions was critical for achieving

adequate recovery rates, especially for LPC 24:0. Within acylcarnitines, Carn 4:0 DC

and Carn 4:0 showed a preference for PBS with 25% MTBE in MeOH, while long-chain

acylcarnitines required homogenates with 75% MTBE in MeOH. Polar metabolites like

Asp, which contains a carboxylic acid group, mirrored Carn 4:0 DC in favoring 25%

MTBE, whereas amino acids like Ser and Ile showed comparable results for both 25%

and 75% MTBE in MeOH (Figure 2.3a).

In parallel, blank samples (three types) were prepared to assess potential

contamination [46, 47]: Blank 1 (tissue homogenization consumables), Blank 2

(metabolite and lipid extraction process), and Blank 3 (solvents and LC-MS/MS

system). Blank 3 exhibited the highest contamination levels, suggesting that

background contaminants primarily originated from the LC-MS/MS system and solvents

(Table 2.4).
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Figure 2.3a. Recoveries of selected lipid and polar metabolite for pork tissue samples (Bar

charts).

Tissue samples were homogenized with six different solutions. Subsequently, 50 µL of

supernatant and homogenate were processed with the in-house two-step extraction method.

Figure is cited from Y. Hao, et al [41] under the Creative Commons CC-BY license[42].
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(Figure 2.3b continued in next two pages.)
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(Figure 2.3b continued in next two pages.)
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Figure 2.3b. Recoveries of selected lipid and polar metabolite for pork tissue samples (Line

charts).

Tissue samples were homogenized with six different solutions. Subsequently, 50 µL of

supernatant and homogenate were processed with the in-house two-step extraction method.

Figure is cited from Y. Hao, et al [41] under the Creative Commons CC-BY license[42].
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Table 2.4. Background contamination shown for a selection of metabolites.

Metabolite
Blank-1

[pmol/mg (%)]
Blank-2

[pmol/mg (%)]
Blank-3

[pmol/mg (%)]

O
rg

an
ic

A
ci

ds

Malic Acid 0.57 ± 0.18 (0.34) 0.31 ± 0.25 (0.18) 0.61 ± 0.34 (0.36)

Succinic Acid NA NA NA

4-Methyl-2-oxo-
valeric Acid NA NA NA

A
m

in
o

A
ci

ds

Asp 0.46 ± 0.66 (1.68) 1.48 ± 0.10 (5.37) NA

Ser NA NA NA

Ile 3.01 ± 0.48 (0.64) 2.43 ± 0.07 (0.52) 3.22 ± 0.55 (0.68)

A
cy

lc
ar

ni
tin

es

Carn 4:0 DC 0.00054 ± 0.00016
(0.0024)

0.00070 ± 0.000069
(0.0031)

0.00043 ± 0.00012
(0.0019)

Carn 4:0 OH 0.00021 ± 0.000064
(0.038)

0.00026 ± 0.00011
(0.048)

0.00015 ± 0.000035
(0.028)

Carn 4:0 0.000038 ± 0.000016
(0.024)

0.000039 ± 0.000024
(0.025)

0.0011 ± 0.00011
(0.66)

Carn 9:0 0.00017 ± 0.000073
(8.23)

0.00020 ± 0.000076
(9.26)

0.00027 ± 0.00010
(12.74)

Carn 16:0 0.00059 ± 0.00011
(0.47)

0.00069 ± 0.0001433
(0.55)

0.00062 ± 0.00016
(0.50)

Ph
os

ph
at

id
yl

ch
ol

in
e

s

LPC 14:0 0.12 ± 0.081 (5.25) 0.30 ± 0.17 (12.73) 0.64 ± 0.30 (26.97)

LPC 24:0 0.035 ± 0.018 (1.85) 0.069 ± 0.23 (3.62) NA

PC 18:2 0.032 ± 0.022 (11.76) 0.017 ± 0.021 (6.03) 0.072 ± 0.055 (26.33)

PC 38:0 0.0090 ± 0.013 (0.15) 0.0054 ± 0.0076 (0.088) 0.027 ± 0.11 (0.45)

SM 26:4 0.016 ± 0.0030 (63.48) 0.015 ± 0.0028 (57.03) 0.018 ± 0.0046 (69.66)

SM 42:1 NA NA NA

The specific experimental condition was using PBS:MeOH (1:1) as the homogenization

solution combined with lipid extraction using 75% MTBE in MeOH using 50 μL “extract”

volume (Mean ± SD (%-contribution)). NA: not applicable, since no signal was detected. Table

is cited from Y. Hao, et al [41] under the Creative Commons CC-BY license[42].

2.3.4. Comparison of Metabolite Extraction Efficiencies

Upset plots proved effective for visualizing extraction efficiencies in complex datasets

[7], outperforming Venn diagrams [17] for comparisons involving more than four

datasets. To assess and compare the extraction efficiencies of all metabolites, a

threshold (Threshold A)—set at 75% of the largest metabolite concentration—was

applied to each metabolite across all homogenization test solutions. This analysis

focused exclusively on 50 µL supernatant and homogenate samples extracted with
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either 25% MTBE or 75% MTBE. Figure 2.4a shows the Upset plot which reveals that

PBS:MeOH (1:1) achieved the highest extraction recoveries and the greatest number

of extracted metabolites, followed by PBS:MeOH (1:3) and PBS, particularly when

combined with homogenate extraction using 75% MTBE. PBS:EtOH (15:85) ranked

fourth, especially in the case of supernatant extraction with 75% MTBE. In contrast,

IPA used for tissue homogenization paired with 25% MTBE for homogenate extraction

performed the worst, likely due to the high solid content generated during IPA

homogenization, resulting in thick, clumpy slurries that are challenging to pipette, even

with 200 µL pipette tips and pre-wetting.

Figure 2.4b shows the Upset plot generated by applying a second threshold

(Threshold B)—75% of the metabolite concentrations from the top-performing condition,

PBS:MeOH (1:1)—and all sample preparation conditions were compared with

PBS:MeOH (1:1), the same top four conditions were identified. However,

PBS:MeOH (1:1) combined with 25% MTBE for supernatant lipid extraction emerged

as the least effective option.
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Figure 2.4a. Upset Plot Analysis of Metabolite Extraction Recoveries Across Homogenization

Solutions (Threshold A).

The specific experimental condition was using 50 µL supernatant (S) and homogenate (H) for

lipid and metabolite extraction using 75% MTBE (75) and 25% MTBE (25), focusing solely on

metabolites with concentrations exceeding 75% of the highest concentration observed across

all sample preparations (Threshold A). The bar chart (top graph) displays the percentage of

metabolites extracted per substance group under each condition, with connected nodes

(bottom graph) illustrating their relationships and intersection sizes (middle graph). To

enhance clarity, only intersection sizes ≥2 were displayed. Figure is cited from Y. Hao, et al

[41] under the Creative Commons CC-BY license[42].
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Figure 2.4b. Upset Plot Analysis of Metabolite Extraction Recoveries Across Homogenization

Solutions (Threshold B).

The specific experimental condition was using 50 µL supernatant (S) and homogenate (H) for

lipid and metabolite extraction using 75% MTBE (75) and 25% MTBE (25), focusing solely on

metabolites with concentrations exceeding 75% concentration of the metabolites from the best

performing condition PBS:MeOH (1:1) using 75% MTBE for the homogenate (Threshold B).

The bar chart (top graph) displays the percentage of metabolites extracted per substance

group under each condition, with connected nodes (bottom graph) illustrating their

relationships and intersection sizes (middle graph). To enhance clarity, only intersection sizes
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≥2 were displayed. Figure is cited from Y. Hao, et al [41] under the Creative Commons CC-BY

license[42].

2.3.5 Mouse Pancreas Tissue

Figure 5 illustrates the outcomes of metabolite extraction from three pancreas tissue

samples (A, B, and C; 50 mg ± 10 mg) obtained from three distinct mice (M-1, M-2, and

M-3). Homogenization was conducted using a PBS:MeOH mixture (1:1), followed by

lipid extraction of 50 µL homogenate using a 75% MTBE protocol. Given the small

tissue weight, metabolite extractions were processed in quadruplicates for each

homogenization experiment. Generally, error bars were smaller for higher-

concentration metabolites and increased as metabolite concentrations decreased.

The three pancreas tissue pieces from each mouse were analysed in randomly, without

regard to their anatomical location. The final quantitative results were normalized to

tissue weight, with intermediate µmol/L values switched to pmol/mg tissue. Mouse M-1

was sacrificed at 17 weeks, M-2 and M-3 were sacrificed 2 weeks early. Despite their

minimal age difference and shared genetic background, biological heterogeneity

among mice likely contributed to variations in metabolite profiles. Additionally,

anatomical differences, such as variations in blood supply and pancreas islet

distribution [48], may account for the differing metabolite profiles observed in the

samples from the same mouse.

Metabolites such as PC 18:2, Carn 16:0 and malic acid exhibited different

concentrations between the two age groups, whereas Carn 4:0 DC showed no

significant variations across tissue sections or different mice. Concentration spikes in

specific tissue pieces could reflect varying metabolic activities in different anatomical

regions of the pancreas. However, limited research has explored this phenomenon,

highlighting a promising area for future studies.
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Figure 2.5. Recoveries of selected lipid and polar metabolite for 9 mouse pancreas tissue

pieces from three mice (Bar charts).

9 pancreas tissue pieces (A, B, and C of each mouse among three mice M-1, M-2 and M3)

were homogenized with 300 uL of PBS:MeOH (1:1) with 5 * 3 mm steal beads for 5 min at

level 4 with ice bag under the homogenizer lid. Subsequently, 50 µL of supernatant and

homogenate were processed with the optimized extraction method using MeOH and 75%

MTBE in MeOH in turn. Figure is cited from Y. Hao, et al [41] under the Creative Commons

CC-BY license[42].

2.4. Conclusions
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This study outlines the optimization of tissue homogenization and metabolite extraction

protocols, focusing on the comprehensive recovery of polar and very lipophilic

metabolites. By evaluating six homogenization solutions, two lipid extraction methods,

and three extract volumes, a total of 60 conditions were analysed using technical

replicates n = 4 for approximately 400 metabolites and lipids. In alignment with green

analytical chemistry (GAC) principles [49], only non-halogenated solvents were utilized,

and waste was minimized through the use of 96-well plate formats and reduced solvent

volumes. The study also introduced a novel prewetting correction factor (PWC-factor)

for accurate homogenate pipetting and explored cooling strategies during

homogenization. Quantification of lipid and metabolite was performed using a targeted

HPLC-ESI-QTRAP-MS/MS platform, encompassing four analytical modules for amino

acids, organic acids, acylcarnitines, and phosphocholine lipids.

PBS:MeOH (1:1), PBS:MeOH (1:3), and PBS demonstrated superior extraction

efficiencies for polar metabolites, with homogenates outperforming supernatants.

Recoveries of metabolites with high lipophilicity were also significantly higher in

homogenates. While MeOH and IPA improved lipid extraction from supernatants,

combining MeOH with PBS and employing a two-step extraction procedure (MeOH for

polar metabolites and 75% MTBE in MeOH for lipids) yielded higher reproducibility and

recovery rates. Increased organic solvent content led to higher solid content in

homogenates, causing pipette tip blockages, particularly with 10 µL tips. In such cases,

the PWC-factor can be applied, though its use is not recommended by the authors. The

solids in homogenates, likely composed of cell debris and protein precipitates, acted as

adsorbents, reducing lipid extraction efficiency from supernatants. While higher organic

solvent content improved lipid recovery from supernatants, it also increased polar

metabolite loss.

The study deliberately separated homogenization (300 µL) from metabolite extraction

(25 µL or 50 µL homogenate), further dividing the extraction into polar metabolites (450
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µL MeOH) and lipids (450 µL 75% MTBE in MeOH). This approach, inspired by liquid-

liquid extraction principles, enhanced overall extraction efficiency, metabolite coverage,

and reproducibility.

The optimal condition identified was PBS:MeOH (1:1) coupled with the homogenate

extraction approach using a two-step procedure, MeOH and 75% MTBE in MeOH.

However, alternative combinations of homogenization solutions, extract types

(supernatant or homogenate), and extraction conditions hold the potential to yield

tissue compartment-specific insights. For example, low-organic homogenization

solutions combined with supernatant extraction may primarily recover polar metabolites,

whereas the presented method aims for comprehensive polar and lipid profiling. While

this study addressed numerous experimental factors influencing metabolic profiles,

extra parameters such as tissue-to-homogenate volume ratios, tissue type, tissue

weight, and organ-specific sections remain to be fully explored. These will be detailed

in future research. A preliminary investigation of 9 pancreas tissue sections from three

mice revealed significant metabolic profile variations based on anatomical location,

highlighting the need for further exploration in this area.
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