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Abstract 

The chemical exposome, i.e., the sum of environmental exposures, affects human health from conception 

onwards. As the primary source of nutrition and immune protections for newborns, human breast milk is 

a valuable matrix for monitoring early-life exposure to environmental contaminations following maternal 

exposure. Dried milk spots (DMS), similar to dried blood spots, offer a practical alternative to liquid milk 

sampling, with advantages including minimal sample volume, ease of collection, transport and storage, 

and the potential for improved analyte stability. Similarly, new microsampling devices like volumetric ab-

sorptive microsampling (VAMS) tips additionally offer the possibility for quantitative sample collection. 

This thesis aimed to optimize an LC-MS/MS assay for the quantification of >200 xenobiotics in DMS sam-

ples. Two extraction solutions were evaluated, yielding comparable results with approximately half of the 

compounds detected within the acceptance range for matrix effects (60-140%), and about 80% meeting 

the criteria for recovery (42-134%). Given the minimal difference between both extraction solutions, the 

solution consisting of ACN/MeOH/H2O (40:40:20; v/v) was selected for a proof-of-principle study, in which 

compound concentrations were compared between pooled breast milk samples from Austria and the NIST 

Standard Reference Material (SRM) 1954 (USA). A total of 30 compounds were detected in SRM 1954, 22 

of which were also found in the Austrian pooled sample. These included air pollutants (cotinine), plastic-

related chemicals (phthalates and bisphenols), flame retardants (TBBPA and TCBPA), perfluoroalkyl sub-

stances (PFOA and PFOS), personal care products ingredients (parabens) and drug-related compounds (ac-

etaminophen and fluconazole). A stability assessment was conducted by storing DMS samples at -80, -20, 

4, 18 and 37°C for two days, two weeks and two months. No significant changes were observed for the full 

set of compounds at -20°C throughout all storage durations and for 80% of compounds at 4, 18 and 37°C 

for up to 2 days. Finally, a comparison between DMS and Mitra tips revealed overall good agreement in 

number of detectable compounds, SSE and recovery. The main differences between the two methods 

were related to background contamination in terms of the number and concentration of contaminants.  

In this study the suitability of DMS for an LC-MS/MS based exposure assessment in both mothers and 

infants was demonstrated. The workflow revealed the presence of various xenobiotics in breast milk sam-

ples from the US and Austria, albeit at very low concentrations. The preliminary stability study revealed 

good stability for most analytes even at extended storage temperatures and durations, highlighting the 

potential for sample preparation even in low-resource settings. Furthermore, the comparison between 

DMS and Mitra tips showed similar performances, making Mitra tips a promising device for at-home sam-

pling and therefore possibly simplifying large-scale studies.   
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Zusammenfassung 

Das Exposom umfasst die Gesamtheit aller Umweltexpositionen, welche die menschliche Gesundheit be-

reits ab der Empfängnis beeinflussen, wobei Muttermilch als wichtigste Nahrungsquelle für Neugeborene 

eine wertvolle Matrix zur Überwachung frühkindlicher Umweltbelastungen darstellt. Dried Milk Spots 

(DMS), auf Filterpapier getrocknete Milchproben, bieten analog zu Dried Blood Spots eine praktische Al-

ternative zur Analyse von flüssiger Milch. Zu ihren Vorteilen zählen ein minimales Probenvolumen, eine 

einfache Probennahme und Lagerung sowie potenziell erhöhte Stabilität der Analyten. Neue Micro-

sampling-Technologien wie volumetric absorptive microsampling (VAMS) bieten zusätzlich die Möglichkeit 

einer simplen quantitativen Arbeitsweise. Das Ziel dieser Arbeit war die Optimierung einer LC-MS/MS-

Methode zur Quantifizierung von >200 Xenobiotika in DMS-Proben. Es wurden zwei Extraktionslösungen 

bewertet, die vergleichbare Ergebnisse lieferten, wobei etwa die Hälfte der nachgewiesenen Verbindun-

gen innerhalb des Akzeptanzbereichs für Matrixeffekte (60–140%) lagen und etwa 80% die Kriterien für 

die Wiederfindung (42–134%) erfüllten. Da beide Lösungen ähnliche Ergebnisse lieferten, wurde die Lö-

sung bestehend aus ACN/MeOH/H2O (40:40:20; v/v) für eine Proof-of-Principle-Studie ausgewählt. Ana-

lysiert wurden sowohl das Standardreferenzmaterial (SRM) 1954 als auch österreichische Muttermilchpro-

ben. Insgesamt wurden 30 Verbindungen in SRM 1954 nachgewiesen, von denen 22 auch in den österrei-

chischen Proben gefunden wurden. Dazu gehörten Luftschadstoffe (Cotinin), kunststoffbezogene Chemi-

kalien (Phthalate und Bisphenole), Flammschutzmittel (TBBPA und TCBPA), Per- und polyfluorierte Alkyl-

verbindungen (PFOA und PFOS), Inhaltsstoffe von Körperpflegeprodukten (Parabene) und Arzneimittel-

rückstände (Acetaminophen und Fluconazol). Darüber hinaus wurde eine Stabilitätsstudie durchgeführt, 

indem DMS-Proben zwei Tage, zwei Wochen und zwei Monate lang bei -80, -20, 4, 18 und 37°C gelagert 

wurden. Bei einer Lagerungstemperatur von -20°C zeigten die Analyten weder temperatur- noch zeitbe-

dingten Veränderungen. Auch bei höheren Temperaturen blieben rund 80 % der Substanzen über einen 

Zeitraum von bis zu zwei Tagen stabil. Ein Vergleich zwischen DMS und Mitra VAMS ergab eine insgesamt 

gute Übereinstimmung hinsichtlich der berechneten Matrixeffekte und Wiederfindungsraten. Der wesent-

liche Unterschied betraf die Konzentration von Hintergrundkontaminanten, die bei Mitra-VAMS geringer 

ausfiel. 

Die vorliegende Studie zeigte, dass DMS sich gut eignen, um die Exposition von Säuglingen ausgehend von 

der Muttermilch zu analysieren. Das durchgeführte Protokoll zeigte außerdem das Vorhandensein ver-

schiedener Xenobiotika in Muttermilchproben aus den USA und Österreich, wenn auch in sehr geringen 

Konzentrationen. Die vorläufige Stabilitätsstudie ergab eine gute Stabilität für die meisten Analyten, selbst 

bei erhöhten Temperaturen und längerer Lagerung, was das Potenzial für eine Probenvorbereitung in 

schlecht ausgestatteten Gebieten hervorhebt. Der Vergleich zwischen DMS und Mitra VAMS ergab eine 

vergleichbare Leistung, womit Mitra VAMS eine vielversprechende Option für die häusliche Probenahme 

darstellen und groß angelegte Studien erleichtern könnten.
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1. Introduction 

1.1. Breast milk 

Breast milk serves as the primary source of nutrition for newborns and is specially adapted to the physio-

logical needs of neonates. The World Health Organization (WHO) recommends exclusive breastfeeding for 

the first 6 months of life, as breast milk provides all essential nutrients required for optimal growth and 

development during this period.1 Its composition is predominantly water, followed by lactose as the main 

carbohydrate, along with fats and proteins.2 Notably, the composition of breast milk is dynamic and varies 

depending on several factors, including whether the infant is born preterm or at term.3 It also fluctuates 

throughout a single feeding session, across different times of the day, and over the course of lactation. 

Additionally, maternal factors such as nutrition, genetic background, and lifestyle strongly influence the 

overall composition of breast milk.4 

Several studies have shown a correlation between the duration of breastfeeding and improved cognitive 

and motor development in children.5,6 For instance, research by Huang et al. found that the developmental 

advantages associated with breastfeeding persist throughout childhood despite schooling.6 However, it is 

not only the presence or duration of breastfeeding that influences infant development, but also the nutri-

tional status of the mother. Maternal deficiencies in vitamins such as B6, B12, and riboflavin have been 

shown to result in the corresponding deficiencies breast milk, thereby compromising the infants nutrient 

supply.7 Beyond providing essential macro – and micronutrients, human milk also supplies the newborn 

with immunological protection through antibodies. These play a crucial role, as the baby's immune system 

is still developing when it is born.8 For instance, Rogier et al. found that immunoglobulin A (IgA) antibodies 

present in breast milk act as a barrier against enterobacteria that can cause diarrheal diseases.9  

In addition to its endogenous components, breast milk may contain exogenous substances like food con-

taminants and additional xenobiotics originating from maternal exposure. A study by Memiş et al.10 

demonstrated that breast milk may be contaminated with mycotoxins, posing potential health risks to the 

infant. Notably, the risk of contamination with ochratoxin A increased significantly when the mother was 

also exposed to cigarette smoke. Beyond mycotoxins, research by Jamnik et al.11 found additional xenobi-

otics in human milk, including plasticizers, pharmaceuticals and phytoestrogens that may impact neonates 

health.  

1.2. Early life exposure & exposomics 

The concept of the Developmental Origins of Health and Disease (DOHaD) originated from the work of 

Barker and colleagues in the 1980s and revealed a link between low birthweight and an increased risk of 

coronary heart disease in adulthood.12 This research laid the foundation for the idea that environmental 

factors such as nutrition during critical time windows of development can have profound and lasting ef-

fects on health across a lifespan. The prenatal and postnatal periods are thus increasingly recognized as 

critical windows of susceptibility as key organ systems are still undergoing maturation, making them par-

ticularly, vulnerable to disruption.13,14 Exposure to environmental contaminants can occur through mater-

nal transfer, both via the placenta during pregnancy15, and later through breast milk. A growing body of 

research on early-life exposure has demonstrated associations between exposure to environmental pollu-

tants and adverse health outcomes, such as preterm birth16, low birth weight17 or altered gut microbiota18. 
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These early disturbances may set the stage for long-term health consequences. For instance, low birth 

weight has been linked to a higher risk of developing depression, type 2 diabetes, attention-related disor-

ders or cardiovascular diseases later in life, representing a significant public health burden.19–22 

Human biomonitoring (HBM) is a key tool in exposure assessment, enabling the direct measurement of 

environmental chemicals and their metabolites in human biological matrices such as blood, urine or breast 

milk, reflecting internal exposure from all exposure paths. Traditional exposure assessment relied on en-

vironmental measurements and behavioral data. In contrast, HBM provides a more accurate and individ-

ualized measure of the internal dose absorbed/metabolized by the body and can be applied not only for 

assessing persistent chemicals that accumulate in the body over time (such as cadmium, for instance) but 

also to short-term exposure (such as cotinine, as a smoking marker).23  

The exposome, first proposed by C. Wild in 200524, further extends this concept by aiming to capture the 

totality of environmental exposures over a life course. Like genome-wide association studies (GWAS), ex-

posure-wide association studies (ExWAS) are a hypothesis-free approach that aims to systematically ex-

amine the relationship between a wide range of environmental exposures and specific health outcomes. 

In contrast to the human biomonitoring strategy, EWAS provides a broader understanding of multiple ex-

posures that occur in parallel.25–27 Within this context, HBM data from breast milk can be integrated with 

omics technologies (e.g. metabolomics, exposomics) to better understand the maternal exposome, the 

infants exposure and finally how early-life exposures influence long-term health outcomes. 

 

Figure 1: The concept of the exposome, comprising exposures from the external environment, internal environment, 

and lifestyle. 

1.3. Dried Matrix Spots  

In the dried matrix spot technique, biological fluids are applied to a filter paper and allowed to dry. Once 

dried, the spots are cut out, and the analytes of interest are extracted. Due to limited sample volume and 

the complexity of the biological matrices employed, highly sensitive and selective analytical instruments, 

such as mass spectrometers, are typically used for analysis.28–30 The origins of dried matrix spots can be 

traced back to 1913, when dried blood spots (DBS) were first used to determine blood glucose levels.31 
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However, widespread application began in the 1960s, when Guthrie introduced DBS for neonatal screening 

programs. In this procedure, a heel-prick blood sample from a newborn is collected on filter paper and 

analyzed for metabolic disorders like phenylketonuria, a practice that remains standard in many countries 

today. 28–30  

To date, DBS remains the most commonly used form of dried matrix spots.32 Their versatility has led to 

widespread application in various scientific and clinical fields, including metabolomics33–35 , therapeutic 

drug monitoring36–38 and metal analysis39,40. Beyond blood, other biological fluids have also been explored 

for dried matrix spots sampling, such as saliva41–43, urine44–46 and breast milk47–49. The ease of collection is 

one of the major benefits of the dried matrix spot technique. Collecting small volumes of biological fluids 

onto filter paper is minimally invasive, often requiring only a finger prick or small volume of milk, saliva or 

urine, depending on the matrix. This makes this method especially suitable for vulnerable populations 

such as newborns, infants, or patients for whom venipuncture may be challenging or impossible. In many 

cases, samples can even be collected at home by individuals without specialized training, using simple 

instructions and standardized collection kits.50–52 This reduces the burden on healthcare facilities and en-

ables broader participation in population-based studies. Additionally, there is the chance to lower overall 

costs due to home sampling.53 Finally, the ability to store and transport dried samples without cold chain 

logistic, makes them particularly well-suited for biobanking, large-scale research or for low-resource set-

tings. Furthermore, the limited amount of biological material lowers the risk of biohazard exposure during 

collection, handling and transport. When combined with the drying process, which further reduces the 

viability of infectious agents, dried matrix spots offer a safer alternative to traditional liquid samples.54,55 

Another key advantage of dried matrix spots is the enhanced stability of analytes. Once the biological fluid 

is dried, enzymatic activity is halted, and the risk of microbiological degradation is reduced. This preserva-

tion effect allows many analytes to remain stable for extended periods, even at ambient temperatures. 

Various studies have demonstrated that analytes stored in dried spots can remain stable for weeks to 

months without the need of refrigeration or freezing, depending on the matrix and the analyte of inter-

est.56–60 This advantage also offers the opportunity for historical exposure assessment. For example, in the 

study by Blomberg et al, PFAS levels where successfully measured in DBS samples collected between 1985 

and 2013.61 Factors like temperature, humidity, light exposure and the choice of filter paper can still influ-

ence stability and must be considered when developing such methods.57,62,63  

Despite their many advantages, dried matrix spots also present certain limitations. One common challenge 

is the variability in spot volume and analyte distribution, where factors like hematocrit can influence the 

spread of blood on filter paper.64,65 Moreover, the small sample volume limits the number of analyses that 

can be performed from a single spot as well as the absolute amount of each analyte available, which might 

limit their detection/quantification reliably.  

In recent years, microsampling technologies have emerged as innovative solutions to address the limita-

tions of traditional dried matrix spots, particularly in the field of quantitative bioanalysis. Volumetric ab-

sorptive microsampling (VAMS) is one of the widely adopted advancements in this area. Devices like Mitra 

sampler collect a fixed volume of blood using an absorptive polymer tip that can hold a precise amount of 

fluid. Sampler sizes are available in 10, 20 and 30 µL formats.66 In the context of blood analysis, it has 

already been shown that a precise amount of blood can be absorbed, regardless of the hematocrit.67,68 
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Figure 2: Scheme of A) DMS preparation and transfer to sample tube and of Mitra VAMS application B) directly on 

the finger and C) in sample tube. 

An alternative approach is found in capillary microsampling systems such as hemaPEN or Capitainer. These 

devices use integrated microfluid channels to collect and isolate precise volumes.69,70 Some of these sys-

tems can even generate plasma-like fractions on-device, which may further improve matrix consistency.71 

While the majority of these new microsampling technologies are focused on blood collection, particularly 

due to the quantitative challenges posed by heel- or finger-prick sampling, they also offer promising ap-

plications for other biological matrices. In addition to providing standardized sample volumes, these tech-

nologies eliminate the need for manual punching of dried spots. The simplification may not only improve 

reproducibility but could also enhance compatibility with automated, high-throughput systems. 

1.4. Liquid chromatography 

Due to its high sensitivity and broad coverage of various compounds, liquid chromatography-mass spec-

trometry (LC-MS) is the preferred instrument platform for analytical exposome research. High-perfor-

mance liquid chromatography (HPLC) is a widely used technique for the separation of compounds that 

have low volatility. The primary requirement is that the analytes are soluble in the eluent. Due to its ver-

satility, HPLC is applicable to a broad range of chemical substances and is employed for both qualitative 

and quantitative analysis.  

Separation in HPLC is based on the interaction of analytes with the stationary phase within the chromato-

graphic column, which is packed with highly porous adsorbent particles, typically ranging in size from 1.8 

to 5 µm.72 Different separation mechanisms can be achieved by varying the stationary phase and the elu-

ents (mobile phase). In normal-phase chromatography, the stationary phase is polar and silica gel is usually 

used as column packing material, while a non-polar mobile phase is used. Under these conditions, more 

hydrophilic compounds interact more strongly with the stationary phase and are thus eluted later. In con-

trast, reversed-phase liquid chromatography (RPLC) employs a non-polar stationary phase, typically silica 

gel modified with alkyl chains. A polar mobile phase is used in this setup, resulting in stronger retention of 

hydrophobic compounds. This makes RPLC suitable for a wide range of biological and environmental ana-

lytes.73  
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To improve chromatographic separation, a two- or multi-component mobile phase is often employed. In 

RPLC, typically water and a more polar organic solvent, such as methanol or acetonitrile are used as mobile 

phase. The choice and ratio of solvents influence both retention time and resolution of analytes. When 

the composition of the mobile phase remains constant throughout the separation, it is referred to as iso-

cratic elution. In contrast, if the solvent composition changes over time, the method is known as gradient 

elution. Gradient elution is particularly useful for separating complex mixtures with analytes of varying 

polarity, as it allows for better resolution and shorter run times.74  

In recent years, ultra-high-performance liquid chromatography (UHPLC) has further advanced the capabil-

ities of traditional HPLC. UHPLC employs columns packed with particles smaller than 2 µm and therefore 

operates at higher system pressures (600-1400 bar), resulting in increased chromatographic efficiency and 

improved resolution. Furthermore, with typical injection volumes of 0.5-2.0 µL, UHPLC requires up to 100 

times less sample than conventional HPLC. These improvements reduce analysis time to a few minutes but 

also make UHPLC valuable for high-throughput analyses and precise quantification in research.75 

1.5. Mass spectrometry 

In mass spectrometry, ions are detected based on their mass-to-charge ratio (m/z). Typically, the com-

pounds of interest are first separated using liquid or gas chromatography, after which they undergo ioni-

zation. The resulting ions are then introduced into a mass analyzer, which separates them according to 

their m/z, and finally reach the detector. In this work, a triple quadrupole mass spectrometer coupled with 

electrospray ionization (ESI) was used to perform multiple reaction monitoring (MRM) experiments, as 

further detailed in the next sections.  

1.5.1. Ionization 

In order to accelerate analyte molecules through an electric field, deflect them in a magnetic field, and 

ultimately detect them based on their m/z, the molecules must first be ionized. This ionization occurs in 

the ion source of the mass spectrometer and can be achieved through various approaches. For gaseous 

analytes, methods such as electron ionization or chemical ionization directly ionize the molecules in the 

gas phase. For liquid samples, techniques like ESI or atmospheric pressure chemical ionization transfer the 

analyte molecules into the gas phase and then introduce them from atmospheric pressure into the high 

vacuum of the mass spectrometer.76 

In ESI, the analyte solution first enters the ion source, via direct infusion or previous chromatographic 

separation, and is then converted into a fine spray, as it passes through a capillary under high-pressure 

nitrogen and an applied voltage. The potential difference between the capillary and the counter electrode 

creates an electric field, causing ions from the solution to migrate to the liquid surface depending on their 

charge. A so-called Taylor cone is formed from which droplets are emitted. The formation and stability of 

the Taylor-cone are counteracted by the surface tension of the solvent, which is largely dependent on its 

composition. The addition of organic solvents helps reduce surface tension, thereby facilitating droplet 

formation. The charged droplets are then desolvated using a heated stream of nitrogen gas. As the solvent 

evaporates, the charge density on the shrinking droplets increases until it reaches the Rayleigh limit, lead-

ing to a Coulomb explosion that ultimately releases individual ions in the gas phase.77 
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ESI can be used in positive and negative mode, creating mostly protonated ([M-H]+) and deprotonated 

([M-H]-) ion species, respectively, depending on the mobile phase used. Based on the physicochemical 

properties of each analyte, one specific ionization mode can be favored (or even unique), which is the 

reason why a combination of both ESI+ and ESI- is typically needed for analyzing a diverse range of ana-

lytes. Ionization efficiency in positive mode can be enhanced by adding weak acids to the mobile phase. 

The same principle is valid for negative mode, in which a weak base can be added to assist proton with-

drawn.78 In this work, ammonium fluoride was used for this purpose, as it has been shown to improve 

ionization in negative mode of analysis.79 A wide variety of solvents can be used in ESI, including more 

polar solvents such as water or methanol to less polar solvents like dichloromethane and diethyl ether or 

mixtures such as methanol/water or acetonitrile/water. The choice of solvent impacts both ionization ef-

ficiency and chromatographic separation.77  

 

Figure 3: Scheme of electro spray ionization. A droplet is emitted from the Taylor cone and after solvent evaporation 

and Coulombe explosion, single charged analyte ions remain, that can enter the mass spectrometer. Adapted from 

Banerjee et al.80 

1.5.2. Mass analyzer 

As a critical component, the mass analyzer is responsible for separating ions based on their m/z and there-

fore enabling their detection and characterization. Depending on the mass analyzer used, one can distin-

guish between low-resolution and high-resolution mass spectrometry (LRMS and HRMS). HRMS instru-

ments like time-of-flight or orbitrap analyzers can measure m/z values with high mass accuracy, typically 

to four or more decimal places, allowing good molecular identification and differentiation of isobaric spe-

cies. This makes them particularly suitable for untargeted approaches, where a broad range of small mol-

ecules, including unknown or unexpected xenobiotics, are being analyzed.78,81 LRMS instruments in con-

trast, measure m/z ratios at unit mass resolution, meaning it cannot distinguish between isobars, which 

are molecules with the same nominal mass but different exact mass. Despite these limitations, LRMS offers 

high sensitivity and specificity, making it ideal for targeted approaches, where the focus is on the precise 

quantification of predefined chemicals.81,82 

A quadrupole mass analyzer is a low-resolution instrument and consists of four rod-shaped electrodes 

arranged parallel to each other. A combination of direct current voltage (DC) and radio frequency (RF) is 

applied to these electrodes. This creates an electric field that influences the trajectory of ions passing 

through the quadrupole. As ions enter the field, they are induced to oscillate. The stability of these oscil-

lations depends on their m/z as well as the applied voltage parameters.  
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Only ions with specific m/z values will maintain stable trajectories and pass through the quadrupole to 

reach the detector, while others are destabilized and filtered out. By systematically adjusting the voltages, 

the quadrupole can selectively transmit ions of interest.76,81  

This characteristic is utilized for triple quadrupoles in tandem mass spectrometry. In tandem spectrometry 

two or more mass analyzers are arranged successively. A commonly used configuration is the triple quad-

rupole, consisting of three quadrupoles (Q1, Q2 and Q3). Q1 serves as a mass filter, selecting precursor 

(parent) ions of specific m/z. These ions then enter Q2, which functions as a collision cell. Here, the ions 

collide with an inert collision gas (e.g. nitrogen or argon), causing them to fragment into product ions. 

Finally, Q3 acts as a second mass filter, transmitting only selected fragment ions to the detector.76  

 

Figure 4: Scheme of triple quadrupole with multiple reaction monitoring. The ions are chromatographically sepa-

rated before entering the first quadrupole Q1, where one precursor ion is selected. In Q2 fragmentation takes place 

and in Q3 specific product ions are select, that are detected afterwards. Adapted from Boja et al.83 

Triple quadrupole instruments support several scan modes, each serving different analytical purposes76: 

• Multiple reaction monitoring (MRM): Q1 and Q3 are set to specific m/z values to monitor defined 

precursor-product ion transitions. 

• Product ion scan: Q1 is set to a specific m/z value and Q3 scans a range of m/z values to detect all 

resulting product ions. 

• Precursor ion scan: Q3 is set to a specific m/z value and Q1 scans for all precursor ions that frag-

ment to produce it. 

• Neutral loss scan: Both Q1 and Q3 scan in parallel, looking for precursor-product ion pairs that 

differ by a specific neutral mass.  

In terms of specificity and sensitivity, MRM experiments provide advantages over other scan modes. By 

applying two successive stages of mass filtering and monitoring a defined precursor ion and a characteris-

tic fragment ion, background noise is reduced and specificity is enhanced. Furthermore, monitoring mul-

tiple transitions per compound (qualifier and quantifier ions) further increases selectivity.84  
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2. Aims and structure of the thesis 
 

The specific aims of this thesis can be summarized as follows: 

 

1. Optimization of a sample preparation protocol for targeted LC-MS/MS analy-

sis of >200 xenobiotics in DMS.  

 

2. Evaluation of analytical figures of merit of a LC-MS/MS workflow including ex-

traction recovery, matrix effects, limits of detections and compound stability. 

 

3. Application of the optimized method to pooled breast milk from Austria and 

USA samples as a proof-of-concept study. 

 

4. Analytical performance comparison between conventional paper-based dried 

milk spots (DMS) and the novel Mitra volumetric absorptive microsampling 

(VAMS) device. 

 

This thesis is written as a cumulative work that includes an original research article submitted for peer-

review and published on a pre-print server.  
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4. Conclusion 
This thesis demonstrated for the first time the feasibility of DMS for multi-class exposure assessment in 

mothers and infants through a targeted LC-MS/MS workflow. Despite the typically extremely low concen-

trations of these analytes, the method showed satisfactory performance with respect to SSE, recovery and 

LODs for a high number of analytes. A proof-of-principle study was conducted using both SRM 1954 and 

Austrian breast milk samples. In total 30 compounds were detected in SRM 1954 and 22 compounds in 

the Austrian sample.  

The stability of analytes was tested across a range of temperatures from -80°C to 37°C for up to two 

months. While -20°C and short-term storage of 2 days at higher temperatures showed no to minimal sig-

nificant changes, extended storage at 4°C, 18°C, and 37°C led to significant effects. This makes the method 

applicable for field work in the global south and low-resource settings.  

A comparative analysis with Mitra VAMS revealed a generally good agreement between the two sampling 

methods, with notable differences observed only for background contamination. Mitra VAMS offers prac-

tical advantages, including ease of use and volumetric accuracy without the need for pipetting, making it 

a user-friendly option for field and at-home sampling. These benefits are counterbalanced by higher costs 

and the environmental footprint of single-use plastic devices.  

In summary, this work established a solid foundation for using DMS in large-scale human exposure studies 

and highlighted key considerations for future method development and validation.  
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A. Appendix 
 

SOP – Preparation of dried breast milk spots for LC-MS/MS analysis on the Triple Quad™ 7500 

Author Katharina Pfundt 

Reviewer Vinicius Verri Hernandes 

Date 06.10.2025 

Version 2 

 

Instruments used: 

Instrument Brand 

Centrifuge Hettich Mikro 200 R 

LC-MS/MS See Table 1 

SpeedVac CentriVap Vacuum Concentrator and Cold Trap 

Thermo shaker Bosan TS-100 

Ultrasonic bath Bandelin Sonorex RK100 

Vortexer Vortex Genie 2 

 

Working solutions: 

ExoMix Cal 1000 Follow preparation draft for ExoMix found in: 

Z:\12 AK Benedikt Warth\2 Lab Management\2.2 SOPs & Protocols\Under devel-

opment\240401_ExoMix223 

Extraction solvent ACN/MeOH/H2O, 40/40/20 

Reconstitution solvent H2O/ACN, 90/10 

Extraction solution 84.4 µL ZEN IS (16 ng/mL) added to 44.9156 mL of extraction solvent 

Reconstitution solution 1 60 µL BPA IS (200 ng/mL) added to 5.94 mL of reconstitution solvent 

Reconstitution solution 2 18 µL BPA IS (200 ng/mL) and 36 µL ExoMix (Cal1000) added to 1746 µL of 

reconstitution solvent 

 

Calibration curve: 

Calibration point Quantity of solution Quantity of solvent (H2O/ACN, 90/10) 

Cal 02 37.5 µL of Cal 08 112.5 µL 

Cal 08 60 µL of Cal 2 90 µL 

Cal 2 37.5 µL of Cal 8 112.5 µL 

Cal 8 60 µL of Cal 20 90 µL 

Cal 20 37.5 µL of Cal 80 112.5 µL 

Cal 80 60 µL of Cal 200 90 µL 

Cal 200 40 µL of Cal 1000 ExoMix 160 µL 
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1. Preparation of dried breast milk spots 

1.1. Gently thaw an aliquot of breast milk and vortex briefly to homogenize 

1.2. Add 40 µL of milk to filter paper (Whatman 903 Proteinsaver card) 

1.3. Let filter paper dry, keeping the spots secured from contacting any surface. 

1.4. Clean puncher and tweezer with ACN before cutting 

1.5. Cut out the whole sample spots using a 1.5cm paper puncher and transfer with tweezer to 1.5 

mL Eppendorf tube. 

1.6. Ensure the spot to be at the bottom of the tube so it is completely covered by the extraction 

solvent. 

 

2. Extraction of dried breast milk spots 

2.1. Add 1 mL extraction solution 

2.2. Shake samples for 5 min at 1200 rpm 

2.3. Sonicate for 10 min 

2.4. Shake samples for 5 min at 1200 rpm 

2.5. Centrifuge at 4°C and 10000 rpm for 10 min  

2.6. Transfer 800 µL supernatant to new 1.5 mL tube 

2.7. Dry until complete dryness in vacuum centrifuge at 20°C (~24 h) 

2.8. Add 80 µL reconstitution solution 1  

2.9. Shake samples for 10 min at 1200 rpm 

2.10. Centrifuge at 4°C and 10000 rpm for 10 min  

2.11. Transfer samples to LC glass vial with a 300 μL glass insert 

 

3. Spiking of dried breast milk spots (Cal 20) 

3.1. Pre-spiked: Add 75 µL of ExoMix (Cal1000) to 1425 µL of breast milk, vortex briefly and continue 

at 1.2 

3.2. Post-spiked: Continue at 2.7 and add reconstitution solution 2, proceed with general extraction 

protocol 
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LC-MS/MS measurements 

Table 1: LC-MS/MS measurements 

Instrument SCIEX Triple Quad™ 7500 LowMass 

Acquisition method 240813_XtremeXeno_Uniformed found in 

D:\SCIEX OS Data\2024 Dried Milk Spots - VV&KP\Ac-

quisition Methods (on instrument computer) 

Injection volume 5 µL 

Autosampler temperature 7°C 

Column temperature 40°C 

Column Acquity HSST3 (100mm×2.1mm, 1.8μm) 

Precolumn Waters VanGuard Acquity HSST3 (5×2.1mm, 1.8μm) 

Flow rate 0.4 mL/min 

Needle wash Acetonitrile/Water/Methanol/Isopropanol 

(25/25/25/25 v/v) 

Eluent A Water + 0.3mmol/L ammonium fluoride 

Eluent B Acetonitrile 

Gradient Time (min) A% 

1 95 

1.8 82 

4.2 65 

13 52 

15.8 10 

15.81 2 

17.6 2 

17.7 95 

20 95 

Curtain gas 45 

Gas 1 (psi) 50 

Gas 2 (psi) 50 

Spray voltage (V) 2500 /-2500 

Scan Mode MRM 

 

Sequence design 

Abbreviation Sample type Reason for acquisition  

ExtSolv Extraction solvent 
Analysis of background contamination in working solutions 

RecSolv Reconstitution solvent 

Proc_Blank Process blank Analysis of background contamination in equipment 

PPRBLK Paper blank Analysis of background contamination in filter paper 

SOLSTD Standards in solvent  Creating an external calibration curve for quantification  

QC Quality control (non-spiked DMS) Analysis of system stability throughout the sequence 

PRSDMS Pre-spiked DMS Calculation of recovery 

PTSDMS Post-spiked DMS Calculation of matrix effects 

SRM1954 SRM 1954 DMS 
Analysis of present analytes 

NSPDMS Non-spiked DMS (Austrian milk) 
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List of analytical LC-MS sequences 

Table 2: Overview of LC-MS/MS measured sequences 

Date Batch name Sample 
Number of 

injections 
Purpose of experiment Method name Instrument 

06.09.24 
240906_DMS

_ExtOpt_KP 

Human 

breast milk 
157 

Method optimization 

xenobiotics in DMS 

240813_XtremeX

eno_Uniformed 

Triple Qua 

7500 

23.01.25 

250123_DMS

_Stability_Mi-

tra_Munich 

Human 

breast milk 
267 

Stability of xenobiotics 

in DMS, Comparison 

DMS/Mitra 

240813_XtremeX

eno_Uniformed 

Triple Quad 

7500 

 


