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1. Introduction 

Bioanalysis is a branch of pharmaceutical science focused on the qualitative and quantitative 

determination of trace-level analytes in complex biological matrices. The analytes of interest may 

include endogenous compounds produced by living organisms, such as metabolites, biomarkers, 

and naturally occurring bioactive compounds (for example, phenanthrenes), as well as exogenous 

compounds of synthetic origin, such as drugs (e.g., nimodipine), synthetic derivatives, and other 

target substances. Biological matrices commonly include plasma, urine, blood, plants, 

microorganisms, and tissues of human or animal origin [1,2]. Bioanalytical data are essential for 

understanding the behavior of compounds in living systems and for supporting decision-making in 

pharmacokinetics, pharmacology, biotransformation studies, drug discovery, natural product 

research, and therapeutic monitoring [2–5]. Nevertheless, one of the major challenges in bioanalysis 

lies in the complexity of biological matrices, as numerous matrix components, including proteins, 

phospholipids, salts, amino acids, sugars, lipids, and endogenous metabolites, may interfere with 

analyte extraction, chromatographic separation, and detection. Therefore, bioanalysis extends 

beyond the simple measurement of a compound in a biological sample; it involves the development 

of a reliable analytical strategy capable of distinguishing and quantifying the analyte with adequate 

confidence. A suitable bioanalytical method must provide sufficient sensitivity, selectivity, 

precision, accuracy, and robustness, while also considering analyte stability, sample volume, and 

the intended biological application [1,4,5]. 

Liquid chromatography coupled with mass spectrometry (LC–MS) is one of the most important and 

widely used techniques in quantitative bioanalysis because of its high sensitivity, selectivity, 

reproducibility, and suitability for complex biological samples [1,3–5]. The following sections 

summarize the fundamental principles of liquid chromatography, mass spectrometry, and their 

combination, as a hyphenated technique, including the related general LC–MS workflow relevant 

to this thesis. Subsequently, two bioanalytical LC–MS methods, along with the related sample 

preparation techniques and data evaluation, are presented in this thesis to support pharmacokinetic 

studies, nimodipine monitoring, and the bioactivity-guided investigation of plant secondary 

metabolites, particularly phenanthrenes.  

1.1 Liquid chromatography (LC) 

Chromatographic separation is widely used in bioanalysis to separate analytes of interest from 

complex biological samples. In chromatography, sample components are distributed between a 

mobile phase and a stationary phase, and separation is achieved according to differences in their 

physicochemical properties and interactions with the stationary phase. Liquid chromatography 



2 
 

(LC), in which the stationary phase is packed into a column, and the mobile phase is a liquid flowing 

under pressure, is among the most used analytical techniques in this field [6]. Retention of targeted 

analytes depends on the chemical properties of the compounds, such as polarity, hydrophobicity, 

and ionization state, as well as the applied chromatographic parameters, including column 

chemistry, mobile-phase composition, flow rate, temperature, and gradient conditions [6]. Modern 

bioanalytical laboratories mainly employ high-performance liquid chromatography (HPLC) and 

ultra-high-performance liquid chromatography (UHPLC). Compared with conventional HPLC, 

UHPLC uses smaller particle sizes and higher operating pressures, enabling faster analyses, 

improved efficiency, narrower peaks, and lower solvent consumption. These features are especially 

advantageous in LC–MS workflows [7,8]. 

In bioanalysis, LC not only separates analytes from matrix components but also supports 

identification by retention time (RT) and reduces ion suppression of retained analytes entering the 

ion source. Thus, chromatography contributes to both analyte separation and in-line clean-up within 

the analytical workflow [6,8]. Liquid chromatographic methods may also be classified according to 

the polarity relationship between the stationary and mobile phases into normal-phase liquid 

chromatography (NPLC), reversed-phase liquid chromatography (RP-LC), and hydrophilic 

interaction liquid chromatography (HILIC). Among these, RP-LC is the most widely used mode in 

pharmaceutical and bioanalytical analysis and is also the principal separation mode applied in the 

studies included in this thesis [6,8]. 

1.1.1 Reversed-phase liquid chromatography (RP-LC) 

In RP-LC, the stationary phase is relatively nonpolar or hydrophobic, commonly based on C18 or 

C8 bonded phases, whereas the mobile phase is relatively polar and usually consists of water mixed 

with an organic solvent such as acetonitrile or methanol, often containing volatile additives. 

Retention is mainly governed by hydrophobic interactions, so less polar analytes are generally 

retained longer, while more polar compounds elute earlier [6]. 

The C18 phases are the most commonly used stationary phases in RP-LC because of their broad 

applicability. Alternative phases such as C30, phenyl, biphenyl, and pentafluorophenyl may provide 

improved selectivity for specific analyte classes, particularly aromatic compounds and structurally 

related isomers [6]. In LC–MS methods, mobile phase modifiers such as formic acid, acetic acid, 

ammonium formate, and ammonium acetate are frequently used to improve chromatographic 

performance while maintaining compatibility with mass spectrometric detection [6,8]. Gradient 

elution is often preferred because it allows compounds with a wide range of hydrophobicities to be 

analyzed within a single run and helps reduce the accumulation of late-eluting matrix components 

on the column. Column temperature is another important parameter, as it affects solvent viscosity, 
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backpressure, mass transfer, peak shape, and selectivity [6,7]. RP-LC is especially well suited to 

LC–MS analysis because it provides broad analyte coverage, good compatibility with electrospray 

ionization, and flexible control of selectivity through adjustment of the stationary phase, mobile-

phase composition, pH, and gradient profile [6,8]. Although chromatographic techniques provide 

efficient separation, they are often insufficient on their own for reliable identification and accurate 

quantitation in complex biological matrices. Since compounds with similar chromatographic 

behavior may exhibit similar retention times and baseline separation is not always achievable, a 

more selective detection technique, such as mass spectrometry (MS), is required [8]. 

1.2 Mass spectrometry (MS) 

Mass spectrometry (MS) is an indispensable analytical technique in bioanalysis because of its high 

sensitivity, selectivity, low detection limits, and ability to provide molecular and structural 

information. In MS, analytes are detected as ions based on their mass-to-charge ratio (m/z), thereby 

providing selectivity beyond chromatographic retention. This is particularly important in complex 

biological matrices, where compounds with similar or identical retention behavior can still be 

distinguished by their mass spectra. For this reason, the coupling of liquid chromatography with 

mass spectrometry (LC–MS), as a hyphenated technique, has become one of the most powerful 

analytical approaches for the reliable identification and sensitive determination of analytes in 

bioanalytical applications [8]. 

1.2.1 Principle of MS 

The basic principle of mass spectrometry involves three main steps: ion formation, ion separation, 

and ion detection. First, neutral molecules are converted into gas-phase ions in the ion source. These 

ions are then transferred to the mass analyzer, where they are separated according to their mass to 

charge ratio (m/z) values. Finally, the separated ions are detected and recorded as a mass spectrum, 

in which ion intensity is plotted as a function of m/z [8]. 

1.2.2 Basic scheme of mass spectrometry  

A mass spectrometer consists of an ion source, a mass analyzer, and a detector, together with a 

vacuum system and data-processing software. Following sample introduction and ionization, the 

generated ions are separated in the analyzer and subsequently detected as electrical signals. In most 

instruments, the analyzer and detector operate under vacuum, whereas the ion source may operate 

either under vacuum or at atmospheric pressure, depending on the ionization technique (Fig. 1)[8]. 
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Fig. 1. Basic scheme of mass spectrometry 

1.2.3 Electrospray ionization (ESI) 

Among ionization techniques compatible with liquid chromatography, electrospray ionization (ESI) 

is among the most widely used and particularly relevant to the analytical methods presented in this 

thesis. ESI is well-suited for polar and moderately polar compounds and typically generates intact 

protonated or deprotonated molecular ions. Because fragmentation at the ion-source level is 

moderated, ESI is regarded as a soft ionization technique [9,10]. In ESI, the sample solution is 

introduced through a heated capillary held at high voltage, typically 3–5 kV. Under the influence of 

the electric field, a Taylor cone is formed at the capillary tip, from which charged droplets are 

emitted. As the solvent evaporates with the assistance of drying and nebulizing gases, the droplets 

decrease in size until gas-phase ions are produced. Ion formation in ESI is commonly explained by 

the charge-residue model and the ion-evaporation model. The latter is more often applied to lower-

molecular-weight compounds, whereas the charge residue model is generally considered more 

suitable for larger molecules [9,10]. The ions remaining after nebulization are then introduced into 

the analyzer, which operates under high vacuum, through an orifice and ion optics (Fig. 2) [10]. 

Other atmospheric-pressure ionization techniques, such as atmospheric pressure chemical ionization 

(APCI) and atmospheric pressure photoionization (APPI), are also used in LC–MS, particularly for 

less polar compounds. Compared with APCI, which generally produces singly charged ions, ESI 

may also generate multiply charged ions.  

 

Fig. 2. Electrospray ionization process 
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1.2.4 Mass analyzers and detectors 

Once formed, ions enter the mass analyzer, where they are separated according to their m/z values. 

Different analyzer types are used in modern mass spectrometry, including quadrupoles, ion traps, 

time-of-flight (TOF), and Orbitrap analyzers. These differ in key performance characteristics such 

as mass range, mass accuracy, resolution, and scan speed. Mass accuracy describes how closely the 

measured mass of an ion matches its theoretical value and is commonly expressed in Daltons or 

parts per million (ppm). Resolution describes the ability of the analyzer to distinguish between ions 

of similar m/z values and is typically defined using the full width at half maximum (FWHM) of a 

peak [11–13]. In general, quadrupole and ion trap analyzers provide high sensitivity but limited 

resolution, whereas TOF, FT-ICR, and Orbitrap analyzers offer high resolving power and accurate-

mass capability. Accordingly, triple quadrupole instruments are most commonly used for targeted 

quantitative analysis, while high-resolution analyzers such as TOF and Orbitrap systems are 

particularly valuable for comprehensive analysis, analyte confirmation, and the study of structurally 

related compounds [11–13]. 

For accurate recording of ion signals, a reliable detector is also required. Common detector types 

include electron multipliers, microchannel plates, photodiodes, and Faraday cups. The detector 

records the signal intensity of the separated ions and generates the mass spectrum, in which the most 

intense ion is referred to as the base ion and its corresponding peak as the base peak [8]. In this 

work, two instruments were used: a Thermo TSQ Fortis triple quadrupole mass spectrometer and a 

Thermo Q Exactive Plus Hybrid Quadrupole-Orbitrap mass spectrometer. Therefore, the triple 

quadrupole and Orbitrap analyzers are presented in more detail in the following sections. 

1.2.5 Tandem mass spectrometry (MS/MS) 

Tandem mass spectrometry (MS/MS) refers to mass spectrometric analysis involving at least two 

stages of mass selection separated by a fragmentation step. In this approach, a selected precursor 

ion is first isolated, then fragmented, usually by collision-induced dissociation (CID), and the 

resulting product ions are subsequently analyzed. This process provides additional structural 

information and substantially increases analytical selectivity [12]. The main advantage of MS/MS 

is that it allows analytes to be distinguished more effectively from co-eluting matrix components 

than single-stage MS. Compounds may share similar retention times or even similar precursor ions, 

but their fragmentation patterns often differ. This added level of selectivity is one of the main 

reasons why LC–MS/MS has become a central analytical strategy in bioanalysis [8,12]. 

1.2.6 Triple quadrupole mass spectrometry and multiple reaction monitoring (MRM) 

A quadrupole mass analyzer consists of four parallel rods to which combined direct current and 

radiofrequency voltages are applied (Fig.3). Only ions with stable trajectories under a given set of 
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electrical conditions can pass through the quadrupole, while others collide with the rods and are 

removed [11]. In a triple quadrupole (QqQ) instrument, two quadrupoles (Q1 and Q3) function as 

mass filters, whereas the intermediate quadrupole (q2) serves as a collision cell in which 

fragmentation occurs, typically by CID using nitrogen or argon as collision gas (Fig.3) [12]. 

Triple quadrupole instruments can be operated in several acquisition modes, including full scan, 

selected ion monitoring (SIM), product ion scan, precursor ion scan, neutral loss scan, and multiple 

reaction monitoring (MRM), also referred to as selected reaction monitoring (SRM). Among these, 

MRM is the most important and widely used mode in quantitative LC–MS/MS bioanalysis because 

of its high sensitivity and selectivity in complex matrices [8,12]. In MRM mode, Q1 selectively 

transmits the precursor ion of the analyte, fragmentation occurs in q2, and Q3 monitors a selected 

product ion. Because only predefined precursor-to-product ion transitions are recorded, background 

noise and matrix interference are greatly reduced, resulting in improved signal-to-noise ratio and 

enhanced analytical sensitivity. Multiple transitions can be monitored during a single 

chromatographic run, enabling the simultaneous quantitation of analytes and internal standards. For 

reliable identification in quantitative bioanalysis, at least two transitions are commonly monitored: 

one quantifier ion for quantitation (Quan) and one qualifier ion for confirmation (Qual) [8,12]. The 

use of internal standards, ideally stable isotope-labeled analogues, further improves robustness by 

compensating for sample preparation losses, ionization variability, and instrumental drift [8,12].  

 

Fig.3. Triple quadrupole scheme 

1.2.7 Orbitrap mass spectrometry, high-resolution MS, and parallel reaction monitoring 

(PRM) 

The Orbitrap is a high-performance mass analyzer that traps ions in an electrostatic field and 

determines their m/z values from the frequency of ion oscillation. It provides high resolution, high 

mass accuracy, and excellent selectivity, making it especially useful for the analysis of complex 

samples and structurally related compounds. In Q Exactive-type instruments, a quadrupole placed 

before the C-trap enables precursor-ion selection, while the higher-energy collisional dissociation 

(HCD) cell allows fragmentation. The resulting ions are then transferred to the Orbitrap analyzer, 

where the image current produced by ion motion is measured and converted into a mass spectrum 

by Fourier transformation (Fig.4) [13]. High-resolution mass spectrometry (HRMS) is particularly 

Q1 Q3 
q2 
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valuable when analytes are structurally similar, when matrix background is substantial, or when 

exact-mass fragment data are needed to strengthen analyte confirmation [1315]. Parallel reaction 

monitoring (PRM) is a targeted HRMS acquisition mode commonly used on Orbitrap instruments. 

As in MRM, a defined precursor ion is first selected. However, instead of monitoring only one 

selected product ion, PRM records the full fragment-ion spectrum of the selected precursor in the 

high-resolution analyzer. This allows quantifier and qualifier ions, besides additional fragment ions, 

to be extracted after acquisition with accurate-mass selectivity, thereby increasing flexibility and 

confidence in analyte confirmation (Fig.5) [14,15]. PRM offers several advantages. Because all 

fragment ions are acquired together, it provides more detailed fragment-level information than a 

single low-resolution transition. In addition, accurate-mass extraction reduces the probability of 

interference, and fragment ions can be selected or refined during data processing if required. These 

features make PRM particularly useful for analytes in chemically complex matrices and for 

structurally related compounds [14,15].  

 

Fig. 4. Q-Exactive Hybrid Plus instrument 

 

 

Fig. 5. (A) MRM and (B) PRM 
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1.2.8 LC-.MS workflow 

LC–MS workflow (Fig. 6) starts with biological sample collection, including plant-derived 

materials and other biological matrices. Since such samples are chemically complex, sample 

preparation is a critical step and may involve homogenization, extraction, centrifugation, filtration, 

and clean-up prior to analysis. The prepared samples are then analyzed by UHPLC–MS or UHPLC–

MS/MS, during which both chromatographic and mass spectrometric conditions are optimized to 

achieve suitable selectivity, sensitivity, and analytical performance. For quantitative applications, 

method validation is performed to confirm the reliability of the developed procedure [16]. Finally, 

the generated data are processed and statistically evaluated to support analyte quantitation and 

interpretation of results.   

 

Fig. 6. General workflow of LC-MS analysis 

1.3 Nimodipine (NMD) 

Nimodipine (NMD) is a second-generation 1,4-dihydropyridine derivative and an L-type voltage-

gated calcium channel (VGCC) blocker (Fig. 7). It was approved by the United States Food and 

Drug Administration (FDA) in 1988 for the management of vasospasm following aneurysmal 

subarachnoid hemorrhage (aSAH) [17]. 

Subarachnoid hemorrhage (SAH) refers to the accumulation of blood in the subarachnoid space, 

located between the arachnoid membrane and the pia mater surrounding the brain, and is associated 

with high mortality and morbidity [18]. Approximately 80% of SAH cases are caused by rupture of 

an intracranial aneurysm. Following aSAH, neurological deterioration may occur during the 

subsequent weeks, and delayed cerebral ischemia (DCI) represents one of the most common 

complications [19]. To date, NMD remains the cornerstone therapy for the prevention of DCI in 

patients with aSAH and is therefore administered as soon as the diagnosis is established [17]. 

 

                                     Fig. 7. Chemical structure of nimodipine 
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The primary target of NMD is the cerebrovascular smooth muscle cell, where blockage of L-type 

VGCCs promotes vasorelaxation through inhibition of Ca²⁺ influx [17]. Acute brain slice 

preparations are inherently devoid of cerebral circulation and therefore provide a suitable 

reductionist model for investigating the direct action of nimodipine on nervous tissue independently 

of its vascular effects [20]. Recently, several studies have shown that the properties of injurious 

insults in brain slices can be modulated by pharmacological interventions [21]. Nevertheless, the 

direct effect of nimodipine on nervous tissue at risk of injury has not yet been investigated in detail. 

For this reason, the design of an acute brain slice experiment and the investigation of NMD tissue 

saturation kinetics can provide valuable insights, particularly under different pH conditions. Tissue 

pH is a highly relevant physiological factor in ischemic brain injury. During ischemic stroke, marked 

tissue acidosis occurs in the brain, typically within a pH range of 6.5–6.8, while interstitial brain pH 

may even fall below 6.0 during severe ischemia in adults or asphyxia in neonates [22-25]. In 

contrast, the penumbra region in focal cerebral ischemia has been reported to become mildly 

alkaline, with an average pH of 7.32, whereas reperfusion after ischemia may induce more 

pronounced tissue alkalosis, with an average pH of 7.63 (Fig. 8) [22,26,27]. These pH changes are 

functionally important because mild acidosis reduces neuronal excitability, whereas alkalosis 

increases it. More importantly, marked or persistent acidosis has been recognized as a significant 

pathomechanism of neuronal injury [27–29]. Since drug pharmacokinetics may also be influenced 

by pH, this factor should be considered when characterizing tissue saturation. In the present work, 

it is therefore essential to determine whether nimodipine, as a compound with potential 

neuroprotective relevance, can be effectively taken up by tissues at risk of injury under pH 

conditions outside the physiological range. 

 

Fig. 8. pH changes in the tissues of the brain in different conditions 
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For decades, NMD has been determined in urine and plasma samples using gas chromatographic 

methods in combination with various detection techniques, requiring a time-consuming, complex 

sample preparation procedure [30,31,32]. With the development and expansion of liquid 

chromatography (LC), new achiral and chiral LC methods also appeared in the literature of NMD 

analysis. These methods employed isocratic reversed-phase or normal-phase separation with 

amperometric or UV detection, typically at 358, 254, or 237 nm, but generally provided relatively 

high limits of detection, such as 15 ng/mL in plasma and 100 ng/g in tissues [33–38]. Because 

biological matrices are inherently complex, more selective and sensitive hyphenated analytical 

techniques are required for reliable quantitative determination of nimodipine. Owing to NMD's 

lipophilic character, it has also been analyzed by supercritical fluid chromatography coupled with 

mass spectrometry. This approach enabled fast analysis within 2 min at a flow rate of 1.5 mL/min 

and achieved a limit of detection of 0.5 ng/mL in dog plasma [39,40]. At present, however, tandem 

mass spectrometry using electrospray ionization is among the most frequently used analytical 

methods for NMD determination in animal and human samples. In particular, LC–MS/MS provides 

efficient chromatographic separation and sensitive, selective detection, achieving limits of detection 

as low as 0.1 ng/mL in plasma while requiring smaller sample volumes than LC–UV methods 

[37,41–44].Although several analytical methods have been reported for determining nimodipine in 

biofluids such as plasma and cerebrospinal fluid, only a limited number of studies have addressed 

its quantitation in brain tissue, mainly using LC separation combined with spectrophotometric 

detection [34,35,45,46]. In addition, validation data were unavailable in most cases, and recovery 

in microdialysis-based applications depends strongly on the characteristics of the probe [34,35,45]. 

Therefore, a sensitive and reliable analytical method is needed to determine NMD concentrations 

directly at its site of action, namely the brain, and to study its saturation kinetics under 

physiologically relevant conditions. 

1.4 Phenanthrenes 

Phenanthrenes are a small but structurally diverse group of naturally occurring aromatic plant 

secondary metabolites. They possess a tricyclic phenanthrene skeleton, which may occur either in 

fully aromatic form or as 9,10-dihydrophenanthrene derivatives. Their structural diversity arises 

mainly from variation in the number, type, and position of substituents, such as hydroxyl, methoxy, 

methyl, and vinyl groups, as well as from oxidative coupling processes that may lead to more 

complex dimers or oligomeric structures. Accordingly, phenanthrenes are generally classified into 

mono-, di-, and triphenanthrenes, while further subclassification is based on the substitution pattern 

and the linkage between monomeric units (Fig.9) [47,48]. 
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Fig. 9. Phenanthrene structure 

Phenanthrenes are found prominently in the Orchidaceae and Juncaceae families. Species of the 

genus Juncus have attracted considerable interest as particularly rich sources of phenanthrene 

derivatives [47–49]. Juncus compressus Jacq. is a rhizomatous perennial species that grows in 

marshes, wet meadows, and other humid habitats, including mildly brackish environments, across 

temperate regions of Eurasia [50].  

Interest in phenanthrene research has increased in recent years due to its broad range of biological 

activities, including antimicrobial, antioxidant, antiviral, anti-inflammatory, and cytotoxic 

properties, suggesting that phenanthrenes may represent promising pharmacologically relevant 

natural products [47,48]. Particularly, phenanthrenes isolated from J. compressus have 

demonstrated notable antiproliferative activity against HeLa cervical cancer cells and considerable 

antiviral activity against herpes simplex virus type 2 (HSV-2) [50]. Therefore, this metabolite class 

is biologically relevant and requires a reliable analytical approach for its characterization and 

quantification in plant matrices. 

From an analytical perspective, phenanthrenes present several challenges. First, they often occur in 

low amounts in chemically complex plant extracts that contain numerous co-extracted endogenous 

compounds. Second, many phenanthrenes are closely related in structure and may differ only in the 

number or position of substituents. As a result, structurally related analogs and positional isomers 

may exhibit similar chromatographic behavior, making their separation and identification difficult. 

Third, the substitution pattern strongly affects ionization efficiency and fragmentation behavior, 

which, in turn, influence both detectability and selectivity in mass spectrometric analysis. These 

factors together make the development of selective and reliable methods for phenanthrene analysis 

particularly demanding [48,51]. LC–MS hyphenated techniques provide an especially suitable 

analytical platform for the investigation of phenanthrenes, and RP-LC is generally appropriate for 

these compounds due to their aromatic scaffold and moderate hydrophobicity, allowing efficient 

retention and separation, while MS detection provides an additional degree of selectivity beyond 

retention time alone. [48,51]. Despite the pharmacological and phytochemical relevance of 

phenanthrenes, their analytical investigation remains relatively limited compared with many other 

natural-product classes. Only a restricted number of studies have employed LC–MS or LC–MS/MS 

methods for their determination, and the available reports differ considerably in chromatographic 

mode, ionization polarity, and mass spectrometric strategy. In the case of Juncaceae species, LC–
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MS approaches have previously been used to investigate selected phenanthrenes in biologically 

active extracts [51]. Nevertheless, broader mass spectrometric characterization of phenanthrenes 

remains insufficient, particularly for interpreting their fragmentation pathways [48,51]. 

Detailed knowledge of fragmentation behavior is especially important for phenanthrenes, as 

structurally similar compounds may yield related but not identical product-ion spectra. Therefore, 

fragmentation studies can provide valuable support for structural elucidation, analyte confirmation, 

distinction between closely related compounds, and the selection of suitable ions for targeted 

quantitative methods. This is particularly relevant in high-resolution mass spectrometric workflows, 

where accurate-mass fragment ions can strengthen confidence in identification in chemically 

complex matrices [48]. Moreover, compared with positive-ion measurements, the negative-ion 

fragmentation behavior of phenanthrenes has been much less systematically investigated. This 

represents an important analytical gap, because negative-ion MS and MS/HRMS may yield 

structurally meaningful fragment ions that improve both selectivity and confirmation, especially for 

substituted phenanthrenes co-occurring in complex plant extracts [48]. 
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2. Aims and objectives 

This work aimed to address biologically relevant questions through an analytical approach by 

developing, validating, and applying UHPLC-MS/MS and UHPLC-MS/HRMS methods for the 

qualitative and quantitative determination of targeted analytes. Novel sample preparation 

procedures, comprehensive fragmentation studies, state-of-the-art analytical methods, and full 

bioanalytical validation supported this endeavor.  

Since the brain is the primary organ where NMD exerts its effect, and pH changes in the brain areas 

may influence NMD distribution in the CNS, we aimed to investigate the effects of pH changes on 

the saturation kinetics of NMD in acute rat brain slice preparations. For this purpose, a targeted 

UHPLC-MS/MS method was developed, validated, and applied for the quantitative measurement 

of NMD levels in brain tissue using a small sample quantity and a simple liquid-liquid extraction 

procedure with a short chromatographic run time. In the pharmacology aspect of the new analytical 

method application, to the best of our knowledge, this is the first attempt to report pharmacokinetic 

studies of NMD in acute rat brain slice preparations.  

Another objective of our work was to address a gap in phenanthrene research by investigating its 

detailed fragmentation behavior in negative ionization mode, which had not been studied previously. 

To better understand this process, proposed fragmentation pathways were established based on 

MS/HRMS data. In addition, a targeted UHPLC–MS/HRMS method was developed and applied for 

the quantitative determination of phenanthrenes in Juncus compressus. 
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3. Experimental part 

3.1 NMD saturation kinetics in acute rat brain slice 

3.1.1 Tested materials 

The internal standard of nimodipine (NMD-D7) [1,4-Dihydro-2,6-dimethyl-4-(3-nitrophenyl)-3,5-

pyridinedicarboxylic acid and 3-(2-methoxyethyl) 5-(1-methylethyl-d7) ester] with a purity of 

>95% was obtained from Biosynth Carbosynth (Biosynth AG, Staad, Switzerland). Nimodipine 

(NMD) [3-(2-Methoxyethyl) 5-propan-2-yl 2,6-dimethyl-4-(3-nitrophenyl)-1,4-dihydropyridine-

3,5-dicarboxylate] having higher than 98% of purity was obtained from Sigma‐Aldrich (St. Louis, 

MO, USA). 

3.1.2 Chemicals and standards for investigating NMD saturation kinetics in acute rat brain 

slice using UHPLC-MS/MS 

For the pharmacological treatment and preparing the acute brain slice preparation, NaCl, KCl, 

NaHCO3, CaCl2 dihydrate, D (+)-sucrose, and Na2HPO4 dihydrate were purchased from Molar 

Chemicals Ltd. (Halásztelek, Hungary). MgSO4 monohydrate was provided by Acros Organics 

(Thermo Fisher Scientific, Waltham, MA, USA) and KH2PO4, ethylenediaminetetraacetic acid 

(EDTA) disodium salt dihydrate were from Reanal Ltd. (Budapest, Hungary). D (+)-Glucose 

anhydrous, dimethyl sulfoxide (DMSO), NaH2PO4 monohydrate, Reag. Ph. Eur. ethanol absolute 

(EtOH), LC-MS grade water (H2O), methanol (MeOH), acetonitrile (ACN), 2-propanol (IPA), and 

formic acid (FA) were from VWR (Radnor, PA, USA).  

3.1.3 Preparation of acute brain slices and their treatment with NMD 

The experimental procedures were authorized by the National Food Chain Safety and Animal Health 

Directorate of Csongrád-Csanád County, Hungary, and performed in agreement with the guidelines 

of the Scientific Committee of Animal Experimentation of the Hungarian Academy of Sciences 

(updated Law and Regulations on Animal Protection: 40/2013. (II. 14.) Gov. of Hungary), following 

the EU Directive 2010/63/EU on the protection of animals used for scientific reason, and reported 

according to the ARRIVE guidelines [52]. 

The steps are detailed in Figure 10 as male, young adult Sprague-Dawley rats (body weight: 250 g; 

n = 9) were used in this study. Animals were purchased from the Department of Pharmacodynamics 

and Biopharmacy at the University of Szeged (Charles River Laboratories breed). Tap water and 

standard rodent chow were supplied ad libitum. The animals were housed under constant humidity, 

temperature, and lighting circumstances (23 °C, 12:12 h light/dark cycle). The procedures of acute 

brain slice preparation were similar to those described previously [53]. The brains of the rats were 

removed under isoflurane anesthesia (5% isoflurane in N2O:O2; 2:1). Coronal brain slices (350 μm) 
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from both hemispheres anterior to bregma were cut with a vibrating blade microtome (Leica 

VT1000S, Leica, Germany) and collected in ice-cold artificial cerebrospinal fluid (aCSF). The 

composition of aCSF was in mM concentrations: 130 NaCl, 3.5 KCl, 1 NaH2PO4, 24 NaHCO3, 1 

CaCl2, 3 MgSO4, and D (+)-Glucose. Slices were transferred to an incubation chamber filled with 

carbogenated aCSF (differences in mM concentrations: 3 CaCl2 and 1.5 MgSO4) and incubated at 

room temperature until NMD treatment. 

NMD (Sigma‐Aldrich, 10 μM in 0.01% DMSO) was dissolved in carbogenated aCSF. Slices were 

incubated in NMD-containing aCSF for different durations (0.5, 10, 20, 30, 40, 50, 60 minutes)[34]. 

Following incubation, each slice was washed with phosphate-buffered saline (PBS), weighed, and 

stored at –80°C until further analysis. 

The kinetics of tissue saturation with NMD were characterized at three pH levels, achieved by 

adjusting the incubation medium with 1 M HCl or 1 M NaOH. The three conditions established 

were physiological (pH 7.38), acidic (pH 6.50), and alkaline (pH 7.57). pH 6.50 and pH 7.57 are 

moderately acidic and alkaline, respectively. However, these values represent a significant pH 

change in the brain from a physiological perspective. Thus, pH 6.50 and pH 7.57 are indicated as 

acidic and alkaline, respectively, in the following. 

3.1.4 Sample preparation procedure for enrichment of NMD from brain slice 

A matrix-matched external calibration method was applied using internal standard normalization by 

NMD-D7 for the quantitative analysis. The weighed brain samples were placed into 1.7 mL 

microcentrifuge tubes, and an appropriate volume of homogenizing buffer was added to obtain 

0.091 mg/μL concentration of each homogenate. The homogenizing buffer contained 5 mM EDTA 

in saline, and its final pH was adjusted to 5.5 with 1 M sodium hydroxide solution. The brain slice 

was individually sonicated with a BioLogics Model 150VT ultrasonic homogenizer (BioLogics Inc., 

Manassas, VA, USA) for 1 minute at 50% power using a micro-tip probe with 50% pulse on ice. 

To enrich NMD and reduce the disturbing matrix effect of endogenous compounds in brain 

homogenate, a liquid-liquid extraction procedure was performed using 1.7-mL microcentrifuge 

tubes (Corning Inc., Corning, NY, USA). Before the extraction, 20 µL brain EDTA homogenate 

was spiked with 10 µL internal standard solution composed of 470 nM of NMD-D7 in 

MeOH/IPA/water (3/1/0.1 v/v/v%). For in vitro samples, 10 μL of MeOH/IPA/water (3/1/0.1 

v/v/v%) or 10 μL of the given calibration solution was added for calibration points, followed by 

vortexing. For spiked samples, 500 μL of toluene was added and vortexed, then shaken with Bühler 

Dual-Action Shaker KL Type 2 (Edmund Bühler GmbH, Bodelshausen, Germany) for 5 min. Upon 

5 min of incubation at 4°C, the sample was centrifuged at 21,380 RCF for 15 min. After 

centrifugation, approximately 500 μL of the upper organic phase was collected into the 1.7-mL 
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microcentrifuge tube and dried under nitrogen at ambient temperature. For UHPLC-MS/MS 

measurements, the dried extracts were reconstituted in 100 μL of MeOH/IPA/water (3/1/0.1 v/v/v%) 

and transferred into a 250 uL conical insert. 

Two extractions were performed from each homogenate of in vitro brain slices, and the extracts 

were analyzed twice. Thus, four measurements were taken for each brain slice (Fig. 10). 

 

Fig.10. Workflow of NMD saturation kinetics investigation in acute rat brain slice using UHPLC-

MS/MS approach 

3.1.5 Targeted UHPLC–MS/MS parameters for NMD quantitation in acute rat brain slice 

The targeted UHPLC–MS/MS analysis was performed using a Shimadzu Nexera (Kyoto, Japan) 

ultra-high-performance liquid chromatography (UHPLC) system connected via a 2-position, 6-port 

valve to a TSQ Fortis triple quadrupole tandem mass spectrometer (Thermo Scientific, Waltham, 

MA, USA). The Agilent 1100 HPLC pump (Agilent, Santa Clara, CA, USA) was used as an 

auxiliary pump. 

UHPLC separations were performed using a Waters Acquity UPLC BEH C18 column (2.1 mm × 

50 mm, 1.7 µm particles, equipped with a guard column, Milford, MA, USA). The column was 

thermostated at 50 °C during the analysis, and a flow rate of 0.4 mL/min was used. The composition 

of the A eluent was 0.1% FA in H2O, while 0.1% FA in ACN was used for the B eluent.  

The final gradient program was the following: 0 min - 30% B, 1.5 min - 100% B, 3 min - 100% B, 

3.1 min - 30% B, 5 min - 30% B. The injector needle was washed with ACN/H2O/FA (60/40/0.1 

v/v/v%) solution after each injection. The injection volume was 2 μL. The 2-position, 6-port divert 

valve was automatically controlled, and the UHPLC effluent was introduced into the MS only 

during 2–2.6 min. The ESI source was rinsed with ACN/H2O (90/10 v/v%) eluent at a flow rate of 
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0.2 mL/min, and an auxiliary pump pumped the eluent to avoid contamination of the MS instrument. 

Atmospheric chemical ionization (APCI) settings were: the sheath gas flow of 45 a.u., the auxiliary 

gas flow of 5 a.u., sweep gas flow of 1 a.u., the capillary temperature of 300 °C, vaporizer 

temperature of 350 °C, and corona discharge current of 4 µA. For the final UHPLC-MS/MS method, 

electrospray ionization (ESI) mode was applied with the following parameters: the ion transfer tube 

temperature was set to 300 °C, the vaporizer temperature was 350 °C, the spray voltage was 4.5 kV, 

the sheath gas flow was 30 a.u., the sweep gas flow was 1 a.u., and the auxiliary gas flow was 14 in 

arbitrary unit. For the selected reaction monitoring (SRM) mode, the full width at half maximum 

(FWHM) was set to 2 for both Q1 and Q3 quadrupoles. For collision-induced dissociation (CID), 

the argon gas pressure was set to 1.5 mTorr. The determination of appropriate quantifier and 

qualifier ions for a protonated NMD and the optimization of ESI and MS/MS parameters were 

performed using a flow injection method. The UHPLC system was controlled by LabSolution 

Verison 5.97 SP1 (Shimadzu, Kyoto, Japan). Data acquisition, postprocessing, and quantitative 

evaluation of the MS/MS raw file were performed using Xcalibur 4.2 software (Thermo Fisher 

Scientific, Waltham, MA, USA).  

3.1.6 Validation of the UHPLC-MS/MS targeted method for NMD 

For the bioanalytical validation of the UHPLC-MS/MS method, the calibration series (n=5) was 

prepared by spiking NMD-free control brain homogenates with NMD standard solution, and the 

obtained concentrations were: 0, 0.023, 0.229, 1.146, 2.292, 11.462, 22.924, 114.621, and 229.241 

µg/g brain. For calculating LOD, the standard deviation (n = 5) of the lowest calibration points with 

a 0.023 µg/g NMD concentration was divided by the mean slope of the five calibration curves, then 

multiplied by 3.3. The recovery, matrix effect, and process efficiency were determined according to 

the procedures of Matuszewski et al. and Trufelli et al. [54, 55]. To assess stability, bias, and 

precision, three concentrations were used: “LOW” (1.146 ng/g brain), “MID” (11.462 ng/g brain), 

and “HIGH” (114.621 µg/g brain). The stability of NMD in the autosampler was assessed by re-

injecting the “LOW”, “MID”, and “HIGH” samples 24 hours after the first injection and comparing 

their concentrations with the original concentrations. Also, the stability of NMD in brain 

homogenate was determined in three concentrations (“LOW”, “MID”, “HIGH”) as compared to a 

sample stored at 4 °C for 3 days after sample preparation, and samples were measured immediately 

after sample preparation without storage. The long-term stability was determined as follows: in 

vitro-treated (for 30 min) brain slices at three different pH values were stored at -80 C for 1 year 

before being remeasured. The freeze-thaw stability was determined by subjecting the (“LOW”, 

“MID”, “HIGH”) samples to 3 freeze-thaw cycles. The bias values were calculated from data 

measured by injecting three individual samples five times in three concentrations (“LOW”, “MID”, 
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“HIGH”). For “LOW”, “MID”, and " HIGH” levels, within-run precision was determined from 3 

individual samples in 3 individual analytical runs. To determine selectivity, individual brain 

homogenates from 6 different rat brains were prepared without the addition of NMD and NMD-D7.  

To investigate the carry-over in percentage, NMD-free control brain samples were injected after 

analysis of the highest calibration points (229.241 µg/g, respectively). The retention time stability 

of NMD was also assessed. 

3.1.7. Data processing of NMD 

For qualitative analysis, the obtained UHPLC–MS/MS raw files were processed manually, whereas 

the integrated processing setup in Xcalibur 4.2 was used for quantitative evaluation. GraphPad 

Prism 5.0 (GraphPad Software, San Diego, CA, USA) was used for ANOVA test, and BioRender 

was used to generate the algorithm figures. The maximum concentration (cmax) of NMD in the brain 

slice and the time to reach cmax (tmax) were determined from the concentration-time figure. 

 

3.2 Pheneanethrenes 

3.2.1 Chemicals and standards 

The dried extracts of Compound 1 (systematic name: 5-(1-methoxyethyl)-1-methyl-9,10-

dihydrophenanthrene-2,7-diol), Compound 2 (systematic name: 1-methyl-5-vinyl-9,10-

dihydrophenanthrene-2,7-diol), Compound 3 (systematic name: 1-methyl-5-vinylphenanthrene-

2,7-diol), Compound 4 (systematic name: 1,6-dimethyl-5-vinyl-9,10-dihydrophenanthrene-2,7-

diol), Compound 5 (systematic name: 1,1’-dimethyl-5,5’-divinyl-9,9’,10,10’-tetrahydro-[3,3’-

biphenanthrene]-2,2’,7,7’-tetraol), Compound 6, Compound 7 and the semi-synthetic J3Z-13 

(systematic name: 1,1’-dimethyl-5,5’-divinyl-9,9’,10,10’-tetrahydro-[3,3’-biphenanthrene]-

2,2’,7,7’-tetraol, used as an internal standard, IS) (Fig. 11) were provided by the Department of 

Pharmacognosy, University of Szeged. All chemicals (LC-MS-grade water (H2O), methanol 

(MeOH), acetonitrile (ACN), formic acid (FA), 2-propanol (IPA), dichloromethane (CH2Cl2), and 

hexane were from VWR (Radnor, PA, USA). Standard solutions, prepared in MeOH, were stored 

at –20 °C. 
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Fig.11: Assumed HESI-MS/HRMS fragmentation process of investigated phenanthrenes obtaining 

quantifier and qualifier ions. 

 

3.2.2 Enrichment of phenanthrenes in J. compressus 

At first, extracts (n = 3) were prepared from the aerial parts of J. compressus, collected in the 

flowering period in Hungary in June 2019. The plant sample was dried at room temperature and 

extracted with 5 × 100 mL MeOH by ultrasonication for 15 min. Then the extracts were filtered and 

evaporated under vacuum. The dried extracts were dissolved in MeOH‒H2O (50:50, v/v), and 

solvent–solvent partitions were performed with hexane (5 × 50 mL) and CH2Cl2 (5 × 50 mL). The 

crude MeOH and CH2Cl2 extracts were used for further analysis. 

 

3.2.3 Preparation of calibration mixture and dry extracts for analysis 

The 1.00 mg mL-1 stock solution of Compound 1, Compounds 3-7, IS, and 2.00 mg mL-1 stock 

solution of Compound 2 were prepared in MeOH. The stock solutions were used to prepare working 

calibration standards. For eleven-point external calibration curves, the calibration points for each 

component were 0, 1, 10, 25, 50, 100, 250, 500, 1000, 2500, and 5000 nM in MeOH. 

To obtain solutions at 0.1 mg mL-1, the dry extracts (MeOH and CH2Cl2) were dissolved in MeOH, 

then diluted tenfold and hundredfold. The 10 μL of IS (10 μM in MeOH) was added to 200 μL of 

both calibration points and J. compressus samples. 
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3.2.4 Direct MS/HRMS and UHPLC-HRMS/MS conditions 

The MS/HRMS and UHPLC-MS/HRMS measurements were performed by Waters Acquity I-Class 

UPLC (Milford, MA, USA) and Thermo Scientific Q Exactive Plus Hybrid Quadrupole-Orbitrap 

(Waltham, MA, USA) mass spectrometer. The mass spectrometer was equipped with heated 

electrospray ionization (HESI) mode. The HESI parameters were set as follows: capillary 

temperature 220 °C, probe heater temperature 350 °C, S-Lens RF level 50, spray voltage 3.5 kV, 

sheath gas flow 48, spare gas flow 2.25, and auxiliary gas flow 11.25 in arbitrary unit. The 

MS/HRMS analysis was performed in negative-ion scheduled parallel reaction monitoring (PRM) 

mode with a resolution of 17,500 (FWHM). The AGC setting was set to 1 × 106 charges, and the 

maximum IT was set to 30 ms. For quadrupole isolation of precursor ions, ± 0.5 m/z mass range was 

used. The collision energies (CEs) were optimized for both the quantifier and qualifier ions of each 

component. For quantitation, the scheduled PRM was set to a 1.5–5 min retention time range. For 

the MS/HRMS study of phenanthrenes, the flow injection method was used, introducing the ACN‒

H2O (80:20, v/v) eluent and the standard phenanthrene solution (10 µM) at flow rates of 0.39 mL 

min-1 and 0.01 mL min-1, respectively, into the MS via mixing T. The MS/HRMS resolution was 

set at 70,000. For method development, the following chromatographic columns were studied: 

Acquity UPLC HSS C18 SB (2.1 × 100 mm, 1.8 µm), Acquity UPLC BEH C18 (2.1 × 100 mm, 1.7 

µm), and Acquity UPLC HSS T3 (2.1 × 100 mm, 1.8 µm) from Waters (Milford, MA, UK). Kinetex 

Biphenyl (2.1 × 100 mm, 2.6 µm), Kinetex PFP (2.1 × 50 mm, 1.7 µm), and Kinetex C18 (2.1 × 

100 mm, 2.6 µm) were from Phenomenex (Torrance, CA, USA). For the final UHPLC separation 

of phenanthrenes, the Accucore C30 column (150 × 2.1 mm, 2.6 µm) with an Accucore C30 guard 

column (10 × 2.1 mm, 2.6 µm) was selected from Thermo Fisher Scientific (Waltham, MA, USA). 

The UHPLC mobile phase A was H2O and mobile phase B was ACN. The gradient program started 

with 30% B, ramped to 100% B over 4.5 min, held it for 4 min, returned to initial conditions within 

0.5 min, and equilibrated the column for 2 min. The flow rate and the injection volume were set to 

0.4 mL min-1 and 2.5 µL. The column temperature and the autosampler were operated at 50 °C and 

15 °C, respectively. To prevent sample cross-contamination during UHPLC injection, the Partial 

Loop Needle Overfill (PLNO) injection method was used and the 2-propanol‒MeOH‒H2O‒FA 

(70:25:5:0.1, v/v/v/v) solution was used for weak and strong needle wash. To avoid the 

contamination of the HESI source, the UHPLC effluent was introduced into the MS via a 2-position, 

6-port divert valve only in the 1.5–5 min time range. The HESI source was rinsed with ACN‒H2O 

(90:10, v/v) eluent at a flow rate of 0.2 mL min-1 with an auxiliary pump in the remaining time. 

The final quantitative analysis was carried out in one batch, using an external calibration approach, 
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with each sample in three technical replicates. The peak areas were normalized to the IS peak area. 

The validation procedure was based on the U.S. Food and Drug Administration guidelines, using  

the calibration range as detailed in Section 2.3 [56]. The following three concentrations were used 

for the determination of stability, accuracy, and precision: “Low” (50 nM), “Mid” (500 nM), and 

“High” (2500 nM).  

For controlling the UHPLC instrument, MassLynx 4.1 (Milford, MA, USA) software was used, 

while the HRMS data acquisition occurred by Xcalibur 4.4 software (Waltham, MA, USA).   

3.2.5 Data processing 

For quantitative evaluation of the UHPLC-MS/HRMS data, the raw files were processed using the 

Xcalibur software. The one-way ANOVA statistical analysis followed by Bonferroni’s post hoc test 

was performed by GraphPad Prism 5.0 (GraphPad Software, San Diego, CA, USA) software.  

3.2.6 Computational method 

Bond dissociation energies (BDEs) obtained from quantum chemical calculations were used to 

determine the initial steps of the fragmentation pathways of the investigated compounds, resulting 

in the obtained special distribution. Following the original definition, BDEs are calculated as the 

standard reaction enthalpy of the corresponding homolytic bond cleavage reaction [57]. The BDE 

characterizes the bond strength, provides insight into thermodynamically accessible reaction 

mechanisms, and helps identify dominant reaction pathways. It has many chemical applications, 

including the prediction of drug metabolism and fragmentation pathways in mass spectrometry [58–

63]. The calculations presented here were performed with the MN15 density functional and the 6-

31G+(d,p) basis set using the Gaussian 16 program [64–66]. Although this level of theory may not 

yield highly accurate BDE values, it is sufficient to estimate relative bond-cleavage probabilities. 
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4. RESULTS AND DISCUSSION 

4.1 Nimodipine saturation kinetics in acute rat brain slice 

4.1.1 Liquid chromatographic and mass spectrometric behavior of NMD 

Based on the physicochemical properties of NMD, the theoretical pKa value (5.41) facilitates 

ionization in both negative and positive ESI modes [55, 67]. However, the MS detection of NMD 

in its deprotonated form is less reported in the literature [68–72]. Studying the ionization and 

fragmentation of protonated and deprotonated NMD demonstrated that precursor and fragment ion 

intensities were comparable in spectra recorded in both positive and negative ESI modes (Figs. 12-

16). The appropriate NMD transitions were selected from MS/MS scans using a CE ramp, and the 

related CEs were optimized in both ESI modes (Fig. 12, Fig. S1-S3) based on the intensity of given 

fragment ions. Preliminary LC runs showed that the presence of acid markedly improved the 

chromatographic peak shape of NMD. The significance of employing an acidic mobile phase further 

supported the detection of NMD in positive mode (Fig. 14). In case of the direct infusion method, 

the sodium adduct of NMD ([NMD+Na]+) was predominant against protonated form ([NMD+H]+) 

in positive mode (Fig. 13). For LC-MS analysis, using an isotope-labeled internal standard for the 

targeted compound can eliminate or minimize signal variability (resulting from sample preparation, 

LC injection, spray stability, etc.), especially in the analysis of biological matrices [73,74]. 

Therefore, deuterium-labeled NMD (NMD-D7) was selected as an internal standard for quantitative 

analysis [70, 75, 76]. By applying the flow injection technique, the formation of [NMD+H]+ was 

significantly improved (Fig. 14) and can assist in the proper optimization of MS/MS parameters of 

protonated form. The standard NMD and NMD-D7 solutions were introduced into the ESI source 

of the MS instrument at 5 μL/min through static mixing tee by mixing with the UHPLC mobile 

phase (ACN/H2O/FA 90/10/0.1 v/v/v%) with a flow rate of 395 μL/min. For targeted UHPLC-

MS/MS analysis, two transitions per compound were selected for quantitative analysis and 

qualitative confirmation within a related retention time window. The study of the fragmentation 

behavior of single-charged protonated NMD molecular ion [M+H]+ at 419.2 m/z  resulted in the 

production of two main fragment ions at 343.1 m/z  and 301.1 m/z  as the quantifier (for quantitation) 

and qualifier ion (for confirmation). For NMD-D7, 426.2 m/z –350.2 m/z and 426.2 m/z –302.1 m/z 

transitions were selected, and the corresponding CEs were optimized [41, 76–78]. The most 

abundant fragment ion, the quantifier ion, was produced by losing the 2-methoxyethyl group from 

the ester at the fifth position, yielding a resonance-stabilized acylium ion, and its resonance 

structures are shown in Fig. 12 for both NMD and NMD-D7. For the qualifier ion, a further 

fragmentation process of the quantifier ion forms a free carboxyl group at the third carbon atom via 

cleavage of the ester bond [76, 77]. The full-scan mass spectrum of NMD revealed these fragment 
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ions, suggesting that NMD underwent source fragmentation during ionization (Fig. 13-14) despite 

maintaining a low cone voltage in positive mode. 

  

Fig. 12. (A) Overlayed MS/MS spectrum of NMD at optimized CE. (B) Proposed structure of 

quantifier (magenta) and qualifier ions (gray) of NMD. (C) Overlayed MS/MS spectrum of NMD-

D7 at optimized CE. (D) Proposed structure of quantifier (magenta) and qualifier ions (gray) of 

NMD-D7. 
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Fig. 13. Full spectrum of NMD in positive ESI mode using direct infusion method. 

 

 

Fig. 14. Full spectrum of NMD in positive ESI mode using flow injection method. 

 

Fig. 15. Full spectrum of NMD in negative ESI mode using flow injection method. 
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Fig. 16. MS/MS spectrum of NMD in negative ESI mode. 

After selecting suitable transitions and optimizing MS/MS parameters, the LC conditions were 

further optimized. NMD can cross the blood-brain barrier due to its high lipophilicity (logP 3.41) 

[55, 79, 80], which supports its separation by reversed-phase liquid chromatography or supercritical 

fluid chromatography. In the literature, mainly the C18 solid phase and MeOH, ACN, and H2O as 

mobile phases are used with modifiers (formic acid, ammonium formate, ammonium acetate) [41, 

45, 68, 72, 76, 81–84]. Interestingly, several methods are based on isocratic separation in body fluids 

such as plasma, urine, and serum. In our case, the complexity of brain tissue, especially for its high 

phospholipid contents, requires gradient elution to avoid contamination of the reversed-phase 

chromatographic column [85]. Currently, a key requirement in the development of new analytical 

methods is minimizing total run time to enable high-throughput analysis. For gradient elution, the 

instrumental limitation is the delay volume, which is 410 µL in our UHPLC system. Regarding only 

a single targeted compound, selecting a short column is the proper approach for fast analysis. The 

application of BEH C18 column provided a symmetrical and narrow (<0.08 min) chromatographic 

peak for NMD, applying 0.1% FA in water as an A eluent and 0.1% FA in ACN as a B eluent (Fig. 

17). 

 

 

 

 

 

 

Fig. 17. Extracted ion chromatogram of quantifier ion of NMD (A) 0.1% FA in the mobile phase 

(B) without acid in the mobile phase. 
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Studying the contribution of organic solvent for chromatographic and mass spectrometric 

parameters of NMD, higher retention (2.74 min) and also higher pressure was observed for MeOH 

compared with ACN as expected. To avoid retaining brain lipids in the column during the washing 

period of the gradient program, ACN with higher eluent strength than MeOH was selected as the 

organic solvent of B eluent despite the observed higher peak area in the case of MeOH. The 

increased FA content in the mobile phase from 0.1% to 1% did not result in significant changes in 

peak retention time or peak area for both ACN and MeOH, indicating that the protonated form of 

NMD is dominant over this FA concentration range. The purpose of the gradient program 

optimization was to obtain satisfactory peak width, peak symmetry, and retention for NMD within 

a 5-minute total run time, which was comparable or better than earlier published LC methods to 

quantify NMD in biological samples [33, 35–38, 41, 42, 45, 46]. The application of a flow rate of 

0.4 mL/min, a column temperature of 50 °C, and a linear gradient assisted in keeping the required 

chromatographic parameters. The application of the final UHPLC-MS/MS method yielded a 

symmetrical peak shape for NMD with a retention time of 2.35 min (Fig. 18).  

 

Fig. 18. (A) Extracted ion chromatogram of concentration calibration point (22.924 µg/g): NMD 

quantifier ion (black straight line), NMD qualifier ion (magenta dashed line), NMD-D7 quantifier 

ion (blue straight line), NMD-D7 qualifier ion (orange dashed line). (B) Extracted ion 

chromatogram of in vitro sample (pH: 7.38 , in vitro treatment time: 30 min): NMD quantifier ion 

(black straight line), NMD qualifier ion (magenta dashed line), NMD-D7 quantifier ion (blue 

straight line), NMD-D7 qualifier ion (orange dashed line). 
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After optimizing the chromatographic parameters, the applicability of APCI as an alternative to ESI 

was studied. Regarding atmospheric pressure ionization techniques, the literature reports conflicting 

results comparing ESI and APCI modes [41, 42, 86]. In our comparison of NMD peak areas obtained 

by UHPLC-APCI-MS/MS and UHPLC-ESI-MS/MS measurements of brain homogenate extracts, 

the ESI technique yielded significantly higher peak areas (Fig. 19). 

 

Fig. 19. For the 5. calibration point (11.46 ng/g brain), extracted ion chromatograms of NMD 

quantifier ion. Effect of ionization mode on NMD peak area: APCI mode (A, blue) and ESI mode 

(B, orange). 

4.1.2 Enrichment of NMD in brain homogenate 

The application of a proper sample preparation procedure is crucial for the enrichment of NMD and 

the reduction of negative matrix effects, mainly related to brain endogenous compounds. For NMD, 

liquid-liquid extractions and protein precipitation procedures for biofluids are widely reported in 

the literature. In the liquid–liquid extraction procedure, the lipophilic character of NMD facilitates 

its enrichment in the aprotic organic solvent [34, 42, 76, 80]. Therefore, we investigated the 

contribution of four organic solvents to the enrichment of NMD from brain homogenate. The 

highest peak area and signal-to-noise ratio (S/N) of NMD were observed with toluene (logP: 2.73) 

compared with hexane (logP: 3.90), ethyl acetate (logP: 0.73), and chloroform (logP: 1.97) (Fig. 

20) [87-91]. The efficiency of toluene can be explained by its closer logP value to NMD than other 

investigated organic solvents' logP values, and its ability for the formation of further interactions 

(π– π stacking, π acid-base interaction) with the aromatic rings of NMD. Interestingly, the effect of 

different organic solvents resulting in different matrixes in the enriched samples was negligible on 

the retention and chromatographic peak symmetry of NMD (Fig. 20). Thus, toluene was selected 

for further study of the sample preparation parameters.  
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The application of toluene resulted in a high recovery of NMD in brain homogenate, accompanied 

by negligible matrix effects due to the more selective enrichment of NMD relative to coeluting brain 

endogenous compounds, such as brain phospholipids (Table S1) [85]. The two MS/MS transitions 

of NMD and NMD-D7, along with their ratios, were also monitored to exclude the apparent isobaric 

effect. The quantifier-to-qualifier ion ratios were 2.3 for NMD and 2.5 for NMD-D7 in the analysis 

of brain samples. In biological assays, the available sample quantity is generally limited. Our 

analytical method requires only 20 μL of brain homogenate having 0.091 mg brain/μL homogenate 

concentration. In the literature, only a handful of papers are available on NMD analysis in the brain, 

and these methods require at least 80 μL of homogenate [34, 81]. The preparation of the stable brain 

homogenate is also a key factor in the sample preparation procedure. The stability of NMD for 3 

days without any degradation was obtained in brain homogenate with the use of 5 mM EDTA 

solution at a pH of 5.5. Regarding the low solubility (2.3 μg/mL) and instability of NMD in an 

aqueous solution, the MeOH/IPA/water (3/1/0.1, V/V/V) mixture was selected for dissolving the 

dry extract, forming a stable homogenous solution without significant influence of chromatographic 

retention and peak shape of NMD. 

 

 

 

 

 

Fig. 20. For the 5. calibration point (11.46 g/g brain), the extracted ion chromatograms of the NMD 

quantifier ion. Effect of different organic solvents on NMD chromatographic behavior (A), hexane 

(B), ethyl acetate (C), chloroform (D), and obtained peak areas (E). 
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process efficiency, lower limit of detection (LLOD), limit of linearity, accuracy, precision, carry-

over, and stability. The applied validation criteria were determined in accordance with the ICH 

guideline for the validation of analytical procedures Q2(R1) [92]. Table S1 summarizes the 

validation results obtained for NMD. The calculated and practical LLOD was determined to be 15 

ng/g brain (547 fg injected NMD into the column) and was lower than previously reported (30 and 

50 ng/g brain) [35, 46]. The study of calibration curve type and weighting showed that a linear 

approach without weighting yielded the best fit. For the linearity of the calibration curve of five 

independent calibration series, the concentration range was from 0.023 to 229.2 µg/g brain, and the 

related coefficient of determination (R2) was found to be higher than 0.99. The calibration curve 

covered a wider concentration range than earlier published methods (from a 0.05 up to a 20 µg/g 

brain) [34, 35, 46, 81]. The obtained bias values passed within the accepted bias of ±20% in LOW 

and ±15% for MID, and HIGH concentration levels, respectively. The within-run and between-run 

precision values were below 5 and 10.5% in coefficient of variation (CV). With the high enrichment 

of NMD in the organic toluene phase, the recovery of NMD was found to be 96.9–110.6%, which 

was higher than previously reported [81]. The negative matrix effect (less than 10% of ion 

suppression) was observed only at the MID concentration level, while it was positive (3.3–12.9% 

of ion enhancement) for other levels, which indicates the ability of the developed sample preparation 

procedure to effectively eliminate the endogenous compounds disturbing the ionization of NMD 

from complex brain homogenate. The process efficiency, as a resultant of the recovery and matrix 

effect values, was in the range of 100.6–109.4%. To obtain valid analytical results, the stability of 

the targeted compound is an important aspect in tissues, homogenates, and prepared samples. The 

revealed stability values of NMD suggested that no significant analyte loss took place in any of the 

quality control (QC) samples, suggesting that samples awaiting analysis are stable for up to 3 days 

in brain homogenate (at 4 °C), one day in the extract form (at 16 °C), one year in tissue (at −80 °C), 

and after three freeze–thaw cycles. The calculated mean carry-over of NMD, determined from 

NMD-free brain samples measured after the highest calibration points, was also found to be 

negligible (0.07%). Over hundreds of validation runs, no retention time shifting was observed and 

the retention time of NMD was 2.35 ± 0.1 min. The selectivity study confirmed that no significant 

response attributable to interfering components was observed at the retention time of NMD and 

NMD-D7 in the blank samples. Overall, the obtained validation parameters certify that our targeted 

method with the related sample preparation procedure provides a reliable analytical tool to quantify 

NMD in the brain. 
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4.1.4 Determination of the pharmacokinetic curve of NMD after in vitro assays 

We set out to explore whether tissue saturation with NMD is subject to varying pH conditions. The 

kinetics of the tissue saturation with NMD were characterized at three different pH levels achieved 

by adjusting the pH of the incubation medium with 1 M of HCl or 1 M of NaOH. The three 

conditions established were physiological (pH 7.38), acidic (pH 6.50), and alkaline (pH 7.57). 

The measured concentration of NMD in the brain slice treated for 0.5 min and then rinsed with PBS 

solution is, according to our assumption, the result of surface adsorption processes. No significant 

changes were found in adsorbed NMD compared to the three pH assays at a 95% confidence level, 

and the mean concentrations of NMD were below 5.5 µg/g brain in each case (Fig. 21). The 

saturation of brain tissues with NMD occurs uniformly in 50 min (tmax) to reach median NMD 

concentrations of 31.93 (pH 7.38), 46.16 (pH 6.50), and 30.89 µg/g (pH 7.57). Based on the above 

data, approximately 14% of the total NMD content can be assigned to surface binding. This 

relatively high value might be explained by the strong hydrophobic interaction between the 

lipophilic NMD and the lipid-rich brain tissue. By studying the effect of the brain tissue pH on 

NMD absorption, no significant differences were found in the analysis of variance (ANOVA) 

analysis conducted to compare the experimental conditions in the time range of 50–60 min (Table 

S2). During the time-dependent examination of NMD concentrations during a given pH treatment, 

no significant differences were found in any experimental arrangements when analyzing the 

concentrations obtained at 50 and 60 min, as shown in Fig. 21. It can be summarized that at all three 

pH values, the plateau of the kinetic curve is located in the 50–60 min time interval. The statistical 

analysis of the obtained concentrations confirmed that no chemical degradation of NMD was 

observed as the treatment time progressed. 

Overall, the development of a high-throughput targeted LC–MS/MS method and the optimization 

of the corresponding sample preparation resulted in a validated analytical workflow that was 

successfully applied to monitor NMD saturation in in vitro brain tissue samples. In summary, the 

pharmacokinetic profile indicates that brain tissue saturation with NMD occurs within 50 min at 10 

µM, independent of pH. NMD levels remained stable between 50–60 min across three different pH 

conditions, while the in vitro model also revealed notable adsorption of lipophilic NMD to lipid-

rich brain tissue. 

  



31 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 21. (A) Pharmacokinetic curve of NMD in brain slices (pH: 7.37, n = 3). (B) Pharmacokinetic 

curve of NMD in brain slices (pH: 6.50, n = 3). (C) Pharmacokinetic curve of NMD in brain. 
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4.2 Phenanthrenes 

4.2.1 Investigation of phenanthrenes fragmentation behavior  

This chapter aims to present the application of UHPLC–MS/HRMS technique in the qualitative and 

quantitative analysis of phenanthrenes in plant extracts. The first step involved investigating the 

behavior of phenanthrenes in mass spectrometry. For studying the effect of ESI polarity on the 

ionization behavior of phenanthrenes, Compound 3 exhibited significantly higher ionization 

efficiency in negative ionization mode than in positive ionization mode (Figs. S4–5). The ionization 

of phenanthrenes is more favorable in negative ESI than in positive mode because of the essential 

presence of phenolic hydroxy group(s) and the lack of a relatively easily protonable functional 

group. The phenanthrenes ionization behavior in the negative mode is also supported by the reported 

pKa values of the structurally similar 1-, 2-, 3-, and 4-phenanthrol regioisomers (pKa=11.04, 11.04, 

11.00, and 11.82, respectively), which are consistent with phenolate-type ion formation under ESI 

conditions [93]. Therefore, the negative HESI mode was selected to characterize phenanthrenes by 

direct infusion with HRMS and MS/HRMS. The fragmentation behavior of phenanthrenes was 

studied based on their predicted chemical composition obtained with less than 5 ppm accuracy from 

the obtained MS/HRMS spectra. In the proposed structures of the most abundant fragment ions, the 

negative charge was assumed to be localized on the phenolate group. These findings further support 

the formation of stable phenolate-type ions in negative ionization mode. 

For the precursor ions of Compounds 2–4 and 6, an unusual fragmentation pattern was observed. 

As the collision energy (CE) increased, new fragment-ion peaks emerged within a 1–9 Da mass 

range relative to the isolated precursor ion, and adjacent ions differed by 1 Da (Figs. 22- 25; Table 

S3). In the case of Compound 4, this characteristic pattern, shown in Fig. 26A and B, is described 

here as an “organ pipe distribution.” The shape of this distribution changed continuously as CE 

increased. Figure 26C further demonstrates the effect of CE on the relative abundance of fragment 

ions formed via H• loss and other parallel fragmentation pathways. This can be explained by the 

serial loss of the hydrogen radical (H•), which still resulted in fragment ions with a single negative 

charge [94].  
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Fig. 22. MS/HRMS (CE range: 10-100 eV) spectrum of Compound 2 in direct infusion negative 

HESI mode. 

 

 

Fig.23. MS/HRMS (CE range: 10-100 eV) spectrum of Compound 3 in direct infusion negative 

HESI mode. 
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Fig. 24. MS/HRMS (CE range: 10-100 eV) spectrum of Compound 4 in direct infusion negative 

HESI mode. 

 

 

Fig. 25. MS/HRMS (CE range: 10-100 eV) spectrum of Compound 6 in direct infusion negative 

HESI mode. 
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Fig. 26. The “organ pipe distribution” of precursor ion (A), fragment ions (B), and overlapped 

fragment ions (C) of Compound 4 with related molecular compositions and mass accuracies, 

obtained by direct infusion HESI-MS/HRMS measurement at 49 (A), 70 (B), 36 (C orange), and 85 

(C black) eV labeling molecular composition and mass accuracy. 
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This fragmentation behavior was also observed in the remaining Compound 1 and 7 fragment ions 

but not their precursor ions (Figs. 27 and 28). For Compound 7, the loss of methyl radical (CH3•), 

the produced fragment ions showed the “organ pipe distribution” too. It is assumed that CH3• exits 

from the ether bond first, and the produced fragment ion, with a structure similar to negatively 

charged Compound 4, after H• loses. A similar behavior was observed in Compound 6, resulting 

in negatively charged Compound 2 with an exit of H•, indicating that the methyl radical exits from 

the ether bond first (Fig. 25). The “organ pipe distribution” was also observed for the fragment ions 

of all investigated phenanthrenes (Fig. 26B–C, Figs. 22–28). While these fragment ions could be 

produced by the related 1–9 Da shifted precursor ion–radicals, the fragment ions could also undergo 

H• loss, yielding the precursor ions of Compounds 4, 6, and 7. For isoflavonoids, the formation of 

radicals during the fragmentation process was also observed, but without this unique distribution 

[95]. 

 

Fig.27. MS/HRMS (CE range: 10-100 eV) spectrum of Compound 1 obtained in direct infusion 

negative HESI mode. 

 

Fig. 28. MS/HRMS (CE range: 10-100 eV) spectrum of Compound 7 in direct infusion negative 

HESI mode. 
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To identify the bonds responsible for the “organ pipe”-like fragmentation distribution of 

Compound 2, quantum chemical calculations were performed using a stepwise approach, enabling 

the identification of the most likely fragmentation pathway.  Initially, the BDEs of X─H (X = C,O) 

bonds were determined following O(15) deprotonation (refer to Fig. 29 for atom numbering). The 

MN15 density functional and 6-31G + (d,p) basis set were utilized [96,97]. The lowest BDE from 

the mentioned values was applied to detect the initial step with the highest probability along the 

fragmentation pathway. The identical process was reiterated for the ensuing fragment to determine 

the second step, and so forth. The BDE values assessed for these subsequent steps are compiled in 

Table S4. Fig. 29 presents the minimum BDE values obtained for each calculation, alongside their 

corresponding bonds (specifically, O(15)─H, C(19)─H, C(7)─H, and C(8)─H). A distribution 

pattern like the "organ pipe distribution" was also observed for Compounds 1 and 6. The calculation 

results of Compound 1 BDEs showed that the preferred initial fragmentation pathway involves the 

elimination of neutral CH3OH (refer to Fig. 29 and Table S5). The resulting fragment ions 

resembled the deprotonated form of Compound 2. For Compound 6, the first step of its likeliest 

fragmentation pathway is the loss of a CH3⦁ radical that produces the same remaining fragment, as 

observed for Compound 2, after the loss of an H⦁ radical originally bound to O(15) (refer to Fig. 

29). To determine the source of the "organ pipe distribution" detected for Compounds 1 and 6, the 

BDE calculations were utilized for Compound 2 (Fig. 29).  

 

Fig. 29. The initial steps of the likeliest fragmentation pathway of Compounds 1, 2, and 6 derived 

from the calculated bond dissociation energies after O(15) deprotonation using the MN15 density 

functional and MN15/6-31G + (d,p) basis set. 
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Like the alkyl-substituted phenol derivatives, the most abundant fragment ions were formed by β-

carbon cleavage through methyl radical (15.02348 m/z ) loss for Compounds 6 and 7 containing a 

methyl ether bond (Fig. 25, Fig. 28). The presence of an additional double bond in the B ring of 

Compound 3 compared to the other compounds resulted in full conjugation of the molecule (Fig. 

11). The formation of this fully aromatic system can be a force driving the fragmentation process of 

the investigated phenanthrenes through hydrogen radical loss (Fig. 29). The calculated bond lengths 

following the exit of the four hydrogen radicals support this phenomenon for Compound 2 (see 

Fig. 30). 

As reported for isoflavonoids, this may contribute to forming the most abundant fragment ion with 

a 45.03459 Da shift from the precursor ion via methyl radical and neutral loss of CH2O, followed 

by ring-closing, to provide a completely conjugated condensed ring [98]. For Compounds 2 and 4, 

another fragmentation pathway was more favored (Fig. 22, Fig.24). The observed 17.03984 Da 

decrease might be explained by a methyl radical (15.02348 Da) loss followed by the homolytic 

cleavage of two carbon–hydrogen bonds, resulting in the exit of 2H• (2 × 1.00782 Da) with a total 

theoretical mass reduction of 17.03912 Da. For dyes with a structure similar to that of phenanthrene, 

the 17 Da difference was explained only by the loss of hydroxyl radical (HO•) (theoretical mass of 

17.00274 Da) based on low-resolution MS/MS measurement [98]. However, our accurate 

MS/HRMS results also identified an alternative fragmentation pathway for phenanthrenes. 

Interestingly, overlapped fragment ions with “organ pipe distribution” appeared at 233 m/z with 

approximately 0.04 m/z  differences (Fig. 26-C). The suggested molecular formulas are C16H9O2
- 

and C17H13O
-; the former ion can be formed by 2CH3• and 2H• exit from Compound 4 (C18H17O2) 

precursor ion, while the latter structure can be explained by H2O and CH3• cleavage, which are 

confirmed by the presence of overlapped 247.07515 m/z (C18H17O2
-–CH3•–3 H•) and 247.11513 m/z 

(C18H17O2
-–H2O) peaks (Fig. 24). Interestingly, the formation of the quantifier ions of Compounds 

1 and 5 triggered different fragmentation behaviors. For Compound 1, the 32.02640 Da mass loss 

resulted from the exit of neutral MeOH (32.02621 Da) through homolytic or heterolytic dissociation, 

resulting in a new double bond (Fig. 27). This observed deviation compared to Compound 6 

(phenol ether group) might be explained by the position of the ether bond (Fig.11). The oxygen of 

the ether group in Compound 1 is attached to a secondary sp3 carbon atom. Thus, the radical or 

carbocation formed by either homolytic or heterolytic cleavage can be stabilized more efficiently 

compared to when the ether group is linked to the sp2 hybridized carbon atom. Moreover, forming 

a new double bond to extend the existing conjugation system works as a driving force of the 

mechanism. For Compound 5, the observed 20.02701 Da loss can be attributed to the exiting groups 

HO• and 3 × H• in the case of the assumed homolytic bond breakage (Fig. 31). According to our 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/dimethyl-ether
https://www.sciencedirect.com/topics/chemistry/double-bond
https://www.sciencedirect.com/science/article/pii/S0039914024011780?fr=RR-1&ref=cra_js_challenge
https://www.sciencedirect.com/science/article/pii/S0039914024011780?fr=RR-1&ref=cra_js_challenge
https://www.sciencedirect.com/science/article/pii/S0039914024011780?fr=RR-1&ref=cra_js_challenge
https://www.sciencedirect.com/science/article/pii/S0039914024011780?fr=RR-1&ref=cra_js_challenge
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theory, the driving force of this fragmentation is the development of full conjugation of the resulting 

structure. Certainly, another mechanism might also occur that involves heterolytic bond rupture. 

The homolytic dissociation mechanism might be energetically favored due to aromatic ring 

stabilization. While the radical fragment ions often have even m/z values, the fragment anions of 

phenanthrenes have odd m/z values. For instance, the radical loss of a radical gave an anion, and 

vice versa. For targeted UHPLC-MS/HRMS analysis of phenanthrenes, the selection of appropriate 

transitions for quantitation (quantifier ion) and confirmation (qualifier ion) was based on spectra 

obtained via CE collision energy optimization (Fig. 11). 

 

Fig. 30. The calculated bond lengths for the B ring of negatively charged (on O(15)) Compound 2 

(italic) and its fragment ion (bold) that were obtained by the exit of the four H radicals according to 

the proposed fragmentation pathway of the parent compound (see Fig. 22). The optimized chemical 

structures were calculated using MN15 density functional and MN15/6-31G + (d,p) basis set. The 

bond length values are shown in Angstrom. 

 

Fig. 31. MS/HRMS (CE range: 10-100 eV) spectrum of Compound 5 in direct infusion negative 

HESI mode.  
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4.2.2 UHPLC-MS/HRMS analysis of phenanthrenes 

In the method development, maintaining the total run time below 15 min was considered an 

important aspect besides suitable separation. To study the chromatographic behavior of structurally 

similar phenanthrenes, narrow-bore columns (2.1 mm) with lengths of 50, 100, and 150 mm were 

tested. The applied gradient program started with 30 % ACN and reached 100 % ACN within 3.5 

min, followed by column washing and equilibration. To avoid the peak broadening effect of the 

injected volume, a uniform 2 μL of 5 μM standard mixture was injected. A flow rate of 0.4 mL and 

a column temperature of 50 °C were selected to obtain appropriate retention of the targeted analytes. 

By setting the initial UHPLC conditions, the HESI source was optimized for phenanthrenes using a 

flow-injection procedure with a T-mixer. For the HESI-MS/HRMS detection of phenanthrenes, the 

quantifier ions were monitored during method development. 

Relative to the 100-mm-length column, the highest retentions were observed on the HSS T3 column, 

while the use of Kinetex Biphenyl provided the lowest retention times (Fig. S6–10). Compounds 7 

and 6 eluted with the highest retention times, probably due to the presence of a single phenolic 

hydroxyl group compared with other phenanthrenes having 2 or 4 aromatic hydroxy groups. For 

instance, even for Compound 5, a dimer of Compound 2 containing six rings, lower retention times 

were observed than for Compounds 7 and 6 highlighting the importance of phenolic hydroxyl 

groups for the retention mechanism. For Compound 1, the presence of a 1-methoxyethyl group 

instead of a vinyl group at C-5 afforded the lowest retention. Steric hindrance between the analyte 

and solid phase may have triggered this observation. Baseline separation was achieved for all 

phenanthrenes except for Compounds 2 and 3, which differed in only one double bond. To improve 

the separation, phenanthrenes were investigated on Accucore C30 with a 150 mm column. As 

expected, higher retention with improved resolution was obtained with the C18 columns compared 

with the C18 columns. Interestingly, for C30, the narrowest chromatographic peak width was 

observed despite a longer column and higher retention (Fig. S11). To shorten the analysis time, a 

50 mm PFP column was tested using the same gradient. Besides the expected lower retention time, 

the separation efficiency was significantly lower without peak width improvement (Fig. S12). To 

obtain better chromatographic parameters, Accucore C30 was selected for further chromatographic 

optimization. By slight modification of the gradient program, baseline separation within 4 min was 

obtained for targeted phenanthrenes, except for Compounds 2 and 3 (Fig. 32). The internal standard 

semisynthetic phenanthrene (IS) eluted in the middle of the analysis time (RT = 3 min). 
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Fig. 32. Extracted ion chromatogram of targeted phenanthrenes and their isomers in (A) 500 nM 

calibration sample, (B) 0.1 mg/mL CH2Cl2 fraction from Plant 3, (C) tenfold- and (D) hundredfold-

diluted CH2Cl2 fraction of Plant 3 obtained by UHPLC–MS/HRMS method. 

 

4.2.3 Obtained validation parameters of targeted UHPLC–MS/HRMS method 

The investigation of the validation parameters is crucial for the applicability of the new method 

from a quantitative aspect. For the quantitation of phenanthrenes, the developed UHPLC-

MS/HRMS method was validated by determining the limit of linearity, limit of detection (LOD), 

lower limit of quantitation (LLOQ), accuracy, precision, carry-over, and retention stability. The 

obtained validation results are summarized in Table S6. The limits of linearities were found to be 

in the concentration range from 10 to 5000 nM for Compounds 1, 3, and 6 while 25-5000 nM for 

Compounds 2, 4, 5, and 7. The coefficients of determination (R2) were greater than or equal to 0.99 

in all cases. The linear 1 x-1 weighting calibrations were used, except for Compound 5. The 

calculated LODs yielded a concentration range of 4.65–16.03 nM. The obtained bias values fell 

within the accepted ±20 % bias range at LOW, MID, and HIGH concentration levels. The precision 

and accuracy values were below 20% (1.4–16.4%) in the coefficient of variation (CV). To obtain 

valid analytical results, the stability of the targeted compound is an important aspect of the prepared 

samples. The one-day autosampler stability obtained at three concentrations confirmed that analyte 

losses were below 20%. The contributions of MeOH and CH2Cl2 extracts for the matrix effects of 

targeted analytes were comparable at the three dry extract concentrations in the LLOQ, LOW, MID, 

and HIGH concentration levels investigated (see Table S7). Repeated freezing and thawing up to 5 
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cycles did not affect the targeted analyte concentrations. The carry-over values of phenanthrenes 

obtained by injections of blank samples after the highest calibration points were below 0.001%. The 

retention time shifting was < 0.2 min. In summary, the validation parameters obtained demonstrate 

that our UHPLC-MS/HRMS method is an efficient analytical tool for quantifying phenanthrenes. 

 

4.2.4 Quantitation of phenanthrenes in Juncus compressus 

As an application of the developed analytical method, all seven phenanthrenes were quantified in J. 

compressus. The semi-targeted approach was applied to identify additional phenanthrene isomers 

beyond the targeted analytes. The fragment ions were PRM-monitored for each standard in the 1.5–

5 min time range. Due to the relatively low scan rate of the applied Orbitrap instrument, two PRM 

methods were used to obtain the required scan numbers. One of them was optimized for quantifier 

ions, while the other for qualifier ions. The former provided information for quantitation, while the 

latter was used for confirmation of given analytes. 

By this semi-targeted approach, five new isomers were identified, namely I-1, I-2 (isomers of 

Compound 3), I-3 (isomer Compound 6 or Compound 4), as well as I-4 and I-5, the isomers of 

Compound 5. The obtained MS/HRMS spectra compared with the related standard are illustrated 

in (Fig. S13-31). According to the obtained MS/HRMS spectra of new isomers, the precursor ions 

I-1, I-2, and I-3 showed the “organ pipe distribution” and lack of 15 Da loss indicated the presence 

of two phenolic groups. The comparison of MS/HRMS spectra of I-3, Compound 4 (two phenolic 

groups), and Compound 6 (one phenolic group) reveals the structural similarity between I-3 and 

Compound 4. The fragmentation patterns of I-4 and I-5 were found to be in agreement with 

Compound 5, suggesting the existence of free phenolic groups. 

Given the wide concentration range of the targeted phenanthrenes, a dilution series approach was 

used to quantify the targeted analytes. The minor components Compounds 1, 6, and 7 were 

quantified in the 0.1 mg/mL dry extract (MeOH) samples, while the concentrations of Compounds 

2 and 3 were determined in the samples diluted tenfold and hundredfold. The obtained quantitative 

results are summarized in Table 1. The comparison of the phenanthrene concentration (nmol g-1) 

in MeOH and CH2Cl2 extracts affirmed that the latter provided higher enrichment for Compounds 

1-5. However, Compound 6 and Compound 7, containing a methylether group instead of a 

phenolic hydroxyl group, exhibited higher enrichment in the MeOH phase assuming their better 

solubility in the polar protic organic solvent. Additionally, no significant differences were observed 

in concentration values normalized to plant dry weight between the two extracts, except when the 

phenanthrene content of the MeOH extract was close to or below the detection limit. The 

Compound 2 was represented in the highest concentration in the plants, especially in Plant 1 and 
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Plant 3, with values over 2300 nmol g-1. This value is significantly higher when compared to those 

in Plants 2, 4, and 5 (Fig S32). Compound 3 was the second most abundant (~ 1000 nmol g-1) 

phenanthrenes in Plants 1 and 3 which, again, is a significant difference in comparison with the 

other Plants. Considering the other examples of the concentration scale, Compound 1 was 

quantified in the undiluted CH2Cl2 extracts of Plants 1, 3, and 5 at 4.15, 4.73, and 3.10 nmol g-1, 

respectively. According to the ANOVA analysis of quantitative data, 3 groups with similar 

phenanthrene profiles can be distinguished: Plants 1–3, Plants 2–4, and Plant 5, based on their 

geographical location (Fig. S32). In summary, the structural background underlying the distinctive 

fragmentation behavior, “organ pipe distribution”, of phenanthrenes, was elucidated. Moreover, the 

newly developed UHPLC–MS/HRMS method enabled the identification of additional phenanthrene 

isomers. Considering the high concentration range of the targeted phenanthrenes, the dilution series 

approach was successfully applied for their quantitation in methanolic and CH2Cl2 extracts. Based 

on ANOVA evaluation of the quantitative data, three distinct groups with similar phenanthrene 

profiles were identified—Plants 1–3, Plants 2–4, and Plant 5—reflecting their geographical 

locations (Table 1, Fig. S32). 
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Table 1. The obtained phenanthrenes concentrations in the measured samples and the dried plants from methanol and dichloromethane fractions.  
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5. Summary 

In this work, a fast and targeted UHPLC–MS/MS method, together with a liquid–liquid extraction 

procedure, was developed, validated, and applied for the sensitive and selective quantitation of 

nimodipine (NMD) in brain tissue within a total run time of 5 min. The method required only a 

small amount of brain tissue and yielded higher recovery values than previously reported analytical 

methods for brain analysis. Quantitation of NMD was performed using matrix-matched external 

calibration with internal standard normalization by NMD-D7. The developed method was 

successfully applied to monitor NMD concentrations in acute brain slice preparations, which serve 

as an experimental model of cerebral ischemia. 

To the best of our knowledge, this was the first study to investigate the pharmacokinetics of NMD 

in acute rat brain slice preparations using a targeted UHPLC–MS/MS method. The pharmacokinetic 

profile showed that brain tissue saturation with NMD was reached within 50 min at a concentration 

of 10 µM, independent of tissue pH under the in vitro conditions used. In addition, NMD 

concentrations remained unchanged between 50 and 60 min at the three investigated pH values. In 

addition to tissue uptake, the experimental model also showed notable adsorption of the lipophilic 

NMD to lipid-rich brain tissue. 

These findings may also be relevant for the targeted delivery of NMD to ischemic brain tissue. In 

previous work, pH-sensitive nanoparticles were shown to be a promising strategy for the selective 

delivery of NMD to tissue at risk of ischemic injury. The present results further support this concept 

by demonstrating that the acidic tissue environment characteristic of cerebral ischemia does not 

impair NMD uptake into nervous tissue. Overall, one of the main outcomes of this study was the 

development of an efficient analytical method for NMD determination that may be useful not only 

in research but also in toxicological and forensic applications. In addition, the ionization and 

fragmentation behavior of seven phenanthrenes was investigated using negative-ion MS/HRMS 

spectra. Negative electrospray ionization provided higher ionization efficiency than positive mode 

for these compounds, most likely because the negative charge was preferentially localized on the 

phenolic group. For Compounds 1–5, the MS/HRMS data indicated the presence of two phenolic 

groups in the precursor ions, and the resulting fragment ions displayed characteristic fragmentation 

patterns resembling “organ pipe distributions” with increasing collision energy. This behavior could 

be explained by consecutive hydrogen radical losses, leading to fragment ions carrying a single 

negative charge. The proposed fragmentation pathways and the origin of this unusual behavior were 

further supported by quantum chemical calculations. Furthermore, a semi-targeted UHPLC–

MS/HRMS method was developed, validated, and applied for the sensitive and selective 
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quantitation of seven phenanthrenes in plant extracts within a total run time of 11 min. Among the 

investigated analytes, Compound 2 and Compound 3 were the major representatives, whereas 

Compound 1 was present at the lowest concentration. In general, phenanthrenes were enriched in 

the CH2Cl2 fraction compared with the MeOH fraction, except for Compounds 6 and 7. Another 

important outcome of this study was the evaluation of the quantitative data by ANOVA, which 

revealed a phenanthrene fingerprint of Juncus compressus extracts associated with geographical 

origin. 
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Appendix 
 

Fig. S1. CE optimization of NMD in positive ESI mode. The most abundant fragment ion is a 

quantifier ion (343 m/z  with CE 11 V), and the second most intense fragment ion is a qualifier ion 

(301 m/z  with CE 25 V), and additional fragmentations. 

 

Fig S2. CE optimization of NMD-D7 in positive ESI mode. The most abundant fragment ion is a 

quantifier ion (350 m/z  with collision energy 13 V), and the second most intense fragment ion is a 

qualifier ion (302 m/z  with collision energy 26 V), and additional fragmentations. 

 

Fig. S3. CE optimization of NMD in negative ESI mode. The most abundant fragment ion is a 

quantifier ion (122 m/z  with collision energy 20 V), and the second most intense fragment ion is a 

qualifier ion (294 m/z  with collision energy 18 V), and additional fragmentations. 
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Table S1. Main validation parameters of the UHPLC-MS/MS method for quantitation of NMD in 

the rat brain. 

Validation parameters          Criteria range [45] Brain 

R2  > 0.99 0.9927 

Limit of linearity (µg/g brain) 0.023-229.241  0.023-229.24  

LOD (µg/g) n.d. 0.015  

Bias “LOW” (Δ%) ≤ 20 19.7 

Bias MID (Δ%) ≤ 15 8.2 

Bias HIGH (Δ%) ≤ 15 11.6 

Within-run precision LOW (%CV) ≤ 15 2.8, 4.6, 1.2 

Within-run precision MID (%CV) ≤ 15 3.0, 1.4, 4.2 

Within-run precision HIGH (%CV) ≤ 15 1.9, 0.7, 0.7 

Between-run precision LOW (%CV) ≤ 15 7.9 

Between-run precision MID (%CV) ≤ 15 10.4 

Between-run precision HIGH (%CV) ≤ 15 5.6 

3 day stability LOW (Δ%) ≤ 15 1.9 

3 day stability MID (Δ%) ≤ 15 2.2 

3 day stability HIGH (Δ%) ≤ 15 -0.9 

Autosampler stability at 4 °C LOW (Δ%) ≤ 15 -1.2 

Autosampler stability at 4 °C MID (Δ%) ≤ 15 6.8 

Autosampler stability at 4 °C HIGH (Δ%) ≤ 15 -0.9 

1 year stability at -80 °C ‘20 min’ at 7.38 

pH (Δ%) 
≤ 15 -10.0 

1 year stability at -80 °C ‘20 min’ at 6.50 

pH (Δ%) 
≤ 15 -5.2 

1 year stability at -80 °C ‘20 min’ at 7.57 

pH (Δ%) 
≤ 15 -11.5 

3 cycle freeze-thaw LOW ≤ 15 -10.6 

3 cycle freeze-thaw MID ≤ 15 1.7 
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3 cycle freeze-thaw HIGH ≤ 15 -1.2 

Recovery LOW (%) n.d. 96.9 

Recovery MID (%) n.d. 110.6 

Recovery HIGH (%) n.d. 98.7 

Matrix effect LOW (Δ%) ±15 12.9 

Matrix effect MID (Δ%) ±15 -9.0 

Matrix effect HIGH (Δ%) ±15 3.3 

Process efficiency LOW (%) n.d. 109.4 

Process efficiency MID (%) n.d. 100.6 

Process efficiency HIGH (%) n.d. 102.0 

Selectivity (analyte interference) ≤ 10% < 10% 

Carry-over (%) ≤ 0.5 < 0.1% 

Retention stability (min) 2.30 ˗ 2.40 2.35 ± 0.01 

 

 

Table S2. Mean comparisons test results (ANOVA with Bonferroni correction for multiple 

comparisons) of obtained NMD concentration values at three pH. (* p < 0.05, ** p < 0.01, *** 

p < 0.001) 
Bonferroni's 

Multiple 
Comparison Test 

Mean Diff. t 
Significant? P < 

0.05? 
Summary 95% CI of diff 

0.5 min 

7.38 vs 6.50 1.952 2.309 No ns -0.2170 to 4.121 

7.38 vs 7.57 4.084 4.555 Yes *** 1.783 to 6.384 

6.50 vs 7.57 2.132 2.378 No ns -0.1686 to 4.432 

10 min 

7.38 vs 6.50 -0.3525 0.1110 No ns -8.420 to 7.715 

7.38 vs 7.57 5.644 1.590 No ns -3.376 to 14.66 

6.50 vs 7.57 5.997 1.689 No ns -3.023 to 15.02 

20 min 

7.38 vs 6.50 -0.3994 0.1436 No ns -7.416 to 6.617 

7.38 vs 7.57 0.7366 0.2648 No ns -6.280 to 7.753 

6.50 vs 7.57 1.136 0.4083 No ns -5.881 to 8.153 
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30 min 

7.38 vs 6.50 -8.121 2.067 No ns -18.15 to 1.906 

7.38 vs 7.57 4.408 0.9162 No ns -7.872 to 16.69 

6.50 vs 7.57 12.53 2.604 Yes * 0.2487 to 24.81 

40 min 

7.38 vs 6.50 -10.93 3.371 Yes ** -19.21 to -2.655 

7.38 vs 7.57 -2.728 0.7890 No ns -11.55 to 6.097 

6.50 vs 7.57 8.205 2.284 No ns -0.9659 to 17.38 

50 min 

7.38 vs 6.50 -7.607 1.267 No ns -22.87 to 7.654 

7.38 vs 7.57 1.449 0.2158 No ns -15.61 to 18.51 

6.50 vs 7.57 9.056 1.349 No ns -8.006 to 26.12 

60 min 

7.38 vs 6.50 -9.731 2.343 No ns -20.28 to 0.8223 

7.38 vs 7.57 0.1626 0.03502 No ns -11.64 to 11.96 

6.50 vs 7.57 9.894 2.131 No ns -1.905 to 21.69 

 

 

Fig. S4. HRMS spectrum of Compound 3 obtained by direct infusion HRMS-HRMS measurement 

in negative mode. 

JC39_2858_MSMS #117-142 RT: 0.51-0.62 AV: 26 NL: 2.79E8
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Fig. S5. HRMS spectrum of Compound 3 obtained by direct infusion HESI-HRMS measurement 

in positive mode 

 

 

Table S3. Maximum mass difference obtained for precursor ions via H radical loss 

Compound Difference / Da 

1 1 

2 6 

3 4 

4 9 

5 2 

6 5 

7 1 

 

Table S4. The calculated bond dissociation energies (BDE) of the homolytic cleavage of X— H 

bonds (X=C,O) of Compound 2 after the deprotonation of O(15) using the MN15 density functional 

and the MN15/6-31G+(d,p) basis set. The ‘BDE Step 1-4’ columns show the BDE values used to 

identify the first four steps of the most likely fragmentation pathway. The BDE of the most likely 

cleavage is shown in bold at each step. The numbering of atoms of Compound 2 is shown in Fig. 

33 BDE values are presented in kJ/mol.  
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 BDE Step 1 BDE Step 2 BDE Step 3 BDE Step 4 

C(1)—H  459.8 504.8 471.3 456.7 

C(6)—H  461.8 474.2 446.1 439.4 

C(7)—H  354.1 369.4 291.1 453.6 

C(8)—H  369.1 362.7 359.1 185.9 

C(11)—H  469.9 505.8 471.1 500.4 

C(13)—H  469.2 502,1 469.1 494.0 

O(17)—H 419.5 415.4 414.7 411.0 

O(16)—H 266.5 - - - 

C(18)—H 463.8 543.7 464.6 523.2 

C(19)—H 371.0 362.6 462.9 482.1 

 

 

 

 

Table S5. The calculated bond dissociation energies (BDE) of the homolytic cleavage of X— H 

bonds (X=C,O) of Compound 1 and Compound 6 after the deprotonation of O(15) using the MN15 

density functional and the MN15/6-31G+(d,p) basis set. The standard reaction enthalpies of two 

other fragmentations are also listed in the last two lines. These are the homolytic cleavage of 

O(16)—CH3 bond in Compound 6 and the fragmentation [Compound 1]→[Compound 1-CH3OH] 

+ CH3OH. The values presented here were used to identify the first step of the most likely 

fragmentation pathway. The BDE of the most likely cleavage is shown in bold. The numbering of 

atoms of Compound 6 and Compound 1 is shown in Fig. 4. BDE values are presented in kJ/mol. 

 

 Compound 6 Compound 1 

C(1)—H  461.5  464.9 

C(6)—H  460.9  463.2 

C(7)—H  356.7  356.7 

C(8)—H  369.1  370.5 

C(11)—H  470.0  469.5 

C(13)—H  469.2 461.4 

O(16)—H - 272.8 
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O(17)—H 419.7 379.2 

C(18)—H 463.8 421.2 

C(19)—H 369.9 370.5 

O(16)—CH3 178.6 - 

[Compound 1]→[ Compound 1-

CH3OH]+ CH3OH 
- 

68.6 

 

Table S6. Main validation parameters of UHPLC-MS/HRMS method. 

 
Compounds 

Comp. 1 Comp. 2 Comp. 3 Comp. 4 Comp. 5 Comp. 6 Comp. 7 

Linearity range (nM) 10-5000 25-5000 10-5000 25-5000 25-5000 10-5000 25-5000 

Regression model linear linear linear linear quadratic linear linear 

Transformation no no no no no no no 

Weight 1/x 1/x 1/x 1/x equal 1/x 1/x 

Forced through origin yes yes yes yes yes yes yes 

R2 0.995 0.996 0.993 0.990 0.997 0.993 0.994 

LOD (nM) 4.65 13.47 7.78 16.03 15.39 7.72 10.12 

LLOQ (nM) 10.00 25.00 10.00 25.00 25.00 10.00 25.00 

Carry-over (%) < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Inter-day stability LLOQ 

(%) 

-2.2 -5.7 4.8 -19.5 2.6 -9.7 -5.3 

Inter-day stability ,,Low” 

(%) 

-6.2 -1.9 -1.2 -18.5 -6.7 12.6 -6.4 

Inter-day stability ,,Mid” (%) 3.5 -13.8 4.8 -1.5 3.1 -10.5 -4.9 

Inter-day stability ,,High” 

(%) 

-10.1 -3.4 0.2 3.9 5.3 0.3 -1.8 

Accuracy LLOQ (%) 100.4 80.9 83.2 72.1 89.0 81.8 81.8 

Accuracy ,,Low” (%) 105.3 90.2 111.8 72.2 105.5 97.3 91.1 

Accuracy ,,Mid” (%) 96.7 92.5 103.4 95.5 125.3 95.7 85.7 

Accuracy ,,High” (%) 98.3 96.7 105.4 96.6 97.3 105.8 105.7 

Precision LLOQ (%CV) 14.0 11.7 11.1 15.2 8.3 3.6 15.0 

Precision ,,Low” (%CV) 14.0 9.0 9.4 14.5 4.3 3.3 4.8 

Precision ,,Mid” (%CV) 9.6 7.9 9.9 1.9 1.4 9.0 6.6 

Precision ,,High” (%CV) 5.8 2.7 7.6 8.7 4.2 8.9 8.3 

Retention stability (min) 2.14 ± 0.02 2.42 ± 0.02 2.45 ± 0.01 2.63 ± 0.02 3.39 ± 0.01 3.53 ± 0.01 3.75 ± 

0.02  Com=Compound 
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Table S7 Results of matrix effect (%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mg/mL concentration 

level 
extraction Compound 

1 

Compound 

2 

Compound 

3 

Compound 

4 

Compound 

5 

Compound 

6 

Compound 

7 

0
.0

0
1

 

LLOQ 

MeOH 

97.8 98.3 89.7 93.5 86.0 99.0 98.5 

LOW 103.7 84.7 98.3 81.6 83.8 88.8 91.9 

MID 127.0 119.6 132.4 121.2 125.3 115.0 120.0 

HIGH 110.3 82.2 93.5 87.8 94.6 77.7 79.6 

LLOQ 

CH2Cl2 

102.3 103.5 113.1 102.9 92.7 98.3 99.2 

LOW 92.1 90.9 102.1 77.3 83.1 80.8 82.6 

MID 131.2 136.8 139.1 120.6 127.5 123.4 130.5 

HIGH 95.1 92.8 95.7 82.1 93.0 81.9 84.3 

0
.0

1
 

LLOQ 

MeOH 

93.0 90.2 88.6 81.5 86.4 79.5 82.1 

LOW 105.9 95.4 98.3 86.3 86.5 84.4 87.4 

MID 146.3 153.4 146.0 134.3 154.5 146.5 151.0 

HIGH 104.3 87.3 91.8 74.3 98.0 74.7 76.4 

LLOQ 

CH2Cl2 

103.9 104.3 106.8 85.5 105.5 88.0 92.4 

LOW 98.3 102.1 111.2 87.0 103.0 85.0 93.0 

MID 128.8 122.2 122.5 114.8 121.8 123.7 123.9 

HIGH 99.4 94.3 103.2 87.9 101.4 87.0 86.8 

0
.1

 

LLOQ 

MeOH 

103.8 112.5 125.3 108.9 107.9 101.9 106.5 

LOW 97.7 117.2 118.3 99.3 97.7 98.8 103.4 

MID 100.6 106.2 106.6 96.1 98.1 103.2 103.8 

HIGH 97.6 96.8 94.9 93.1 96.3 97.0 100.7 

LLOQ 

CH2Cl2 

83.7 123.6 56.3 88.5 91.0 92.1 85.9 

LOW 87.0 132.0 121.8 75.8 84.9 83.8 82.6 

MID 122.2 115.7 121.6 111.0 99.8 145.1 143.9 

HIGH 74.1 84.0 69.7 70.6 76.1 82.2 82.2 
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Figure S6 . UHPLC-MS/HRMS chromatograms of phenanthrenes using ACQUITY UPLC HSS 

C18 SB (100 x 2.1 mm, 1.8 µm) column.  

 

 

Figure S7. UHPLC-MS/HRMS chromatograms of phenanthrenes on an ACQUITY UPLC BEH 

C18 (100 x 2.1 mm, 1.7 µm) column.  
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Figure S8. UHPLC-MS/HRMS chromatograms of phenanthrenes using ACQUITY UPLC HSS T3 

(100 x 2.1 mm, 1.8 µm) column.  

 

 

Figure S9. UHPLC-MS/HRMS chromatograms of phenanthrenes using Kinetex C18 (100 x 2.1 

mm, 2.6 µm) column.  
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Figure S10. UHPLC-MS/HRMS chromatograms of phenanthrenes using Kinetex Biphenyl (100 x 

2.1 mm, 2.6 µm) column.  

 

Figure S11. UHPLC-MS/HRMS chromatograms of phenanthrenes using Accucore C30 (150 x 2.1 

mm, 2.6 µm) column.  
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Figure S12. UHPLC-MS/HRMS chromatograms of phenanthrenes using Kinetex PFP (50 x 2.1 

mm, 1.7 µm) column.  
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Figure S13. MS/HRMS spectra obtained for newly identified isomers (A: I-1, RT: 1.89 min; B: I-

2, RT: 2.28 min) in the CH2Cl2 fraction of Plant 3 compared to Compound 3 (C, RT: 2.45 min) at 

53 collision energy. 

 

Figure S14. MS/HRMS spectrum obtained for newly identified isomer (A: I-2, RT: 2.28 min) in 

the CH2Cl2 fraction of Plant 1 compared to Compound 3 (B, RT: 2.45 min) at 53 collision energy.  
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Figure S15. MS/HRMS spectra of newly identified isomers (A: I-1, RT: 1.89 min; B: I-2, RT: 2.28 

min) in the CH2Cl2 fraction of Plant 5 compared to Compound 3 (C, RT: 2.45 min) at 53 collision 

energy. 

 

 

Figure S16. MS/HRMS spectrum of newly identified isomer (A: I-3, RT: 2.78 min) in the MeOH 

fraction of Plant 1 compared to Compound 4 (B, RT: 2.63 min) and Compound 6 (C, RT: 3.53 

min) at 44 collision energy.  
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Figure S17. MS/HRMS spectrum of newly identified isomer (A: I-3, RT: 2.78 min) in the CH2Cl2 

fraction of Plant 1 compared to Compound 4 (B, RT: 2.63 mint) at 44 collision energy.  

 

 

Figure S18. MS/HRMS spectrum of newly identified isomer (A: I-3, RT: 2.78 min) in the CH2Cl2 

fraction of Plant 2 compared to Compound 4 (B, RT: 2.63 min) at 44 collision energy.  
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Figure S19. MS/HRMS spectrum of newly identified isomer (A: I-3, RT: 2.78 min) in the MeOH 

fraction of Plant 3 compared to Compound 4 (B, RT: 2.63 min) and Compound 6 (C, RT: 3.53 

min) at 44 collision energy.  

 

 

Figure S20. MS/HRMS spectrum of newly identified isomer (A: I-3, RT: 2.78 min) in the CH2Cl2 

fraction of Plant 3 compared to Compound 4 (B, RT: 2.63 min) at 44 collision energy.  
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Figure S21. MS/HRMS spectrum of newly identified isomer (A: I-3, RT: 2.78 min) in the MeOH 

fraction of Plant 4 compared to Compound 4 (B, RT: 2.63 min) and Compound 6 (C, RT: 3.53 

min) at 44 collision energy.  

 

 

Figure S22. MS/HRMS spectrum of newly identified isomer (A: I-3, RT: 2.78 min) in the CH2Cl2 

fraction of Plant 4 compared to Compound 4 (B, RT: 2.63 min) at 44 collision energy.  
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Figure S23. MS/HRMS spectrum of newly identified isomer (A: I-3, RT: 2.78 min) in the MeOH 

fraction of Plant 5 compared to Compound 4 (B, RT: 2.63 min) and Compound 6 (C, RT: 3.53 

min) at 44 collision energy.  

 

 

Figure S24. MS/HRMS spectrum of newly identified isomer (A: I-3, RT: 2.78 min) in the CH2Cl2 

fraction of Plant 5 compared to Compound 4 (B, RT: 2.63 min) and Compound 6 (C, RT: 3.53 

min) at 44 collision energy.  
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Figure S25. MS/HRMS spectrum of newly identified isomer (A: I-4, RT: 3.08 min) in the MeOH 

fraction of Plant 1 compared to Compound 5 (C, RT: 3.39 min) at 48 collision energy.  

 

Figure S26. MS/HRMS spectra of newly identified isomers (A: I-4, RT: 3.08 min; B: I-5, RT: 3.30 

min) in the CH2Cl2 fraction of Plant 1 compared to Compound 5 (C, RT: 3.39 min) at 48 collision 

energy.  
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Figure S27. MS/HRMS spectra of newly identified isomers (A: I-4, RT: 3.08 min; B: I-5, RT: 3.30 

min) in the CH2Cl2 fraction of Plant 2 compared to Compound 5 (C, RT: 3.39 min) at 48 collision 

energy.  

 

 

Figure S28. MS/HRMS spectrum of newly identified isomer (A: I-4, RT: 3.08 min) in the MeOH 

fraction of Plant 3 compared to Compound 5 (B, RT: 3.39 min) at 48 collision energy.  
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Figure S29. MS/HRMS spectra of newly identified isomers (A: I-4, RT: 3.08 min; B: I-5, RT: 3.30 

min) in the CH2Cl2 fraction of Plant 3 compared to Compound 5 (C, RT: 3.39 min) at 48 collision 

energy. 

 

 

Figure S30. MS/HRMS spectra of newly identified isomers (A: I-4, RT: 3.08 min; B: I-5, RT: 3.30 

min) in the CH2Cl2 fraction of Plant 4 compared to Compound 5 (C, RT: 3.39 min) at 48 collision 

energy. 
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Figure S31. MS/HRMS spectra of newly identified isomers (A: I-4, RT: 3.08 min; B: I-5, RT: 3.30 

min) in the CH2Cl2 fraction of Plant 5 compared to Compound 5 (C) at 48 collision energy. 
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Figure S32. One-way ANOVA statistical analysis (Bonferroni’s post hoc test) of 

phenanthrenes concentration of plant samples obtained from MeOH1 and CH2Cl2
2 fractions 

(* P≤0.05; ** P≤0.01; ***P≤0.001 
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