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Abstract 

A simple and sensitive liquid chromatography-tandem mass spectrometry 

method was developed and validated in human plasma for the simultaneous 

determination of aripiprazole (ARI) and its metabolite dehydro-aripiprazole 

(DARI); olanzapine (OLA), risperidone (RIS), paliperidone (PAL), quetiapine 

(QUE), clozapine (CLO) and caffeine (CAF). CAF is included to the method 

because it can have an influence on drug metabolism due to competitive 

inhibiton. The above mentioned compounds and their isotope-labeled internal 

standards were extracted from 200 µL human plasma samples by both, 

effective phospholipids-eliminating three-step microelution-solid-phase 

extraction (µ-SPE) and protein precipitation (PPT) for comparison. A 

combination of formic acid (0.2%)-acetonitrile (pH 3.0; 65:35, v/v) was used as 

mobile phase and the chromatogram was run under gradient conditions at a 

flow rate of 0.6 mL/min. Run time lasted 6 min, followed by a re-equilibration 

time of 3 min. All analytes were monitored by mass spectrometric detection 

operating in multiple reaction monitoring mode and the method was validated 

covering the corresponding therapeutic ranges: 0.18–120 ng/mL for ARI, 0.25–

80 ng/mL for DARI, 1.00–100 ng/mL for OLA, 0.70–60 ng/mL for RIS, 0.20–30 

ng/mL for PAL, 0.50–160 ng/mL for QUE, 0.50–1000 ng/mL for CLO, and finally 

1200-3700 ng/mL for CAF. The method was validated based on the 

recommendations of regulatory agencies through tests of precision, accuracy, 

extraction recovery, identity confirmation, trueness, matrix effect, process 

efficiency, stability, selectivity, linearity and carry-over effect fulfilling the 

guideline requirements. Our µ-SPE method results in the elimination of more 

than 99% of early eluting and more than 92% of late-eluting phospholipids 

compared to PPT. Additionally, the method was successfully applied for 

quantifying ARI and OLA plasma concentrations from healthy volunteers. 
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Abbreviations 
ACN: acetonitrile 
ARI: aripiprazole 
AUC0-t: area under the concentration-time curve from time 0 until the last 
measurable concentration 
CAF: caffeine 
CAL: calibration standard 
CID: collision-induced dissociation 
CLO: clozapine 
Cmax: maximum plasma concentration 
CV: coefficient of variation 
CYP: cytochrome P450 
DAD: diode array detection 
DARI: dehydro-aripiprazole 
EDTA: ethylenediaminetetraacetic acid 
EMA: European Medicines Agency 
ESI: electrospray ionization 
FDA: US Food and Drug Administration 
HLB: hydrophilic-lipophilic balance 
HPLC: high-performance liquid chromatography 
ICH: International Conference on Harmonization 
IS: internal standard 
LC-MS: liquid chromatography-mass spectrometry 
LC-MS/MS: liquid chromatography-tandem mass spectrometry 
LLE: liquid-liquid extraction 
LLOQ: lower limit of quantification 
LPC: lysophophatidylcholine 
ME: matrix effects 
MeOH: methanol 
MRM: multiple-reaction monitoring 
MS: mass spectrometry 
OLA: olanzapine 
PAL: paliperidone; 9-hydroxyrisperidone 
PC: phosphatidylcholine 
PE: Process efficiency 
PFP: pentafluorophenyl 
PPT: protein precipitation 
QC: quality control 
QUE: quetiapine 
R2: correlation coefficient 
RE: Extraction recovery 
RIS: risperidone 
SD: standard deviation 
SEM: standard error of mean 
SIL-IS: stable isotopically labeled internal standards 
SLE: supported liquid extraction 
SPE: solid phase extraction 
SRM: selected ion monitoring 
TIC: total ion chromatogram 
Tmax: time of occurrence of Cmax 



 4 

T1/2: half-life 
tR: retention time 
UHPLC-MS/MS: ultra-high performance liquid chromatography-tandem mass 
spectrometry 
UV: ultraviolet 
XIC: extraction ion chromatogram  
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Introduction 

Aripiprazole (ARI), olanzapine (OLA), risperidone (RIS), paliperidone (PAL; 9-

hydroxyrisperidone), quetiapine (QUE) and clozapine (CLO) are commonly 

used atypical antipsychotics with demonstrated efficacy in schizophrenia and 

bipolar disorder [1]. PAL is not only a parent compound, but also a metabolite of 

RIS [2]. These denominated second generation antipsychotics are effective in 

the treatment of schizophrenia - including both positive and negative symptoms 

- and are less likely to produce extrapyramidal symptoms and tardive dyskinesia 

when compared to first generation antipsychotics [1]. These six drugs were 

included in the analysis based on their importance in the worldwide market. The 

metabolite of ARI, dehydro-aripiprazole (DARI) was also selected, because it 

shows pharmacological activity similar to ARI.  

The metabolism of CLO and OLA is mainly dependent on cytochrome P450 

isoenzyme 1A2 (CYP1A2) [3], similar to CAF, which is a central nervous system 

stimulant [4]. It was shown that CAF increases the plasma levels of these drugs 

due to CYP1A2 competitive inhibition [4]. Therefore, CAF was added to the 

method to be able to monitor its effect on their metabolism. To date, there is no 

documented record on the simultaneous determination of these antipsychotics 

along with CAF in a single-run process. 

In a clinical environment, the analysis of antipsychotics in blood is necessary in 

order to monitor patient compliance and to maintain drug concentrations within 

the recommended therapeutic range. Therapeutic drug monitoring (TDM) of 

several antipsychotics is already introduced into the clinical practice. Based on 

controlled clinical trials and clinical data, it is 1) strongly recommended for OLA 

and CLO, 2) recommended for ARI, RIS and PAL, and 3) useful for QUE [5]. 

Several methods are available in the bibliography about the quantification of a 

single compound with its related metabolite [6,7]. Simultaneous quantification of 

various psychotropic drugs were reported as well [8,9]. Numerous methods are 

applied to determine these drugs in human plasma using high performance 

liquid chromatography (HPLC, hereafter LC) coupled to ultraviolet (UV) detector 

(LC-UV) [10] or tandem mass spectrometry (LC-MS/MS) [6]. However, LC-

MS/MS allows to achieve shorter run times and better lower limits of 

quantification (LLOQs). 
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Despite improved sensitivity and selectivity in LC-MS/MS, matrix components 

may cause ion suppression or enhancement of the analyte, especially when 

electrospray is used as the ionization source (electrospray ionization, ESI) [11]. 

The evaluation of matrix effects (ME) in quantitative drug analysis in plasma is 

an important aspect of assay validation. ME should be investigated in each 

analysis, despite of using stable isotope-labeled internal standards (SIL-ISs), as 

they might not compensate all ME. Endogenous phospholipids often cause ion 

suppression, therefore less efficient extraction recovery (RE), increased 

variability and irreproducibility of the analytical method. Blood contains several 

subtypes of phospholipids from which phosphatidylcholine (PC), sphingomyelin 

and lysophosphatidylcholine (LPC) account for 70% [12], 20% [12] and 8% [13], 

respectively. Phospholipids impair not only the ionization process but the 

chromatographic separation as well. Highly abundant PCs and LPCs with the 

polar head groups of strong ionic characteristics are eluted later in a reverse-

phase C18 column when high percentage of organic solvent is applied. They 

are known to cause broad analyte peaks with tailing, by the late elution of their 

apolar hydrocarbon chains. On the contrary, the early eluted polar PCs and 

LPCs influence the early eluted analytes [14]. Therefore, they should be 

eliminated from plasma during the extraction process in order to obtain reliable 

results and to preserve the instrument clean. 

Process efficiency (PE) represents the combination of ME and RE of the 

analyte from the matrix by the sample extraction process [15]. Its low value can 

be pernicious to the accuracy and the LLOQ of a particular method [16].  

Despite the advances in separation and quantitation techniques, several sample 

preparation procedures are based on traditional technologies such as protein 

precipitation (PPT) and liquid-liquid extraction (LLE) [17]. PPT is the simplest 

and fastest method for sample preparation. However, it does not lead to a 

completely clean extract. PPT often causes ion suppression in ESI, since this 

method does not sufficiently remove endogenous compounds such as lipids, 

phospholipids and fatty acids. Moreover, LLE procedure is longer requiring 

multiple extraction steps to increase analyte recovery and to obtain cleaner 

extracts [11]. Compared to the sample preparation methods mentioned 

previously, solid phase extraction (SPE) offers reduced processing time, lower 

solvent consumption and it can be considered more environment friendly. 
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Furthermore, SPE enables to enrich the concentration of target compounds and 

allows utilizing a smaller quantity of sample [17].  

Our aim was to develop a simple LC–MS/MS method based on effective 

phospholipids' removal three-step microelution-SPE (µ-SPE) sample 

preparation process that can determine ARI, DARI, OLA, RIS, PAL, QUE, CLO 

and CAF using a small sample quantity –200 µL– while comparing it to PPT. 

According to our knowledge, apart from our previous study measuring ARI and 

DARI levels [6], none of the analytical methods designed for the monitorization 

of antipsychotic drugs compared the phospholipids’ elimination efficacy of 

different extraction methods nor included CAF. 

Materials and Methods 

Chemicals and Reagents 

ARI, DARI and [2H8]-aripiprazole (ARI-D8) were provided by Toronto Research 

Chemicals (North York, Canada) and OLA, RIS, PAL, QUE and CLO and their 

internal standards [13C,2H3]-olanzapine (OLA-C1-D3), [2H4]-risperidone (RIS-

D4), [2H4]-paliperidone-D4 (PAL-D4), [13C4]-quetiapine (QUE-C4) and 

[13C,2H3]-clozapine (CLO-C1-D3) were provided by AlsaChim (Illkirch 

Graffenstaden, France). Ultrapure water was acquired from a Milli-Q® Water 

Purification System (Millipore-Ibérica, Madrid, Spain). Acetonitrile (ACN), 

methanol (MeOH), ammonia and ammonia hydroxide 5N solutions in gradient 

HPLC grade were provided by SYMTA (Madrid, Spain). Formic acid was bought 

from Sigma-Aldrich (Madrid, Spain). All the used chemicals were of analytical 

grade. Plasma samples for the preparation of calibration and validation 

standards were supplied by the Transfusion Center of “Comunidad Autónoma 

de Madrid” (Madrid, Spain). 

Preparation of calibration standards and quality controls 

Stock solutions of ARI, DARI and ARI-D8 were dissolved in MeOH containing 

0.5% formic acid solution, while OLA and OLA-C1-D3 were supplied in ACN 

solution with 0.1% formic acid. RIS and RIS-D4 were dissolved in MeOH -water 

1:1 solution with 0.1% formic acid. PAL and PAL-D4 were prepared in 100% 

ACN solution while QUE, QUE-C4, CLO and CLO-C1-D3 were dissolved in 

100% MeOH solution. The concentration of all standard solutions was 1 mg/mL. 
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Working solutions of each analyte were prepared in MeOH and 0.1% formic 

acid by dilutions at the following concentrations from each stock solution: 0.1 

mg/mL, 0.01 mg/mL and 0.001 mg/mL. All stock and working solutions were 

kept at -80ºC. 

The calibration standards (CALs) and the quality controls (QCs) were prepared 

by independent dilutions method of each stock solution and spiked to blank 

plasma samples. Entirely 8 CALs and 4 QCs (LLOQ; low, Low QC; medium, 

Medium QC and high, High QC) were made. The used concentrations were 

calculated based on the therapeutic ranges of each drug described in the 

literature (summarized in Supplementary Tables 1 and 2). A blank and a zero 

(IS added) plasma sample processed without drugs were included to the 

analysis according to the recommendations for bioanalytical method validation 

of the US Food and Drug Administration (FDA) [18], the European Medicines 

Agency (EMA) [19] and the International Conference on Harmonisation (ICH) 

[20]. Similarly to stock and working solutions, CALs, QCs, and ISs were kept in -

80ºC until utilization. 

Equipment 

The chromatographic separation was performed with an HPLC system 

consisting a 1200 Series separation module (Agilent Technologies, Madrid, 

Spain) and was coupled to a triple quadrupole mass spectrometer (Agilent 

Technologies 6410B), with positive mode ESI. The instrument was controlled by 

the Agilent MassHunter Workstation Data Acquisition software. For separating 

the drugs an ACE C18-PFP (pentafluorophenyl) column (3 µm, 4.6 × 100 mm; 

SYMTA, Madrid, Spain) maintained at 25 °C was used. The flow rate was 0.6 

mL/min. The mobile phase was a mixture of formic acid (0.2%, solvent A) and 

ACN (solvent D) (65:35, v/v). The final pH was 3.0 adjusted with 5 mol/L 

ammonium hydroxide. The chromatogram was run with the following gradient 

conditions: initial conditions: 60% of A and 40% of D from 0 to 1.0 min, 60% D 

maintained from 1.0 to 1.8 min, D increased to 65% from 1.8 to 2.5 min, 65% D 

kept from 2.5 to 2.7 min, D increased to 99% from 2.7 to 3.5 min, 99% D 

maintained from 3.5 to 4.0 min and finally, returned to the initial conditions (60% 

A and 40% D) from 4.0 to 6.0 minutes. Afterwards, the chromatogram was 
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followed by a re-equilibration time of 3.0 min. Five µL volume was injected in the 

HPLC system. 

Analytes were quantified in dynamic multiple reaction monitoring (MRM) mode. 

All results were based on the peak area ratio between the drug and the IS. The 

MS conditions were as follows: desolvation gas flow and temperature 12 L/min 

and 350 °C, respectively, nebulizer pressure 60 psi, capillary voltage 3 kV. 

Highly pure N2 (>99.9995) was used as MS collision gas. For all the 

compounds, fragmentor voltage and collision energy were set using selected 

ion monitoring (SRM) for each transition at specific retention time (tR) (Table 1). 

A confirmation transition was also monitored to acquire more specific results. 

Additionally, m/z 184>184 and 104>104 as common in-source collision-induced 

dissociation (CID) ion fragments produced by endogenous phospholipids were 

measured [21]. Moreover, m/z 524.4>184.1, 524.4>104.1, 496.4>184.1 and 

496.4>104.1 produced by late-eluting phospholipids were analyzed. 

Furthermore, product ion qualifier ratio was defined along with tR-, relative tR -, 

and ion ratio identity confirmation according to SANTE/11813/2017 and 

2002/657/EC COMMISSION DECISION guidelines [22,23]. The acceptance 

criteria were the following: retention time difference between extracted analyte 

and neat solution of the analyte should be lower than 0.1 min [22], relative tR 

difference between extracted analyte and neat solution of the analyte should be 

lower than 2,5% [23], and ion ratio difference between CALs and QCs 

(samples) should not differ more than 30% [22], respectively. MassHunter 

Workstation Quantitative Analysis software (Agilent Technologies, Madrid, 

Spain) was used to quantify the concentrations based on MRM transitions of 

each analyte. 

Sample preparation 

Plasma samples were extracted by both SPE and PPT. 

For PPT, 200 µL plasma sample was spiked with 10 µL IS and 800 µL 

precipitating agent, ACN with 0.1% formic acid (4:1, v/v) and centrifuged at 

14000 rpm at 4°C for 5 min. Afterwards, the supernatant was evaporated using 

a concentrator (5301, Eppendorf, Germany) at 45°C for 75 min. Consequently, 

the dry residue was reconstituted with 200 µL ACN/MeOH/buffer (formic acid, 

0.2% at pH 3.0) reconstitution solution (8:1:1, v/v/v). 
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Three steps were applied in the µ-SPE: sample loading, washing and elution. 

Initially, 10 µL IS was added to 200 µL of plasma sample along with 290 µL of 

0.2% formic acid in water, pH 1.5, and loaded (2×250 µL) into the Oasis PRiME 

HLB (hydrophilic-lipophilic balance) 96-well µElution Plate (Waters, Madrid, 

Spain). It was followed by the washing step adding 400 µL (2×200 µL) 5% 

MeOH solution with water and 2% ammonia. After each step, a 5-15 mmHg 

vacuum was applied until the wells were dry. Then, the compounds were eluted 

with 200 µL (2×100 µL) ACN/MeOH/buffer (formic acid, 0.2% at pH 3.0) solution 

(8:1:1, v/v/v) and collected in a 1 mL 96-well plate (Agilent Technologies, Santa 

Clara, USA).  

Finally, 5 µL of eluate was injected directly to the LC-MS/MS system. SPE was 

chosen as sample preparation process for method validation. 

Method validation 

The validation of this method was based on the guidelines of FDA [18], EMA 

[19] and ICH [20]. Six validation series were assessed to determine linearity, 

precision and accuracy, eight for selectivity, matrix effects, process efficiencies, 

while 4 validation series were used for different types of stabilities based on the 

peak area ratio of drug and IS. 

Linearity 

CALs were measured in duplicate at the concentrations shown in 

Supplementary Table 1 covering the plasma therapeutic ranges and expected 

patients’ plasma concentrations. Six calibration curve replicates at the 8 

concentration levels were analyzed from different days. To quantify the CAL 

data, a linear regression model was applied based on the analyte versus IS 

peak area ratio. In order to meet the validation criteria, the error of accuracy and 

relative standart deviation (RSD, %) should not exceed 15% for each CALs 

corresponding to each drug. The final estimated linearity model was verified 

using the lack-of-fit test, to confirm that the selected regression and linearity are 

appropiate. 

LLOQ was defined as the lowest point of the calibration curve (see 

Supplementary Table 1) which can be quantified with acceptable precision and 

accuracy. Based on this practice, for LLOQ, the error of accuracy and RSD 
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should not exceed 20%. Therefore, the extraction ion chromatogram (XIC) peak 

area ratio of each analyte should be at least 5 times higher than the blank. 

Selectivity 

Method selectivity was ascertained by analyzing 8 different blank plasma 

samples from human donors. These samples were extracted and injected at the 

beginning of the HPLC analysis to exclude any endogenous interference. In 

addition, 8 zero samples (blank sample with IS) were analyzed to verify the 

absence of analyte ions in the respective peaks of IS. The method is considered 

selective when the blank plasma matrix XIC peak area ratio is less than 20% of 

the XIC peak area of LLOQ in plasma matrix for each drug, and less than 5% 

for the ISs. 

Precision (repeatability and intermediate precision) and accuracy 

QC samples ‘LLOQ’, ‘Low QC, ‘Medium QC’ and ‘High QC’ were prepared at 

concentrations described in Table 3. Six samples of each QC concentration 

were measured over a period of 4 following days. The determined 

concentrations were in the ranges of CALs. Repeatability and intermediate 

precision were evaluated by analyzing a single analytical run in a single day and 

3 analytical runs from 3 different days, respectively. The precision was defined 

as the relative standard deviation (RSD, %) and determined at each 

concentration level. The acceptance limit was <15%, except for LLOQ (<20%). 

The accuracy describes the closeness of mean test results obtained by the 

method to the theoretical concentration of the analyte. 

Extraction recovery, matrix effect and process efficiency 

RE was defined as the ratio of analyte response between plasma spiked before 

(Pre) and after (Post) the extraction process. RE can be defined as relative: the 

ratio of the compound concentration; or absolute: the ratio of the XIC peak area. 

ME was established as quantitative approach comparing the XIC peak area 

ratio (absolute) or the compound concentration ratio (relative) between Post- 

plasma and neat solution, which was obtained by the addition of the same 

amount of analyte to the final elution solution [ACN/MeOH/buffer, pH 3.0 (8:1:1, 

v/v/v)] without undergoing the extraction process.  
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PE values were calculated as the ratio of analyte response between plasma 

spiked before (Pre) the SPE process and neat solution. Absolute and relative 

values were determined in the same fashion than for RE and ME. 

In each test, 8 repetitions of Low QC and High QC were analyzed in blank 

plasma samples from 8 different human donors for all analytes. To validate the 

ME, the RSD should not exceed 15% for all QCs (except of LLOQ, when 20% is 

allowed). 

The following equations were used to calculate the previously described values: 

𝑅𝐸	(%) = 𝑃𝑟𝑒 ∗ 100/𝑃𝑜𝑠𝑡  

𝑀𝐸	(%) = 𝑃𝑜𝑠𝑡 ∗ 100/𝑁𝑒𝑎𝑡	𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 

𝑃𝐸	(%) = 𝑃𝑟𝑒 ∗ 100/𝑁𝑒𝑎𝑡	𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 [19,24,25] 

Trueness 

‘LLOQ’, ‘Low QC’, and ‘High QC’ samples (Pre) were analyzed from 5 weeks in 

comparison with spiking samples as reference (Post). The results were 

expressed with Zeta-score which compares a test value to a reference value. 

Values less than 2 were considered satisfactory, while the values between 2 

and 3 were questionable. Values higher than 3 were considered unsatisfactory. 

Stability 

Four replicates of low and high QC aliquots were quantified after storing plasma 

samples at 20ºC (room temperature), at +4°C for 24 h and after 3 cycles of 

freeze-thaw in the freezer at −80°C, and in extracted samples in the 

autosampler at 19°C. Additionally, long-term stability was determined by 

keeping one set of aliquots at −80°C for 1 month. The analyte stability should 

be between 85 and 115% and the RSD should not exceed 15% for the studied 

QCs. The ratio of analyte concentration before and after storage conditions 

mentioned above was determined. 

Carry-over 

After the highest CAL, a blank plasma sample was injected to determine any 

possible carry-over effect. The peak area of the blank samples should be lower 

than 20% of the LLOQ and 5% of the IS. Additionally, the needle was washed 5 
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times between injections with ACN/water solution (50:50, v/v) to avoid carry-

over. 

Statistical analyses 

Data were analyzed with Microsoft Excel (Microsoft® Office® 2010, Microsoft 

Corp., USA) and the results are presented as mean values and standard 

deviations. The lack-of-fit test results were compared to pure error variances at 

a 95% confidence level to evaluate the acceptability of the results and the 

adequacy of the regression models. For the evaluation of trueness, zeta-score 

test was applied. 

Pharmacokinetic applications of the method 
Our method was successfully applied to pharmacokinetic analysis of 66 

samples from 3 healthy volunteers who received 5 oral doses of ARI (10 mg) or 

OLA (5 mg) in fasting conditions. Blood samples were collected at 22 times 

during 14 days in EDTA dipotassium dihydrate (EDTA K2) tubes (Vacuette, 

Madrid, Spain) and centrifuged at 1900 x g for 10 min at 4 °C. The plasma was 

separated and stored at −20 °C. The study was approved by the local Ethics 

Committee (Clinical Research Ethics Committee of “Hospital Universitario de La 

Princesa”, Madrid, Spain), and informed consent was obtained from the healthy 

volunteers. Pharmacokinetic parameters were estimated by noncompartmental 

analysis using PKSolver, a menu-driven add-in program for Microsoft Excel [26]. 

Maximum plasma concentration (Cmax) and time to reach Cmax (Tmax) were 

determined directly from plasma concentration data. The area under the plasma 

concentration–time curve from time 0 to the time of the last measurable 

concentration (AUC0–t) was calculated using the trapezoidal method. Half-life 

was calculated by dividing 0.693 by ke. 

Results and discussion 

Experimental conditions in LC and MS/MS 

Due to the similar pKa values ranging from 7.06 to 8.76 [27], for all drugs 

included in this method, it was possible to optimize extraction method and 

validate an LC-MS/MS method for simultaneous quantification of ARI, DARI, 

OLA, RIS, PAL, QUE, and CLO. Only CAF has different pKa value of -0.92, 
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thus the extraction process was less efficient for this compound. Differences in 

water solubility ranging from 0.008 mg/mL to 0.297 mg/mL, except for CAF, 

which has very high water solubility of 11 mg/mL [27] enabled us to perform an 

excellent chromatographic separation. To optimize chromatographic conditions, 

we used different analytical columns (XBridge BEH C18, Waters, Madrid, Spain 

and ACE C18-PFP, Agilent Technologies, Madrid, Spain), buffer compositions 

(ammonium formate, 0.1% and 0.2% formic acid), buffer pH (2, 3, 4 and 6), 

mobile phase flow rates (0.5 and 0.6 mL/min) and variety of gradients. 

Additionally, the temperature of analytical separation was considered as well 

(25-30ºC). For the present method we applied the ACE C18-PFP column. This 

column is characterized by a good resolution and improves analyte separation 

compared to ordinary C18 column due to π-π interactions with the aromatic ring 

and OH groups.  

Finally 0.2% formic acid at pH 3.0 as aqueous buffer, flow rate of 0.6 mL/min 

and the temperature of 25ºC were chosen to improve chromatographic 

performance of our method. After each injection, the injection needle and the 

analytical column were washed with a mixture of organic-aqueous solvent. A 

mixture of ACN/water (50/50; v/v) and isopropanol/water (50/50; v/v) was tested 

to avoid carry-over phenomenon in subsequent injections, while ACN/water was 

found to be more effective in needle cleaning process. The total run time, 

including washing and re-equilibrating steps, was 9.0 min. Although our run time 

is longer compared to the methods described in the literature [9,28], it was 

considered essential to elute endogenous phospholipids outside of the elution 

profile of the analytes (Figure 1). 

LC-MS/MS with ESI and small particle sizes of the analytical column (up to 3.5 

μm) required small injection volume in order to avoid overloading, ME and 

instrument contamination [29]. Thus, we injected 5 μL of the sample, which was 

applicable for the column particle size and the HPLC system. Table 1 displays 

relevant LC–MS/MS characteristics, Supplementary Figure 1 depicts mass 

spectra obtained by collision-induced dissociation (CID) of the indicated 

precursor ions [M+H]+ and Figure 1 shows XIC chromatograms of ARI, DARI, 

OLA, RIS, PAL, QUE, CLO and CAF. Human plasma was spiked with the LLOQ 

of each drug before µ-SPE procedure. Retention times (tR) and concentration 

values were calculated from calibration curves given for all analytes. 
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Concerning MS/MS conditions, ESI in positive mode was selected for scanning 

all analytes. As their polarity was positive, dynamic MRM (dMRM) scan mode 

was applied to significantly improve analytes’ peak shape and selectivity.  

As long as some compounds has the same product ions (ARI and DARI) and 

may undergo crosstalk phenomenon in the collision cell, we used, apart from 

SIL-ISs, ion ratio (qualifier ratio) based identity confirmation to ensure the 

reliability of the analyte detection. The ion ratio difference between CALs and 

QCs did not differ more than 30%. Additionally, we have analyzed tR - and 

relative tR - difference between extracted analyte and neat solution of the 

analyte and the obtained value was lower than 0.1 min in all cases when 

analyzing tR - difference and lower than 2.5% when analyzing relative tR – 

identity confirmation. 

Sample preparation: phospholipid elimination, extraction recovery, 
matrix effect and process efficiency 

We tested phospholipid cleaning ability of SPE compared to PPT in 36 different 

human blank plasma samples. As PPT extraction methods were associated 

with the highest degree of ME in comparison with SPE [30], we used this 

method as a positive control (100% of phospholipids) compared to SPE. 

According to our knowledge, there is no method which is able to remove 100% 

of phospholipids from the matrix. However, we were able to eliminate efficiently 

99.56% and 99.46% of early eluting endogenous plasma PCs-e (in source CID 

ion fragment 184.1>184.1) and LPCs-e (in source CID ion fragment 

104.1>104.1) using hydrophilic-lipophilic SPE sorbent compared to PPT method 

(100.00 ± 33.49% vs 0.44 ± 0.73%, p < 0.001 for PCs-e and 100.00 ± 31.57% 

vs 0.54 ± 0.17%, p < 0.001 for LPCs-e, respectively). Similarly, we evaluated 

the elimination capability of late-eluting phospholipids. SPE method was able to 

remove 92.34% and 97.68% of late-eluting endogenous plasma LPC 18:0-l and 

LPC 16:0-l compared to PPT method (100.00 ± 32.23% vs 7.66 ± 3.16%, 

p<0.001 for LPC 18:0-l and 100.00 ± 26.16% vs 2.32 ± 0.74%, p < 0.001 for 

LPC 16:0-l, respectively). The results are shown in the Supplementary Figure 

2D.  

As it was impossible to eliminate 100% of endogenous phospholipids, we were 

able to separate them chromatographically from the target compounds. Early 
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eluting phospholipids were eluted with the tR=1.485 min and tR=1.537, late-

eluting phospholipid species with the tR=8.186 min and tR = 8.348, while 

analyte elution was found between tR=1.940 min and tR=4.790 min, outside of 

the phospholipid elution times. Among LC-MS/MS and UHPLC-MS/MS methods 

for antipsychotic drug quantification available in the bibliography [28,31], only 

our previous publication about the simultaneous determination of ARI and DARI 

in human plasma [6] considered endogenous phospholipid elimination efficiency 

during method development. 

Two QC levels, Low QC and High QC, were applied for the determination of 

relative and absolute RE, ME and PE. The RE, ME and PE results for SPE and 

PPT sample preparation are exhibited in Figure 2 and Supplementary Figure 2 

as mean percentages of relative (Figure 2A, B, C) and absolute (Supplementary 

Figure 2A, B, C) RE, ME and PE, while RSD values are shown as error bars. 

The relative mean RE applying SPE was achieved within 98.05-108.91% for all 

compounds, except for CAF with the value of 127.19% with RSD lower than 

10%, while absolute RE ranges between 81.31 and 119.02% and RSD within 

14%. CAF is characterized by less efficient extraction recovery values due to 

the lack of its SIL-IS and extraction method itself, which was adjusted for the 

antipsychotic drugs and not for CAF being a polar compound. Relative RE 

values for PPT ranged from 96.04 to 119.09% (except for CAF with the value of 

171.54%) and RSD not higher than 11.50%, while absolute RE represents 

values achieved from 57.42 to 75.91%, and RSD within 24.67%. 

When comparing the RE achieved in the present extraction method to the 

literature, we found that other authors [32,33] accomplished similar values for 

relative RE ranging from 71-123% using SPE as sample preparation method. 

Our results are slightly better, ranging from 98-109%. Among the bibliography, 

PPT RE results oscillated between 50 and 111% (except for OLA, 185%) for 

LC-MS/MS methods, while improved when UHPLC-MS/MS was applied, 

ranging from 65 to 114%. These differences can be due to the lower injection 

volume and less important ME in UHPLC-MS/MS analysis. 

Regarding ME, relative values were found between 99.05 and 105.14% and 

RSD within 3.97% (except for CAF being found between 77.52 and 118.85% 

and RSD of 27.04%), greatly better than absolute ME ranging from 83.24 to 

119.37% and RSD of 15%. Only OLA represented higher ion suppression, 
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therefore ME value of 75.80%. The results obtained with PPT as extraction 

method were as follows: relative ME ranged from 94.09 to 106.57% and RSD 

within 8.22%, absolute ME for PPT was comprised between 63.92 and 91.11% 

and RSD of 12.02%. According to RE and ME results, more preferable values 

were obtained when SIL-ISs was applied (relative) in comparison to absolute 

values. However, SPE RE and ME were slightly better than PPT values. These 

results were expected, because SIL-ISs compensate for ME analyte loss during 

extraction process. Nevertheless, the absolute results obtained by SPE and 

PPT differed considerably. Absolute RE obtained with PPT compared to SPE 

was lower and highly variable (57.42 to 75.91%, and CV within 24.67%), while 

ion suppression was also significant (mean ME of 77.51%). Therefore, SPE was 

chosen as extraction procedure for method validation. 

ME is commonly evaluated using qualitative methods, applying post-column 

infusion [34]. Nevertheless, manipulating the chromatographic separation to 

avoid ME due to co-elution is not always applicable [14]. ME calculated for SPE 

in the literature ranges from 91 to 133%, while for PPT it varies between 89 and 

119%. Although these results are analogous, the differences lie in the RSD 

values. RSD is greatly higher for PPT sample preparation method and cause 

method irreproducibility and as a consequence compromised precision and 

accuracy. 

Regarding SPE-PE, relative values were comprised between 95.28 and 

113.15% and RSD within 7.11%, while absolute PE was extent from 95.75 to 

119.59% and RSD less than 13.10%, except for CAF having values between 

77.52 and 152.41% and CV of 13.50%. On the contrary, the results obtained 

with PPT were certainly worse compared to SPE. Relative PPT-PE were found 

between 88.43 and 114.55% and RSD within 10.45% (with the exception of 

CAF with a value of 156.34% and RSD of 10.75%); absolute PE were relatively 

lower ranging from 38.00 to 61.53%, and RSD of 24.72%. There are only a few 

methods evaluating relative PE as a test included in method validation [33,35], 

ranging from 42 to 147%. The best PE results were achieved by Patel et al [33], 

with values between 92.3 and 98.9% for only ARI included in the analytical 

method. Our global relative PE was found between 95 and 113%, in regard to 

ARI, its relative PE ranged from 101 to 103%, being closer to 100% than Patel 

et al’ results. 
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Based on our study, PE and phospholipid elimination ability should be included, 

along with RE and ME, in the tests performed during method development and 

validation. PE and phospholipid removal efficiency offer a more complete 

overview regarding the effect of possible analyte loss during sample preparation 

and ionization suppression/ enhancement in the ion source. 

Selectivity, LLOQ and linearity 

The present approach was selective and able to differentiate and quantify the 

analytes from endogenous matrix components, as no significant interferences 

were found in analyte detection. Blank plasma XIC peak area ratio was less 

than 10.6% compared to XIC peak area of the LLOQ for all the drugs, except for 

CAF (13.49%), and less than 0.07% for XIC peak area for all ISs, except for 

CAF (0.27%). Moreover, the mobile phase and gradient modifications improved 

DARI response in the present method compared to our previously reported 

method [6]. 

LLOQs achieved for antipsychotic drugs, their two metabolites and CAF in 

human plasma were as follows: ARI: 0.18, DARI: 0.25, OLA: 1.00, RIS: 0.70, 

PAL: 0.20, QUE: 0.50 and CLO: 0.50 ng/mL. For CAF the LLOQ value was 

considerably higher, 1200 ng/mL, due to high CAF plasma levels after oral 

coffee consumption described in the literature [36]. Although more sensitive LC-

MS/MS approaches were reported, with LLOQs lower than ours, some of these 

methods used larger plasma volumes for extraction between 250 and 500 µL 

[35,37], than we have (200 µL), except for Vecchione et al [28], who used only 

100 µL of plasma. Our LLOQs were better than those reported by Choong et al. 

[32] and Fisher et al. [38]. Of note, LLOQ for PAL achieved by our method was 

the best compared to bibliographic values. It can be due to the applied sample 

preparation method. Fisher et al. applied LLE with methyl-tertbutyl ether as 

sample extraction method, which is known to produce lower RE and higher 

LLOQ values. 

After performing lack-of-fit test to evaluate the linearity of the calibration curve, 

the F calculated value (0.381-1.687) was lower than the F tabulated value 

(2.685) for DARI, OLA, PAL, CLO and CAF. Thus, for these analytes, a linear 

regression model was performed. For ARI, RIS and QUE the F calculated value 

was higher than F tabulated value, therefore non-linear calibration curve 
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adjustment was applied. The most applicable weighting factors were 1/x for 

ARI, DARI, OLA and QUE, 1/x2 for PAL and 1/y for CLO and RIS. In all cases, 

we obtained correlation coefficients (R2) higher than 0.99 except for CAF 

(R2=0.94). 

Precision and accuracy 

As shown in Table 3, precision and accuracy were within the acceptance criteria 

for the evaluated assay range. The overall RSDs, for all QCs except for LLOQ, 

ranging from 1.53 to 13.16% and from 1.78 to 14.84%, were achieved for 

repeatability and intermediate precision tests, respectively. Global RSDs for 

accuracy assessment averaged -7.56 and 12.45%, -14.91 and 14.58%, 

respectively. LLOQs showed higher RSD values, however, they were 

consistently below the acceptance limits. These results indicate that it is 

possible to generate accurate data with the present method for antipsychotics 

and CAF plasma determination. 

Trueness 

Analyzing trueness interpreted with Zeta-score resulted satisfactory (values less 

than 2) in case of all drugs and concentrations (between -0.10 and 1.20 for 

LLOQ, -1.07 and 1.16 for Low QC and 0.56 and 1.70 for High QC). Therefore, 

due to the low Zeta-score values, which shows the level of systematic error, our 

LC-MS/MS method was verified. 

Stability 

We performed stability tests in unextracted sample (room temperature at 20ºC, 

fridge at 4ºC and freezer at -80ºC) and after sample extraction in autosampler. 

The results of the stability assays at low and high concentrations are 

summarized in Supplementary Figure 3. Stability tests in unextracted plasma 

after 24h at 20ºC (room temperature) showed global RSDs between 1.16 and 

10.32% and mean stabilities of 89.03 and 105.35% (except for CAF: 111.81%); 

after 24h at 4°C in the fridge demonstrated overall RSDs between 0.55 and 

8.66% and mean stabilities of 92.93 and 103.49%; after three freeze–thaw 

cycles (24h each cycle) in the freezer at –80°C they exhibited global RSDs 

between 0.17 and 6.02% and mean stabilities of 91.55 and 101.67%; after 1 
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month in the freezer at –80°C they showed overall RSDs between 0.67 and 

6.55% and mean stabilities of 87.28 and 109.04%; for all compounds included 

in the present method. Stability tests in extracted samples after 24h at 20ºC in 

the autosampler presented RSDs of minimum 0.76 and maximum 7.88% and 

mean stabilities ranging from 92.63 to 107.57%. Overall, the RSD value was 

less than 10.32% and the mean stabilities were close to 100% for all tested 

compounds. OLA was shown to be unstable in whole blood and oral fluid under 

most of the conditions studied by Fisher et al. [39], although the addition of 

ascorbic acid to the blood or serum showed protective properties against OLA 

degradation. Likewise, we added formic acid to all plasma samples resulting in 

the preservation of OLA in all stability tests. 

Carry-over 

Carry-over effect, if detected, should be prevented to ensure the precision and 

accuracy of the method. Application of the optimal washing procedures of the 

injection needle and the analytical column should be optimized. We applied a 

mixture of ACN and water (1/1, v/v) for needle wash as well as for blank sample 

injection after measuring high concentration samples, in order to reduce carry-

over effect. Similarly to others [32,40], we managed to avoid a significant carry-

over effect, which was lower than 15% for the antipsychotic drugs and lower 

than 16.5% for CAF. The carry-over phenomenon detected by other authors 

was even higher [34] than ours, except for Patel [33] et al, who were able to 

reduce the carry-over effect to less than 0.05%. 

Pharmacokinetic applications of the method 

The method was successfully applied to the multiple-dose pharmacokinetic 

study. Supplementary Figure 4 exhibits ARI, DARI (Panel A) and OLA (Panel B) 

plasma concentrations (ng/mL) versus time acquired after 5 multiple doses of 

ARI (10 mg) and OLA (5 mg) oral administration in 3 healthy volunteers (1 for 

ARI and DARI; 2 and 3 for OLA). Supplementary Figure 4C shows mean 

pharmacokinetic parameters of ARI, DARI and OLA. Cmax data were collected 

only for day 1 and 5. The obtained Cmax in day 1 was consistent with the results 

by Mallikaarjun et al., however, as their study design was different, Cmax and 

AUC in day 5 were not available. In the same study, Tmax was lower than ours, 
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while T1/2 was comparable [41]. To date there is no other study analyzing the 

pharmacokinetics of ARI and DARI in a multiple dose design during 5 days 

performed in healthy volunteers. OLA samples were checked for CAF 

interference. No CAF plasmatic levels were observed in volunteers taking OLA 

and therefore we obtained expected OLA concentrations. 

Conclusion 

Our LC-MS/MS method is adequate for precise and accurate simultaneous 

measurement of antipsychotic drugs and CAF in human plasma. Simple sample 

preparation and three step µ-SPE offer high phospholipid removal efficiency 

compared to PPT, as required by our clinical studies. Validation data have 

assessed its precision, accuracy, sensitivity, and immunity from matrix effects, 

good extraction recoveries and process efficiency, trueness, as well as 

competitive LLOQs and calibration range, good analyte stabilities and with no 

significant carry-over effect. The present method can be successfully 

implemented in the clinical laboratory and applied for routine TDM. 
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Table 1. Relevant LC–MS/MS characteristics. 

Compoun
d 

Retention 
time 

(tR, min) 

Quantification 
SRM 

Transition (m/z) 

Confirmation 
SRM 

Transition (m/z) 
Qualifier 

ratio 
Fragmento
r voltage 

(V) 

Collision 
energy 

(eV) 
ARI 4.750 448.2 > 285.2 448.2 > 176.2 30.10 100 25 

ARI-D8 4.790 456.2 > 293.0   110 30 
DARI 4.439 446.2 > 285.0 446.2 > 188.0 0.16 125 22 
OLA 1.941 313.2 > 256.2 313.2 > 282.2 10.51 90 25 

OLA-C1-
D3 1.940 317.3 > 256.2   110 25 

RIS 3.373 411.3 > 191.2 411.3 > 110.1 6.47 50 30 
RIS-D4 3.405 415.3 > 195.2   90 30 

PAL 2.945 427.3 > 207.2 427.3 > 110.2 33.10 110 30 
PAL-D4 2.944 431.3 > 211.2   100 30 

QUE 3.945 384.3 > 253.2 384.3 > 221.2 45.70 110 35 
QUE-C4 3.969 388.3 > 255.2   110 35 

CLO 4.029 327.2 > 270.1 331.2 > 270.2 59.54 130 25 
CLO-C1-

D3 4.029 327.2 > 192.1   110 25 

CAF 2.001 195.2 > 138.2 195.2 > 110.2  100 20 
PC 1.485 184.1 > 184.1   100 5 

LPC 1.537 104.1 > 104.1   100 10 
LPC 16:0 8.348 496.4 > 184.1 496.4 > 104.1  135 30 
LPC 18:0 8.186 524.4 > 184.1 524.4 > 104.1  135 30 

Abbreviations: SRM: selected reaction monitoring; m/z: Mass-to-Charge; ARI: aripiprazole; ARI-D8: [2H8]-
aripiprazole; DARI: dehydro-aripiprazole; OLA: olanzapine; OLA-C1-D3: [13C,2H3]-olanzapine; RIS: 
risperidone; RIS-D4: [2H4]-risperidone; PAL: paliperidone; PAL-D4: [2H4]-paliperidone-D4; QUE: 
quetiapine; QUE-C4: [13C4]-quetiapine; CLO: clozapine; CLO-C1-D3: [13C,2H3]-clozapine; CAF: caffeine; 
PC: phosphatidylcholine; LPC: lysophosphatidylcholine; LPC 16:0: lysophosphatidylcholine 16:0; LPC 
18:0: lysophosphatidylcholine 18:0. Qualifier ratio: the peak area ratio quantifier/qualifier. 
 

 
Table 2. Repeatability and intermediate precision and accuracy values. 

Precision values are expressed as the percentage of the relative standard 

deviation (RSD, %) for repeated measurement from one day and as pooled 

RSD (%) from 4 consecutive days. Accuracy is shown as the percentage of the 

closeness of theoretical concentration to the measured value present in the 

matrix. The corresponding concentrations are displayed as the mean ± standard 

deviation (SD) of the number of total experiments (n). 

Compound Concentration 
(ng/mL) 

Repeatability 
n=6 

Mean ± SD (ng/mL) 
RSD  
(%) 

Accuracy 
(%) 

Intermediate precision 
n=24 

Mean ± SD (ng/mL) 

Pooled 
RSD 
(%) 

Accuracy 
(%) 

ARI 

0.18 0.17 ± 0.01 0.07 -3.27 0.19 ± 0.02 7.69 2.56 
1.00 1.12 ± 0.08 0.07 12.33 1.08 ± 0.06 5.18 8.17 
60 58.84 ± 1.34 2.29 -1.93 59.59 ± 2.00 2.83 -0.69 
100 108.00 ± 2.60 2.41 8.00 112. 86 ± 9.24 6.91 12.86 

DARI 
0.25 0.25 ± 0.01 3.72 0.75 0.25 ± 0.02 6.89 0.64 
0.90 0.85 ± 0.04 4.11 -5.23 0.86 ± 0.05 6.02 -4.87 
40 42.03 ± 0.72 1.72 5.07 41.73 ± 1.97 4.71 4.32 
70 68.85 ± 1.44 2.10 -1.64 66.28 ± 3.18 4.80 -5.31 

OLA 1.00 1.05 ± 0.03 3.32 5.09 1.08 ± 0.18 9.43 7.54 
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3.00 3.01 ± 0.40 13.16 0.33 3.27 ± 0.40 9.42 9.00 
50 47.28 ± 0.99 2.08 -5.43 51.04 ± 4.59 2.90 2.09 
80 79.14 ± 1.98 2.50 -1.08 75.94 ± 5.15 3.15 -5.07 

RIS 
0.70 0.73 ± 0.02 3.20 4.89 0.61 ± 0.10 8.08 -12.33 
1.50 1.68 ± 0.07 3.98 12.01 1.71 ± 0.10 5.73 13.70 
25 25.02 ± 0.56 2.22 0.07 27.79 ± 0.91 2.51 3.14 
50 48.79 ± 1.25 2.56 -2.41 46.06 ± 3.07 2.37 -7.88 

PAL 
0.20 0.24 ± 0.03 13.04 19.15 0.24 ± 0.04 16.51 17.58 
1.60 1.67 ± 0.05 3.19 4.39 1.70 ± 0.08 3.68 6.27 
15 14.77 ± 0.98 6.63 -1.55 14.71 ± 0.64 3.71 -1.92 
25 23.11 ± 0.55 2.36 -7.56 22.71 ± 1.09 2.14 -9.16 

QUE 
0.50 0.48 ± 0.04 7.58 -3.65 0.45 ± 0.05 8.11 -10.69 
1.50 1.67 ± 0.10 5.93 11.16 1.69 ± 0.10 5.37 12.74 
80 89.96 ± 1.84 2.04 12.45 91.21 ± 6.16 6.95 14.00 
130 123.47 ± 2.20 1.78 -5.03 133.26 ± 11.30 3.00 2.50 

CLO 
0.50 0.53 ± 0.02 3.97 5.12 0.46 ± 0.05 7.35 -8.57 
7.00 7.85 ± 0.40 5.03 12.11 7.46 ± 0.51 4.12 6.56 
500 499.64 ± 13.29 2.66 -0.07 510.27 ± 21.25 2.51 2.05 
800 766.07 ± 19.99 2.61 -4.24 745.22 ± 50.99 2.79 -6.85 

CAF 
1200 974.48 ± 82.39 8.45 -18.79 1286.27 ± 322.33 19.36 7.19 
2200 2364.41 ± 126.05 5.33 7.47 2366.92 ± 137.84 6.06 7.59 
3200 3151.70 ± 48.25 1.53 -1.51 3080.38 ± 392.77 9.78 -3.74 
3700 3647.80 ± 143.63 3.94 -1.41 3290.99 ± 313.51 6.86 -11.05 

Abbreviations: ARI: aripiprazole; DARI: dehydro-aripiprazole; OLA: olanzapine; RIS: risperidone; PAL: paliperidone; QUE: quetiapine; 
CLO: clozapine; CAF: caffeine. 

 

Supplementary Table 1. Concentrations of the calibration standards (CALs) for 

each drug. 

Drug/ 
metabolite R2 

Cal 1  Cal 2 Cal 3 Cal 4 Cal 5 Cal 6 Cal 7 Cal 8 

(ng/mL) 
ARI 0.9991 0.18 0.25 0.50 2 10 50 100 120 

DARI 0.9989 0.25 0.35 0.70 2 5 20 40 80 
OLA 0.9944 1.00 1.10 1.50 5 10 20 50 100 
RIS 0.9968 0.70 0.80 1.20 1.5 5 10 25 60 
PAL 0.9815 0.20 0.30 0.50 1 2 5 18 30 
QUE 0.9956 0.50 0.60 1.00 5 10 20 80 160 
CLO 0.9981 0.50 0.80 2.00 20 100 500 750 1000 
CAF 0.9363 1200 1450 1700 1950 2200 2700 3200 3700 

Abbreviations: ARI: aripiprazole; DARI: dehydro-aripiprazole; OLA: olanzapine; RIS: risperidone; R2: 
correlation coefficient; PAL: paliperidone; QUE: quetiapine; CLO: clozapine; CAF: caffeine. 
 

Supplementary Table 2. Therapeutic drug ranges for each drug. 
Drug Therapeutic range (ng/mL) References 

ARI 
50-350 [14,61] 
150-300 [62] 
146–254 [63] 
32.1–188 [59] 

OLA 
10-100 [14,56] 
20–80 [64–66] 

1.2-208 [67] 
RIS 10-100 [14,56] 
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20–60 [68,69] 
0.6-25 [70] 

PAL 
10-100 [14,56] 
20-52 [68] 
20-60 [69] 
10-109 [70] 

QUE 70-170 [9,14,56,71] 

CLO 200-800 [14,56] 
350-600 [72,73] 

Abbreviations: ARI: aripiprazole; DARI: dehydro-aripiprazole; OLA: olanzapine; RIS: risperidone; R2: correlation 
coefficient; PAL: paliperidone; QUE: quetiapine; CLO: clozapine; CAF: caffeine. 

 

Supplementary Table 3. The resolution factor between the adjoining 

compounds. 

Compounds Rs 

CAF-OLA 1.28 

OLA-PAL 12.63 

PAL-RIS 6.24 

RIS-QUE 7.35 

QUE-CLO 1.85 

CLO-DARI 7.81 

DARI-ARI 8.49 

Abbreviations: ARI: aripiprazole; DARI: dehydro-aripiprazole; OLA: olanzapine; RIS: risperidone; PAL: 
paliperidone; QUE: quetiapine; CLO: clozapine; CAF: caffeine; Rs: resolution factor.  
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Figure 1. Extraction ion chromatograms (XIC) of aripiprazole (ARI), dehydro-

aripiprazole (DARI), olanzapine (OLA), risperidone (RIS), paliperidone (PAL), 

quetiapine (QUE), clozapine (CLO), and caffeine (CAF) stable isotope-labeled 

internal standards (SIL-ISs): aripiprazole-D8 (ARI-D8), olanzapine-C1-D3 (OLA-

C1-D3), risper- idone-D4 (RIS-D4), paliperidone-D4 (PAL-D4), quetiapine-C4 

(QUE-C4) and clozapine C1-D3 (CLO-D3). The results are presented as the 

percentage of counts versus time in minutes. All chromatograms have been 

normalized to the largest peak. The dashed lines show the elution area of the 

antipsychotics and CAF separated from early- and late-eluting endogenous 

phospholipids.	 
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efficiency tests calculated for aripiprazole (ARI), dehydro-aripiprazole (DARI), 

olanzapine (OLA), risperidone (RIS), paliperidone (PAL), quetiapine (QUE), 

clozapine (CLO), and caffeine (CAF) in plasma for each compound after 

undergoing solid phase extraction (SPE) and protein precipitation (PPT) 

processes in low and high concentrations (Low QC and High QC). Panel A 

shows extraction recovery, Panel B displays matrix effect while Panel C 

presents process efficiency values showing the relative standard deviation 

(RSD, %) of 8 experiments.  

 

 
Supplementary Figure 1. Product ion spectra and chemical structures of 

aripiprazole (ARI), dehydro-aripiprazole (DARI), olanzapine (OLA), risperidone 

(RIS), paliperidone (PAL), quetiapine (QUE), clozapine (CLO), and caffeine 

(CAF) and stable isotope-labeled internal standards (SIL-ISs): aripiprazole-D8 

(ARI-D8), olanzapine-C1-D3 (OLA-C1-D3), risperidone-D4 (RIS-D4), 

paliperidone-D4 (PAL-D4), quetiapine-C4 (QUE-C4) and clozapine C1-D3 

(CLO-D3). obtained by collision-induced dissociation (CID) of the indicated 

precursor ions [M+H]+.  
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The fragmentation patterns of all analytes are indicated by an arrow on their chemical structure 

of each analyte. The residual precursor and the product ions, quantifier and qualifier, are shown 

in the figure. The results are presented as the percentage of counts versus Mass-to-Charge 

(m/z). All mass peaks have been normalized to the most abundant. 

 

 
Supplementary Figure 2. Absolute values of extraction recovery, matrix effect, 

process efficiency tests obtained for aripiprazole (ARI), dehydro-aripiprazole 

(DARI), olanzapine (OLA), risperidone (RIS), paliperidone (PAL), quetiapine 

(QUE), clozapine (CLO), and caffeine (CAF) as well as endogenous plasma 

phospholipid elimination efficiency in plasma after undergoing solid phase 
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extraction (SPE) and protein precipitation (PPT) processes at low and high 

concentrations (Low QC and High QC).  
Panel A shows extraction recovery, Panel B displays matrix effect while Panel C presents 

process efficiency in percentages along with the relative standard deviation (RSD, %) of 8 

experiments. Panel D depicts endogenous plasma phospholipid content (PCs-e: early eluting 

phosphatidilcholines, LPCs-e: early eluting lysophosphatidilcholines, LPC 16:0-l: late-eluting 

lysophosphatidylcholine 16:0, LPC 18:0-l: late-eluting lysophosphatidylcholine 18:0) in 
percentages, including the RSD (%) of 36 experiments, after PPT or SPE used as a sample 

preparation method. 

 

 
Supplementary Figure 3. Stability tests. Storage stability of aripiprazole (ARI), 

dehydro-aripiprazole (DARI), olanzapine (OLA), risperidone (RIS), paliperdione 

(PAL), quetiapine (QUE), clozapine (CLO) and caffeine (CAF) at low and high 

concentrations (Low QC and High QC) in human plasma samples being 24 h at 

20ºC (room temperature), 24 h at 4°C in the fridge, the 3rd freeze-thaw cycle (-

80°C), stored in the freezer at -80°C for one month, and in the human plasma 

samples extract after 24 h at 20°C in the autosampler.  
Results are given as mean percentages ± relative standard deviation (RSD). Low and high 

quality control (Low QC and High QC) samples in quatruplicates were used for each single 

stability test. 
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Supplementary Figure 4. Plasma concentrations versus time and obtained 

pharmacokinetic parameters of aripiprazole (ARI), dehydro-aripiprazole (DARI) 

and olanzapine (OLA) in a pharmacokinetic study with healthy volunteers under 

fasting conditions. Panel A shows ARI and DARI plasma concentrations after 5 multiple 
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doses oral administration of 10 mg ARI in one volunteer (Vol 1) at 22 time points. Panel B 

exhibits OLA plasma concentrations after 5 multiple oral doses of 5 mg OLA in two volunteers 

(Vol 2 and 3) at 22 time points. Panel C displays pharmacokinetic parameters - maximum 

plasma concentration (Cmax), time of occurence of Cmax (Tmax), half-life (t1/2) and area under the 

concentration-time curve from time 0 until the last measurable concentration (AUC0-t) - of ARI, 

DARI and OLA. All pharmacokinetic parameters are expressed as mean percentage. Data were 
analysed with PKSolver, a menu-driven add-in program for Microsoft Excel. 

 


