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A B S T R A C T   

Introduction: Monitoring the atypical antipsychotic drug clozapine is crucial to ensure patient safety. This article 
showcases a high-throughput analytical method for measuring clozapine and its primary metabolite norclozapine 
(N-desmethylclozapine) in serum using paper spray mass spectrometry (PS-MS). 
Objectives: This study aimed to assess the viability of a PS-MS method for the rapid measurement of clozapine and 
norclozapine in human serum samples as an alternative to liquid chromatography mass spectrometry (LC-MS). 
Methods: Serum samples were processed by protein precipitation followed by deposition of the supernatant 
containing labelled internal standards onto paper spray substrates mounted in cartridges. Analytes were then 
analyzed using a triple quadrupole mass spectrometer equipped with a commercial paper spray ionization 
source. The results obtained from the patient samples were compared to those from a validated LC-MS assay. 
Results: PS-MS calibrations for clozapine and norclozapine were linear (R2 > 0.99) over five days. Between-run 
precision was below 8 %, and within-run precision did not exceed 10 %. When compared to a validated LC-MS 
method, the mean bias for 39 patient samples was − 9% for clozapine and − 1% for norclozapine, with no outliers. 
Mass spectrometry ion ratio comparisons indicated no interference for patient samples above the lower limit of 
quantification. There was less than 7 % change in the measured concentrations of both analytes over five days for 
samples dried on paper substrates. Notably, virtually no maintenance of the MS source was required during this 
study. 
Conclusion: This study illustrates the potential of PS-MS for serum drug monitoring in the clinical laboratory.   

Introduction 

Therapeutic drug monitoring (TDM) involves regularly measuring 
drug concentration in patients, and it is essential for ensuring safe and 
effective dosing. Clozapine, an atypical antipsychotic with a history of 
evolving recommendations and dosage guidelines, requires TDM to 
ensure patient safety [1]. Clozapine is only prescribed for treatment- 
resistant schizophrenia due to serious dose-independent side-effects, 
which include agranulocytosis and neutropenia [2]. TDM of clozapine is 
required for preventing dose-dependent side effects such as tonic-clonic 

seizures, tachycardia, cardiac arrest, and respiratory depression [2,3]. 
The most clinically significant metabolite of clozapine, norclozapine (N- 
desmethylclozapine), is measured simultaneously because of its poten-
tial to exacerbate side-effects [4]. Serum concentrations of clozapine 
above 750 ng/mL reportedly cause a five-fold higher rate of tonic-clonic 
seizures, while concentrations above 600 ng/mL do not correlate with 
improved treatment outcomes [4,5]. Serum clozapine levels can vary 
significantly between individuals following a given dose. Several factors 
influence these levels, including tobacco use, pharmacogenetics, and 
drug-drug interactions [6–8]. Due to these factors, frequent monitoring 
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is necessary to ensure the safety and effectiveness of clozapine 
treatment. 

Clinical laboratories routinely measure clozapine and norclozapine 
in patient serum by liquid chromatography mass spectrometry (LC-MS), 
the gold standard for quantitation of most drugs in biofluids. This 
method provides unparalleled selectivity and precision, but requires 
significant sample preparation, maintenance, and consumables [9,10]. 
This has prompted a search for simplified TDM for clozapine: for 
example, recent LC-MS methods describe blood samples dried on paper, 
extracted with organic solvent, and introduced into a liquid- 
chromatograph [11,12]. These methods make use of paper as a conve-
nient sampling tool. In this study, paper is utilized as both a sampling 
substrate and an ionization platform. By applying voltage to samples 
deposited on pointed paper strips, the charged analytes are emitted 
directly into a mass spectrometer. This ionization technique is referred 
to as paper spray, which is a “soft ionization” method for analytes 
conducted under atmospheric conditions similar to electrospray 
ionization. 

Paper spray was first described in 2010 as an ambient ionization 
technique coupled to mass spectrometry (PS-MS) [13]. Direct sampling 
and analyses of illicit drugs, pharmaceuticals, biofluids, explosives, and 
environmental pollutants have been described in the literature 
[10,14–22]. PS-MS, like many direct mass spectrometry techniques, 
offers rapid sample turnaround and minimal sample preparation. PS-MS 
often foregoes any sample clean-up and pre-concentration steps by 
leveraging the paper substrate upon which sample is deposited as a 
crude but effective chromatographic medium to reduce sample matrix 
interferences [17,23]. Moreover, sample-to-sample carryover is mini-
mized by the use of a new paper strip for each analysis. 

In PS-MS analysis, a small volume of sample (typically ≤ 10 µL) is 
deposited onto the paper strip and left to dry. The dried sample spot and 
paper strip are then moistened with a suitable solvent immediately 
before applying the high voltage necessary to generate ions. For quan-
titative measurements, the PS-MS signals for each analyte in a sample 
are normalized to co-deposited internal standards. This is achieved by 
utilizing pre-determined response factors or calibration curves to 
directly quantify the analytes [14,15,24,16–23]. Using this approach, 
the quantitative accuracy of PS-MS measurements is comparable to that 
of LC-MS techniques. Here, we present a method for analyzing serum 
clozapine and norclozapine in human serum samples using PS-MS. Our 
method has been evaluated based on the criteria established by the 
Scientific Working Group for Forensic Toxicology (SWGTOX) standard 
practices [25]. The strategy employed in this study is well-suited for 
high-throughput applications, made possible by the availability of ro-
botic auto-samplers capable of handling the multiplexed paper strip 
cartridge plates used, which feature a 96-well sample plate geometry. 

Materials and Methods 

Solvents and Reference Materials. 
LC-MS grade acetonitrile, methanol, formic acid, and water were 

purchased from Fisher Scientific (Ottawa, ON, Canada). Analytical 
reference standards of clozapine and norclozapine, as well as their 
stable-isotope labelled standards (IS) clozapine-d4 and norclozapine-d8 
were purchased from Cerilliant Corporation (Round Rock, TX, USA). 
Blank human serum was obtained from MilliporeSigma (Burlington, 
MA, USA). Anonymized human serum samples were provided by Life-
Labs Medical Laboratory Services. As only fully anonymized patient 
samples were used that were not obtained specifically for use in this 
study through an interaction or intervention with living individuals, 
neither informed consent nor IRB review were required. 

Standard and Sample Preparation. 
Analytical reference standards were added to blank human serum to 

produce six non-zero calibration standards (5, 10, 50, 100, 500, 1000 
ng/mL) for both analytes. Patient samples, standards, and QC (100 µL) 
were mixed with 150 µL of acetonitrile containing both IS at 100 ng/mL 

in a 1.5:1 vol ratio to effect a simple protein precipitation. The mixture 
was briefly vortexed and centrifuged with a mini-centrifuge (Sprout® 
Plus, Heathrow Scientific, Vernon Hills, IL) for one minute to pellet 
precipitated materials. Aliquots (10 µL) of the supernatant were spotted 
on individual, single-use PS-MS sample strips for analysis. Unless 
otherwise indicated, all measurements were performed in triplicate. 
Fig. 1 presents the sample workflow used for this study. 

PS-MS sample strip plates containing 24 individual paper strips 
(VeriSpray™ Sample Plates, Thermo Fisher Scientific, San Jose, CA) 
were used for this study. Sample spots were air dried under ambient 
conditions for about 5 min prior to analysis. 

Mass spectrometry. 
Tandem mass spectrometry (MS/MS) measurements were performed 

with a TSQ-Fortis™ Triple Quadrupole Mass Spectrometer (Thermo 
Fisher Scientific) in conjunction with the PS-MS ionization source 
(VeriSpray™ Paper Spray Ionization Source, Thermo Fisher Scientific). 
For all measurements, a 90/9.9/0.1 (% v/v) methanol, water, and for-
mic acid solution was used for both the sample spot rewet and spray 
solvents. Direct infusion of 100 ng/mL standards with electrospray 
ionization (ESI) was used to optimize MS/MS parameters for the mea-
surements (ESI source parameters are given in Table S1). MS/MS tran-
sitions and instrument-specific parameters are provided in the 
supplementary information (Table S2, S3, S4) and typical ion signal 
chronograms are given in Fig. S2. Data analysis was performed using the 
vendor software (TraceFinder™ 5.1, Thermo Fisher Scientific). 

PS-MS Measurements. 
PS-MS calibration of clozapine and norclozapine was performed with 

freshly made solutions daily for five days. Three levels of QC were 
prepared by spiking pooled blank human serum samples previously 
shown by LC-MS to be free of the target analytes. Each level was run 
once (i.e., triplicate measurement) over four days. 

The limit of detection (LOD) for each compound was determined as 
3.3 times the standard deviation of the five y-intercepts divided by the 
average slope of the five calibrations [25]. The lowest calibrator was 
assessed based on the criteria of bias and imprecision, with the accept-
ability threshold set at less than 20 % for both parameters Accuracy was 
assessed by comparing the results of 39 patient samples with those from 
a validated LC-MS method. Additionally, processed sample stability 
studies were conducted by measuring a patient sample pool at 24-hour 
intervals over a span of five days, with five measurements taken each 
day. 

Results and discussion 

Method Calibration. 
Clozapine and norclozapine gave R2 > 0.99 for all PS-MS calibrations 

over the range 5 – 1000 ng/mL using linear regression with 1/x 
weighting. Over a five-day period, the relative standard deviations of the 
calibration slopes were 1.4 % and 4.0 % for clozapine and norclozapine 
respectively, demonstrating consistent inter-day measurement response. 
Key results are summarised in Tables 1 and 2, and bias plots for a typical 
daily calibration are given in Fig. 2. We note that four of five norclo-
zapine calibrations met the requirements for a LLOQ of 5 ng/mL. With a 
LLOQ of 10 ng/mL for norclozapine, five calibrators were utilized for 
these studies. The absence of significant bias across the evaluated range 
indicates that the linear regression model is appropriate. 

Method Accuracy. 
Anonymous patient samples (n = 39) previously analyzed over 

several days by a validated comparator LC-MS method in a clinical 
laboratory (singleton measurements, refer to Supporting Information) 
were measured in triplicate on one day by PS-MS (Table S7). Discrep-
ancies between PS-MS and LC-MS results for individual samples (Fig. 3) 
were between − 17 % and + 8 % for clozapine and − 17 % and + 20 % for 
norclozapine. No significant outliers were observed. The mean bias for 
all samples was − 9 ± 6 % for clozapine and − 1 ± 8 % for norclozapine. 
These results compare favourably with a proposed allowed performance 
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limit of 12 % for values above 100 ng/mL [26]. All samples measured by 
PS-MS were within the calibration levels of the study, with daily cali-
brations used for all measurements. Although a sample dilution study 
was not conducted in the current work, based upon our experience with 
PS-MS and the agreement with (singleton) LC-MS results, we anticipate 
that reducing the sample matrix concentrations should not have a 
negative impact upon PS-MS analytical performance. 

Method Precision. 
Precision for QC samples at levels measured by the LC-MS compar-

ator method is summarized in Table 3 and graphically presented in the 
Supporting Information (Fig. S1). While SWGTOX guidelines specify five 
days for this evaluation, the instrument used for this study became un-
available for QC measurements on the fifth day as it was moved off-site 
for a dedicated project [27]. None the less, the observed precision for 
clozapine is acceptable when judged against between-run CV values 
being less than one-third of the 12 % allowed performance limit [26]. As 
each QC was only run once each day (as triplicate measurement), the 

maximum CV of the four triplicate measurements is provided. 
As an additional test of specificity, PS-MS qualifier/quantifier ion 

ratios were evaluated for patient samples (n = 39) against a target of the 
average ion ratios for calibration standards well above the LLOQ (i.e., 
levels 3 to 6). All clozapine and norclozapine measurements returned 
ion ratios within ± 2.5 % of the target for clozapine and ± 6.2 % for 
norclozapine (Fig. 4). Despite the lack of chromatography, rapid anal-
ysis times and minimized sample preparation, the PS-MS analysis of 
serum samples demonstrated no obvious interference and consistent ion 
ratio values. Given the wide range of patient clozapine concentrations, it 
is reasonable to assume a broad range of metabolite ratios as well: the 
consistent clozapine and norclozapine ion ratios suggest that neither 
experienced significant interference from other metabolites. Given that 
SWGTOX guidelines specify ± 20 % for ion ratio agreement [25], this 
suggests these results illustrate acceptable method specificity. 

Processed Sample Stability. 
The stability of processed samples stored as dried sera on PS-MS 

paper strips was investigated using another pool of patient sera. The 
levels of clozapine and norclozapine were determined by LC-MS (Fig. 5). 
It was observed that there was no significant change in the measured 
concentrations of clozapine or norclozapine using PS-MS for dried sera 
samples over a period of five days, compared to the initial measurement 
values. The maximum % bias relative to day zero was − 6.2 % (Table S8). 

A high-throughput method should ideally require minimal instru-
ment maintenance. Paper spray, similar to direct infusion by ESI, does 
not divert the sample matrix to waste. However, since the MS inlet is 
potentially exposed to all material deposited on the paper strips, any 
blockage in the inlet could lead to signal failure and hinder ion trans-
mission. Nevertheless, in this study, the MS inlet maintained its signal 
strength and reproducibility even after two days of daily calibration 
runs. In terms of maintenance, only a simple wipe of the MS inlet with a 
clean tissue was required. Consistent with findings by others, repro-
ducible results can be obtained for at least 240 consecutive samples 
without any maintenance of the inlet [28]. In general, PS-MS methods 
leverage the paper sampling substrate as a crude but effective chro-
matographic medium, reducing sample matrix interferences by retain-
ing them on the paper [17,23]. Although the sample size in our study is 

Fig. 1. Schematic workflow for clozapine and norclozapine analysis by PS-MS. A) Serum protein is precipitated with 1.5:1 vol addition of MeCN containing 100 ng/ 
mL internal standard. B) Low-speed benchtop centrifugation for 1 min. C) 10 µL aliquot of supernatant is spotted on a paper strip in a sample plate. 

Table 1 
Daily calibration data for clozapine and norclozapine by PS-MS.   

Clozapine Norclozapine 

Day Slope Y-intercept R2 Slope Y-intercept R2 

1  0.0086  − 0.0029  0.997  0.011  0.0054  0.995 
2  0.0088  0.0028  0.999  0.012  0.036  0.997 
3  0.0088  0.0035  0.999  0.011  0.025  0.995 
4  0.0087  0.0045  0.998  0.012  0.010  0.992 
5  0.0086  − 0.0028  0.997  0.011  0.006  0.995 
Average  0.0087  0.0010  0.998  0.012  0.014  0.995  

Table 2 
Detection Limits for clozapine and norclozapine by PS-MS.  

Analyte LOD (ng/mL) LLOQ (ng/mL) Evaluated range (ng/mL) 

Clozapine  1.4 5 5–1000 
Norclozapine  4.1 10 5–1000  

Fig. 2. Bias plots for clozapine and norclozapine (day 3 calibration data; error bars are +/- the standard deviation).  
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relatively small compared to the workflows commonly encountered in 
clinical laboratories, we are encouraged by the simplicity and robustness 
demonstrated with PS-MS in these investigations. Various techniques to 
increase MS assay throughput are available, such as isotope tagging or 
multiplexing HPLCs [29], but they are accompanied by dramatically 
increased hardware costs and operational complexity that make them 
unsuitable for any but the largest laboratories. Minimal analysis time is 
another key requirement of a high-throughput method. This PS-MS 
method requires less than 10 min for sample preparation (max. 5 min 
of handling and 5 min of drying time) and only 1.25 min of MS analysis 
per sample, yielding a total analysis time of less than 11.5 min per 
sample. Given that 24 sample strips are available on each PS-MS sample 
plate, and the system plate loader can accommodate up to 10 plates, this 
approach is amenable to high-throughput, automated measurements. 
Our group has previously shown that simultaneous, direct PS-MS 

Fig. 3. Comparison of PS-MS and LC-MS analyses of patient samples: A) Clozapine; B) Norclozapine; C) Bias plot for clozapine; D) Bias plot for norclozapine. Least 
squares linear regression was utilized for panels A and B. 

Table 3 
PS-MS precision for clozapine and norclozapine QC.  

Clozapine QC-Low 
[134 ng/ 
mL] 

QC-Med 
[398 ng/ 
mL] 

QC-High 
[664 ng/ 
mL] 

Max %CV of Individual 
Measurements 

2.8 1.5 1.5 

Between Run %CV 2.9 2.2 2.3 
Norclozapine QC-Low 

[92 ng/mL] 
QC-Med 
[224 ng/ 
mL] 

QC-High 
[309 ng/ 
mL] 

Max %CV of Individual 
Measurements 

5.7 8.1 3.0 

Between Run %CV 6.7 9.7 6.1 

Ethics doc file deleted. 

Fig. 4. Qualifier/Quantifier ion ratios for the PS-MS measurement of clozapine 
(blue circles) and norclozapine (red squares) in patient serum samples. The 
solid lines represent average ion ratios for clozapine (1.83) and norclozapine 
(1.13) obtained from calibration standards (Tables S5 and S6). 

Fig. 5. Stability of serum clozapine [494 ng/mL] (horizontal blue hatches) and 
norclozapine [256 ng/mL] (diagonal red hatches) for samples dried on PS-MS 
paper strips and stored under ambient conditions. All processed sample sta-
bility measurements were performed 5 times: error bars are +/- the standard 
deviation. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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analysis of 49 target drugs and their respective labelled internal stan-
dards [16] can be achieved in a 1.5 min MS measurement. This illus-
trates the potential ease of expanding the presented method to other 
antipsychotics (e.g. risperidone). Although not demonstrated in this 
study, all the preparation steps for PS-MS measurements can be further 
simplified with an automated workflow using a liquid handler, since the 
VeriSpray™ sample plate cartridges also employ a 96-well plate 
geometry. 

Conclusion 

This study introduces a rapid and robust method for the measure-
ment of serum clozapine and norclozapine using paper spray mass 
spectrometry. The correlations observed between PS-MS and LC-MS 
measurements of clozapine and norclozapine in patient samples meet 
clinical requirements without any outliers. The selectivity of the method 
was verified in patient samples with concentrations above LLOQ by ion 
ratios within a ± 7 % tolerance. Furthermore, serum samples dried on 
PS-MS sample strips yield reproducible measurement results for at least 
5 days of storage under ambient conditions. Considering the combina-
tion of a rapid analysis time, negligible MS inlet contamination, and the 
suitability of the presented method for laboratory automation, PS-MS is 
a viable option for the analysis of serum clozapine and norclozapine. 
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