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Abstract

Background/Objectives: Clozapine remains the gold standard for treatment-resistant
schizophrenia. However, its narrow therapeutic window and risk of severe side effects
require close monitoring of both clozapine and its primary metabolite, norclozapine. Ex-
isting therapeutic drug monitoring (TDM) methods are limited by delays, high costs, and
operational complexity. This study introduces three rapid point-of-care (POC) assays utiliz-
ing a miniature mass spectrometer (Mini-MS) to quantify clozapine and norclozapine in
plasma, whole blood, and dried blood spots (DBSs), facilitating applications across diverse
clinical settings. Methods: The analytical performance of the assay was evaluated for
sensitivity, specificity, reproducibility, and correlation with reference methods. Clinical
samples from two hospitals were analysed and validated against conventional liquid chro-
matography tandem mass spectrometry (LC-MS/MS) reference standards at New South
Wales Health Pathology (NSWHP) and Tsinghua University laboratories. Results: The
Mini-MS assay accurately quantified both analytes within therapeutic ranges across all
matrices. Inter-assay coefficients of variation ranged from 7.9 to 14.1% for clozapine and
from 1.6 to 14.6% for norclozapine. Accuracy fell between 85 and 117% in plasma and
blood extracts. Strong linearity was demonstrated (R? = 0.98-0.99) over the concentration
range of 10-1000 ng/mL. Results from the Mini-MS analysis showed excellent correlations
with LC-MS/MS results (r = 0.998). Conclusions: In this proof-of-concept study, the Mini-
MS-based POC assays enable rapid, reliable quantification of clozapine and norclozapine,
with performance comparable to conventional laboratory methods. This platform supports
real-time TDM, facilitating timely dose adjustments, adherence monitoring, and ultimately
improving patient outcomes.
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1. Introduction

Clozapine, an antipsychotic medication, has been a cornerstone in the treatment of
severe mental health disorders, particularly treatment-resistant schizophrenia (TRS), since
its discovery in the 1950s and clinical introduction in the 1960s [1]. Schizophrenia is the
most debilitating psychiatric disorder, affecting roughly 1 in 100 people globally, and
manifests through a mix of delusions, hallucinations, thought disorders, and behavioural
deficits [2]. Patients with schizophrenia face significant life-long challenges compounded
by limited effective medication options.

Clozapine was initially identified as a breakthrough due to its unique efficacy in
TRS but was withdrawn in 1975 due to safety concerns [3]. In 1989, however, the FDA
reapproved clozapine for its unmatched effectiveness in managing TRS [4]. Notably, it
remains the only FDA-approved medication for reducing suicidality in individuals with
schizophrenia or schizoaffective disorder, offering substantial symptom relief for patients
who do not respond to other therapies [5].

Despite its proven efficacy, clozapine therapy carries considerable risks. Common
adverse effects include cardiometabolic disorders, severe neutropenia, and seizures [6-9].
Patients treated with clozapine face elevated risks of uncontrolled type 2 diabetes and
pneumonia [6,10-12]. Furthermore, its complex metabolism, predominantly through
CYP1A2 and CYP3A4, contributes to significant inter-individual variability in clozap-
ine clearance rates [13]. Factors such as gender, ethnicity, smoking habits, and other
pharmacological interactions affect clozapine’s metabolism, with further contributions
from physiological conditions such as inflammation or obesity [14]. For example, smoking
cessation requires a 30% dose reduction to maintain therapeutic levels of the drug [15,16].

Clozapine’s narrow therapeutic window (350—600 ng/mL for steady-state levels)
requires close and regular monitoring to manage the associated risk of neutropenia and
cardiovascular complications [17]. Norclozapine, the primary metabolite of clozapine, has
a half-life approximately 1.5 to 2 times longer than clozapine’s and is less sensitive to tran-
sient fluctuations [18]. Hence, monitoring both analytes captures short-term changes and
long-term trends, supporting adherence assessment, dose optimization, and the reduction
of dose-related adverse drug reactions (ADRs) [19,20]. Non-adherence, in turn, may com-
promise treatment efficacy, increase sensitivity to clozapine’s toxicities, and elevated risk of
self-harm [20,21]. To mitigate these risks, clozapine initiation requires mandatory weekly
dose adjustments and blood tests for the first 18 weeks, followed by monthly monitoring
at a dedicated clozapine clinic [22,23]. Given the interplay of genetic variability and envi-
ronmental influences, predicting clozapine metabolism remains highly challenging. Thus,
real-time or near real-time access to clozapine levels is essential for timely and informed
clinical decision-making.

However, current therapeutic drug monitoring (TDM) protocols dependent on conven-
tional liquid chromatography tandem mass spectrometry (LC-MS/MS) present logistical,
financial, and time-related challenges [24]. In Australia, result turnaround can take several
days, reducing clinical utility, delaying treatment adjustments, and increasing uncertainty
due to sample degradation [14]. These monitoring demands raise healthcare costs and cre-
ate access barriers, particularly in resource-limited settings. In urgent cases, rapid titration
of clozapine may be necessary to stabilize patients quickly, but this increases the risk of
seizures, myocarditis, and hypotension which further complicates management due to the
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lack of real-time monitoring [25]. In cases of suspected noncompliance, the consequences
can be life-threatening, ranging from toxicity due to loss of tolerance when treatment is
abruptly resumed to the return of suicidality as clozapine’s protective effects diminish.
These time-sensitive scenarios highlight the urgent need to reduce assay turnaround times
to support the safe and effective use of clozapine [15].

In recent years, miniature mass spectrometry (Mini-MS) systems have garnered atten-
tion for point-of-care (POC) testing development since the invention of the discontinuous
atmospheric pressure interface (DAPI) [26]. DAPI technology implemented with a pulsed
nano electrospray ionization (nESI) source improves sample usage efficiency and enhances
ion transfer to an ion trap mass spectrometer (MS) [27]. With advances in Mini-MS, applica-
tions such as TDM, biomarker detection, and pharmacokinetic studies have been explored,
including large-scale clinical trials [28,29].

In this study, we present near real-time POC assays for the rapid quantification of
clozapine and norclozapine in plasma, fresh whole blood, and dried blood spots (DBSs)
using a portable Mini-MS system. Plasma-based assays are generally the most reliable
due to the simpler matrix and close comparability to conventional LC-MS/MS methods.
However, the requirement for centrifugation limits their use to clinical or laboratory settings
equipped with a centrifuge. Whole blood, while time-sensitive and requiring immediate
processing, is well suited for on-site testing. DBS samples, by contrast, are stable, easy to
store and transport, and suitable for patient self-collection with subsequent shipment to cen-
tralized laboratories or clinics. The workflow and results were compared with an existing
protocol using a conventional LC-MS/MS system. These innovations could dramatically
enhance the accessibility and safety of clozapine therapy by enabling real-time monitoring
of clozapine and norclozapine levels, reducing healthcare costs and noncompliance burden,
and allowing for more informed dose adjustments in acute clinical settings.

2. Results
2.1. Development and Performance of Clozapine and Norclozapine Detection Using Mini-MS

Standards of clozapine, norclozapine, and clozapine-D4 were first scanned for its
precursor and product ions using a nESI cartridge in the Mini-MS system. The detected
ions were consistent with those obtained from Q3 MS1 and product ion scans performed on
a conventional LC-MS/MS system using a syringe infusion of the analytes (Figure 1A,B).
The prominent product ions of m/z 327 — 270, 313 — 270 and 331 — 272 were used as
quantifiers for clozapine, norclozapine and clozapine-Dy, respectively, on both instruments.

Next, plasma samples from healthy volunteers were spiked with internal standard
(IS) and varying concentrations of clozapine and norclozapine. Following a one-step
protein precipitation process, the extract was analysed on the Mini-MS (Figure 2A). The
characteristic product ion m/z 270 of clozapine was clearly observed. For norclozapine,
two other prominent ions m/z 253 and m/z 244 were also detected along with m/z 270
(Figure 2B). Linear regression analysis of the Mini-MS demonstrated a strong correlation
between peak intensity ratios of clozapine and norclozapine relative to the IS and the
varying concentrations of clozapine and norclozapine ranging from 10 to 1000 ng/mL
(R? > 0.99, Figure 2C). The same plasma extracts analysed in parallel on conventional
LC-MS/MS demonstrated a strong correlation with data generated from the Mini-MS,
showing a correlation coefficient (r) of 0.9842 and 0.9946 for clozapine and norclozapine,
respectively (Figure 2D,E).
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Figure 1. MS/MS spectra of clozapine and norclozapine obtained through two different methods:
(A) conventional LC-MS/MS using a Sciex Triple Quad 7500 via syringe flow injection at 5 uL/min,
and (B) Mini-MS system using a nano-electrospray ionisation cartridge with injection size set at 40.
Product ions of clozapine (m/z 327 — 270), norclozapine (m/z 313 — 270) and clozapine-Dy (m/z
331 — 272) were monitored for quantification purposes.

To further evaluate the Mini-MS system, fresh blood samples (5 puL) from healthy
volunteers were spiked with IS and varying concentrations of clozapine and norclozapine
and then extracted with buffer before analysis on the Mini-MS (Figure 3A). The MS/MS
spectra of clozapine and norclozapine were well detected, though some chemical noise
was observed (Figure 3B). Linear regression curves were generated, with strong R? values
for both clozapine (R? = 0.9991) and norclozapine (R2 = 0.9946) across 10-1000 ng/mL
(Figure 3C). Compared to the plasma calibration curves, however, peak intensity ratios
were decreased consistently by 26-29% in the whole blood extracts due to the more complex
matrix of blood.

To assess the Mini-MS’s capability for POC testing, we also analysed DBS samples.
Blood (5 nL) spiked with various concentrations of clozapine and norclozapine was spotted
directly onto paper capillary spray (PCS) cartridges and eluted with IS-spiked extraction
buffer for Mini-MS analysis (Figure 3D). MS/MS spectra of all compounds were consis-
tent with previous matrices, though with reduced intensity and accompanied by small
chemical noise (Figure 3E). Strong linearity was established for clozapine (R? = 0.9842) and
norclozapine (R% =0.9727) (Figure 3F).

The performance of this POC assay was systematically evaluated for reproducibility
and accuracy, as summarized in Table 1. Intra-assay coefficients of variation (CVs) were
below 10% across most concentrations in both plasma and whole-blood matrices. Inter-
assay measurements for clozapine and norclozapine in both plasma and blood extracts
were below 15% over 12 months. Notably, at 166.7 ng/mL in DBS, the inter-assay CVs were
9.6% and 17.8% for clozapine and norclozapine, respectively, based on four experiments
conducted over four weeks (Table 1).
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Figure 2. Rapid analysis of clozapine and norclozapine in human plasma using a Mini-MS system.
(A) Workflow diagram illustrating the one-step protein precipitation of plasma prior to application
onto and elution through the paper capillary spray (PCS) cartridge for Mini-MS analysis. (B) MS/MS
spectra of clozapine, norclozapine, and clozapine-Dy (spiked at 100 ng/mL) in human plasma,
detected using the Mini-MS system. (C) Calibration curves for clozapine and norclozapine in human
plasma. Serial concentrations were spiked into blank human plasma, with a constant amount of
clozapine-Dj as an internal standard (IS). (D,E) Correlation plots comparing calibration curves for
(D) clozapine and (E) norclozapine between the Mini-MS system and the Sciex Triple Quad 7500.

The limit of quantification (LOQ), as determined from the calibration curves, was
10 ng/mL for clozapine and norclozapine in plasma and whole blood extracts, and
41.7 ng/mL in DBS. The corresponding limits of detection (LODs) were 0.5 ng/mL in
plasma and whole blood extracts and 2.5 ng/mL in DBS. Representative MS/MS spectra
are provided in Figure S2.

The efficiency of the one-step solvent extraction was evaluated by comparing neat
analyte concentrations to those spiked into plasma or blood samples. Average recoveries
for both matrices ranged from 60% to 81%. The assay exhibited high precision and accuracy
across three different concentrations, as shown in Table 1. Stability testing over a 24 h
period in both plasma and blood samples showed a minimal variation of 4%.
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Figure 3. Rapid analysis of clozapine and norclozapine in human blood extracts and dried blood spots
(DBSs) using PCS cartridges and a Mini-MS system. (A) Workflow diagram for the fast analysis of
clozapine and norclozapine in one-step blood extracts. (B) MS/MS spectra of clozapine, norclozapine,
and clozapine-Dy in blood extract. (C) Calibration curves for clozapine and norclozapine in blood
extracts using clozapine-Dy as an internal standard (IS). (D) Workflow diagram for the rapid analysis
of clozapine and norclozapine in DBS. (E) MS/MS spectra of clozapine and norclozapine-D4 in DBS
samples. (F) Calibration curves for clozapine and norclozapine in DBS samples on paper cartridges
using clozapine-Dy as the IS.
Table 1. Inter-assay CV, intra-assay CV, and accuracy of clozapine and norclozapine quantification in
plasma extract, blood extract, and dried blood spots, using the Mini-MS system analyses with paper
capillary spray technology.
Concentration
(ngmL-1) Inter CV % Intra CV % Accuracy % Inter CV % Intra CV % Accuracy %
Clozapine in Plasma Extract Norclozapine in Plasma Extract
100 (L) 11.18% 13.20% 101% 4.55% 10.40% 94%
500 (M) 12.95% 2.90% 108% 7.10% 4.80% 94%

1000 (H) 8.48% 4.60% 106% 1.60% 3.60% 101%
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Table 1. Cont.

C‘:E;;‘;fﬁi)on Inter CV % Intra CV % Accuracy % Inter CV % Intra CV % Accuracy %
Clozapine in Blood Extract Norclozapine in Blood Extract
100 (L) 14.05% 16.54% 108% 14.62% 9.15% 114%
500 (M) 11.05% 5.20% 104% 4.41% 5.10% 104%
1000 (H) 7.90% 5.20% 100% 12.87% 2.78% 102%
Clozapine in DBSs Norclozapine in DBSs
167 (L) 9.60% 22.30% 96% 17.80% 13.90% 107%
417 (M) 8.30% 14.20% 108% 18.70% 10.90% 85%
833 (H) 2.90% 21.10% 104% 3.70% 10.90% 116%
1250 (H2) 3.70% 17.60% 101% 4.50% 2.50% 117%

2.2. Clinical Applications in Confirmed Cases at Two Hospital Sites

Blood samples from 25 patients undergoing clozapine therapy were first analysed
at Tsinghua University using a conventional LC-MS/MS system. In parallel, the same
samples were analysed using the Mini-MS platform, with final concentrations presented in
Table S1. With clozapine, notably, sample 8 was the only case of non-detection in both the
LC-MS/MS and the Mini-MS, potentially indicating non-adherence. Deviations between
the two instruments ranged from 0.05 to 12.53%. With norclozapine, samples 4, 8, 9, and
20 were undetectable by both instruments, and deviations ranged from 0.22 to 13.42%.

To assess the agreement between Mini-MS and LC-MS/MS performed at Tsinghua
University laboratory, Bland—Altman plots were generated for clozapine and norclozapine
(Figure 4A,B), demonstrating excellent concordance. The mean difference ranged from
—8% to 13% for clozapine (bias: 2.7%, width: 10.4%, 95% CI) and from —17% to 13% for
norclozapine (bias: —1.6%, width: 15.0%, 95% CI). Correlation analysis further supported
this agreement, with r = 0.998 for clozapine and r = 0.996 for norclozapine (Figure 4C,D).

Following the single-centre evaluation, Mini-MS performance was further assessed
in a two-centre setting to highlight operator differences, protocol variations, and sample
ageing. Serum samples from 30 patients were first analysed at New South Wales Health
Pathology (NSWHP) laboratory using the standard conventional LC-MS/MS protocol, after
ethics clearance, then re-analysed three weeks later at the University of Sydney laboratory
using Mini-MS. Bland-Altman analysis showed acceptable but weaker agreement between
the two analysis, with limits of agreement of —22% to 36% for clozapine (bias: 6.8%, width:
29.0%, 95% CI) and —53% to 42% for norclozapine (bias: —5.5%, width: 47.8%, 95% CI)
(Figure 4E,F). Correlation coefficients between the two centres remained high, though
reduced compared with the single-centre study (r = 0.9758 for clozapine and r = 0.9718 for
norclozapine; Figure 4G,H). Full measurement data are presented in Table S2.
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Figure 4. Comparison of levels of clozapine and norclozapine in clinical samples analysed by
the conventional LC-MS/MS and the Mini-MS system. (A,B) Bland-Altman plots comparing
(A) clozapine and (B) norclozapine measurements made between the two methods at Tsinghua
University. The dotted line represents the mean difference between two measurements. (C,D) Scatter-
plot showing correlation of (C) clozapine and (D) norclozapine measurements made between the
LC-MS/MS and the Mini-MS system at the Tsinghua University laboratory. (E,F) Bland—Altman
plots comparing (E) clozapine and (F) norclozapine measurements made between the conventional
LC-MS/MS system at the New South Wales Health Pathology (NSWHP) Laboratory and the Mini-MS
system at the University of Sydney Laboratory. (G,H) Scatterplot showing correlation of (G) clozapine
and (H) norclozapine measurements made between the LC-MS/MS at NSWHP and the Mini-MS
system at the University of Sydney laboratory.

3. Discussion

In this report, we present a rapid, reliable POC detection method using a Mini-MS sys-
tem that enables accurate quantification of clozapine and norclozapine across plasma, blood,
and DBS samples. Method validation was performed against conventional LC-MS/MS
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by confirming precursor and product ion identities and by evaluating the correlation
coefficients from regression analyses and clinical sample data.

Clozapine, regarded as the most effective treatment for patients with schizophrenia, is
often underutilized in clinical practice [30]. Intensive TDM of clozapine and its metabolite
norclozapine is essential to guide individualized dosing, optimize therapeutic benefit,
and reduce the risk of dose-dependent adverse effects [17]. However, timely treatment
initiation and dose adjustment are frequently hindered by delays in drug analysis, with
one of the most critical barriers being the lack of reliable real-time measurement of clozapine
concentrations [31,32]. The rapid detection capabilities of Mini-MS therefore represent
a promising solution for both emergency and routine clinical settings.

In this proof-of-concept study, the developed Mini-MS POC assay demonstrated
reliable sensitivity and precision, with intra-assay CVs consistently < 10% across most
concentrations and inter-assay variability limited to the lower quantification range well
below the therapeutic window (350-600 ng/mL) [33,34]. Robustness was further confirmed
by reproducible CVs collected over twelve months within the assay’s working range.

Average recovery across plasma, whole blood, and DBSs was modest, reflecting
the simplicity of the one-step extraction. The potential matrix effects were effectively
controlled using calibration curves in blank matrices covering the clinically relevant range,
together with a low concentration of stable isotope-labelled IS to compensate and normalise
variability [26,35]. The 13 ms ion pulse width of the DAPI with nESI source [36] further
limited ion sampling, reducing potential matrix effects and co-elution issues compared
with traditional LC interfaces. Sample loading can be increased to enhance sensitivity
if required.

Clinical feasibility was evaluated at two independent locations. At Tsinghua Univer-
sity, Mini-MS measurements from patient blood samples demonstrated a strong and statis-
tically significant correlation with that in conventional LC-MS/MS. Further Bland-Altman
analysis confirmed excellent agreement across a 25-patient cohort between two analyses.
After adjusting for minor bias, the level of agreement was within clinical threshold, with
+£10.4% for clozapine and +15.0% for norclozapine, supporting the potential utility of
Mini-MS for TDM. Notably, sample 8 was undetectable by both platforms, suggesting
potential non-adherence to clozapine therapy.

Non-adherence poses serious risks for patients with TRS [37]. Equally importantly,
once treatment is initiated, careful dose titration and monitoring for adverse effects, partic-
ularly cardiovascular complications, are essential to maintain both safety and therapeutic
efficacy [18]. Both challenges highlight the need for frequent and accessible drug monitor-
ing. In this context, the Mini-MS assays offer a practical solution, enabling rapid detection of
clozapine and norclozapine to assess adherence, support individualized dose adjustments,
and guide patient-tailored interventions based on specific risk factors.

Next, in the Sydney cohort, the importance of method harmonization and standard-
ization was further demonstrated. The wider limits of agreement observed in the Sydney
cohort largely reflect methodological heterogeneity (different chemical standards, extrac-
tion protocols, instruments, and a three-week delay between analyses due to ethical and
logistical constrains), rather than the intrinsic performance of Mini-MS. Importantly, correla-
tion between platforms remained high across sites, underscoring the robustness of Mini-MS.
To advance clinical implementation for real-time TDM, non-adherence assessment, and
pharmacokinetic studies in diverse practice environments, continued harmonization of
experimental methods is required.

Beyond analytical performance, the Mini-MS assay offers clear clinical and economic
advantages. By reducing reliance on centralized laboratory workflows, the assay has the
potential to lower processing costs, shorten turnaround times, and reduce hospital stays.
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Faster reporting of clozapine levels would enable more responsive and individualized dose
adjustments, potentially lowering the incidence of dose-related ADRs while improving
symptom control and reducing the psychosocial burden of uncontrolled psychosis [25].
Moreover, the portability and speed of Mini-MS testing may expand access to clozap-
ine therapy in resource-limited settings, where real-time monitoring could significantly
improve treatment outcomes and patient safety.

This study has several limitations. The relatively small sample sizes (N = 25 and 30)
and ethical restrictions limited access to diverse clinical samples, including haemolysed
and lipemic plasma, preventing full assessment of matrix effects. Parallel analysis of
identical serum extracts by both Mini-MS and conventional LC-MS/MS from the Sydney
cohort was not feasible, limiting direct comparability, highlighting the need for method
harmonization in future clinical applications. DBS-based assays were not fully validated
with clinical samples, and further optimization is needed to streamline sample preparation
for routine clinical use. Future studies with larger, more diverse cohorts, standardized
protocols, and harmonized methods are required to confirm assay accuracy, robustness, and
versatility. Additionally, cost-benefit and workflow integration analyses in clinical settings
are necessary to support implementation, which were beyond the scope of this study.

4. Materials and Methods
4.1. Chemicals and Reagents

Analytical-grade chemical standards of clozapine (>98%), internal standard (IS)
clozapine-Dy4 (>99%), and norclozapine (>98%) were obtained from Merck (Darmstadt,
Germany). LC-MS-grade solvents, including water, acetonitrile, isopropanol, methanol, am-
monium formate, and formic acid were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Paper capillary spray (PCS) calibration and development cartridges with fused
silica capillaries, and nESI cartridges were sourced from PURSPEC Technology (Beijing,
China). The detailed methods are presented in the Supplemental Materials.

4.2. Blood and Plasma Collection

Human blood and plasma samples were collected from healthy laboratory staff, with
approval from the Human Research Ethics Committee in Sydney Local Health District.
Patient blood samples (N = 25) were obtained at the First Affiliated Hospital of Nanchang
University. The procedures were reviewed and approved by the Ethics Review Board
of Tsinghua University, and informed consent forms were obtained from all participants.
All samples were stored and analysed at Tsinghua University. Additional patient serum
samples (N = 30) were obtained from the NSWHP Chemical Pathology Laboratory with
ethics approval by the NSWHP Research Governance Office.

4.3. Preparation of Internal Standards, Calibration Curves, and Quality Control Samples

Clozapine-D; (IS) was added (200 ng/mL) in all samples. Clozapine and norclozapine
standards were prepared in methanol and spiked into biological matrices at various con-
centrations for calibration curves from 10 to 1000 ng/mL. Quality control (QC) samples
were prepared at 100, 500, and 1000 ng/mL. For DBS, concentrations ranged from 41.7 to
1250 ng/mL, with QC levels at 166.7, 416.7, and 1250 ng/mL. A buffer of ammonium for-
mate (5 mM) and formic acid (0.1%) was prepared in 98% acetonitrile/water for extraction
and elution.

4.4. Preparations for Plasma, Whole Blood, and Dried Blood Spots

For plasma/serum samples, IS and analytes were spiked into 20 uL of plasma/serum.
After adding acetonitrile to make the final volume to 100 puL, samples were vortexed and
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centrifuged. The supernatant was loaded and eluted with extraction buffer and analysed
by both the Mini-MS and the LC-MS/MS.

For whole blood samples, 5 pL of blood was spiked with IS and analytes then made up
to 105 uL with extraction buffer. After vortexing and brief centrifugation, the supernatant
was loaded for the Mini MS analysis.

For DBS samples, blood (5 uL) spiked with varying concentrations of analyte was
applied to a PCS cartridge, dried (37 °C, 1 min) and eluted with 100 uL of the extraction
buffer containing IS for Mini-MS analysis.

4.5. Miniature Mass Spectrometry and Workflow

The Mini-MS system (Cell, PURSPEC Technology, Beijing, China) consists of
a cartridge inlet, DAPI, linear ion trap, and detector [38]. It supports precursor and product
ion scans in positive and negative modes (m/z 50-2000) [39]. Standard solutions (1 pM)
were analysed to identify key transitions for clozapine (m/z 327 — 270), norclozapine (m/z
313 — 270), and clozapine-D4 (m/z 331 — 272).

For plasma, 10 pL of extract was loaded into PCS cartridges, followed by 100 pL of
extraction buffer. Whole blood extracts were directly loaded (100 pL), and DBS (5 uL)
samples were eluted with extraction buffer (100 uL) in cartridge before analysis. Ionisation
was performed at 3.8-4.5 kV spray voltage. Collision energy was optimised, with scans
conducted for MS1_ISO, MS2, and MS2_ISO modes. The total hands-on time for the
analysis was approximately 3—4 min for all three assays; see Figure S1 for a breakdown of
the workflow and detailed time estimates.

4.6. Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)

A triple quadrupole 7500 mass spectrometer (AB Sciex, Foster City, CA, USA) cou-
pled with a Nexera LC-30AD UHPLC (Shimadzu Corporation, Kyoto, Japan) system was
used in positive electrospray ionization mode. Separation was achieved on an Agilent
HPH C18 column using a gradient of water/acetonitrile with ammonium acetate. MRM
transitions were clozapine (m/z 326.8 — 270, 192), norclozapine (m/z 313 — 270, 192),
and clozapine-Dy (m/z 331 — 272). MS parameters included 3000 V spray voltage, 100 °C
source temperature, and optimised gas settings, as detailed in the Supplemental Materials.

4.7. Performance Evaluation of Mini-MS

The specificity for detecting both precursor and product ions of each analyte using
the Mini-MS was validated against the Sciex 7500 LC-MS/MS (AB Sciex, Foster City, CA,
USA). Linearity for plasma, whole blood extracts and DBS samples was evaluated across
a range of concentrations using the previously described preparation methods. The limit of
quantification (LOQ) was defined by a coefficient of variation (CV) < 20% and accuracy
within 80-120%. The limit of detection (LOD) was defined where S/N > 3. [33,40] Inter-
and intra-assay reproducibility were tested in triplicate across four days at low, medium,
and high QC concentrations.

The extraction efficiency was calculated by comparing analyte responses in spiked
matrices versus that in solvent. Accuracy tests were assessed as follows:

measured concentration

Accuracy % = - - x 100 (1)
nominal concentration

4.8. Clozapine-Treated Patient Samples from Two Hospital Sites

Blood samples from patients (N = 25) on clozapine therapy were analysed using both
Mini-MS and conventional LC-MS/MS platforms at Tsinghua University. For the Mini-MS,
blood (100 pL) was extracted with 400 pL of acetonitrile containing IS. After brief vortexing,
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the mixture (100 puL) was loaded into the PCS cartridge for Mini-MS analysis. In parallel,
the samples were centrifuged (12,000 rpm, 4 °C, 5 min). The resulting supernatant (200 uL)
was filtered through a 0.22 um PTFE filter for quantitative LC-MS/MS analysis in positive
MRM mode using a Shimadzu 8040 LCMS system (Kyoto, Japan).

Patient serum samples (N = 30, 50 pL each) were obtained from the NSWHP Chem-
ical Pathology Laboratory, Sydney, and initially analysed at the same laboratory using
a Shimadzu 8050 LCMS system (Kyoto, Japan) operated in positive electrospray ionization
mode. Each sample was extracted with 400 uL of acetonitrile containing the IS, subjected to
phospholipid removal, centrifuged, and subsequently diluted prior to MRM analysis. Full
methodological details are in the Supplemental Materials.

The same serum samples were then transferred to the University of Sydney labo-
ratory and, following ethics clearance, re-analysed three weeks later using the Mini-MS
platform. For Mini-MS analysis, 20 pL of serum was extracted with 80 uL of IS-spiked
extraction buffer. After brief centrifugation, 10 uL of the resulting supernatant was used
for measurement.

4.9. Data Analysis

Data retrieved from the Mini-MS was analysed using PMS Client Pro software
(version 3.6.2.2, PURSPEC Technology, Beijing, China) and exported to Excel for further
analysis. Data from the LC-MS/MS was analysed using Sciex OS (version 3.1, AB Sciex).
Analyte signals were normalised to IS signals using peak height and peak area in Mini-
MS and LC-MS/MS data, respectively, before calibration curves were constructed and
quantifications performed.

5. Conclusions

In conclusion, while clozapine remains the gold standard for TRS, its use is hindered
by significant monitoring challenges. The Mini-MS system could overcome these barriers
by enabling accessible POC monitoring in various matrices, improving therapy manage-
ment, reducing costs, and enhancing outcomes for patients reliant on this life-saving drug.
We developed and validated a Mini-MS based platform for rapid, near POC monitoring
of clozapine and its primary metabolite, norclozapine, across plasma, whole blood, and
DBS matrices. The assay demonstrated robust linearity within the therapeutic range, re-
producible quantitation supported by stable isotope-labelled IS, and strong agreement
with conventional LC-MS/MS in two independent clinical cohorts. While modest recov-
ery and small sample sizes represent current constraints, the platform achieved clinically
meaningful performance within a total analysis time of approximately four minutes. These
proof-of-concept findings underscore the potential of Mini-MS to transform TDM of cloza-
pine by enabling rapid, on-demand quantitation. Future work will involve large-scale,
multi-centre validation to establish clinical utility and refine the assay workflow for routine
implementation. Efforts will focus on improving automation, streamlining data processing,
and integrating electronic reporting systems to support adoption in psychiatric care.

Beyond clozapine, this platform could be expanded to include other commonly pre-
scribed antipsychotics including olanzapine, risperidone, paliperidone, aripiprazole, and
haloperidol. Furthermore, its application could extend to non-psychiatric drugs with nar-
row therapeutic windows, where timely and reliable surveillance is equally critical, offering
broad potential to transform clinical practice.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ph18101549/s1. Figure S1. Workflow of plasma extract,
blood extract, and dried blood spot assays, highlighting the estimated hands-on time of each step
and assay; Figure S2. MS/MS spectra of analytes at limits of detection. Norclozapine in (A) plasma
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extract at 0.5 ng/mL, (C) blood extract at 0.5 ng/mL, (E) dried blood spot at 2.5 ng/mL, and cloza-
pine in (B) plasma extract at 0.5 ng/mL, (D) blood extract at 0.5 ng/mL, (F) dried blood spot at
2.5 ng/mL; Table S1: Clinical clozapine and norclozapine concentrations measured by the Mini-MS
and conventional LC-MS/MS at Tsinghua University; Table S2: Clinical clozapine and norclozap-
ine concentrations measured by the Mini-MS and conventional LC-MS/MS at New South Wales
Health Pathology.

Author Contributions: Conceptualization, ]. F.O. and X.W.; methodology, X.W. and W.Y.L.; validation,
W.Y.L. and X.W,; formal analysis, W.Y.L.,, M.E,, Y.Y. and N.Z.; investigation, X.W., Z.L., ] FO. and
Y.Z.; resources, ].EO., X.W., P.B., Z.L., D.S,, ].B. and W.Z.; data curation, W.Y.L., Y.Y., N.Z. and M.E,;
writing—original draft preparation, X.W. and Y.Z.; writing—review and editing, X.W., W.Y.L.,, M.E,,
P.B. and ].EO.; visualization, W.Y.L.; supervision, J.F.O. and X.W.; project administration, X.W., P.B.,
Z.L. and W.Z,; funding acquisition, J].F.O. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by Australia MRFF (2024161) and NHMRC equipment grant
(2034296) and generous contributions by the Core Research Facility and the Charles Perkins Centre.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of Tsinghua Uni-
versity (protocol code THU01-20250056 and 2 April 2025) and by the NSWHP Research Governance
Office University (protocol code 2025-NSWHP-Q1-05 and 3 April 2025).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors are grateful for the technical support from the PURSPEC Technology,
Beijing, China. This research was also supported by NSW Health Pathology, Chemical Pathology,
Royal Prince Alfred Hospital, Camperdown, NSW.

Conflicts of Interest: N.Z. and ].B are employees of PURSPEC Technology (Beijing). PURSPEC
Technology had no role in the design of the study, writing of the manuscript, or decision to publish
the results and no financial involvement. The remaining authors declare that the research was
conducted in the absence of any commercial or financial relationships that could be construed as
a potential conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

ADR Adverse Drug Reaction

DAPI Discontinuous Atmospheric Pressure Interface
DBS Dried Blood Spot

1S Internal Standard

LC-MS/MS  Liquid Chromatography Tandem Mass Spectrometry
LOD Limit of Detection

LOQ Limit of Quantification

Mini-MS Miniature Mass Spectrometry/Spectrometer
nESI Nano-Electrospray Ionisation

NSWHP New South Wales Health Pathology

PCS Paper Capillary Spray

POC Point-of-Care

TDM Therapeutic Drug Monitoring

TRS Treatment-Resistant Schizophrenia



Pharmaceuticals 2025, 18, 1549 14 of 15

References

1.  Hippius, H. A historical perspective of clozapine. J. Clin. Psychiatry 1999, 60 (Suppl. S12), 22-23. [PubMed]

2. Murray, C.J.; Vos, T.; Lozano, R.; Naghavi, M.; Flaxman, A.D.; Michaud, C.; Ezzati, M.; Shibuya, K.; Salomon, ].A.; Abdalla, S.; et al.
Disability-adjusted life years (DALYs) for 291 diseases and injuries in 21 regions, 1990-2010: A systematic analysis for the Global
Burden of Disease Study 2010. Lancet 2012, 380, 2197-2223. [CrossRef] [PubMed]

3. Crilly, J. The history of clozapine and its emergence in the US market: A review and analysis. Hist. Psychiatry 2007, 18, 39-60.
[CrossRef] [PubMed]

4. Breier, A.; Buchanan, R.W.,; Kirkpatrick, B.; Davis, O.R;; Irish, D.; Summerfelt, A.; Carpenter, W.T., Jr. Effects of clozapine on
positive and negative symptoms in outpatients with schizophrenia. Am. J. Psychiatry 1994, 151, 20-26. [CrossRef]

5. Sriretnakumar, V.; Huang, E.; Miiller, D.]. Pharmacogenetics of clozapine treatment response and side-effects in schizophrenia:
An update. Expert. Opin. Drug Metab. Toxicol. 2015, 11, 1709-1731. [CrossRef]

6. Lappin, ].M.; Wijaya, M.; Watkins, A.; Morell, R.; Teasdale, S.; Lederman, O.; Rosenbaum, S.; Dick, S.; Ward, P.; Curtis, J.
Cardio-metabolic risk and its management in a cohort of clozapine-treated outpatients. Schizophr. Res. 2018, 199, 367-373.
[CrossRef]

7. Siskind, D.; Sharma, M.; Pawar, M.; Pearson, E.; Wagner, E.; Warren, N.; Kisely, S. Clozapine levels as a predictor for therapeutic
response: A systematic review and meta-analysis. Acta Psychiatr. Scand. 2021, 144, 422-432. [CrossRef]

8. Siskind, D.; Russell, A.; Gamble, C.; Baker, A.; Cosgrove, P.; Burton, L.; Kisely, S. Metabolic measures 12 months after a randomised
controlled trial of treatment of clozapine associated obesity and diabetes with exenatide (CODEX). . Psychiatr. Res. 2020, 124,
9-12. [CrossRef]

9.  Siskind, D.; Sidhu, A.; Cross, J.; Chua, Y.T.; Myles, N.; Cohen, D.; Kisely, S. Systematic review and meta-analysis of rates of
clozapine-associated myocarditis and cardiomyopathy. Aust. N. Z. ]. Psychiatry 2020, 54, 467—481. [CrossRef]

10. Siskind, D.J.; Russell, A.W.; Gamble, C.; Winckel, K.; Mayfield, K.; Hollingworth, S.; Hickman, I.; Siskind, V.; Kisely, S. Treatment
of clozapine-associated obesity and diabetes with exenatide in adults with schizophrenia: A randomized controlled trial (CODEX).
Diabetes Obes. Metab. 2018, 20, 1050-1055. [CrossRef]

11. Mamakou, V.; Thanopoulou, A.; Gonidakis, F.; Tentolouris, N.; Kontaxakis, V. Schizophrenia and type 2 diabetes mellitus.
Psychiatriki 2018, 29, 64-73. [CrossRef]

12. Larsen, J.R.; Svensson, C.K.; Vedtofte, L.; Jakobsen, M.L.; Jespersen, H.S.; Jakobsen, M.I.; Koyuncu, K.; Schjerning, O.; Nielsen, J.;
Ekstrom, C.T.; et al. High prevalence of prediabetes and metabolic abnormalities in overweight or obese schizophrenia patients
treated with clozapine or olanzapine. CNS Spectr. 2018, 31, 441-452.

13. Potkin, S.G.; Bera, R.; Gulasekaram, B.; Costa, J.; Hayes, S.; Jin, Y.; Richmond, G.; Carreon, D.; Sitanggan, K.; Gerber, B.; et al.
Plasma clozapine concentrations predict clinical response in treatment-resistant schizophrenia. J. Clin. Psychiatry 1994,
55 (Suppl. B), 133-136.

14. Zheng, Y.; Meyerowitz-Katz, G.; Bramwell, S.; Jayaballa, R.; Assur, Y.; Vasani, D.; Ganapathy, R.; Maberly, G.; Brakoulias, V.
Evaluating the Effectiveness of Joint Specialist Case Conferences in Improving Diabetes Control in Patients With Schizophrenia
on Clozapine. |. Nerv. Ment. Dis. 2023, 211, 221-225. [CrossRef] [PubMed]

15. Wagner, E,; Siafis, S.; Fernando, P.; Falkai, P.; Honer, W.G.; Roh, A.; Siskind, D.; Leucht, S.; Hasan, A. Efficacy and safety of
clozapine in psychotic disorders—A systematic quantitative meta-review. Transl. Psychiatry 2021, 11, 487. [CrossRef] [PubMed]

16.  Wagner, E.; McMahon, L.; Falkai, P; Hasan, A.; Siskind, D. Impact of smoking behavior on clozapine blood levels—a systematic
review and meta-analysis. Acta Psychiatr. Scand. 2020, 142, 456-466. [CrossRef] [PubMed]

17.  Molden, E. Therapeutic drug monitoring of clozapine in adults with schizophrenia: A review of challenges and strategies. Expert.
Opin. Drug Metab. Toxicol. 2021, 17, 1211-1221. [CrossRef]

18. Flanagan, R.J.; Hunter, S.; Obee, S.J. Assessing Adherence to Clozapine: Practical Considerations. J. Clin. Psychopharmacol. 2023,
43,417-421. [CrossRef]

19. de Leon, J. A Critical Commentary on the 2017 AGNP Consensus Guidelines for Therapeutic Drug Monitoring in Neuropsy-
chopharmacology. Pharmacopsychiatry 2018, 51, 63-68. [CrossRef]

20. Skokou, M.; Karavia, E.A.; Drakou, Z.; Konstantinopoulou, V.; Kavakioti, C.A.; Gourzis, P.; Kypreos, K.E.; Andreopoulou, O.
Adverse Drug Reactions in Relation to Clozapine Plasma Levels: A Systematic Review. Pharmaceuticals 2022, 15, 817. [CrossRef]

21. de Leon, J.; Ruan, C.J.; Schoretsanitis, G.; De Las Cuevas, C. A Rational Use of Clozapine Based on Adverse Drug Reactions,
Pharmacokinetics, and Clinical Pharmacopsychology. Psychother. Psychosom. 2020, 89, 200-214. [CrossRef]

22. Kar, N.; Barreto, S.; Chandavarkar, R. Clozapine Monitoring in Clinical Practice: Beyond the Mandatory Requirement. Clin.
Psychopharmacol. Neurosci. 2016, 14, 323-329. [CrossRef] [PubMed]

23.  Schoretsanitis, G.; Kuzin, M.; Kane, ] M.; Hiemke, C.; Paulzen, M.; Haen, E. Elevated Clozapine Concentrations in Clozapine-
Treated Patients with Hypersalivation. Clin. Pharmacokinet. 2021, 60, 329-335. [CrossRef] [PubMed]

24. Flanagan, R.J.; Gee, S.; Belsey, S.; Couchman, L.; Lally, ]. Therapeutic monitoring of plasma clozapine and N-desmethylclozapine

(norclozapine): Practical considerations. BJPsych. Adv. 2023, 29, 92-102. [CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/10372606
https://doi.org/10.1016/S0140-6736(12)61689-4
https://www.ncbi.nlm.nih.gov/pubmed/23245608
https://doi.org/10.1177/0957154x07070335
https://www.ncbi.nlm.nih.gov/pubmed/17580753
https://doi.org/10.1176/ajp.151.1.20
https://doi.org/10.1517/17425255.2015.1075003
https://doi.org/10.1016/j.schres.2018.02.035
https://doi.org/10.1111/acps.13361
https://doi.org/10.1016/j.jpsychires.2020.02.015
https://doi.org/10.1177/0004867419898760
https://doi.org/10.1111/dom.13167
https://doi.org/10.22365/jpsych.2018.291.64
https://doi.org/10.1097/nmd.0000000000001590
https://www.ncbi.nlm.nih.gov/pubmed/36108285
https://doi.org/10.1038/s41398-021-01613-2
https://www.ncbi.nlm.nih.gov/pubmed/34552059
https://doi.org/10.1111/acps.13228
https://www.ncbi.nlm.nih.gov/pubmed/32869278
https://doi.org/10.1080/17425255.2021.1974400
https://doi.org/10.1097/jcp.0000000000001736
https://doi.org/10.1055/s-0043-117891
https://doi.org/10.3390/ph15070817
https://doi.org/10.1159/000507638
https://doi.org/10.9758/cpn.2016.14.4.323
https://www.ncbi.nlm.nih.gov/pubmed/27776383
https://doi.org/10.1007/s40262-020-00944-5
https://www.ncbi.nlm.nih.gov/pubmed/33000411
https://doi.org/10.1192/bja.2022.71

Pharmaceuticals 2025, 18, 1549 15 of 15

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

Lochhead, J.D.; Nelson, M.A.; Schneider, A.L. Risks and Benefits of Rapid Clozapine Titration. Ment. Ilin. 2016, 8, 6457. [CrossRef]
[PubMed]

Fan, X,; Jiao, B.; Zhou, X.; Zhang, W.; Ouyang, Z. Miniaturization of Mass Spectrometry Systems: An Overview of Recent
Advancements and a Perspective on Future Directions. Anal. Chem. 2025, 97, 9111-9125. [CrossRef]

Xu, W.; Charipar, N.; Kirleis, M.A.; Xia, Y.; Ouyang, Z. Study of Discontinuous Atmospheric Pressure Interfaces for Mass
Spectrometry Instrumentation Development. Anal. Chem. 2010, 82, 6584-6592. [CrossRef]

Hua, W.; Zhang, W.; Brown, H.; Wu, J.; Fang, X.; Shahi, M.; Chen, R.; Zhang, H.; Jiao, B.; Wang, N.; et al. Rapid detection of IDH
mutations in gliomas by intraoperative mass spectrometry. Proc. Natl. Acad. Sci. USA 2024, 121, e2318843121. [CrossRef]

Chen, J.; Li, Y;; Chen, J.; Wang, R.; Lu, M.; Yu, C. Miniature mass spectrometer-based point-of-care assay for quantification of
metformin and sitagliptin in human blood and urine. Anal. Bioanal. Chem. 2024, 416, 3305-3312. [CrossRef]

Oloyede, E.; Blackman, G.; Mantell, B.; Harris, E.; Williams, J.; Taylor, D.; MacCabe, J.; McGuire, P. What are the barriers and
facilitators of clozapine use in early psychosis? A survey of UK early intervention clinicians. Schizophrenia 2023, 9, 26. [CrossRef]
Shah, P; Iwata, Y.; Plitman, E.; Brown, E.E.; Caravaggio, F.; Kim, J.; Nakajima, S.; Hahn, M.; Remington, G.; Gerretsen, P; et al. The
impact of delay in clozapine initiation on treatment outcomes in patients with treatment-resistant schizophrenia: A systematic
review. Psychiatry Res. 2018, 268, 114-122. [CrossRef] [PubMed]

Appley, M.G.; Robinson, E.L.; Thomson, A.; Russell, E.; Sisco, E. An analytical platform for near real-time drug landscape
monitoring using paraphernalia residues. Forensic Chem. 2023, 34, 100489. [CrossRef]

Tanner, R.; Smith, S.G.; van Meijgaarden, K.E.; Giannoni, F.; Wilkie, M.; Gabriele, L.; Palma, C.; Dockrell, H.M.; Ottenhoff, TH.M.;
McShane, H. Optimisation, harmonisation and standardisation of the direct mycobacterial growth inhibition assay using
cryopreserved human peripheral blood mononuclear cells. J. Immunol. Methods 2019, 469, 1-10. [CrossRef]

Reed, G.F; Lynn, E; Meade, B.D. Use of coefficient of variation in assessing variability of quantitative assays. Clin. Diagn. Lab.
Immunol. 2002, 9, 1235-1239. [CrossRef]

Volmer, D.A.; Jessome, L.L. Ion Suppression: A Major Concern in Mass Spectrometry. LCGC N. Am. 2006, 24, 498-510.

Chen, C.H.; Lin, Z,; Tian, R.; Shi, R.; Cooks, R.G.; Ouyang, Z. Real-time sample analysis using a sampling probe and miniature
mass spectrometer. Anal. Chem. 2015, 87, 8867-8873. [CrossRef]

El Abdellati, K.; De Picker, L.; Morrens, M. Antipsychotic Treatment Failure: A Systematic Review on Risk Factors and
Interventions for Treatment Adherence in Psychosis. Front. Neurosci. 2020, 14, 531763. [CrossRef]

Liu, X.; Wang, X,; By, J.; Zhou, X.; Ouyang, Z. Tandem Analysis by a Dual-Trap Miniature Mass Spectrometer. Anal. Chem. 2019,
91, 1391-1398. [CrossRef]

Kang, M.; Lian, R.; Zhang, X; Li, Y,; Zhang, Y.; Zhang, Y.; Zhang, W.; Ouyang, Z. Rapid and on-site detection of multiple fentanyl
compounds by dual-ion trap miniature mass spectrometry system. Talanta 2020, 217, 121057. [CrossRef]

Paal, M.; Habler, K.; Vogeser, M. Estimation of inter-laboratory reference change values from external quality assessment data.
Biochem. Med. 2021, 31, 030902. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.4081/mi.2016.6457
https://www.ncbi.nlm.nih.gov/pubmed/35579975
https://doi.org/10.1021/acs.analchem.5c01223
https://doi.org/10.1021/ac101002t
https://doi.org/10.1073/pnas.2318843121
https://doi.org/10.1007/s00216-024-05281-1
https://doi.org/10.1038/s41537-023-00353-0
https://doi.org/10.1016/j.psychres.2018.06.070
https://www.ncbi.nlm.nih.gov/pubmed/30015109
https://doi.org/10.1016/j.forc.2023.100489
https://doi.org/10.1016/j.jim.2019.01.006
https://doi.org/10.1128/CDLI.9.6.1235-1239.2002
https://doi.org/10.1021/acs.analchem.5b01943
https://doi.org/10.3389/fnins.2020.531763
https://doi.org/10.1021/acs.analchem.8b03958
https://doi.org/10.1016/j.talanta.2020.121057
https://doi.org/10.11613/BM.2021.030902

	Introduction 
	Results 
	Development and Performance of Clozapine and Norclozapine Detection Using Mini-MS 
	Clinical Applications in Confirmed Cases at Two Hospital Sites 

	Discussion 
	Materials and Methods 
	Chemicals and Reagents 
	Blood and Plasma Collection 
	Preparation of Internal Standards, Calibration Curves, and Quality Control Samples 
	Preparations for Plasma, Whole Blood, and Dried Blood Spots 
	Miniature Mass Spectrometry and Workflow 
	Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS) 
	Performance Evaluation of Mini-MS 
	Clozapine-Treated Patient Samples from Two Hospital Sites 
	Data Analysis 

	Conclusions 
	References

