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Abstract

The accurate determination and quantification of praziquantel are essential for optimizing
its therapeutic effectiveness in treating schistosomiasis and neurocysticercosis, two sig-
nificantly neglected tropical diseases. Its challenging physicochemical profile, extensive
metabolism, and stereochemical complexity requires robust analytical methods for reliable
quantification in clinical, veterinary, and pharmaceutical samples. This review provides
a comprehensive and critical evaluation of analytical strategies used for PZQ determi-
nation, spanning fluorometric and radiometric assays, HPLC-UV, LC-MS, LC-MS/MS,
and enantioselective chromatographic approaches. Particular emphasis is placed on the
evolution toward highly sensitive LC-MS/MS methods and their alignment with contem-
porary regulatory expectations, including ICH M10 requirements. These advancements
have significantly improved sensitivity, specificity, and reproducibility, which are crucial
for pharmacokinetic, pharmacodynamic, and bioequivalence studies. Enantioselective
methods for distinguishing PZQ enantiomers and metabolites are discussed. The aim of
these innovations is to increase praziquantel bioavailability, improve patient adherence,
and support its continued use in mass drug administration programs. Finally, the review
highlights implementation challenges in resource-limited settings and proposes analytical
models to expand global bioanalytical capacity. Together, these insights provide a struc-
tured foundation for selecting and developing high-quality, regulatory-compliant analytical
methods for PZQ.

Keywords: bioanalytical methods; praziquantel; quantification; validation; analytical
techniques; pharmacokinetics

1. Introduction

Praziquantel (PZQ) is the cornerstone therapeutic agent for schistosomiasis (SC) and
neurocysticercosis (NC) [1,2], two major neglected tropical diseases that disproportionately
affect populations in low-resource regions, where mass drug administration programs
remain essential. In Latin America, PZQ is widely used for the treatment of cysticercosis
and NC caused by ingestion of Taenia solium eggs [3]. Its long-standing clinical efficacy and
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favorable safety profile have secured its inclusion on the World Health Organization (WHO)
List of Essential Medicines [4], underscoring its relevance to global public health initiatives.

PZQ has substantially reduced morbidity associated with SC and NC, improving
long-term outcomes and quality of life in endemic regions [5,6]. Beyond its established
anthelmintic effects, emerging evidence indicates potential antiviral properties, including
the ability to mitigate virus-induced cellular damage, suggesting additional applications in
aquaculture and infectious disease management [7]. Current research therefore focuses on
improving its bioavailability, developing pediatric-friendly formulations, and evaluating
combination therapies that could broaden its therapeutic utility while mitigating the risk of
emerging resistance [8,9].

From an analytical standpoint, PZQ presents unique challenges [10]. Its extensive
first-pass metabolism, marked stereochemical complexity, low aqueous solubility, and wide
distribution across diverse biological matrices require highly selective and sensitive analyti-
cal methodologies [11]. Reliable quantification of both the parent drug and its hydroxylated
metabolites is essential not only for pharmacokinetic and pharmacodynamic investigations
but also for formulation development, toxicological evaluations, and therapeutic drug mon-
itoring (TDM). TDM is particularly relevant for PZQ given its pronounced interindividual
pharmacokinetic variability, driven by genetic polymorphisms, drug—drug interactions,
age-related physiological differences, and disease-associated metabolic alterations, which
can significantly influence treatment efficacy and safety.

Early analytical strategies, including fluorometric and radiometric assays, played
an important role in initial pharmacokinetic characterizations but lacked the selectivity
required to differentiate PZQ from structurally similar metabolites. Subsequent adoption
of chromatographic methods, including gas chromatography (GC) and high-performance
liquid chromatography (HPLC), improved separation efficiency yet remained limited by
suboptimal sensitivity in complex matrices. The introduction of liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) marked a transformative step for-
ward, providing superior detection limits, enhanced selectivity, and greater robustness
against matrix-induced interferences. Nevertheless, the analytical landscape remains het-
erogeneous, with considerable variability in sensitivity, sample preparation requirements,
operational cost, reproducibility, and regulatory compliance.

International regulatory frameworks, particularly ICH M10, now provide standard-
ized criteria for method development, validation, and study sample analysis. While many
recently published LC-MS/MS methods adhere to key M10 requirements, significant dis-
crepancies persist in the reporting and evaluation of critical parameters such as matrix
effects, dilution integrity, stability assessments, and incurred sample reanalysis. These
inconsistencies highlight the need for comprehensive, harmonized analytical approaches
capable of supporting both high-throughput clinical studies and resource-limited labora-
tory settings.

This review provides an integrated and up-to-date analysis of the evolution and re-
finement of analytical methods for PZQ quantification. By contextualizing methodological
advances within the framework of ICH guidelines, this work offers a structured perspective
for selecting appropriate analytical platforms and supports the ongoing development of
robust, accurate, and regulatory-compliant bioanalytical methods for praziquantel.

2. Physicochemical Properties of Praziquantel
2.1. Physicochemical Characteristics

PZQ is chemically known as 2-(cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4H-
pyrazino [2,1-a] isoquinolin-4-one. It appears as a white to off-white crystalline powder and
is stable under standard temperature and light conditions, with a melting point ranging
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from 136 to 142 °C. PZQ is hygroscopic and highly soluble in organic solvents such as
chloroform, methanol, and acetonitrile; however, it is poorly soluble in water (0.40 mg/mL),
which poses significant challenges for formulation and bioavailability [12,13]. The lipophilic
nature of PZQ is reflected in its high Log P value (~2.47), which enhances membrane per-
meability but limits its solubility in aqueous media. This property, combined with its
hygroscopicity, has implications for selecting excipients and formulation strategies. Its
isoquinoline structure and cyclohexyl carbonyl group are crucial for its pharmacological
activity, facilitating interactions with parasitic calcium channels that disrupt calcium home-
ostasis. Table 1 summarizes the physicochemical properties of PZQ, including its solubility
in various solvents and partition coefficients. These parameters play pivotal roles in deter-
mining drug formulation characteristics, oral bioavailability, and analytical performance,
particularly in the development of chromatographic techniques and solubility-enhancing
drug delivery systems [14-16].

Table 1. Selected physicochemical properties of PZQ.

Generic Name

Praziquantel

Chemical formula

C19Ho4N>, O,

Elemental composition

C (73.05%); H (7.74%); N (8.97%); O (10.24%)

Name (IUPAC)

2-(cyclohexylcarbonyl)-1,2,3,6,7,11b-hexahydro-4H-
pyrazino [2,1-a] isoquinolin-4-one

CAS Registry number

55268-74-1

Appearance, color,
and taste

Praziquantel is a colorless, almost odorless, crystalline
compound that has a bitter taste. It is stable under
normal conditions.

Canonical smiles

C1CCC(CC1)C(=0)N2CC3C4=CC=CC=C4ACCN3C(=0)C2

Molecular weight 312.41 g/mol

Number of ’

H-bond acceptors

Heavy atom counting 23
Water 0.40 mg/mL

Solubility (25 °C) Ethanol 97 mg/mL
Chloroform 567 mg/mL

Melting point 136-142 °C

Boiling point 1377 °C

Partition coefficient (LogP) 2.7

Number of H-bond donors 0

pKa 9.38

Density 1.2 £+£0.1 g/cm3

Vapor pressure

1.5 mm Hg at 25 °C

Enthalpy of vaporization

82.3 + 3.0 kJ/mol

Molar refractivity 96.93
Topological Polar Surface g5
Area (TPSA) 406 A
Rotatable Bond Count 1
Covalently Bonded 1

Unit Count
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These properties are critical considerations for developing reliable bioanalytical meth-
ods, such as HPLC, which often require careful optimization of solvent systems and, in
some cases, enantioselective separation.

The poor aqueous solubility of PZQ necessitates innovative formulation approaches to
improve its bioavailability. These include the use of solubilizing agents, solid dispersions,
or nanoemulsions, which have shown promise in enhancing their absorption and thera-
peutic efficacy. PZQ is chemically stable under standard conditions but may degrade in
extreme pH environments, underscoring the importance of careful formulation and storage
considerations [10,17].

Compared with other antiparasitic agents, the physicochemical characteristics of PZQ
present both opportunities and challenges in drug development, underscoring the impor-
tance of ongoing research to optimize its formulation and delivery, ensuring consistent
therapeutic outcomes.

2.2. Chirality and Its Impact on Biological Activity

Chirality plays a crucial role in the pharmacological profile of many drugs. PZQ is
a chiral compound that exists as a racemic mixture composed of two enantiomers: (—)-
R-PZQ and (+)-5-PZQ (Figure 1). Among these, only the (+)-5-PZQ enantiomer exhibits
significant biological activity and is responsible for the drug’s therapeutic effects, whereas
the (—)-R-PZQ enantiomer is considered inactive [18-20]. Despite this, PZQ is used as a
racemic mixture in therapy due to practical considerations, such as cost and manufacturing
complexity, which have implications for its pharmacokinetics (absorption, distribution,
metabolism, and excretion) and toxicity profile. The single chiral center of a molecule
governs its enantioselective interaction with parasitic voltage-gated calcium channels. A
comprehensive understanding and precise quantification of each enantiomer are essential
for optimizing therapeutic outcomes, reducing adverse effects, and informing the rational
design of enantiopure pharmaceutical formulations [11].

o

GO G

(a) (b)

Figure 1. Enantiomeric chemical structures of PZQ: (a) (—)-R-PZQ, generally regarded as pharmaco-
logically inactive; (b) (+)-S-PZQ, the therapeutically active enantiomer responsible for the antiparasitic
activity against Schistosoma and Taenia species. Drawn with ChemDraw 23.1.1 (PerkinElmer Informatics).

The inactive (—)-R-PZQ enantiomer may influence the pharmacokinetic profile by
competing with the active enantiomer for metabolic enzymes or transporters, potentially
altering drug clearance and efficacy. Moreover, its presence could contribute to side effects or
influence drug—drug interactions, highlighting the need for detailed enantioselective studies.

The development of enantioselective analytical methods is crucial for quantifying and
distinguishing PZQ enantiomers. Techniques such as HPLC with chiral stationary phases
and capillary electrophoresis have achieved precise separation and quantification [19].
These methods provide valuable insights into the enantiomer-specific pharmacokinetics
and dynamics of PZQ.

Chirality in PZQ is not unique; many drugs, including omeprazole and citalopram,
exhibit enantiomer-specific activity, emphasizing the broader relevance of understanding

https://doi.org/10.3390/scipharm94010004


https://doi.org/10.3390/scipharm94010004

Sci. Pharm. 2026, 94, 4

50f28

chirality in pharmacology. Future research should explore the feasibility of developing
(+)-5-PZQ as a single-enantiomer formulation, potentially improving therapeutic outcomes
while reducing unnecessary exposure to the inactive enantiomer.

3. Biopharmaceutics and Pharmacokinetics of Praziquantel
3.1. Biopharmaceutical Properties

PZQ is classified as a Class II, according to the Biopharmaceutical Classification Sys-
tem (BCS), drug characterized by high permeability but low aqueous solubility [21-23].
Its experimental solubility in water at 25 °C is approximately 0.40 mg/mL. PZQ exhibits
dissolution-rate-limited absorption. Although PZQ is well absorbed from the gastroin-
testinal tract (~80%), the high therapeutic dose typically required (400-600 mg) is at-
tributed mainly to extensive first-pass hepatic metabolism rather than solubility limitations
alone [24,25]. Nonetheless, the low aqueous solubility significantly affects its pharmacoki-
netic profile by delaying dissolution, reducing peak plasma concentrations, and potentially
limiting overall bioavailability [14,26].

These biopharmaceutical constraints complicate the development of effective and
patient-friendly dosage forms. For pediatric populations, in particular, the high-dose re-
quirement and pronounced bitter taste of PZQ pose formulation and compliance challenges.
Innovative delivery systems such as oral films and dispersible tablets are being explored to
increase palatability and improve therapeutic outcomes in children [9].

To overcome solubility-related limitations, several advanced formulation strategies
have been developed. Techniques such as solid dispersion systems [14,27], lipid-based
delivery approaches [21], and nanotechnology-based formulations [15,28-30] have demon-
strated significant potential to increase the dissolution rate and systemic availability of
PZQ. For example, solid lipid nanoparticles [31] and self-emulsifying drug delivery sys-
tems [21] have shown promising results in preclinical studies. Furthermore, amorphous
solid dispersions [14] and cocrystal technologies [22,32,33] are emerging as viable strategies
to address solubility barriers in PZQ and other BCS Class II drugs, including ibuprofen
and carbamazepine.

The continued development of tailored formulation technologies will remain essential
to fully realize the therapeutic potential of PZQ, reduce the risk of adverse effects, and
simplify dosing regimens, particularly in vulnerable populations, such as pediatric patients.

3.2. Absorption, Distribution, Metabolism and Excretion

The pharmacokinetics of PZQ exhibit notable differences depending on the route of
administration, specifically between oral and intravenous administration [34,35]. These
differences arise from physiological factors, including blood flow at the absorption site,
gastrointestinal transit time, surface area for absorption, and gastric pH, which can be
significantly influenced by food intake [36]. Oral administration of PZQ, at a typical dose
of 600 mg, results in rapid gastrointestinal absorption, with a reported Tmax of 2.0-2.6 h
and an absorption rate exceeding 80%. Its high lipophilicity and strong plasma protein
binding complicate extraction procedures and mandate rigorous evaluation of matrix
effects, recovery, and selectivity. The reduced bioavailability reflects both poor solubility
and extensive first-pass hepatic metabolism, rather than solubility alone [37].

Once absorbed, PZQ is widely distributed throughout the body, with a particular
affinity for tissues such as the liver and kidneys [38]. The drug exhibits significant plasma
protein binding (~80%), which restricts the levels of free, pharmacologically active drug.
Nutrition, inflammation, or age can affect plasma protein levels, altering free drug concen-
trations. For example, infants under one year of age exhibit higher free drug levels due to
reduced plasma protein concentrations, including those of albumin [35].
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PZQ undergoes extensive hepatic metabolism, which is catalyzed predominantly
by cytochrome P450 enzymes, including CYP1A2, CYP3A4, CYP2B1, CYP3A5, and
CYP2C19 [39,40]. The primary metabolites, cis- and trans-4’-hydroxypraziquantel
(Figure 2), are generated through this pathway. This metabolic process introduces con-
siderable variability in pharmacokinetics because of the interindividual pharmacogenetic
differences in cytochrome P450 activity, and pathologic conditions, such as liver dysfunc-
tion, impair metabolic capacity [35,40].

Absortion

Tmax 2-2.6 h

Greater than 80% Distribution

High binding to proteins
(approximately 80% to albumin)
Gastrointestinal
tract
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80% within 4 days

Figure 2. Schematic representation of the principal pharmacokinetic processes governing PZQ
disposition: absorption, distribution, metabolism, and excretion (ADME). Created with BioRender
“https:/ /BioRender.com/09i9jas” (accessed on 27 November 2025).

Chirality further increases analytical complexity: only the (+)-5-PZQ enantiomer is
pharmacologically active, whereas the (—)-R-PZQ enantiomer contributes minimally to effi-
cacy [39]. Enantioselective analytical methods therefore require optimized chiral stationary
phases, dedicated validation strategies, and tailored sample preparation workflows.

Elimination of PZQ occurs predominantly via the renal route, with approximately
80% of the administered dose excreted within four days. Notably, 90% of this elimination
occurs within the first 24 h [35,40]. This rapid elimination emphasizes the importance of
optimizing dosing regimens to maintain therapeutic efficacy while minimizing the risk of
adverse effects.

The pharmacokinetic properties of PZQ), including its variable metabolism and rapid
elimination, highlight the need for individualized dosing strategies and advanced formula-
tion techniques. High-fat meals have been shown to increase PZQ absorption by increasing
bile secretion and improving bioavailability after oral administration [41]. Additionally,
extended-release formulations or lipid-based delivery systems offer promising solutions to
optimize plasma concentrations and therapeutic outcomes.

A schematic representation of the principal pharmacokinetic processes of PZQ absorp-
tion, distribution, metabolism, and excretion is provided in Figure 2.
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4. Bioanalytical Methods for the Determination and Quantification
of Praziquantel

4.1. Non-Chromatographic Techniques
4.1.1. Fluorometric Assay

The fluorometric method was among the first methods for quantifying praziquan-
tel [42]. The fluorometric assay (FA) is based on the emission of light (fluorescence) by
substances that absorb energy from light at a specific wavelength. This emission is quanti-
fied to determine the concentration of the analyte in a sample. The fluorescence intensity is
often directly proportional to the analyte concentration, making FA a helpful technique in
fields such as biological sciences, environmental monitoring, and pharmaceutical analysis.

In 1979, Piitter and Held developed an FA to quantify PZQ using propidium iodide.
This reagent increased the fluorescence signal from PZQ and its metabolites in plasma,
urine, and breast milk after the administration of 20-50 mg/kg doses. However, this
method cannot distinguish between PZQ and its hydroxylated derivatives, resulting in
overestimation. Matrix components such as proteins and lipids can interfere with the signal,
and the reliance on fluorescence-enhancing reagents limits reproducibility [42,43].

FA is considered a cost-effective and rapid technique that does not require complex
instrumentation, making it attractive for preliminary screening or use in resource-limited
settings. It is particularly useful in high-throughput environments, such as preliminary
pharmacokinetic screenings or in vitro drug interaction assays. Advances in fluorometric
techniques have addressed some of the traditional limitations. Time-resolved fluorom-
etry enables signal separation based on decay time, improving accuracy by minimizing
background autofluorescence [44,45].

Molecularly imprinted polymers (MIPs), synthetic receptors specifically designed to
bind PZQ, have been integrated with FA to reduce cross-reactivity and enhance selectivity.
Studies have shown that MIP-coated quantum dots allow for the selective detection of target
molecules with high precision. For example, Yang et al. demonstrated FA using MIP-coated
CdSe/ZnS quantum dots, which achieved standard deviations below 4.9% and detection
limits of 2.1 pg/L for dimethoate, demonstrating the robustness and reproducibility of this
method [46].

Moreover, the incorporation of FA into microfluidic systems enables low-volume, rapid
assays with automated sample handling, thereby reducing human error and increasing
throughput. These integrated platforms are being explored for point-of-care diagnostics
and field applications in endemic regions.

Modern adaptations of FA yield acceptable performance parameters, including lin-
earity across relevant concentration ranges (typically 10-500 ng/mL), limits of detection
below 5 ng/mL, and precision with coefficients of variation of less than 10%. A study by
Anumolu et al. developed a sensitive FA for PZQ, reporting a linear range of 1-20 pg/mlL, a
detection limit of 0.27 pg/mL, and relative standard deviations of less than 2%, all of which
were validated under ICH guidelines [17]. However, these results are context-dependent
and still require validation under standardized regulatory guidelines, such as ICH M10, for
bioanalytical methods. The specific wavelengths at which excitation and emission occur
are 535 nm and 617 nm, respectively, indicating the crucial parameters for the analysis. The
chemical agent used in this methodology is propidium iodide, which is instrumental in the
detection mechanism. The substrate used for this research is human plasma, which serves
as the biological fluid from which the samples are derived; the volume of the sample to be
analyzed is set at 200 pL, ensuring sufficient material for accurate measurements; and the
temperature at which the experiment is carried out is kept at a stable temperature of 25 °C,
providing an optimal environment for the reaction to take place. Finally, the reading time
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after the start of the reaction is designated as 5 min, allowing an adequate duration for the
completion of the analytical, postreaction process.

Although other HPLC-based methods, including those coupled with mass spectrome-
try detection (LC—MS), have been developed for the analysis of PZQ, these approaches
primarily focus on aspects such as simultaneous determination with other compounds,
stabilityindicating capabilities, and application in diverse biological matrices, such as dog
plasma and fish [47-49]. These methods, although validated and effective, highlight the
versatility and adaptability of analytical techniques for PZQ), each with specific advantages
depending on the context of use. The spectrofluorometric method, with its ecological and
efficient approach, offers a robust option for the quantification of PZQ, particularly in
scenarios where high sensitivity and rapid analysis are needed.

4.1.2. Radiometric Assay

Radiometric assay (RA) represents one of the pioneering techniques used to investigate
the pharmacokinetics of PZQ [50], a crucial drug used primarily in the treatment of SC and
other parasitic infections. This method typically utilizes radiolabeled compounds, such as
14C-PZQ, which enables accurate monitoring and quantification of drug absorption, distri-
bution, metabolism, and excretion within biological systems. By incorporating radioactive
isotopes, researchers can effectively measure the concentration of PZQ in various tissues
and fluids over time, providing valuable information about its pharmacological behavior
and therapeutic efficacy. Radiometric testing has played a crucial role in advancing our
understanding of the pharmacokinetic profile of PZQ, thereby informing dosing regimens
and enhancing treatment strategies for affected populations.

Unlike other analytical techniques, the choice of solvent does not influence the detec-
tion of radioactivity, making the assay robust across different reaction conditions. RA can
be applied to samples with a broad range of substrate concentrations, including those with
high product levels. The separation of labeled products and substrates is often straightfor-
ward, simplifying experimental workflows [51,52].

While RAs are now less commonly used for PZQ quantification, they remain valuable
in specific contexts. RA can be used for preclinical metabolic studies, investigating the
pharmacokinetics of new analogs or derivatives of PZQ, and mechanistic enzymology,
studying enzyme kinetics in drug metabolism when coupled with labeled substrates.

Patzschke et al. utilized *C-PZQ to evaluate absorption and excretion profiles in
humans, which demonstrated near-complete excretion within four days [50]. However,
this technique lacks validation against modern regulatory standards and does not assess
parameters such as matrix effects, carryover, or stability under ICH guidelines.

Modern bioanalytical expectations require robust method validation, particularly for
pharmacokinetic applications. While RA is less common today because of safety and
infrastructure requirements, some studies have applied stringent validation principles. For
example, Gandla et al. developed and validated an HPLC method for PZQ and albendazole
in coformulated products, establishing parameters such as linearity (5-15 pg/mL), accuracy,
precision (RSD < 2%), and robustness [53]. Although this study did not use radiolabeled
PZQ, it demonstrates evolving expectations for method reliability.

Malhado et al. conducted a study to evaluate the preclinical pharmacokinetics of
PZQ encapsulated in polymeric nanoparticles using a validated LC—MS/MS method
with a lower limit of quantification (LOQ) of 1 ng/mL [54]. Their approach highlighted
the importance of sensitivity, specificity, and sample stability across different matrices.
Additionally, Meister et al. (2016) reported a fully validated enantioselective LC—MS/MS
method to quantify PZQ and its hydroxylated metabolite in plasma, dried blood spots, and
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whole blood [55]. Their method demonstrated consistent performance in line with EMA
and FDA bioanalytical guidance [55].

Although these modern validations are not strictly radiometric, they exemplify the
bioanalytical rigor expected today. They provide a reference framework for any analytical
strategy, including RA, if applied under current standards. Historically, RA methods have
typically utilized *C-PZQ in plasma and urine with 100 uL injection volumes, detected
through liquid scintillation counting. However, contemporary expectations demand the
inclusion of method performance metrics such as selectivity, carryover, dilution integrity;,
and matrix effects, alongside comprehensive reporting of analytical conditions similar to
those observed in LC—MS/MS or HPLC platforms.

To overcome the limitations of RA, researchers are investigating non-radioactive iso-
topic labeling techniques, such as stable isotope-labeled compounds combined with mass
spectrometry (MS). These methods maintain the quantitative advantages of radiometric
techniques while eliminating safety concerns associated with radioactive isotopes. Fur-
thermore, there is a proposal to integrate RA with microfluidic platforms to reduce sample
volume and enhance assay precision, potentially leading to more efficient drug metabolism
studies [56].

4.2. Chromatographic Techniques
4.2.1. Gas Chromatography

Gas chromatography (GC) is a powerful analytical technique widely used to separate
and quantify volatile and semivolatile compounds. It operates by using an inert carrier
gas, such as helium or nitrogen, as the mobile phase and a liquid-coated stationary phase
within the column. As the sample is propelled through the column, its components
interact differentially with the stationary phase, allowing for separation, identification,
and quantification.

GC was among the first advanced techniques employed for PZQ quantification. Diek-
mann developed an early GC method for determining PZQ in plasma, urine, and feces,
reporting a detection limit of 0.01 pg/mL and a relative standard deviation of 4.5% for low
serum concentrations [57]. This method involves alkaline extraction and derivatization
using trimethylsilyl (TMS) reagents to increase volatility. Westhoff and Blaschke later
extended GC applications to measure both PZQ and its monohydroxylated metabolites
and quantified enantiomeric ratios using a Chiralcel OD column [58].

Furthermore, Shah et al. validated a GC method for the simultaneous detection
of albendazole and PZQ in pharmaceutical formulations, achieving excellent linearity
(r2 > 0.999), sensitivity (limit of detection 0.05 ug/mL), and reproducibility (RSD < 2%) [59].
In raw material analysis, it was shown that GCs could be used effectively despite excipient
interference [47]. In veterinary pharmaceutical research, gas chromatography—mass spec-
trometry (GC—MS) methods with over 90% recovery and high specificity for metabolite
confirmation were demonstrated [60].

The analytical methodology has considerable strengths, notably encompassing the
complete separation of metabolites. In addition, the ability of GC to isolate and analyze
volatile and semivolatile compounds makes it an indispensable instrument in a wide
range of analytical applications [61], ranging from academic research to industrial quality
control. The gas chromatography technique is distinguished by its ability to provide
accurate and expedited analysis, which is vital in the evaluation of volatile and semivolatile
compounds through various matrices [61]. In addition, the consistency in reproducibility
and durability is remarkable; such reliability is essential to ensure reliable results in different
investigations and applications, particularly within regulatory frameworks that require
strict validation. The adaptability and reliability of gas chromatography establish it as an
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essential methodology for both research efforts and quality assurance in various industries,
thereby ensuring accurate quantification of volatile compounds [62].

However, due to the inherently low volatility and high boiling point of PZQ and its
corresponding metabolites, GC methods generally require a prior chemical derivatization
step to render the analytes sufficiently volatile and thermally stable. As with liquid chro-
matographic methods, GC relies on specialized instrumentation and trained professionals;
however, the additional derivatization step consumes extra time and reagents and increases
the overall complexity of the analytical protocol. Consequently, GC-based methods for
PZQ face intense competition from liquid chromatography methodologies. Recent ad-
vances, such as the incorporation of microcolumns into GC systems, have mitigated some
of these limitations, which have improved resolution and reduced analysis times [63,64].
In addition, coupling gas chromatography with mass spectrometry, both in single and
tandem modality, has significantly increased analytical specificity, while the development
of automated derivatization systems has helped to optimize operational efficiency and
improve the reproducibility of the results.

Although GC remains valid for certain specific analytical purposes, such as the
profiling of impurities or its application in laboratories with limited resources, the
HPLC—MS/MS technique has established itself as the predominant standard for the quan-
tification of PZQ owing to its compatibility with non-volatile analytes and the simplicity of
its analytical procedures [18,55,65]. The analytical parameters relevant to the GC method-
ologies used for the quantification of PZQ within matrices such as plasma, urine, feces, and
pharmaceutical formulations include the use of a DB-5 capillary column, helium that serves
as a carrier gas, a flow rate of 1 mL/min, a temperature program that increases from 150
to 280 °C, flame ionization detection (FID), and derivatization using trimethylsilyl (TMS)
reagents, which have been implemented both in foundational research and in modern
validation efforts [66]. The main objective of these conditions is to increase the volatility of
the analyte while ensuring the effective separation of PZQ and its metabolites, particularly
in scenarios where the availability of more sophisticated techniques such as GC—MS or
HPLC—MS/MS is restricted [60].

4.2.2. High-Performance Liquid Chromatography

HPLC is one of the most widely adopted analytical techniques for the quantification
of PZQ and its metabolites [67]. This method operates by passing liquid samples through a
column filled with a stationary phase under high pressure, using various mobile phases
composed of organic solvents and buffer systems. Its ability to handle non-volatile, thermo-
labile, and polar compounds without the need for derivatization has made it a preferred
option in pharmaceutical and clinical laboratories.

HPLC is compatible with diverse detection systems, including ultraviolet (UV), fluo-
rescence, and mass spectrometry (MS) methods. UV detection is commonly used because of
the strong absorbance of PZQ at 210-220 nm, allowing for straightforward and reproducible
analysis. Fluorescence detection improves sensitivity, whereas MS, particularly tandem
mass spectrometry (HPLC-MS/MS), enhances specificity in complex biological matrices.

Several validated HPLC methods have been reported for the quantification of PZQ.
For example, a UV detection-based method using a C18 column with a mobile phase of
acetonitrile and phosphate buffer (60:40, v/v) at a flow rate of 1 mL/min was developed.
The method showed excellent linearity (r* > 0.999) over the range of 100-2000 ng/mL, with
recovery rates above 95% [67].

Figure 3 presents representative chromatograms illustrating the HPLC method devel-
oped for determining praziquantel concentrations in human plasma. This visually validates
the developed HPLC method’s ability to selectively and accurately quantify praziquantel
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in human plasma by demonstrating clear peak separation and the absence of interfering
substances, making it suitable for pharmacokinetic studies [67].
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Figure 3. Representative chromatograms illustrating the High-Performance Liquid Chromatography
(HPLC) method developed for determining praziquantel concentrations in human plasma. (A) Blank
Human Plasma with Internal Standard, (B) Blank Human Plasma with Praziquantel and Internal
Standard (Diazepam), and (C) Plasma from a Healthy Subject after Praziquantel Ingestion. Image
captured and adapted from Ridtitid et al. (2002) [67]; used for illustrative and academic purposes
only, without commercial intent.

Hanpitakpong et al. similarly validated an HPLC-UV method for analyzing PZQ in
human plasma, achieving detection limits of less than 20 ng/mL and precision values of less
than 10%. These characteristics make HPLC a valuable tool not only for pharmacokinetic
studies but also for quality control in pharmaceutical production [68].

In addition, Liu and Stewart reported the use of a chiral reversed-phase column for the
enantiomeric separation of PZQ in serum, highlighting the flexibility of HPLC to resolve
stereoisomers, a critical feature in evaluating the pharmacodynamics of racemic versus
enantiopure formulations [69]. HPLC remains relevant due to its robustness, affordability,
and widespread regulatory acceptance, especially where mass spectrometry is not available.

4.2.3. Liquid Chromatography Coupled with Mass Spectrometry

Klausz et al. developed and validated an electrospray HPLC—MS/MS analytical
method for the determination of PZQ in dog plasma. Chromatographic separation was
performed on a C6 Phenomenex Gemini-Phenyl C6 column using binary gradient elution
with methanol and 50 mM ammonium formate (pH 3) [49]. The method was linear
(12> 0.990) over a 24-1000 ng/mL concentration range. The intermediate accuracies were
1.3-10.6% (interday) and 2.5-9.1% (intraday). The coefficient of variation was 9.1%, and
the mean recoveries of the five targeted compounds from canine plasma ranged from 77
to 94%. The proposed LC—MS method was fully validated and successfully applied to
bioequivalence studies of different antiparasitic formulations, including tablets containing
PZQ administered orally to dogs [70-72].
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Bustinduy et al. conducted the first pharmacokinetic (PK) and pharmacodynamic
(PD) study in African children, comparing doses of 40 mg/kg and 60 mg/kg [73]. This
study, using PZQ, was conducted in young children to compare doses. Sixty Ugandan
children aged 3-8 years with Schistosoma mansoni egg patents received PZQ at 40 mg/kg or
60 mg/kg. Monte Carlo simulations were performed to identify the best and future dosing
regimens [74]. There was marked PK variability among children; however, the area under
the concentration—time curve (AUC) of PZQ was strongly predictive of the parasitological
cure rate. A higher ABC was associated with a more significant antigenic decline in CAA
at 24 days. To optimize the performance of PZQ), our simulations suggest that higher doses
(60 mg/kg) are necessary, particularly in younger children.

On the other hand, Meister et al. developed and validated an enantioselective ana-
lytical method using HPLC-MS/MS for the analysis of PZQ, both R and S, as well as its
metabolite R-trans-4-OH-PZQ (m/z ratio 328 to 202). The method met the requirements for
precision (15%, 20% at the lower LOQ), intra- and interday precision (85-115%, 80-120% at
lower LOQ), and linearity (R? = 0.998). The analytes were stable in stock solutions, as well
as in plasma and blood. The validation results demonstrate that the method presented here
is accurate, precise, and selective, making it suitable for use in pharmacokinetic studies [55].
Furthermore, enantioselective separation was achieved with a run time of 11.5 min and a
simple sample processing method. Figure 4 presents representative liquid chromatography-
tandem mass spectrometry (LC-MS/MS) chromatogrames, illustrating the separation and
detection of praziquantel (PZQ) enantiomers (R-PZQ, S-PZQ) and its main metabolite (R-
trans-4-OH) in human plasma, blood, and dried blood spot (DBS) samples from a patient
two hours after treatment. The chromatograms highlight the distinct retention times and
signal intensities of these compounds across different biological matrices [55].

He et al. developed a simple, sensitive, and specific method using HPLC—MS/MS [75].
Two cyclic polypeptide-based and two macrocyclic saccharide-based superficially porous
particle chiral stationary phases were selected for the enantioselective separation of racemic
PZQ. The column that achieved optimal separation was a hydroxypropyl p-cyclodextrin
(100 mm X 4.6 mm i.d., 2.7 um) porous particle surface. Under optimal chromatographic
conditions, the chiral selectivity of the HP-RSP column was optimal due to inclusion-
complexation, which leads to better interactions between the analyte and bulky substituents
near the chiral center, allowing for steric interactions. The method was linear over concen-
tration ranges of 5.00-500 g L~! for (—)-R-PZQ and (—)-S-PZQ. The mean recoveries of
R-PZQ and S-PZQ at three levels of 5.00, 50.00 and 500 g kg~! (equivalent to half of the
concentration of racemic PZQ), respectively) ranged from 86.1% to 98.2%, and the intraday
and interday coefficients of variation were less than 5%. The decision limit and detection
capability of R-PZQ and S-PZQ in perch muscle matrices were 1.0 g kg ! and 5.0 g kg~ !,
respectively. After oral administration, the method was successfully applied to monitor the
depletion of PZQ) enantiomers in perch muscle, demonstrating that the elimination rates of
R-PZQ and S-PZQ in perch muscle tissue are equivalent [75].

Dey et al. developed and validated a reproducible, sensitive, and selective analytical
method for the quantification of PZQ in plasma. The validated method was then applied
to a pharmacokinetic study of PZQ in three groups of rats administered a single oral dose
of 40 mg/kg body weight [38,76].

The method showed high accuracy in recovering 92 to 113 metabolites or drugs with
LCs as low as 550 ng/ L. The improved pharmacokinetic data could be attributed to the
synergistic effects of ABZ and PZQ on each other. These data have led to the design of a
new safe ABZ—PZQ combination dosing regimen for therapeutic applications.
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Figure 4. Representative LC-MS/MS Chromatograms of Praziquantel and its Metabolite, illustrating
the separation and detection of praziquantel (PZQ) enantiomers (R-PZQ, S-PZQ) and its main
metabolite (R-trans-4-OH) in human plasma, blood, and dried blood spot (DBS) samples from a
patient two hours after treatment. Image captured and adapted from Meister et al. (2016) [55]; used
for illustrative and academic purposes only, without commercial intent.

Yoo et al. developed an analytical method involving HPLC—MS/MS to determine
PZQ in 5 foods of animal origin (chicken, pork, beef, milk, and eggs). Matrix standard
calibration curves (R? = 0.9752) were obtained for concentrations equivalent to x1/2, x1,
x2, x3, x4 and x5 times the maximum residue limit (MRL) stipulated by the Korean
Ministry of Food and Drug Safety. Recoveries between 61.2 and 118.4%, with coefficients of
variation of 19.9% (intraday and interday), were obtained for each sample at three peak
concentrations (1/2, 1, and 2 MRL values). The limits of detection, limits of quantification,
and matrix effects were 0.02-5.50 ug/kg, 0.06-10 pg/kg, and —98.8 to 13.9%, respectively
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(at 20 pg/kg). Therefore, this protocol has been demonstrated to be adaptable, accurate,
and precise for quantifying anthelmintic residues in foods of animal origin [77].

Xiaoxi Du et al. analyzed PZQ and 4-hydroxypraziquantel enantiomers in black goat
plasma. In this study, the chiral LC—MS/MS method was optimized for the separation and
quantification of PZQ), trans-4-OH-PZQ), cis-4-OH-PZQ, and their enantiomers. In black
goat plasma, racemic PZQ was rapidly absorbed and metabolized to 4-OH-PZQ), leading
to the conclusion that trans-4-OH-PZQ had the highest Cmax and the most significant
stereoselectivity [65].

Considerations for Enantioselective Methods

The development of enantioselective methods for praziquantel (PZQ) requires specific
attention to column selection, mobile phase optimization, and validation criteria that go
beyond those applied in achiral assays [78]. Praziquantel (PZQ) is universally administered
as a racemic mixture; however, its pharmacological activity is largely attributed to the
(R)-PZQ enantiomer, while its metabolism, yielding stereoselective 4-hydroxypraziquantel
(4-OH-PZQ) isomers, further complicates its pharmacokinetics [65,79]. Analytical methods
must be capable not only of resolving both enantiomers but also of quantifying them
with sufficient sensitivity and robustness to support pharmacokinetic, bioequivalence, and
formulation studies. Successfully establishing a chiral Liquid Chromatography-Tandem
Mass Spectrometry (LC-MS/MS) method for PZQ and its stereoisomeric metabolites (e.g.,
trans-4-OH-PZQ and cis-4-OH-PZQ) hinges on three critical factors: Chiral Stationary
Phase (CSP) selection, mobile phase optimization, and specialized validation criteria.

From the standpoint of column selection, polysaccharide-based chiral stationary
phases are the most commonly used for PZQ and its hydroxylated metabolites. Cellulose-
and amylose-derived CSPs coated or immobilized on silica (e.g., “OD/OD-RH”, “AD/AD-
RH” type phases) offer broad applicability and robust enantioselectivity for a wide
range of lipophilic, neutral analytes. For PZQ, these columns typically provide base-
line resolution of the R/S-enantiomers under both normal-phase (n-hexane/ethanol or
n-hexane/isopropanol) and reversed-phase (acetonitrile-aqueous buffer) conditions, de-
pending on detection requirements. In LC-MS/MS applications, reversed-phase chiral
columns are generally preferred because they avoid non-volatile mobile phase components
and high-organic systems that are incompatible with electrospray ionization. In more
complex matrices or when metabolite separation is required, columns with enhanced stere-
oselectivity or mixed-mode chiral phases can be considered, but at the expense of longer
optimization times.

Mobile phase optimization should follow a structured, stepwise approach. Initial
screening can be performed using isocratic conditions with different organic modifiers (e.g.,
methanol vs. acetonitrile) and buffer systems across a range of pH values (ammonium
formate or ammonium acetate at low concentrations are preferable), compatible with
both the CSP and the ionization source. For PZQ, which is a weak base with significant
lipophilicity, moderately acidic conditions often yield better peak shapes and improved
ionization. Gradient elution is often necessary when PZQ is analyzed together with its
hydroxylated metabolites or co-administered drugs in order to balance resolution and
run time. Once enantioresolution is achieved, fine-tuning of the organic content, buffer
concentration, and temperature can be used to reduce analysis time while maintaining
baseline separation.

Sample Preparation

Accurate and reproducible quantification of praziquantel (PZQ) requires carefully
designed sample preparation procedures. The preparation of biological and environmental
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samples remains the most labor-intensive step and often defines the feasibility of imple-

menting a given method in routine or resource-limited laboratories. Sample preparation

strategies must be tailored to the physicochemical properties of PZQ, particularly its high

lipophilicity, extensive protein binding, and the presence of structurally similar metabolites,

as well as, to the complexity of the biological matrix under study. These characteris-

tics influence extraction efficiency, matrix effects, and analyte stability, making sample

preparation a critical component of method performance and compliance with ICH M10

guidelines [80]. Table 2 shows some examples of praziquantel quantification from different

biological samples.

Table 2. Some examples of praziquantel quantification from different biological samples.

Primary Sample

. Analytical . Limitations/ Representative
Matrix Type Method Preparation Advantages Requirements References
Approach
May not fully
remove
Simple, fast, high phospholipids;
Human Protein throughput; moderate ion
lasma /blood LC-MS/MS precipitation compatible with ~ suppression; [18,81]
p (ACN or MeOH) pediatric requires clean
volumes chromato-
graphic
separation
Improved
Human plasma PPT + retention on More complex
np . LC-MS/MS post-extraction chiral column; handling; greater
(enantioselective (chiral) dilution; enhances signal  sensitivity to [18,19,65]
analysis) . & VY
occasionally LLE  at low matrix effects
concentrations
Veterinary Liquid-liquid Eilgﬁzf e Eggl;i;zt?;'
extraction . ; ;
plasma (goat, LC-MS/MS enrichment risk of emulsions; [65]
(MTBE, ethyl -
sheep) factors; reduced  longer extraction
acetate) . . .
ion suppression  time
Higher cost;
Fish tissues Best cleanup for ~ multi-step condi-
(muscle, liver, LC-MS/MS SEE (C18 or high-fat matrices; tioning /elution; 82,83]
Kidney, gill) mixed-mode) low matrix requires vacuum
! effects manifold and
stable electricity
. Cleanup
High-lipid Modified Efﬁ.cu.ent removal sorbents can be
tissues QuEChERS or of lipids; scalable matrix-
LC-MS/MS T 1® to many samples; ) [84,85]
(hepatopancreas, EMR-Lipid reduced ion dependent;
adipose tissue) cleanup . requires method
suppression S
re-optimization
Necessary pre- Long extraction
Aquaculture wa- Large-volume concentr;cilc))n' times; requires
ter/environmental LC-MS/MS SPE ’ reliable vacuum, [85]
low ng/L
water (100-500 mL) : ultrapure water,
detection

and electricity
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In most LC-MS/MS methods developed over the last decade for the quantification
of PZQ and its hydroxylated metabolites in plasma and other biological matrices, pro-
tein precipitation with organic solvents (typically acetonitrile or methanol) has emerged
as the preferred first-line strategy due to its simplicity, low cost and suitability for high-
throughput workflows [39,86]. Methods applied in pediatric pharmacokinetic studies
and clinical bioanalysis typically rely on acetonitrile or methanol precipitation followed
by centrifugation and direct injection of the supernatant into LC-MS/MS systems [81].
This approach supports high-throughput workflows and is compatible with low-volume
pediatric samples. However, PPT alone may not fully eliminate phospholipid-derived
matrix effects, requiring subsequent chromatographic separation or scheduled MRM acqui-
sition to maintain sensitivity at low ng/mL levels. Enantioselective LC-MS/MS methods,
also employ precipitation but often combine it with post-extraction dilution to optimize
retention on chiral phases and mitigate ion-suppression effects [18].

Liquid-liquid extraction (LLE) provides cleaner extracts and higher enrichment factors,
particularly for lipophilic drugs such as PZQ. Extraction into organic solvents such as ethyl
acetate, butyl chloride, or methyl tert-butyl ether has been described for both human
and veterinary matrices, often yielding improved signal-to-noise ratios and reduced ion
suppression [65].

Solid-phase extraction (SPE) is the preferred method when high selectivity and effec-
tive matrix cleanup are required—particularly in complex matrices such as fish tissues,
hepatopancreas, gill, and environmental water samples. Recent multi-residue LC-MS/MS
methods for aquaculture species typically use SPE cartridges based on reversed-phase or
mixed-mode sorbents, enabling efficient removal of co-extractives and reducing matrix
effects to acceptable levels [82,83]. SPE yields the cleanest extracts for LC-MS/MS but
involves higher consumable costs and longer preparation times. Additionally, reproducibil-
ity depends strongly on conditioning, washing, and elution protocols, which may require
extensive optimization during method development.

4.3. Importance of Bioanalytical Validation

Over the years, various analytical techniques have been developed and validated for
the quantification of PZQ in pharmaceutical forms [87] and biological matrices [43,58,88-90].
HPLC—MS/MS has emerged as the preferred method because of its superior sensitivity and
specificity [55,65,79]. In contrast, spectrophotometric methods may be more appropriate for
routine quality control because of their simplicity and cost-effectiveness [91,92]. Validated
analytical methods are essential for regulatory submissions, as they assure that the methods
meet stringent quality standards and ensure patient safety. Furthermore, by enabling the
accurate quantification of PZQ and its impurities, analytical validation supports the control
of product quality and consistency, particularly in large-scale manufacturing.

The increasing use of LC-MS/MS for the quantification of praziquantel (PZQ) and its
metabolites is expected to comply with the principles outlined in ICH M10. This guideline
emphasize that methods must be fit for purpose and require a comprehensive evaluation of
selectivity, calibration and range, accuracy and precision, carry-over, matrix effects, dilution
integrity and stability under conditions reflecting routine sample handling [93]. Although
many influential methods predate the formal release of M10, several contemporary studies
already implement substantial portions of its framework.

A comparative examination of recent LC-MS/MS methods demonstrates that core
parameters, such as selectivity, calibration model performance, accuracy and precision,
recovery, and matrix effect evaluation, are generally well established in the PZQ analytical
literature, whereas other elements (e.g., carryover, dilution integrity, extended stability
testing, and incurred sample reanalysis) remain inconsistently documented.
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Among the most comprehensive examples is the enantioselective LC-MS/MS method,
which provides detailed validation of selectivity through chromatographic evaluation of
blank plasma, fortified samples, and incurred specimens, demonstrating the absence of
endogenous interference at the retention times of each enantiomer and metabolite [18]. The
study also reports a wide calibration range with excellent linearity (r? > 0.999), definition
of LLOQ based on accuracy and precision criteria, intra- and inter-day accuracy and
precision within +15% (£20% at the LLOQ), extraction recovery across multiple QC levels,
and an explicit evaluation of matrix effects based on the Matuszewski post-extraction
addition approach [94]. Short-term stability and freeze—thaw stability are also documented.
Collectively, these elements align closely with current M10 expectations for selectivity,
calibration, accuracy /precision, matrix effect assessment, recovery, and short-term stability.

A more recent enantioselective LC-MS/MS method developed in veterinary matrices
also incorporates several components consistent with M10, including selectivity testing in
blank plasma, calibration curves with r? > 0.99, quantification of LOD/LOQ using signal-
to-noise criteria, and systematic evaluation of recovery and matrix effects across multiple
plasma lots [65]. These practices reflect increasing harmonization with human bioanalytical
guidelines, even though the method is validated under the European regulatory framework
for veterinary residue analysis. Nevertheless, extended stability studies and dilution
integrity are not described, representing typical omissions in residue-focused validations
when compared to full M10-compliant human pharmacokinetic requirements.

In contrast, other PZQ LC-MS/MS applications provide only partial validation [83]. A
pharmacogenetic investigation reported a twelve-point calibration curve with quadratic 1/x
weighting, evaluation of QC performance at three levels, recovery and precision consistent
with regulatory acceptance, and explicit demonstration of the absence of carryover [95].
However, no data are presented on selectivity across multiple lots of matrix, matrix effects,
dilution integrity, autosampler stability, long-term storage stability, or reanalysis of incurred
samples, which are all mandatory under M10 for full bioanalytical validation. Similarly,
pharmacokinetic studies in aquaculture species report LC-MS/MS conditions, LOD/LOQ,
and instrument performance but do not provide a complete validation set [83].

Validation of enantioselective methods must explicitly address several issues that are
less critical in achiral assays. First, selectivity and resolution must be demonstrated for each
enantiomer, ensuring that no endogenous peaks or co-administered drugs co-elute at the re-
tention times of R-PZQ, S-PZQ), or their chiral metabolites. Resolution should be quantified,
and chromatographic conditions must be robust enough to maintain separation throughout
the life of the column [96]. Second, each enantiomer should have its own calibration curve
and quality control levels, with accuracy and precision evaluated separately in accordance
with ICH M10 acceptance criteria. This is particularly important when the enantiomeric
ratio changes over time or between formulations. Third, matrix effects and recovery should
be evaluated on an enantiomer-specific basis. Because PZQ enantiomers and their metabo-
lites can interact differently with plasma proteins and tissue components [97], recovery
and ion suppression may differ between R- and S-forms. Matrix effect experiments should
therefore compare post-extraction spiked samples to neat standards for each enantiomer
independently, using at least six different lots of matrix where possible.

Modern LC-MS/MS methods for PZQ generally comply with ICH M10 in terms of
selectivity, quantitative performance (accuracy, precision), calibration model evaluation,
and, in the most rigorous cases, matrix effect assessment, recovery, and short-term stabil-
ity [48,85,97]. However, systematic evaluation of carryover, dilution integrity, extended
stability in the matrix, autosampler stability, stock-solution stability, and incurred-sample
reanalysis remains less commonly reported, particularly in older methods or studies fo-
cused primarily on pharmacokinetics rather than regulatory bioanalysis [98]. While several
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advanced methods already approximate full M10 compliance, meaningful heterogeneity
persists among published LC-MS/MS approaches for PZQ.

4.4. Advantages and Disadvantages of Non-Chromatographic and Chromatographic Techniques

The evolution of analytical techniques for PZQ quantification reflects a transition from
non-chromatographic methods such as FA and RA towards chromatographic techniques
such as GC, HPLC with conventional detectors and HPLC-MS/MS. Modern liquid chro-
matographic methods, particularly HPLC—MS/MS, have become the gold standard for
PZQ quantification because of their superior sensitivity, specificity, and robustness. These
techniques offer:

e  Enhanced accuracy and precision: liquid chromatographic methods provide reliable
and reproducible results, enabling precise quantification of PZQ and its metabolites
across diverse biological matrices.

e Improved detection limits: With detection limits as low as nanogram levels, these
methods are suitable for low-concentration analyses, which are essential for pharma-
cokinetic and pharmacodynamic studies.

e  Minimal matrix interference: The advanced separation capabilities of liquid chromato-
graphic methods, particularly when coupled to tandem mass spectrometry, reduce
interference from biological components, ensuring accurate analysis.

e  Versatility and Adaptability: These techniques can be applied to various matrices,
including plasma, serum, muscle tissue, and even food products, making them
highly versatile.

Early methods, such as FA, RA, and GC, play a foundational role in PZQ analysis
but exhibit significant limitations. These methods often struggle to differentiate PZQ
from its metabolites, leading to overestimated concentrations. FA and RA are suscep-
tible to interference from biological components, such as proteins and lipids, which
can compromise accuracy. GC methodology requires the derivatization of PZQ and
its metabolites, which increases the preparation time and complexity. Compared with
HPLC-MS/MS, these methods have higher detection limits, restricting their applicability
in low-concentration analyses.

HPLC-based methods have demonstrated their robustness in supporting next-
generation research strategies for PZQ. These techniques are integral to formulation de-
velopment (optimizing the PZQ dosage, dissolution) and bioequivalence and bioavailabil-
ity studies.

While non-chromatographic methods remain relevant for exploratory studies or resource-
limited settings, modern techniques have revolutionized PZQ analysis. HPLC—-MS/MS,
for example, combines high specificity and sensitivity with the ability to differentiate PZQ
enantiomers and metabolites, a critical feature for advanced pharmacokinetic studies.

The transition from non-chromatographic methods to current analytical techniques
reflects the need for more robust, precise, and versatile methods in PZQ analysis. Re-
cent techniques address the limitations of their predecessors, enabling groundbreaking
advancements in drug formulation, bioavailability studies, and therapeutic applications.
The adoption of HPLC and HPLC-MS/MS ensures compliance with rigorous regulatory
standards while supporting the development of safe and effective PZQ-based treatments.
Table 3 provides a comparative assessment of their sensitivity, specificity, and detection
limits. Table 4 presents studies reporting the simultaneous determination of praziquantel
in combination with other antiparasitic agents.
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Table 3. Comparative summary of the sensitivity, specificity, and detection limits of some analytical
methods utilized for the quantification of PZQ.

LOD

LOQ

Matrix Type Analytical Method  Analyte(s) (Standardized) (Standardized) Reference
R-PZQ, S-PZQ,
Human plasma LC_M.S/MS . hydroxylated 0.5-1.0 ng/mL 1.0-2.5 ng/mL [18]
(enantioselective) .
metabolites
Human plasma PZQ,
(pediatric PK) LC-MS/MS trans-4-OH-PZQ 0.2ng/mL 0.5 ng/mL [81,95]
PZQ
Goat plasma LC_M.S/MS . enantiomers + 0.5-2.0 ng/mL 1.5-5.0 ng/mL [65]
(enantioselective) .
metabolites
Rainbow trout
tissues (muscle, LC-MS/MS PZQ 0.3-0.8ng/g 1.0-25ng/g [83]
liver, kidney, gill)
Fish tissues
(multi-matrix) LC-MS/MS PZQ 10.0ng/g 30ng/g [82]
Aquaculture water LC-MS/MS PZQ 3.0ng/g 93ng/g [85]

Note: Values were normalized according to the limits reported in each article, while respecting the matrix type.
When a study reported values in multiple units (ug/kg, ug/L, ppb), exact conversions to the standardized units
were performed. Ranges correspond to the intervals reported in the studies, without analytical alteration.

Table 4. Representative Studies on the Simultaneous Estimation of Praziquantel with Other Antipara-

sitic Agents.

Target Drugs Technique Application Key Features Reference

Praziquantel, Pyrantel g E . High specificity and

Pamoate. Febantel RP-HPLC-UV Tablet formulation precision for routine QC 591

Praziquantel, Albendazol ~HPLC-UV Bqlk and synthetic SlmPle’ cost-effective, [59]
mixtures minimal pre-treatment

Praziquantel, Fipronil, e e e . . .

Eprinomectin, Stability-indicating Veterinary topical Detects actives and [48]

(S)-methoprene

HPLC-UV formulations

degradants under stress

4.5. Implementation Challenges in Resource-Limited Settings

Although LC-MS/MS methods have become the reference standard for praziquantel
(PZQ) quantification in human and veterinary pharmacokinetic studies, their implemen-
tation in resource-limited settings faces specific challenges related to instrument cost,
infrastructure, and personnel training. Recent work in African children treated within mass
drug administration campaigns and quantified using LC-MS/MS platforms illustrates the
analytical sophistication required: triple quadrupole instruments, stable isotope-labeled
internal standards, multi-level calibration and quality control schemes, and comprehen-
sive data processing pipelines [81,95]. Comparable requirements are evident in recent
veterinary and aquaculture studies that employ sensitive LC-MS/MS methods for PZQ
and its metabolites in goat plasma and various fish tissues, with limits of detection and
quantification in the low ng/mL or ng/g range [65,82,83,85].

From a cost perspective, the gradient between different PZQ analytical platforms is sub-
stantial. Fluorometric or spectrophotometric assays and HPLC with UV detection, as used
in earlier human studies and still prevalent for quality control of PZQ-containing products,
require comparatively modest capital investment and lower maintenance costs [100-102].
HPLC-UV methods for PZQ typically rely on standard reversed-phase C18 columns, UV
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detectors, and binary pumps, and they can often be operated with intermittent power sup-
ply and relatively simple water purification systems [18,101,102]. These methods represent
a more realistic alternative for laboratories with intermediate infrastructure. In contrast,
modern LC-MS/MS workflows for enantioselective PZQ and hydroxylated metabolites
entail acquisition of high-cost tandem mass spectrometers, regular service contracts, supply
of high-purity gases, and dedicated climate control, which together place them beyond the
immediate reach of many laboratories in low- and middle-income countries. LC-MS/MS
methods described in recent human and veterinary studies require uninterrupted electricity
to sustain high-vacuum systems, temperature-stable laboratories, and consistent cooling
and ventilation, as well as reliable access to ultrapure water for chromatographic mobile
phases [65,83].

Validated LC-MS/MS methods for PZQ, now routinely used in advanced research
settings, represent the analytical gold standard but are often not readily deployable in
laboratories serving populations most affected by schistosomiasis and neurocysticerco-
sis [65,79,84,97]. A pragmatic strategy for resource-limited settings could involve tiered
analytical models: local laboratories using lower-cost chromatographic or spectrophoto-
metric methods for basic monitoring, complemented by centralized or regional reference
laboratories equipped with LC-MS/MS for advanced pharmacokinetic, residue, and regu-
latory bioanalysis. Recognizing and explicitly describing these implementation challenges
is essential for contextualizing published PZQ methods and for guiding the development
of future analytical strategies that are not only scientifically rigorous but also realistically
deployable in the settings where praziquantel is most urgently needed.

5. Discussion

Substantial progress has been made in the development and validation of bioan-
alytical methods for PZQ, spanning from FA, RA and GC to HPLC and, in particular,
HPLC-MS/MS. These platforms have markedly enhanced the precision and reliability of
measurements in biological matrices (plasma, serum, urine) and remain central to both
preclinical and clinical investigations.

FA and RA, although historically valuable for their high sensitivity, lack the selectiv-
ity required to differentiate PZQ from its metabolites, leading to inflated concentration
estimates and limiting their suitability for contemporary pharmacokinetic studies. The com-
bination of high lipophilicity, low aqueous solubility, extensive protein binding, and rapid
metabolism into structurally similar hydroxylated products presents inherent analytical
challenges for PZQ quantification. GC affords greater specificity but typically necessi-
tates derivatization and specialized instrumentation, restricting routine implementation in
laboratories with limited resources.

By contrast, HPLC, and especially HPLC-MS/MS, has consolidated its position as the
practical standard for PZQ quantification, offering superior sensitivity, accuracy, and robust-
ness across diverse analytical conditions. This transition has been critical for supporting
increasingly complex research questions surrounding PZQ), including stereochemical phar-
macology, metabolite profiling, pediatric dosing, bioequivalence in diverse populations,
and quality assurance in regions where the drug is most needed.

The resurgence of interest in enantioselective analysis further underscores the im-
portance of method specificity. With the development of enantiopure formulations and
the growing characterization of stereoselective metabolism, the use of chiral stationary
phases and LC-MS/MS detection has become increasingly relevant. Enantiomer-specific
pharmacokinetics may differ substantially across populations, which necessitates analytical
methods capable of resolving and validating the quantification of R- and S-PZQ with high
selectivity and stability. These findings highlight the regulatory importance of independent
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calibration, enantiomer-specific recovery, and careful evaluation of cross-talk between
enantiomeric transitions during validation.

Nonetheless, instrument cost and availability continue to limit the widespread adop-
tion of LC-MS/MS. In settings where lower limits of quantification or narrower selectivity
thresholds are acceptable, rigorously validated HPLC methods remain scientifically defen-
sible. Method selection should therefore be aligned with analytical objectives, regulatory
requirements, and infrastructure constraints, rather than defaulting to the most sophisti-
cated technology.

Overall, the transition from non-selective assays to LC-MS/MS mirrors a broader shift
toward analytical stringency and regulatory alignment. Within this framework, enantiose-
lective considerations and careful optimization of solvent systems are crucial for certain
methods, reinforcing the need for deliberate, context-specific methodological choices.

Another critical aspect identified is the inconsistent application of modern validation
standards across published analytical methods for PZQ. Although LC-MS/MS methods
report high sensitivity and broad calibration ranges, the evaluation of matrix effects, car-
ryover, dilution integrity, and autosampler stability is often incomplete or absent. Since
the adoption of ICH M10, contemporary bioanalytical studies of PZQ have begun to in-
corporate more rigorous validation frameworks, particularly in multicenter clinical trials
and pediatric investigations. This alignment with regulatory expectations strengthens
data reliability and facilitates international acceptance of pharmacokinetic and bioequiva-
lence results.

The following best practices for determining praziquantel are recommended. First, it
is necessary to employ validated analytical methods in accordance with international guide-
lines, such as ICH Q2 (R2) and M10, to ensure the reliability, reproducibility, and regulatory
compliance of the results. Prefer chromatographic techniques with high sensitivity and
specificity, particularly liquid chromatography coupled with tandem mass spectrometry
(LC-MS/MS), for the quantification of praziquantel and its main metabolites in plasma and
other biological samples. These techniques enable detection at low concentration levels and
provide greater discrimination from potential interfering substances. Carefully select and
prepare biological matrices, such as plasma or serum, adhering to standardized protocols
to avoid protein displacement or analyte degradation. Minimize sample handling time
and temperature fluctuations to preserve analyte integrity. Apply appropriate sample
preparation procedures, such as solid-phase extraction, liquid-liquid extraction, or pro-
tein precipitation, to remove endogenous interference and achieve optimal recovery rates,
especially when analyzing low-abundance analytes or complex matrices. Continuously
monitor for matrix effects and carryover, and, if necessary, adjust sample preparation and
instrumental settings to minimize these issues, improving assay robustness and reliabil-
ity. Implementing these best practices facilitates reliable praziquantel quantification and
strengthens the scientific and regulatory acceptance of clinical and pharmaceutical studies
involving this important antiparasitic agent.

The necessity of expanding analytical infrastructure in resource-limited settings re-
mains a recurrent theme. In many endemic regions, laboratories lack access to LC-MS/MS
instrumentation, a stable electricity supply, trained analytical personnel, or controlled
laboratory environments. Consequently, reliance on HPLC-UV or GC-MS continues, even
when these methods are not sufficiently sensitive for advanced pharmacokinetic work.
These limitations underscore the importance of methodological adaptation rather than
simple technological substitution, encouraging hybrid approaches that combine simplified
extraction, robust chromatographic conditions, and locally available equipment. Such
strategies may support tiered analytical frameworks tailored to the capabilities of individ-
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ual regions while maintaining regulatory-aligned methodologies for studies conducted in
more advanced laboratories.

6. Conclusions

The analytical landscape for praziquantel (PZQ) has undergone substantial trans-
formation, evolving from early fluorometric and radiometric assays to highly selective
chromatographic methods and advanced mass spectrometric platforms capable of meeting
modern regulatory requirements. This evolution reflects not only improvements in ana-
lytical sensitivity and specificity but also a deeper understanding of the physicochemical
and pharmacokinetic complexity of PZQ, including its low aqueous solubility, extensive
metabolism, and stereochemical considerations. The simultaneous determination of parent
drug and metabolites, combined with high sensitivity and robustness across matrices, justi-
fies the preference for LC-MS/MS. LC-MS/MS provides robust frameworks for supporting
pharmacokinetic, bioequivalence, toxicokinetic, and formulation-development studies in
both clinical and preclinical contexts.

Despite these advances, significant analytical challenges persist, particularly in regions
where PZQ is most urgently needed. Limited access to high-performance instrumentation,
insufficient analytical training, infrastructure weaknesses, and inconsistent supply chains
constrain the implementation of rigorous methods in many low- and middle-income
countries. These limitations underscore the necessity of developing analytical strategies
that balance technical robustness with practical feasibility, ensuring that high-quality PZQ
quantification is accessible across diverse global settings.

Taken together, these innovations position the analytical determination of PZQ at
the intersection of technological advancement, regulatory evolution, and global health
need. The future of PZQ analysis will likely be shaped by hybrid approaches that combine
high-sensitivity chromatographic techniques with sustainable, automated, and accessible
methodologies. Continued investment in laboratory capacity, collaborative networks,
and context-appropriate technology development will be essential to ensure equitable
access to reliable analytical tools. As new formulations, enantiopure products, and public
health initiatives emerge, modernized and adaptable analytical methods will play an
increasingly central role in optimizing the therapeutic impact and global health relevance
of praziquantel.
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Abbreviations

The following abbreviations are used in this manuscript:

SC Schistosomiasis

NC neurocysticercosis

PZQ praziquantel

WHO  World Health Organization

MDA  Mass drug administration

GC gas chromatography

LC liquid chromatography

HPLC  high-performance liquid chromatography

MS mass spectrometry

ICH International Council for Harmonization
BCS Biopharmaceutical Classification System
FA fluorometric assay

MIP Molecularly imprinted polymers

RA Radiometric assay

ESI electrospray ionization

LOQ limit of quantification
LOD limit of detection
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