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Abstract

The primary objective of the current study is to establish and validate for the first
time a method to determine and quantify praziquantel (PZQ) and its main degrada-
tion products loaded in poly(methyl methacrylate–co-2-(diethylamino)ethyl methacry-
late) P(MMA-co-DEAEMA) microparticles. A high-performance liquid chromatography
(HPLC) approach was developed and validated in accordance with the United States Phar-
macopeia (USP) guidelines, addressing parameters such as accuracy, linearity, solution
stability, precision, specificity, robustness, sensitivity, and system suitability. The method
employed a gradient mobile phase consisting of ultrapure water and acetonitrile, flow-
ing at a rate of 1 mL/minute over a Phenomenex Kinetex® C18 column (5 µm, 100 Å,
250 × 4.6 mm) maintained at 35 ◦C. Detection was performed at the wavelength of 210 nm
using a DAD/UV detector. Samples of the active pharmaceutical ingredient (API) praz-
iquantel, microencapsulated praziquantel, placebo, and a mixture of related substances
(A, B, and C) were prepared with 0.5% formic acid in water/ethanol, 45:55 v/v as the
diluent, and injected at 20 ◦C. The method demonstrated a limit of quantification (LOQ) of
0.20 µg/mL for praziquantel and related substances. The method exhibited an excellent
linear response, with all correlation coefficients (R2) values exceeding 0.998, which is well
above the recommended specified limit of R2 > 0.995. Percent recoveries fell within the
acceptable range of (95.0–105.0%), and all results indicated a percentage of relative standard
deviation (%RSD) ≤ 2.0, indicating a robust methodology. Thus, the proposed HPLC
technique proved to be selective, accurate, sensitive, and consistent in analyzing both the
material content and its main degradation products.

Keywords: analytical method; praziquantel; HPLC; validation; microparticles; PMMA-co-
DEAEMA

1. Introduction
Schistosomiasis is the second most prevalent parasitic disease worldwide and remains

a major public health concern in tropical and subtropical regions. More than 250 million
people are infected, about 800 million are at risk, and mortality reaches 280,000 deaths
annually in Sub-Saharan Africa [1–3]. Beyond prevalence, the disease causes significant
acute and chronic morbidity in school-age children, contributing to persistent poverty in
endemic areas [4–6]. Control strategies include health education, sanitation improvements,
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access to clean water, snail control, and treatment of infected individuals [7,8]. Praziquantel
(PZQ) is the primary drug for schistosomiasis and is listed as an essential medicine by the
WHO [9,10]. It is a cost-effective tetrahydrogenated pyrazino-isoquinoline anthelmintic
with broad-spectrum efficacy [11]. Despite its effectiveness, limitations such as poor
palatability and the absence of child-friendly formulations pose challenges, particularly
because the available tablets are large and have an unpleasant taste [12,13]. As a result, new
pharmaceutical forms of PZQ have been explored to better meet pediatric needs [14–16].

One of the proposed solutions involves the development of a sachet for oral suspen-
sion, based on polymer microparticles loaded with PZQ through the in situ suspension
copolymerization of methyl methacrylate (MMA) and 2-(diethylamino)ethyl methacrylate
(DEAEMA), in order to enhance drug swallowing and mask the characteristic taste and odor
of PZQ [17–19]. This enhanced PZQ form has been investigated in previously published
works, demonstrating its viability as a promising alternative for a product specifically
designed for pediatric use. However, as new formulations introduce additional excipients
and structural complexity, ensuring compliance with regulatory quality standards becomes
even more crucial. In this context, chemical stability studies supported by reliable analytical
methodologies are fundamental to guarantee product safety and performance [20,21].

For this reason, regulatory authorities emphasize the need to determine degrada-
tion profiles based on degradation products (DPs) generated under different stress con-
ditions [22–24]. Given the chemical vulnerability of drug molecules to environmental
conditions, detecting DPs is a critical concern during the development of new formu-
lations [22,25,26]. The official monographs of the United States Pharmacopeia [27], the
European Pharmacopeia [28], and the Brazilian Pharmacopeia [29] assess the purity of
PZQ using a high-performance liquid chromatography–ultraviolet (HPLC-UV) assay. Al-
though several analytical methods for quantifying PZQ and its related substances have
been described, none were applicable to the present material. The matrix composed of
PMMA-co-DEAEMA microparticles introduces a peak that is not present in conventional
tablet formulations. When the pharmacopeial method (as well as other published methods)
was applied to our polymeric system, the copolymer (placebo) generated a peak in the
same region where the known degradation product, Compound A, elutes. This co-elution
interferes with the accurate quantification of this impurity. Therefore, the limitation is
not related to PZQ itself, but to the interaction between chromatographic conditions and
the polymeric excipient. The unique chromatographic behavior of PMMA-co-DEAEMA
requires a separation method capable of resolving Compound A from the polymer con-
tribution. Since existing methods cannot ensure selectivity, accuracy, and specificity in
this matrix, the development of a new analytical method was necessary. Although meth-
ods for praziquantel quantification exist, none address the specific analytical challenges
posed by our novel formulation. Establishing a robust and selective method tailored to
this matrix is scientifically relevant and indispensable, as it enables rigorous regulatory
studies—including forced-degradation and stability assessments—and provides the analyt-
ical foundation required for the future certification and translation of this material into a
viable product for effective schistosomiasis control.

In 2017, Hashem and colleagues developed and validated a liquid chromatography
method for determining praziquantel and its pharmacopeial impurities [30]. For this pur-
pose, a calixarene column (Caltrex AI®) and an isocratic mobile phase of acetonitrile and
ammonium acetate were used. The validation process encompassed system suitability,
linearity, precision, limits of detection and quantitation, specificity, stability, and robustness.
It was demonstrated that the proposed method could ensure the precise and accurate deter-
mination of PZQ in oral tablet formulations while guaranteeing a satisfactory separation
from degradation impurities. Building upon these concepts and addressing the specific
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analytical challenges posed by polymer-loaded PZQ microparticles, the primary objective
of the present study was to establish and validate, for the first time, a method for determin-
ing and quantifying praziquantel (PZQ) and its primary degradation products loaded into
PMMA-co-DEAEMA microparticles. To achieve this, an HPLC-UV approach was devel-
oped and validated in accordance with the United States Pharmacopeia (USP) guidelines,
encompassing parameters such as accuracy, linearity, solution stability, precision, specificity,
robustness, sensitivity, and system suitability.

2. Materials and Methods
2.1. Chemicals

The reference materials used in this study were the praziquantel working standard
(Instituto Nacional de Controle de Qualidade em Saúde—INCQS, Rio de Janeiro, Brazil)
and USP related substances A, B, and C (United States Pharmacopeia, Rockville, MD,
USA). Commercially available PZQ (with minimum purity of 98 wt%) was provided by
YIXING CITY XINGYU MEDICINE CHEMICALS Co (Yixing, China) and kindly donated
by Fiocruz (Rio de Janeiro, Brazil). PMMA-co-DEAEMA microencapsulated praziquantel
and the respective microparticle placebo were produced for the present study, as described
elsewhere [17]. Ethanol and acetonitrile (ACN) (HPLC grades, with minimum purity of
99.8 wt%) were provided by Biograde (Anápolis, Brazil), while formic acid was supplied by
Supelco (Merck, Rio de Janeiro, Brazil) with minimum purity of 98 wt%. Poly(vinylidene
fluoride) (PVDF) syringe filters with a pore size of 0.45µm were provided by Merck (Rio
de Janeiro, Brazil). For the preparation of the samples and the mobile phase, deionized
ultrapure water was produced using a water purification system provided by Merck
(Millipore, model Milli Q-Plus, Merck, Rio de Janeiro, Brazil).

2.2. Instrumentation

The chromatographic studies were conducted using an Agilent Series 1100 HPLC
System (Agilent Technologies, Santa Clara, CA, USA), equipped with a quaternary pump,
a degasser, an autosampler, a column oven, a sample cooler, and a UV detector. The propri-
etary system control software OpenLab CDS2 version 3.2 was used for data acquisition,
monitoring, and peak integration of output chromatograms.

2.3. Chromatographic Conditions

During method development, several parameters were systematically evaluated to
ensure adequate separation of praziquantel (PZQ), its degradation products, and the sig-
nal originating from the PMMA-co-DEAEMA matrix. Although the column type was
not changed (only additional batches of Phenomenex Hyperclone BDS C18 column were
assessed, with no changes to column type or manufacturer), multiple mobile-phase com-
positions and elution strategies were explored. Initially, isocratic elution systems with
different water–acetonitrile ratios were evaluated. However, these conditions did not
provide sufficient resolution between the copolymer (placebo) peak and the known degra-
dation product, Compound A, which co-eluted under all isocratic conditions tested. To
overcome this limitation, gradients with varying slopes and organic-phase proportions
were investigated. Gradient elution proved essential to achieve separation between the
interfering placebo peak and Compound A, which was a critical requirement for method
selectivity in this formulation. The mobile phase ultimately selected consisted of ultrapure
water and acetonitrile (Table 1), both filtered through a 0.22 µm cellulose membrane and
ultrasonically degassed. Chromatographic analyses were performed on a Phenomenex
Kinetex® C18 column (250 × 4.6 mm i.d., 5 µm particle size, 100 Å), maintained at 35 ◦C,
with the initial sample temperature set to 20 ◦C. Detection at 210 nm using a diode array
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detector (DAD) was chosen after evaluating the UV absorption profile of PZQ and its degra-
dation products, as this wavelength provided the best compromise between sensitivity
and stability of the baseline. The injection volume was 20 µL, and the flow rate was set to
1.0 mL/min.

Table 1. Gradient Elution Procedure.

Time (min) Ultrapure Water (vol%) Acetonitrile (vol%)

0 70 30

5 55 45

25 55 45

26 70 30

30 70 30

2.4. Sample Preparation

To ensure accurate quantification of praziquantel (PZQ) and its related substances
(RS) in PMMA-co-DEAEMA PZQ-loaded microparticles (Enhanced PZQ), different sample
preparations were employed for content determination and RS evaluation, reflecting the
distinct analytical requirements of each assay. For content evaluation, standard PZQ,
API, and enhanced PZQ solutions were diluted to obtain working concentrations around
20 µg/mL of PZQ, which provided optimal detector response for accurate quantification.
In the case of Enhanced PZQ, the weighed mass was corrected for the actual drug load
~24% (w/w). Consequently, larger masses of microparticles were required to reach the same
effective PZQ concentration as in the standard solutions. For related substances, higher
concentrations were required because degradation products occur at much lower levels
relative to PZQ and typically exhibit weaker UV absorbance. Therefore, RS assays employed
concentrated solutions (from 0.5 µg/mL to 500 µg/mL, depending on the analyte) to ensure
adequate sensitivity, linearity, and specificity for both PZQ degradation products and the
polymeric matrix. The praziquantel molecule and its known impurities, compounds A,
B, and C, can be observed in the Supplementary Material Figure S1. Placebo solutions
(microparticles without PZQ) were prepared for both assays to evaluate specificity and
to identify potential chromatographic contributions from the material. All solutions were
prepared using the designated diluent (0.5% formic acid in water/ethanol, 45:55 v/v), with
ultrasonic assistance, followed by filtration through 0.45 µm PVDF membranes. Detailed
preparation procedures and theoretical concentration calculations are provided in the
Supplementary Material.

2.4.1. Percentage of Impurity in the Sample

The percentage of each impurity present in the sample was calculated based on
Equation (1):

Impurity = 100 × Cp
Cam

× Ai
Ap

× 1
F

(1)

where Cp is the concentration of the active ingredient in the standard solution for related
substances (µg/mL); Cam is the theoretical concentration of the active ingredient in the
sample solution for related substances (µg/mL); Ai is the peak area of the related substance,
unknown impurity or degradation product found in the sample solution for related sub-
stances; Ap is the area of the active peak in the standard solution for related substances;
and F is the response factor of each related substance, unknown impurity or degradation
product (equal to 1.0 for unknown impurities or degradation products).
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2.4.2. Content Calculation

The calculation of the active ingredient contents in the samples was based on
Equations (2) and (3):

Active (%) =
Cam
Cd

× 100 (2)

where Cam is the concentration of the active ingredient found in the sample solution
(mg/mL), and Cd is the declared concentration of the active ingredient in the sample.

Active (mg/g) =
Mpd × Pot × Aam × Fda

Fdp × Apd × Mam
(3)

where Mpd is the mass of the solution standard used for content evaluation (mg); Fdp is
the dilution factor of the standard solution; Pot is the power of the standard in decimal
(as provided by the respective certificates of analysis of the standards); Aam is the sample
area of the test solution used for content evaluation; Apd is the average area of the respec-
tive standard solution; Fda is the dilution factor of the sample solution used for content
evaluation; and Mam is the mass of the sample used for content evaluation (g).

2.5. System Suitability Test (SST)

The acceptance criteria adopted in the present study to characterize the system suit-
ability encompass various parameters [27]. For content analysis, these criteria included:
(i) ensuring a relative standard deviation smaller than 2.0% of the average for six injections
of the calibration standard, (ii) achieving a minimum number of 2000 theoretical plates for
column efficiency, (iii) maintaining a tail factor smaller than 2.0, and (iv) ensuring a total
recovery of 98 to 102% of the obtained concentration, when compared to the theoretical con-
centration of the verification standard. Regarding related substances, the criteria included:
(i) ensuring a relative standard deviation smaller than 6.9% which were derived according
to the statistical approach recommended in the relevant USP chapters for impurity analysis,
based on the investigated concentration levels and number of replicates, (ii) achieving a
minimum number of 2000 theoretical plates for column efficiency, (iii) maintaining a tail
factor smaller than 2.0, (iv) ensuring a resolution higher than 2.0 between specific peaks,
and (v) ensuring a recovery of 95 to 105% of the obtained concentration, when compared to
the theoretical concentration of the standard verification. It is important to note that the
angular, linear, and correlation coefficients, as well as the number of theoretical plates (N)
and the tailing factors, were determined using the equipment software employed for the
analysis (as described previously) and that all acceptance limits were established following
USP guidance and standard validation practices, rather than as fixed numerical values.

2.6. Validation of the Proposed Method

Key considerations such as limit of quantification, precision, selectivity, accuracy,
linearity, and robustness underscore the significance of validating an analytical method.
Validation limits and criteria described below were defined in accordance with the USP,
unless explicitly described otherwise.

2.6.1. Limit of Quantification (LOQ)

To establish the LOQ, three key criteria were employed [27]. Firstly, the relative
standard deviation (RSD) of six injections should not exceed 8.0% of the respective average.
This criterion ensures consistency and precision of the analytical measurements. Secondly,
the recovery of the concentration obtained from the analysis should fall within the range
of 90% to 107% relative to the prepared theoretical concentration. This criterion evaluates
the accuracy of the analytical method by comparing the measured concentration with the
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expected value. Lastly, a minimum signal-to-noise ratio of 10 is required. This ensures that
the signal produced by the analyte is sufficiently distinguishable from background noise,
guaranteeing reliable quantification.

2.6.2. Precision

For content, the acceptance criteria required the relative standard deviation (RSD)
of six preparations to be smaller than certain specified values, as described before. For
both repeatability and intermediate precision, the RSD of twelve preparations should not
exceed 2.0% of the respective averages. Regarding the unknown impurities, the RSD of
six preparations was required to be smaller than 6.9%. Moreover, the recovery of the
obtained concentration of the prepared standards should fall within the range between
95% and 105%. Similarly, for repeatability and intermediate precision, the RSD of twelve
preparations should not exceed 6.9% of the respective average. For known impurities, the
RSD of six preparations should be smaller than 6.3% of the respective average. Additionally,
the recovery of the obtained concentration of the prepared standards should also fall within
the range of 95% to 105%. Furthermore, for repeatability and intermediate precision, the
RSD of twelve preparations should not exceed 6.3% of the respective averages.

2.6.3. Specificity

To assess the specificity of the method, chromatographic runs were performed using
praziquantel (PZQ) and placebo standard solutions. The potential interference from the
analytical matrix was evaluated by examining the retention region of the PZQ peak in
the presence of the placebo using a UV detector. The PZQ peak region was required to
remain free from interference originating from the mobile phase, diluent, placebo, and
any potential degradation products. Additionally, unknown impurities and peaks arising
from the mobile phase, diluent, placebo, or potential degradation products should exhibit
a minimum resolution of 1.5 relative to the PZQ peak [27]. This evaluation ensures that
the method can reliably distinguish the analyte from excipients and impurities, including
those that may arise under stress or degradation conditions, without specifying the exact
degrading solutions at this stage.

2.6.4. Accuracy

For contents, the RSD of three preparations at low, medium, and high concentration
levels should be kept below 2.0% of the respective averages. Additionally, the recovery
of the obtained concentrations of the prepared standards should fall within the range of
98% to 102%. Regarding unknown impurities, the RSD of three preparations should be
smaller than 8.0% of the respective average at the 0.04% level; smaller than 6.9% of the
respective average at the 0.10% level; and smaller than 6.8% of the respective average at
the 0.12% level. Furthermore, the recoveries of the concentrations obtained for standards
prepared at the 0.04%, 0.10%, and 0.12% levels should fall within the ranges of 90–107%,
95–105%, and 95–105%, respectively, considering the increased variability expected at
low impurity levels, in accordance with ICH Q2(R1)/(R2) recommendations. For known
impurities, the RSD of three preparations should be smaller than 8.0% of the respective
average at the 0.02% level, smaller than 6.3% of the respective average at the 0.10% level,
and smaller than 6.1% of the respective average at the 0.12% level. Similarly, the recoveries
of the concentrations obtained for standards prepared at the 0.02%, 0.10%, and 0.12% levels
should fall within the ranges of 90–107%, 95–105%, and 95–105%, respectively, which are
commonly accepted for impurity quantification near the LOQ and were selected based on
the purpose of the method.
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2.6.5. Robustness

For contents, the RSDs of three injections of the calibration standards should be kept
below 2.0% of the respective averages. Additionally, the column efficiency should provide
a minimum of 2000 theoretical plates, while the tail factor should not exceed 2.0. Moreover,
the recovery of concentrations obtained from prepared standard solutions under changed
conditions (as described below) should fall within the range of 98 to 102% when compared
to the nominal condition. Regarding unknown impurities, the RSD of three injections of
the calibration standard should be smaller than 6.9% of the respective average.

The robustness of the method was evaluated by introducing small, deliberate per-
turbations to the analytical conditions, assessing the method’s reliability under various
scenarios. For content determination, the relative standard deviations (RSDs) of three
injections of the calibration standards were required to remain below 2.0% of the respective
averages. Column efficiency was maintained at a minimum of 2000 theoretical plates, and
the tail factor was required not to exceed 2.0. Recovery of concentrations obtained from
prepared standard solutions under changed conditions—specifically, variations in flow
rate (0.9–1.1 mL/min), column temperature (33–37 ◦C), mobile phase composition, and
column selection—was expected to fall within the range of 98–102% relative to the nominal
condition. For unknown impurities, the RSD of three injections of the calibration standard
should be smaller than 6.9% of the respective average, with column efficiency and tail factor
meeting the same criteria as above. Additionally, the recovery of concentrations under
perturbed conditions, the comparison between different filters (e.g., PVDF 0.45 µm versus
other filters), and various extraction times were assessed, yielding acceptable recovery
ranges of 95–105% with respect to the nominal condition. For known impurities, the RSD,
column efficiency, tail factor, and recovery were evaluated similarly, with recovery also
required to be within 95–105% of the nominal concentration.

2.6.6. Linearity

The acceptance criteria required correlation coefficients above 0.990 between the
calculated areas and the standard concentrations, with angular coefficients significantly
different from zero, as characterized by the standard minimum squares procedure [27].
Additionally, as previously described, for calibration standards, the column efficiency
should not fall below a minimum of 2000 theoretical plates, with a tail factor of less than 2.0.
Furthermore, the recovery of the obtained concentrations of calibration standards should
fall in the range between 95 to 105%.

3. Results and Discussion
3.1. Chromatographic Behavior Under Isocratic Conditions and Justification for Gradient
Method Development

The PMMA-co-DEAEMA microparticle matrix introduces an additional chromato-
graphic peak that is not observed in conventional tablet formulations. As shown in Figure 1,
when the official USP isocratic method was applied to the PMMA-co-DEAEMA formu-
lation containing PZQ, the copolymer (placebo) generated a peak eluting in the same
chromatographic region as the known degradation product, Compound A, whose chro-
matogram under USP conditions is shown in Figure 2. This co-elution compromises the
specificity and accurate quantification of the impurity. This limitation is not related to PZQ
itself, but rather to the interaction between the chromatographic conditions and the poly-
meric excipient. Therefore, the distinct chromatographic behavior of PMMA-co-DEAEMA
requires a separation method capable of resolving Compound A from the polymer con-
tribution. Although the proposed gradient method is inherently more complex than the
official isocratic approach and may involve a modest increase in analysis time and solvent
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consumption, it provides substantially improved selectivity and reliable separation. Con-
sequently, the development of a new gradient method was necessary to ensure adequate
analytical performance for this polymer-based formulation.

Figure 1. Chromatogram of PMMA-co-DEAEMA containing PZQ following the USP method.

Figure 2. Chromatogram Compound A following the USP method.

3.2. System Suitability

The system suitability parameters met all acceptance criteria established in the method
validation protocol. For content analysis, the calibration standard exhibited an RSD of
0.64% (acceptance ≤ 2.86%), a column efficiency exceeding 145,684 theoretical plates
(acceptance ≥ 2000), and a tailing factor of 1.15 (acceptance ≤ 2.0). The recovery of the
verification standard was 101.48% (acceptance range: 95–105%). For related substances, the
calibration standard presented an RSD of 0.75% (acceptance ≤ 2.86%), resolution between
critical peaks of 1.5 (acceptance ≥ 1.5), and recovery of 101.26% (acceptance 95–105%).
Detailed data for all replicate injections are presented in the Supplementary Material
(Tables S1–S3).

3.3. Limit of Quantification (LOQ)

The LOQ was established by evaluating precision, accuracy, and sensitivity. Based on
the experimental data, the LOQ of the method was set at 0.20 µg/mL for praziquantel (PZQ)
as well as for related substances (Impurities A, B, and C). The RSD of six replicate injections
at the LOQ concentration was 5.37%, complying with the acceptance criterion of ≤8.0%.
Recovery was 98.4%, which is within the acceptance range of 90–107% relative to the
theoretical concentration. Additionally, the signal-to-noise ratio ranged from 29.61 to 41.27,
exceeding the minimum required value of 10. Therefore, the method demonstrated suitable
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precision, accuracy, and sensitivity at the LOQ level. Detailed data for all replicate injections
for PZQ and impurities are presented in the Supplementary Material (Tables S4–S7).

3.4. Precision

The method’s precision was evaluated through repeatability and intermediate pre-
cision assays. For content analysis, the RSD of six independent preparations was 0.28%,
meeting the acceptance criterion of ≤2.0. Regarding unknown impurities, the RSD of
six preparations was 1.59% (acceptance ≤ 6.9%), and the recovery of the prepared stan-
dards ranged from 98.05% to 100.68%, within the acceptance range of 95–105%. For
repeatability and intermediate precision of PZQ, the RSD was 0.75%, complying with
the ≤6.9% criterion. For known impurities, the RSD of six preparations was around
2.54–2.73 (acceptance ≤ 6.3%), and the recovery of prepared standards was approximately
99.33–99.66%, within the 95–105% range. In addition, the resolution criterion (Rs ≥ 1.5)
was specifically evaluated for the critical peak pair corresponding to the polymer (placebo)
peak and Compound A, which represents the most challenging separation in the method.
All other known and unknown impurities exhibited resolution values higher than 1.5 under
the final chromatographic conditions. These results confirm that the method demonstrated
adequate precision for both content determination and quantification of PZQ impurities.
Detailed data for all replicate injections are presented in the Supplementary Material
(Tables S8–S22).

3.5. Specificity

The specificity of the method was confirmed by comparing chromatographic runs of
praziquantel (PZQ) with placebo and blank solutions. In all cases, the retention region
corresponding to the PZQ peak remained free from interference by the mobile phase,
diluent, placebo, or potential degradation products. For impurity assessment, unknown
peaks originating from the analytical matrix presented a resolution of 1.5 relative to the
PZQ peak, complying with the acceptance criterion of ≥1.5. Similarly, known impurities
exhibited a resolution of 1.7, also meeting this requirement. These results demonstrate that
the method can reliably distinguish the analyte from excipients and impurities, including
potential degradation products, thereby confirming its specificity.

3.6. Accuracy

The accuracy of the method was evaluated at three concentration levels (low, medium,
and high) for PZQ content and at three concentration levels for both known and unknown
impurities. For content analysis, the recoveries at the three levels ranged from 98.61%
to 98.71%, complying with the acceptance range of 98–102%, which reflects the stricter
accuracy requirements for quantitative assay of the drug substance. The relative standard
deviation (RSD) of three replicate preparations at each level was 0.11%, below the accep-
tance limit of 2.0%. For known impurities, the recoveries ranged from 97.93% to 100.88%,
meeting the acceptance range of 90–107%, which was considered appropriate for impurity
quantification, particularly at low concentration levels where higher variability is expected.
The RSD values obtained were within the respective acceptance limits. Altogether, these
results demonstrate that the method meets the established criteria for accuracy, ensuring
reliable quantification of PZQ and its impurities across the tested concentration ranges, in
accordance with the method purpose and ICH Q2(R1)/(R2) principles. Detailed data for
all replicate injections are presented in the Supplementary Material (Tables S23–S27).

3.7. Robustness

The robustness of the method was evaluated by introducing small, deliberate varia-
tions in analytical conditions, including flow rate (0.9–1.1 mL/min), column temperature
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(33–37 ◦C), mobile phase composition, column selection, filter type (e.g., PVDF 0.45 µm
versus alternative filters), and extraction time. For content determination, the relative
standard deviations (RSDs) of three injections of calibration standards remained below the
acceptance limit of 2.0%. Column efficiency, theoretical plates, and the tail factor did not
exceed the criteria. Recovery of concentrations under the altered conditions ranged within
the acceptance criteria of 98–102%. Overall, the method demonstrated robustness under
most tested conditions. However, deviations were observed for variations in the proportion
of mobile phase component A (ultrapure water) evaluated for Compound A recovery and
extraction time evaluated for Compound A, where recoveries fell outside the specified
acceptance ranges. These findings suggest that the method remains robust overall but
requires strict control of these specific parameters during routine application. Detailed data
for all replicate injections are presented in the Supplementary Material (Tables S28–S46).

3.8. Linearity

The linearity of the method was evaluated by preparing calibration standards at differ-
ent concentration levels for praziquantel (PZQ) and its related impurities A, B, and C. The
acceptance criteria required correlation coefficients (r2) above 0.990 between the calculated
peak areas and the standard concentrations, with angular coefficients significantly different
from zero, as determined through the standard least squares procedure. Additionally,
column efficiency should not fall below 2000 theoretical plates, the tailing factor should
remain below 2.0, and recoveries of the obtained concentrations were expected to fall within
95–105% of the theoretical values. A summary of the linearity results, including calibration
ranges and correlation coefficients for all analytes, is provided in Table 2.

Table 2. Summary of linearity evaluation.

Analyte Calibration Range (µg/mL) R2 Outcome

PZQ 16.0477–24.2630 0.999 Criteria met

Impurity A 0.1996–1.1865 0.9994 Criteria met

Impurity B 0.1964–1.1633 0.9975 Criteria met

Impurity C 0.1968–1.1750 0.9988 Criteria met

For PZQ, the calibration range was 16.0477–24.2630 µg/mL. The correlation coefficient
was 0.999, and the angular coefficients were statistically significant, within the acceptance crite-
ria. Statistical tests further confirmed robustness: normality (Anderson–Darling test, p = 0.548),
homoscedasticity (Breusch–Pagan test [31], CCalculated = 0.287 < CCritical = 3.842), absence
of outliers, and independence of residuals (Durbin–Watson test [32], value = 2.69). For
Impurity A, the range was 0.1996–1.1865 µg/mL. Correlation coefficient was 0.9997,
R2 = 0.9994; slope and intercept were statistically significant (p = 1.5678 × 10−22 and
0.000758, respectively); normality and homoscedasticity assumptions were met (Anderson–
Darling [33] p = 0.791, Breusch–Pagan CCalculated = 0.249); residuals were independent
(Durbin–Watson = 1.559) and no outliers were detected. For Impurity B, the range was
0.1964–1.1633 µg/mL. Correlation coefficient was 0.9987, R2 = 0.9975; slope and intercept
were statistically significant (p = 2.8544 × 10−18 and 0.000758, respectively); Anderson–
Darling p = 0.888, Breusch–Pagan CCalculated = 1.080; Durbin–Watson = 1.353; resid-
uals showed no outliers. For Impurity C, the range was 0.1968–1.1750 µg/mL. Cor-
relation coefficient was 0.9994, R2 = 0.9988; slope and intercept were statistically sig-
nificant (p = 2.2258 × 10−20 and 0.08499); Anderson–Darling p = 0.791, Breusch–Pagan
CCalculated = 1.239, Durbin–Watson = 1.847; residuals were independent and no outliers
were detected. Overall, these results confirm that the method exhibits excellent linearity
across all analytes and concentration ranges tested. Both pharmacopeial acceptance criteria
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and detailed statistical validation were fulfilled, ensuring reliable quantification of PZQ
and its impurities A, B, and C. Detailed data for all replicate injections are presented in the
Supplementary Material (Tables S47–S53).

After verifying that the methodology fell within the analytical parameters, a solution
of the praziquantel sample embedded in the microparticles was injected to confirm the
method’s effectiveness. For the related substances, approximately 50 mg of the sample was
accurately weighed into a 25 mL volumetric flask, to which 10 mL of diluent was added.
The mixture was sonicated for 20 min in an ultrasonic bath, then the volume was made
up with the diluent, homogenized, and filtered through a 0.45 µm PVDF membrane filter.
Subsequently, 1 mL of this sample solution (containing related substances) was transferred
to a 25 mL volumetric flask, diluted to volume with the same diluent, and homogenized
for content determination.

The chromatogram and the calculation of the praziquantel content and related sub-
stances are shown below in Figures 3 and 4, respectively, and Table 3. Since the content and
related substances in the sample can be accurately and quantitatively determined using the
developed and validated method, it can be concluded that this method is applicable to the
forced degradation study of microencapsulated praziquantel in PMMA-co-DEAEMA.

Figure 3. Chromatogram of praziquantel microparticles—Content.

Figure 4. Chromatogram of praziquantel microparticles—Related Substances.

Table 3. Related Substances Content of Praziquantel Microparticles.

Sample Analyzed Compounds Content (%)

Praziquantel Microparticles

Praziquantel 105.05

Compound A 0.06

TRR 1.62 0.02

Compound B 0.07

Compound C 0.02

Total 0.17
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4. Conclusions
A high-performance liquid chromatography (HPLC) method was developed to quantify

praziquantel (PZQ) and its main related substances encapsulated in P(MMA-co-DEAEMA)
polymer microparticles. The method was specifically designed to overcome the limitations
of compendial procedures, which were not suitable for ensuring complete extraction
and accurate quantification of PZQ and its impurities from the polymer matrix. The
method involves sample solubilization in 0.5% formic acid in water/ethanol (45:55, v/v),
followed by chromatographic separation under a water–acetonitrile gradient. Based on the
experimental data, it was demonstrated that: (i) the method is suitable for the intended
purpose; (ii) the analytical response is linear across the tested concentration ranges, with
correlation coefficients (r2) above 0.999; (iii) the method is selective, with all impurities
exhibiting minimum resolution values ≥ 1.5 from praziquantel; (iv) the method meets
the criteria for limit of quantification at the evaluated level, showing acceptable precision,
accuracy, and signal-to-noise ratio; (v) the method presents high precision, with relative
standard deviations of 0.28% for repeatability and 2.86% for intermediate precision; (vi) the
method is accurate, with recoveries between 95% and 105% (mean ≈ 100%); (vii) the
method is robust, remaining stable under small variations in flow rate (0.9–1.1 mL/min),
column temperature (33–37 ◦C), and mobile-phase composition. Overall, the proposed
method is valid and suitable for determining PZQ content and related substances in
P(MMA-co-DEAEMA) microparticles, supporting the characterization and quality control
of formulations based on these polymeric systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/analytica7010013/s1.
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PZQ Praziquantel
WHO World Health Organization
USP United States Pharmacopeia
DAD/UV Diode Array Ultraviolet Detector
API Active Pharmaceutical Ingredient
ODS Octadecylsilane
RSD Relative Standard Deviation
INCQS Instituto Nacional de Controle de Qualidade em Saúde
ACN Acetonitrile
PVDF Poly(vinylidene fluoride)
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