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A robust, stability-indicating analytical method for the quantification of triptorelin in suspension
formulations was developed using reverse-phase ultra (high)-performance liquid chromatography (RP-
UHPLC) under the Analytical Quality by Design (AQbD) framework. This systematic, risk-based approach
enabled the efficient identification and optimization of critical method parameters, reducing reliance on
traditional trial-and-error procedures. Key variables such as column type, temperature, gradient profile,
and organic modifier composition were evaluated. Optimal chromatographic conditions were achieved
using a YMC Triart C18 column (50 x 2.1 mm, 1.9 um) at 53.8 °C. The mobile phase consisted of 10 mM
ammonium formate buffer (pH 5.0) as phase A and acetonitrile containing 0.1% formic acid as phase B. A
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Accepted 16th July 2025 short 5 minute gradient elution at 0.48 mL min™", with UV detection at 280 nm, was applied. The

method was subjected to forced degradation studies under hydrolytic (acidic and basic), oxidative, and
DOI-10.1039/d5ay00919g thermal stress conditions to demonstrate its stability-indicating capability. These results support its

rsc.li/methods overall suitability for routine quality control and regulatory applications in peptide drug analysis.

Current analytical methods for the quantification of trip-
torelin primarily involve high-performance liquid chromatog-

1. Introduction

Triptorelin, a synthetic decapeptide analog of gonadotropin-
releasing hormone (GnRH), has established therapeutic
significance in managing hormone-responsive conditions,
including advanced prostate cancer, endometriosis, uterine
fibroids, and central precocious puberty.'™® Its pharmacological
action involves sustained pituitary downregulation, leading to
decreased secretion of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH), thereby inhibiting gonadal
steroidogenesis.”'® The complex physicochemical properties of
peptide structures, such as triptorelin, susceptibility to hydro-
lysis and oxidation, and low dosage in injectable formulations,
pose significant challenges for accurate quantification in
quality control environments.™

The molecular structure of triptorelin is depicted in Fig. 1. Its
pKa values are approximately 9.49 for the acetate salt and 2.8 for
the pamoate salt, reflecting differences in their ionization
profiles.">*?
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raphy (HPLC) with ultraviolet (UV)"* or mass spectrometry
(MS) detection.’*"® While HPLC-UV methods are widely used
and generally effective, they typically involve longer run times
and offer lower resolution and sensitivity compared to UPLC-
based techniques.”** LC-MS/MS approaches provide high
sensitivity and selectivity but require expensive instrumentation
and complex sample preparation, and are therefore less
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Fig. 1 Molecular structure of triptorelin.
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practical for routine QC applications.” Additionally, these
traditional methods often lack a systematic development
strategy that ensures robustness under varied conditions. In
this context, no methodology developed in accordance with
Analytical Quality by Design (AQbD) principles, as required by
current regulatory guidelines, has been identified as suitable for
pharmaceutical filling.>**”

Quality by Design (QbD) is a strategic framework endorsed
by regulatory agencies such as the FDA and EMA for the
development and manufacturing of pharmaceutical products
(Yu, 2008). Its core objective is to design a product with an
emphasis on predefined quality attributes to ensure consistent
performance.”®*?' In recent years, QbD principles have been
increasingly adopted in analytical method development,
leading to the evolution of AQbD, a framework aimed at
designing robust analytical methods that reliably meet perfor-
mance criteria.**’

AQbD provides a knowledge-driven, risk-based, and cost-
effective approach to analytical development, aligning well
with the broader goals of regulatory flexibility and lifecycle
management such as ICH Q8(R2), Q9, Q10, and Q14
guidelines®** and USP <1220>.*®* The AQbD workflow parallels
that of product QbD, as outlined in the ICH Q8 guideline,** and
culminates in the definition of a Method Operable Design
Region (MODR), a multidimensional space within which
a method remains robust and fit for purpose.’”

A critical component of AQbD is the Analytical Target Profile
(ATP), which defines the method's intended purpose and perfor-
mance requirements, analogous to the Quality Target Product
Profile (QTPP) in QbD.***” The ATP typically addresses regulatory
expectations such as those outlined in ICH Q2(R2), including
attributes like specificity, linearity, accuracy, precision, range,
limit of detection (LOD), and limit of quantification (LOQ).*

Once the ATP is established, critical method attributes
(CMAs) are identified alongside acceptance criteria and speci-
fications.* Through Quality Risk Management (QRM) and tools
such as Design of Experiments (DoE), critical method parame-
ters (CMPs) are evaluated for their impact on method perfor-
mance.”***" This systematic, data-driven approach facilitates
the experimental linking of CMAs and CMPs and supports
a better understanding of method variability.

Ultimately, analytical methods developed under the AQbD
framework are more robust and less susceptible to out-of-trend
(OO0T) and out-of-specification (OOS) results, which can lead to
improved regulatory compliance and operational effi-
ciency.***”** The integration of AQbD into method development
is gaining traction in the pharmaceutical industry as part of
broader initiatives in risk management, pharmaceutical devel-
opment, and pharmaceutical quality systems.>>***

2. Materials and methods

2.1. Reagents and consumables

Acetonitrile (Reag. Ph. Eur.,, HPLC grade) was sourced from
M&B Stricker Laborfachhandel GbR (Germany) and used for
mobile phase and sample dilution. Formic acid (=98%), nylon
membrane filters (0.22 pm), and other filtration supplies were
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obtained from Carl Roth GmbH (Germany). Ammonium
formate (=99%, LC-MS grade) was provided by VWR Chemicals
(USA). Sodium hydroxide pellets, hydrochloric acid (37%), and
hydrogen peroxide (>30%) were supplied by Merck-Supelco
(Germany). All samples were filtered using 0.22 um nylon
syringe filters from YETI Merz Brothers GmbH (Austria) before
analysis.

2.2. Standards, samples, and excipients

Triptorelin acetate (=98%) from Sigma-Aldrich (USA) served as
the reference standard. The test product, Pamorelin® LA (trip-
torelin pamoate, 11.25 mg/2 mL), was obtained from Ipsen
Pharma Austria GmbH (Austria). Excipients included mannitol
(Caesar & Loretz GmbH, Germany), sodium carboxymethyl
cellulose and polysorbate 80 (Sigma-Aldrich), and Resomer® RG
653 H (Evonik, Germany). For method accuracy studies, the
excipient composition of Trelstar®*® was used to simulate the
formulation matrix (Table S17). Although Pamorelin® LA was
the product analyzed, it was pharmaceutically identical to
Trelstar®, with both representing the same triptorelin pamoate
formulation developed by Debiopharm. The distinction lies
solely in regional licensing and branding: Pamorelin® is
commercialized in the EU/Switzerland through partners such as
Ipsen Pharma***” and Vifor Pharma,*® while Trelstar® is mar-
keted in the US and Canada via Watson Pharmaceuticals.**
The use of Trelstar® excipient data was based on the availability
of publicly disclosed composition, which accurately reflects the
formulation characteristics of Pamorelin® LA.

2.3. Equipment and software

A reversed-phase ultra (high)-performance liquid chromato-
graph (UHPLC) Acquity H-Class from Waters Corp. (Milford,
CT, USA), paired with a photodiode array detector (PDA) and
a single quadrupole detector (QDa), was employed for method
development. The configuration for the QDa analysis included
an MS scan range of 100-700 Da in negative mode, a probe
temperature set at 600 °C, a cone voltage of 23 V, and capillary
voltages of 0.8 kV for positive and 0.8 kV for negative modes.
The system was controlled using Empower 3 software from
Waters Corp. The pH adjustments were carried out with
a FiveEasy™ pH meter from Mettler Toledo GmbH (Columbus,
OH, USA). Water purification and filtration were achieved with
a Triton lab water system from Envirofalk (Germany). The
chromatographic columns used for column screening in the
DoE included an Acquity HSS T3 (2.1 x 50 mm; 1.8 pm), Acquity
BEH C18 (2.1 x 50 mm; 1.7 um), and Cortecs Premier C18 from
Waters Corp. (USA), along with a Triart C18 (2.1 x 50 mm; 1.9
um) from YMC Europe GmbH (Germany).

DoE evaluation and statistical analyses were conducted
using Design-Expert® version 13 (Stat-Ease Inc., USA). The
linearity evaluation was performed by JASP statistical software
version 0.19.3 (University of Amsterdam, The Netherlands).

2.4. Analytical preparations

The mobile phase consisted of a 10 mM ammonium formate
buffer, adjusted to pH 5.0 with diluted formic acid, used in

This journal is © The Royal Society of Chemistry 2025
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combination with acetonitrile as the organic modifier. This
buffer-organic mixture was applied in a gradient elution
system. The diluent used for sample and standard preparation
was a 50 : 50 (v/v) mixture of acetonitrile and water. A reference
stock solution of triptorelin was prepared by dissolving 20.0 mg
of triptorelin acetate in the diluent and diluting to 100 mL to
yield a concentration of 200 pg mL ™', which was further diluted
as required for analysis. For precision testing, Pamorelin®
suspension (5.625 mg mL ") was diluted by transferring 0.1 mL
into a 10 mL volumetric flask, resulting in a final concentration
of approximately 56 pg mL .

2.5. Analytical method validation

2.5.1. Specificity. Specificity refers to the method's capa-
bility to distinctly identify the analyte in the presence of
potential interferents, including degradation products, related
substances, excipients, and matrix components.** To assess
specificity, chromatographic profiles were obtained and
compared for the mobile phase, blank (diluent), reference
standard, placebo (formulation matrix without an active ingre-
dient), and the final drug product. Chromatograms were eval-
uated for potential co-eluting peaks or signal interference at the
retention time of the analyte.

2.5.2. Forced degradation studies. A forced degradation
study was performed in triplicate to evaluate the method's
stability-indicating capability and to confirm adequate separa-
tion of degradation products from the main triptorelin peak.***
A 2.5 mL aliquot of triptorelin acetate stock solution was sub-
jected to four distinct stress conditions:

e Acidic hydrolysis: treatment with 1.25 mL of 1 N hydro-
chloric acid (HCI) for 18 hours,

o Alkaline hydrolysis: exposure to 1.25 mL of 1 N sodium
hydroxide (NaOH) for 1 hour,

e Oxidative stress: reaction with 0.7 mL of 30% hydrogen
peroxide (H,0,) for 30 minutes,

e Thermal stress: heating at 65 °C in a steam bath for 18
hours.

Stress durations were determined based on preliminary
experiments aimed at inducing measurable degradation
without complete analyte breakdown. Following the exposure
period, acid and base-stressed samples were neutralized using
equimolar NaOH or HCI, respectively, to quench further
degradation. All stressed solutions were then diluted with a 50 :
50 (v/v) acetonitrile-water mixture to a final test concentration
equivalent to 100% of the nominal value.

An unstressed standard solution was prepared under iden-
tical dilution conditions for comparison. Chromatograms of
stressed samples were overlaid with that of the standard to
visualize the formation and separation of degradation products.
Peak purity was assessed using PDA detection, with a purity flag
algorithm confirming the absence of co-eluting impurities in
the main triptorelin peak. To support impurity identification,
mass spectrometric data were also acquired using a QDa
detector. While not capable of full structural elucidation, the
QDa provided useful m/z data that, combined with the litera-
ture, allowed assignment of plausible degradation products.

This journal is © The Royal Society of Chemistry 2025
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Together, PDA and QDa data offered a more comprehensive
evaluation of peak identity and method specificity.

2.5.3. Linear response. Linearity was evaluated across
a range of concentrations including 70-130% of the labeled
claim. Calibration standards were prepared by serial dilution of
a triptorelin stock solution in the diluent.** Each concentration
level was analyzed in triplicate, and calibration curves were
generated by plotting peak area versus concentration. The linear
regression model was assessed by correlation coefficient (R),
residuals analysis, and y-intercept significance.

2.5.4. Accuracy. Accuracy was determined by recovery
studies at three concentration levels 70%, 100%, and 130% of
the labeled content. Known amounts of triptorelin were spiked
into the placebo matrix and dissolved in the diluent to simulate
the actual formulation. Each level was analyzed in triplicate.
Percentage recovery was calculated by comparing the measured
concentration to the nominal value. The mean recovery and
relative standard deviation (RSD) were used to evaluate
trueness.*

2.5.5. Precision (repeatability and intermediate precision).
Precision was assessed as repeatability (intra-assay) and inter-
mediate precision (inter-assay), as recommended by ICH Q2.*
Repeatability was evaluated by analyzing six independently
prepared samples of the final product under identical condi-
tions within a single day. Intermediate precision was assessed
by conducting the analysis on a different day using a separate
analyst and freshly prepared reagents. Results were expressed as
% RSD of calculated response. Agreement between the two sets
was used to evaluate method consistency.

3. Results and discussion

3.1. Method development based on AQbD principles

Given triptorelin's complex peptide structure, susceptibility to
hydrolysis, and low dosage strength, the method was designed
to achieve high specificity, stability-indication, and compati-
bility with mass detection, while remaining efficient, repro-
ducible and fast under routine use. Considering the peptide
nature of triptorelin and its amphiphilic profile, reverse-phase
UHPLC was selected as the preferred technique. This choice
was driven by its enhanced resolution, shorter analysis time,
and reduced solvent consumption. UHPLC, coupled not only
with PDA detection but also with a QDa mass detector, provided
orthogonal detection capabilities to support peak identity
confirmation and impurity profiling. While QDa does not
provide full structural elucidation, it offers valuable mass-based
confirmation that enhances the method's stability-indicating
performance. Overall, this integrated approach is better suited
for routine Good Manufacturing Practices (GMP) workflows and
robust regulatory compliance. At the foundation of the AQbD
process, the ATP was established to define the method's
intended purpose and performance criteria (Table 1). The ATP
also incorporated stability-indicating capabilities to ensure
method suitability during degradation studies and over the

product shelf life.
A QRM approach was used to identify the CMPs likely to
influence the CMAs such as peak symmetry and

Anal. Methods, 2025, 17, 6459-6469 | 6461
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Table 1 Analytical target profile for triptorelin assay in injectable dosage form

ATP element Target Requirement reference
Chromatographic features
Tailing factor 0.8-1.8 53,54
Resolution >2 54
Capacity factor (k') >2 54
Peak purity Acceptable 54,55
Plate count >20 000 54
Validation parameters
Linearity and range R* = 0.995 39,54
70-130% of the test concentration
Specificity Absence of interference 39,54
Accuracy 95.0-105.0% recovery within the established range 39,54
Repeatability RSD less than or equal to 2.0% 39,54
Intermediate precision Complies with repeatability and is not significantly different 39,54
Robustness Not statistically different 27,39

chromatographic retention represented on k'. An Ishikawa
(fishbone) diagram was developed to systematically visualize
potential sources of method variability, including column
chemistry, pH, aqueous percentage in the mobile phase
gradient, and column temperature (Fig. 2).

To complement the Ishikawa diagram, a semi-quantitative
risk matrix was constructed to prioritize method parameters
based on their potential influence on CMAs; it is included in the
ESI (Table S2).1 Based on the results, a DoE was implemented to
evaluate the influence of selected parameters on chromato-
graphic performance. A Response Surface Methodology (RSM)
was chosen, using an I-optimal design that allowed modeling of
both the main effects and two-factor interactions. The study
included 34 randomized runs to explore the influence of

Column Temperature

Flow Rate

ELUTION

SETUP

selected method parameters across a defined experimental
space. The experimental factors investigated are displayed in
Table 2.

The developed method was assessed based on key chro-
matographic response variables, including tailing factor,
capacity factor, and peak purity. Evaluation of peak purity was
specifically conducted using degraded triptorelin acetate
samples, as described in Section 2.5.2, to ensure the method's
capability to distinguish the active pharmaceutical ingredient
from potential degradation products. This approach verified the
method's suitability as a stability-indicating procedure under
forced degradation conditions.

In addition, two further responses were included. One was
a binary separation indicator, assessing whether potential

MOBILE PHASE

Aqueous phase (%)

Column Chemistry

Particle Technology

STATIONARY
PHASE

Fig. 2 Proposed Ishikawa diagram for the triptorelin analytical method assessment.
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Table 2 Factors and levels applied in the experimental design matrix for triptorelin method development®

Chromatographic pH of the aqueous Column temperature Initial aqueous
column phase (°C) phase (%) Flow (mL min )
Waters BEH C18 4-6 45-55 70-80 0.49-0.51

Waters Cortecs C18
Waters HSS T3
YMC Triart C18

“ As fixed method parameters, all injections were performed with a 3 pL injection volume and UV detection at 280 nm. The gradient program for
mobile phase B (acetonitrile) was set as follows: 20-30% at 0.0 min, increased to 45% at 2.0 min, returned to 20-30% at 2.1 min, and maintained
until 5.0 min. The exact gradient range was adjusted based on the initial composition of the aqueous phase (Table 2).

impurities were fully resolved (1) or not (0), instead of modeling
chromatographic resolution directly. This response was evalu-
ated via logistic regression which estimates the probability of
successful impurity separation based on experimental condi-
tions, offering a simplified yet effective selectivity criterion. The
other variable was the overall sensitivity, which was treated as
a numerical response and maximized during optimization,
though it was not a formally defined quality attribute and
therefore not subject to a specification limit.

The quality of the statistical model was assessed using
a Fraction of Design Space (FDS) analysis. At an FDS of 0.8, the
standard error of the mean was 0.709, indicating that the model
provided reliable predictions across the majority of the design
space. All continuous responses were evaluated using linear
regression models with interaction terms, while the binary
response was modeled using a logistic approach.

To identify the optimal method conditions that balanced all
relevant responses, a desirability function-based optimization
was conducted. Each response was transformed into an indi-
vidual desirability value ranging from 0 (undesirable) to 1
(ideal), based on its predefined targets. These individual
desirabilities were then combined into an overall desirability
index using a geometric mean. This approach enabled simul-
taneous optimization across conflicting response goals.

The resulting desirability profiles (Fig. 3) revealed that initial
gradient and column selection had the greatest impact on
method performance, while pH, temperature, and flow rate
showed relatively low influence—suggesting good method
robustness across these latter parameters within the tested
range.

The optimized set of conditions that simultaneously fulfilled
all specification criteria and maximized method performance is
shown in Table 3.
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Fig.3 Desirability plots corresponding to the optimized factor settings for triptorelin method development. The profiles are shown for (A) pH, (B)
column temperature (°C), (C) initial gradient (%), (D) flow rate (mL min~?), and (E) column type.
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Table 3 Optimized method conditions identified by DoE for triptorelin analytical development

Chromatographic column PH of the aqueous phase

Column temperature (°C)

Aqueous phase (%) Flow (mL min )

Waters BEH C18 5

53.87

80 0.498“

“ The reported values reflect the precise optima predicted by the DoE model.

A confirmation run using these settings demonstrated that
all measured tailing and k' values were within the 95% predic-
tion intervals of the model (Table 4). The observed values were
closely aligned with the model predictions, with only minor
underestimation of the tailing factor in the untreated standard
and oxidative samples - yet still within statistical limits. This
indicates good model reliability and predictive accuracy for the
intended application range.

A quadratic RSM using an I-optimal design was applied to
assess the influence of small, deliberate variations in method
settings. Unlike the optimization phase, no further model-
based adjustment of factor levels was performed. The primary
responses monitored were k' and tailing factor, serving as
indicators of chromatographic performance. A total of 28
randomized experimental runs were conducted to capture the
effects of parameter fluctuations and assess the method's

Table 4 Summary of results from the confirmation experiment using
optimized factor levels®

Response Predicted 95% Data  95%
Sample variable mean Pllow mean PI high
Control sample Tailing 0.9 0.5 1.1 1.2
K 6.1 4.8 6.8 7.3
Acid hydrolysis Tailing 1.1 0.6 1.1 1.6
K 6.9 5.5 6.8 8.4
Alkaline hydrolysis ~ Tailing 1.0 0.8 1.1 1.3
K 6.9 5.0 6.8 8.8
Thermal stress Tailing 0.9 0.6 1.1 1.3
K 6.9 4.9 6.8 8.8
Oxidative stress Tailing 0.9 0.5 1.0 1.4
K 7.1 5.0 6.8 9.2

“ In accordance with ICH Q2(R2)** and the newly established ICH Q14
(ref. 27) guidelines, a robustness assessment can be integrated into
the method development phase, representing a shift from the
approach outlined in ICH Q2(R1).* To proactively evaluate method
robustness, we employed a DoE strategy, allowing for the
simultaneous investigation of potential interactions among critical
method parameters.

resilience under realistic variation. The experimental factors
investigated on the robustness DoE are displayed in Table 5.

The statistical analysis of the quadratic model revealed
several significant terms (see ESI Tables S3-S77), most notably
the column type, which consistently contributed the largest
share of variation in both k' and tailing (based on sums of
squares). The flow rate also had a notable effect in some cases.
Additionally, a few quadratic terms (e.g., for temperature and
pH) were statistically significant but lacked practical interpret-
ability, likely due to subtle curvatures in the response surface.
Importantly, none of these effects led to any violation of the
method's acceptance criteria.

Given the goal of robustness testing, statistical significance
without practical impact was interpreted conservatively, con-
firming the stability and reliability of the method across the
tested range. Therefore, no further optimization was deemed
necessary.

3.2. Validation of the analytical method

Based on the results obtained, the following conditions were
established as the final analytical method parameters for vali-
dation (Table 7).

Table 6 Observed ranges for k' and tailing during robustness testing
via DoE“

Conditions Kk’ Range Tailing range
Control sample 5.5-6.9 1.0-1.4
Acid hydrolysis 5.5-6.9 0.9-1.5
Alkaline hydrolysis 5.5-7.0 1.1-1.4
Thermal stress 5.5-6.9 1.0-1.4
Oxidative stress 5.5-6.9 0.9-1.4

“The robustness study demonstrates a high degree of method
consistency, with no indications of failure or drift, even under minor
variations in system parameters and column batches.

Table 5 Factors and levels applied in the experimental design matrix for triptorelin method robustness®

Chromatographic column pH of the aqueous phase

Column temperature (°C) Flow (mL min™")

Waters BEH C18 (batch 1)
Waters BEH C18 (batch 2)
YMC Triart C18

4.7-5.3

51.1-56.5 0.473-0.523

¢ Across all runs, the method has met its predefined specifications (k' > 2 and tailing 0.8-1.8), demonstrating excellent robustness. Observed k'
values ranged from 5.5 to 7.0, while tailing remained between 0.9 and 1.5 for all tested conditions, including stress degradation scenarios
(Table 6). These limited variations in response indicate that the method is robust and remains unaffected by small fluctuations in critical
parameters.
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Table 7 Final analytical method conditions for the quantification of triptorelin in injectable dosage form used for validation

Flow

Injection volume
Gradient organic modifier
Column

Column temperature
Wavelength

3.2.1. Specificity and forced degradation studies. Speci-
ficity was assessed by comparing chromatograms of the placebo
matrix and blank (diluent) injections against that of the trip-
torelin standard. The primary criterion for evaluation was the
absence of any co-eluting peaks at the expected retention time
of triptorelin (approximately 2 min), indicating no interference
from excipients, solvents, or formulation matrix components
(Fig. 4).

This confirmed that the method can reliably distinguish
triptorelin from other potential sample constituents, and the
specificity requirement is outlined in ICH Q2(R2).** The absence
of interfering peaks ensures the method's suitability for
stability-indicating applications, where degradation products or
excipients may be present in complex matrices.

The forced degradation study was performed in triplicate,
and all degradation products were adequately resolved, with the
corresponding peaks eluting within acceptable retention
windows (Fig. 5). The goal of the study was not to drive extensive
degradation, but rather to generate partial degradation under
realistic stress conditions to assess the method's specificity,
including its ability to resolve and detect both the intact API and
its degradation products. Peak purity assessments confirmed
the absence of co-eluting impurities for the main Triptorelin
peak under all stress conditions (see Fig. S1-S5 in the ESI}). A
summary of the degradation outcomes is provided in Table 8.

Triptorelin has a relative molecular mass of 1311.5 Da, which
corresponds to a primary molecular ion at m/z 654.95 in the
mass spectrum, observed as the doubly charged ion [M — 2H]>~
in negative ionization mode. This signal was detected in the
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Fig. 4 Chromatogram at 280 nm of the specificity test of the devel-
oped triptorelin analytical method.
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control sample, representing the unstressed triptorelin acetate
solution. As expected, the acetate counterion was not observed,
likely due to its high volatility and limited detectability in
negative ionization mode."”

Under accelerated degradation conditions, Triptorelin
acetate exhibited degradation across all stress scenarios.
Among these, oxidative degradation produced a distinct impu-
rity peak, which was confirmed via UV and MS spectra as
a genuine degradation product (Fig. S6 in the ESIT). This finding
highlights the susceptibility of triptorelin to oxidative stress and
underscores the importance of monitoring degradation path-
ways during stability assessments.

A degradation peak observed at a retention time (RT) of 2.198
minutes with m/z 669.44 is likely attributable to a doubly
oxidized form of triptorelin, corresponding to the ion [M + 20 —
2H]*", possibly resulting from oxidation at both tryptophan
residues.”
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—— Acidic condition
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Fig.5 Chromatogram at 280 nm of the forced degradation studies of
triptorelin.

Table 8 Forced degradation results summary for the triptorelin
analytical method

Testing conditions % Degradation

Control sample 0.6 £ 0.2
Acid hydrolysis 8.2 +£0.1
Alkaline hydrolysis 27.6 £ 0.2
Thermal stress 8.0 + 0.1
Oxidative stress 273 £1.2
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During acid-induced stress testing, two additional degrada-
tion products were detected, eluting at 1.755 min and
2.055 min, respectively (Fig. S7 in the ESIt). These findings
suggest that triptorelin is susceptible to structural modification
under strongly acidic conditions, leading to the formation of
distinct degradation species.

In this case, the peak at an RT of 1.755 min with m/z 663.87 is
attributed to the mono-oxidized form of triptorelin, corre-
sponding to the [M + O — 2H]* ion.”’” The peak at an RT of
2.055 min with m/z 654.76 displays both the same molecular ion
and UV spectrum as the intact triptorelin molecule. This
suggests that while the core structure remains largely unaltered,
a subtle modification has occurred. The most likely explanation
is deamidation of the N-terminal amino acid, resulting in the
formation of a deaminated Triptorelin with the composition [M
+OH — NH, - 2H]>".

Under alkaline stress conditions, two degradation products
were identified (Fig. S8 in the ESIT). Upon exposure to sodium
hydroxide (NaOH), a peak at an RT of 1.840 min was observed
with m/z 668.93, corresponding to the sodium adduct of Trip-
torelin ([M + Na — 2H]?>"). This suggests cation exchange at the
carboxyl terminus of the peptide, a typical reaction in alkaline
environments.

A second peak at an RT of 2.064 min, exhibiting m/z 655.25,
is attributed to the deamidated triptorelin. This species likely
results from hydrolytic cleavage of the N-terminal amide,
forming deamidated triptorelin with the proposed structure [M
+ OH — NH, — 2H]* *® These findings indicate that deamida-
tion is a common degradation pathway.

Exposure to thermal stress resulted in the formation of two
degradation products, detected at retention times (RT) of
1.841 min and 2.063 min (Fig. S9 in the ESIt). Elevated
temperatures are known to promote peptide hydrolysis. In this
case, mass spectrometric analysis revealed a primary ion at m/z
355.25, consistent with a tripeptide fragment potentially
composed of His-Ser-Leu.*® Notably, this sequence is not
contiguous within the native triptorelin structure, suggesting
that the degradation involves multiple cleavage events and the
formation of a stable fragment composed of residues origi-
nating from distinct regions of the molecule. The associated UV
absorbance maximum at 278.8 nm supports the presence of
aromatic amino acids, particularly histidine.

The second peak at an RT of 2.063 min corresponds to the
previously identified deamidated Triptorelin [M + OH — NH, —
2H]*", indicating that thermal degradation also promotes this
transformation.

3.2.2. Linearity, accuracy, precision, and sample stability.
Linearity of the method was demonstrated over the concentra-
tion range of 35 to 70 ug mL ™, using eight calibration levels: 35,
40, 45, 50, 55, 60, 65, and 70 pg mL™'. A strong linear rela-
tionship was observed between analyte concentration and peak
area, confirming the method's suitability for quantitative anal-
ysis within this range. The linearity exhibited a high correlation
coefficient (R> = 0.998), meeting our ATP requirements for
linearity (Fig. S10 in the ESI}). This range encompasses ex-
pected sample concentrations, ensuring reliable quantification
during routine analysis of triptorelin formulations.
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Furthermore, on evaluation of the residuals (Fig. S11 in the
ESI{), there is no evidence of outliers or influential points
across the entire concentration range, indicating homoscedas-
ticity and model reliability. The normality of the residuals for
both analytes was confirmed using the Shapiro-Wilk test (p =
0.054), supporting the validity of the linear regression model
assumptions.

Accuracy was evaluated by analyzing three concentration
levels (70%, 100%, and 130%) of the target concentration, each
prepared in triplicate. The recovery values at each level were
calculated by comparing the measured concentrations to the
nominal values (Table 9). The results indicate the accuracy of
the method and compliance with the established ATP.

An exemplary chromatogram is presented in Fig. 6, illus-
trating a comparison between the triptorelin standard (RT 1.9
minutes) (acetate form) and the Pamorelin sample (pamoate
form). The distinct peak observed at an RT of approximately 2.5
minutes corresponds to the pamoate counterion, indicating its
successful separation from the active pharmaceutical
ingredient.

As an additional assessment, the stability of the sample
solution was evaluated by comparing the chromatographic peak
areas of samples analyzed immediately after preparation and
again after 24 hours of storage at room temperature. The
difference in peak area was found to be less than 1% (Table S8
in the ESIY), indicating that the solution remained chemically
stable over the tested period.

3.3. Analytical method lifecycle

The analytical method developed for the quantification of
triptorelin in injectable dosage form was established in align-
ment with the principles outlined in USP <1220> and ICH
Q14,”°® embracing a full analytical procedure lifecycle
approach.®® This methodology ensures that the procedure
remains reliable, fit-for-purpose, and capable of consistently
meeting the predefined ATP across its lifecycle, from initial
design through routine application and continuous
monitoring.

Table 9 Accuracy results of triptorelin analytical validation®

Concentration level Recovery % Average % RSD %

70% 96.7
97.7
96.0
99.4

100.2
97.6
98.6
96.5
98.4

96.7 1.0

100% 99.1 1.3

130% 97.8 1.2

“ The method demonstrated high precision and reproducibility for the
analytes, as evidenced by relative standard deviations (RSDs) below
2.0% for both repeatability and intermediate precision. Statistical
comparison of the two precision levels showed no significant
difference, with p-values greater than 0.05 (ANOVA), confirming
equivalence at the 95% confidence level (Table 10).

This journal is © The Royal Society of Chemistry 2025
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Table 10 Precision and repeatability results for triptorelin analytical
validation

Parameter Operator I Operator II
Mean 104.2 106.8
SD 0.73 0.95
RSD 0.7 0.9
N 6 6
P-value 0.9545
0.25
Sample
0.20 4 — Standard
=)
<
g 0.15
C
5 ]
S 0.10
(2]
Qo
<
0.05
0.00 Jk
T T T T T T
0 1 2 3 4 5
Time (min)

Fig. 6 Chromatogram at 280 nm of the triptorelin standard and
Pamorelin® LA sample.

3.3.1. Stage 1: procedure design. During development, the
CMPs such as column temperature, mobile phase pH, and
gradient slope were evaluated through DoE. These parameters
were selected based on a quality risk management (QRM)
assessment and tailored to triptorelin's physicochemical prop-
erties, particularly its peptide nature and susceptibility to
degradation. The resulting method met all ATP criteria.

3.3.2. Stage 2: performance qualification. Formal method
validation was conducted under ICH Q2(R2) guidelines to
confirm the method's suitability for its intended purpose.*
System suitability criteria, including plate count, tailing factor, k-
prime and peak purity, were defined based on development data
and verified through replicate sample analysis. The method was
further tested for robustness across anticipated operating
ranges, which formed the basis for establishing a MODR.

3.3.3. Stage 3: ongoing performance verification. Following
validation, the method would enter routine use with perfor-
mance monitored through ongoing system suitability testing
and control charting of key attributes, including retention time,
peak symmetry, and signal intensity. Control charts might
facilitate early detection of shifts or drifts, ensuring method
consistency. Consistency in critical reagents (e.g., ammonium
formate, formic acid, solvents) needs to be maintained to limit
variability over time.

By implementing these lifecycle elements, the triptorelin
analytical method should achieve sustained control, enabling

This journal is © The Royal Society of Chemistry 2025
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reliable quantification across batch releases and stability
studies. This structured lifecycle framework not only reinforces
regulatory compliance but also supports proactive method
management and continual improvement.

4. Conclusions

In this study, a single UHPLC method was developed for the
quantitative and stability-indicating analysis of triptorelin in its
injectable dosage form. The method was established following
AQDbD principles, supported by a statistical DoE and validated in
accordance with ICH Q2(R2) and Q14 guidelines. It demon-
strated compliant linearity, accuracy, precision, specificity, and
robustness. This work exemplifies a structured approach to
analytical method development grounded in QbD concepts,
offering enhanced method understanding and lifecycle control.
Moreover, it supports regulatory compliance, reduces develop-
ment time and resource use, and ensures high-quality, repro-
ducible  analytical performance throughout routine
application.*®

Abbreviations

AQbD Analytical quality by design

ATP Analytical target profile

CMAs Critical method attributes

CMPs Critical method parameters

DoE Design of experiments

EMA European medicine agency

FDA United states food and drug administration
FDS Fraction of design space

FSH Follicle-stimulating hormone

GMP Good manufacturing practices

GnRH Gonadotropin-releasing hormone

HPLC High-performance liquid chromatography
ICH International council of harmonization

LH Luteinizing hormone

MODR  Method operable design region

MS Mass spectrometry

00S Out of specification

OOT Out of trend

PDA Photodiode array

Ph.Eur. European pharmacopoeia

QbD Quality by design

QDa Single quadrupole mass detector from waters corp
QRM Quality risk management

QTPP Quality target product profile

RP Reverse phase

RSM Response surface methodology

RT Retention time

UHPLC  Ultra (high)-performance liquid chromatography
USP United states pharmacopoeia

uv Ultraviolet
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