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ABSTRACT

Objective: The objective of this work was to create, refine, and verify a reliable ultra-performance liquid chromatography (UPLC) technique for
ibrutinib and its impurity analysis. The novelty of the work lies in the systematic application of a two-phase optimization approach, combining
initial screening with Design of Experiments (DoE), to achieve superior chromatographic performance, enhanced sensitivity, and robust resolution
metrics.

Methods: The method development involved two phases: (1) an initial screening phase to evaluate critical parameters, including the stationary
phase, mobile phase substance, the pH, the flow rate, and the column temperature (2) a DoE phase using a Box-Behnken design to optimize these
parameters. Five columns and three mobile phases were tested, with the ACQUITY UPLC® BEH the optimum conditions were determined to be a
C18 column with a mobile phase of 0.02 M formic acid in a 50:50 v/v mixture of water and acetonitrile at pH 2.7. To assess the impacts of predictor
factors (mobile phase pH, the flow rate, and the column temperature) on retention duration, resolution, and peak separation, quadratic models
developed from ANOVA analysis were employed. The technique was verified according to ICH requirements, assessing system appropriateness,
specificity, linearity, precision, accuracy, solution stability, and robustness.

Results: The optimized UPLC method achieved a resolution of 4.66 between ibrutinib and Impurity-I, with retention times of 2.64 min (ibrutinib)
and 4.40 min (last eluting peak). Sensitivity was high, with LOD and LOQ values are 0.01 pg/ml and 0.025 pg/ml, respectively, for ibrutinib, and
similar sensitivity for impurities. Linearity was excellent (correlation coefficients = 0.9996), ranging from 0.025 to 100 pg/ml (ibrutinib) and 0.025
to 0.225 pg/ml (impurities). Precision (% RSD<2% for ibrutinib,<10% for impurities) and accuracy (recovery 93.58-104.75%) met ICH criteria.
Robustness testing under varied conditions confirmed method reliability, ensuring compliance with regulatory standards for pharmaceutical
quality control.

Conclusion: The UPLC method, optimized via Box-Behnken design, provides a sensitive, precise, and robust tool for quantifying ibrutinib and its
impurities. Systematic optimization enhanced resolution, sensitivity, and robustness, ensuring regulatory compliance and supporting
pharmaceutical quality control. This advancement enables reliable impurity profiling and accurate drug quantification.
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INTRODUCTION primarily on quantifying ibrutinib in formulations [14] and plasma
samples [15-18], with limited attention given for the detection and
measurement of process-associated contaminants. While some
recent studies have described assay procedures for estimating
ibrutinib and its degradation products, a notable deficiency exists in
the literature about the design of methods to evaluate possible

process-related contaminants. Ibrutinib is known to harbor four

For the treatment of B-cell lymphoma, ibrutinib (IB), an inhibitor of
Bruton's Tyrosine Kinase (BTK), is an authorised medication [1]. In
order to permanently deactivate BTK and interfere with the
signalling pathways that promote the growth of cancerous cells, it
forms a covalent connection with the cysteine residue C481 of BTK

[2]. Beyond BTK, ibrutinib inhibits a broad spectrum of kinases,
including B lymphocyte kinase (BLK), TEC family kinase (TFK),
Tyrosine-protein kinase (TEC), Janus protein tyrosine Kkinases
(JAK3), Interleukin-2 (IL-2) inducible T-cell kinase (ITK),
erythroblastic leukemia viral oncogene homologue (ERBB) receptor
family, and Hematopoietic cell kinase (HCK) [3-5]. This extensive
kinase inhibition profile suggests ibrutinib’s potential for treating a
variety of tumor types in the future. Chemically, ibrutinib is a
pyrazolopyrimidine-based organic small molecule (C25H24N602,
440.5 g/mol) with a melting point range of 149 °C to 158 °C [6]. It
exhibits a partition coefficient of approximately 3.97 at pH 7 and a
dissociation constant of about 3.74 [7].

During the synthesis of ibrutinib, the presence of impurities is
inherent to the process. These impurities may arise from unreacted
starting materials, reaction by-products, side products of secondary
reactions, or degradation products. Post-marketing authorization,
numerous quantitative methods utilizing HPLC [8, 9], UPLC [10, 11],
and LC-MS [12, 13] have been reported for the precise quantification
of ibrutinib in active pharmaceutical ingredients (API), finished
products, and plasma. These methods often enable the concurrent
measurement of ibrutinib alongside its active metabolites or co-
administered drugs. However, the majority of these methods focus

specific process-related impurities, as depicted in fig. 1, none of
which have been adequately addressed in existing methods.

This research tackles this significant deficiency by establishing a
systematic UPLC methodology for the identification and
quantification of ibrutinib and its process-related contaminants. The
unique contribution of this work lies in its ability to simultaneously
quantify these impurities with improved resolution, addressing a
key limitation of existing methods. To do this, we utilised failure
mode effect analysis (FMEA) to systematically identify key method
parameters (CMPs) and critical material characteristics (CMAs)
necessary for addressing tightly spaced peaks. The data used as
inputs for a Design of Experiments (DoE) research, employing the
Box-Behnken approach to optimise procedure parameters. The Box-
Behnken design was selected above alternative optimisation
methods for its efficacy in investigating intricate variable
interactions with fewer experimental trials, hence guaranteeing a
reliable and reproducible approach.

The developed RP-UHPLC method is validated in accordance with ICH
guidelines [19], providing a reliable and highly sensitive analytical
instrument for quantifying ibrutinib and its process-related
contaminants. This study not only addresses a significant deficiency in
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previous research but also provides a systematic approach to method
development that can be applied to other pharmaceutical compounds,
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ensuring compliance with regulatory standards and enhancing quality
control in pharmaceutical manufacturing.
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Fig. 1: Structures of ibrutinib and its process-related impurities

MATERIALS AND METHODS

Ibrutinib sample was provided by Rx Innovations, Hyderabad, India.
All the reagents and solvent in the investigation were purchased
from Sigma Aldrich in Bengaluru, India.

Solutions preparation
Stock standard solution of ibrutinib

In a 100 ml volumetric flask, 50 mg of the reference standard for
ibrutinib was dissolved using sonication in 70 ml of diluent to create
a standard drug solution. A standard ibrutinib solution with a 500
ug/ml concentration was then obtained by adjusting the volume to
100 ml with diluent.

Standard solution of ibrutinib

Ibrutinib was diluted by combining 10 millilitres of the standard
solution with 70 millilitres of diluent in a 100 millilitre volumetric
flask. A stock solution of ibrutinib at a concentration of 50 pug/ml
was created by adjusting the volume to 100 ml with diluent after 5
min of sonication.

Stock solution-I of impurities

By sonicating 7.5 mg of each contaminant in 5 ml of methanol in a
100 ml volumetric flask, a Stock Solution-I of impurities was created.
After that, the volume was adjusted to 100 ml using diluent,
resulting in a stock solution of contaminants at 75 pg/ml.

Stock solution-II of impurities

In a 100 ml volumetric flask, 10 ml of Stock Solution-I and 70 ml of
solvent were combined to create Stock Solution-II of impurities. A
stock solution of contaminants at 7.5 pg/ml was obtained by
modifying the volume to 100 ml using a diluent after 5 min of
sonication.

Stock solution of ibrutinib impurities

In a 100 millilitre volumetric flask, 10 millilitres of normal ibrutinib
solution and 1 millilitre of impurity stock solution-II were combined

to form a stock solution of ibrutinib and impurities. In order to
achieve concentrations of 50 pg/ml for ibrutinib and 0.075 pg/ml
for each contaminant, the flask was then filled with diluent solution.
The resulting solution was labelled as 'stock-ibrutinib-impurities.

Test solution of ibrutinib API

In a 500 ml volumetric flask, 25 mg of ibrutinib API had been dissolved
in 300 ml of diluent to produce the test solution. A 50 pg/ml test
solution of ibrutinib was obtained after 5 min of sonication and
subsequent volume adjustment with diluent to 500 ml.

0.2 M formic solution in water

9.2 ml of formic acid and 100 ml of water were combined, sonicated
for 5 min, and then diluted to 1000 ml with water to make a 0.2 M
solution of formic acid in water.

Mobile phase

The mobile phase consists of a 0.02 M formic acid solution and
acetonitrile in a 60:40 (v/v) ratio. A 0.02 M formic acid solution in
water was created by diluting 100 ml of a 0.2 M formic acid solution
with 500 ml of water, and thereafter diluting to a final volume of 1000
ml. The choice of 0.02 M formic acid concentration was based on its
ability to enhance ionization and improve peak shape, which is critical
for achieving optimal separation of ibrutinib and its impurities.

Diluent

Freshly prepared Acetonitrile: Water (50:50 V/V) was employed as
diluent in this study.

Design of experiments (DoE)

The impurity-spiked sample underwent a DoE approach using a
Box-Behnken design for method optimization, analysing the impact
of variables and their interplay on methodological outcomes.
Essential procedure parameters include the pH of the mobile phase
and the column temperature and flow rate were identified as critical
variables affecting accuracy, precision, robustness, and specificity
from the preliminary experimental trials. These parameters were

194



K. Krishnaraju & M. Velraj

investigated to understand their impact on output parameters,
including drug retention time, resolution between the drug peak and
impurity-1, as well as the retention period of the late-eluting peak.
The pH range (X1: 2.0-2.6), column temperature range (X2: 25-35
°C), and flow rate range (X3: 0.2-0.6 ml/min) were selected for
experimentation. The pH range was chosen to ensure optimal
ionization and separation, while the column temperature and flow
rate ranges were selected to balance analysis time and resolution.
Seventeen trials were conducted based on the Box-Behnken design,
with experimental conditions outlined in table 1. All experiments
were performed using an Ibrutinib-impurity stock solution
(ibrutinib 50 pg/ml and impurity 0.075 pg/ml) [20].

Chromatographic conditions

The chromatographic conditions for the analysis were optimized
using a Shimadzu Nexera X2 UPLC system equipped with an
ACQUITY UPLC® BEH C18 column has a particle size of 1.7 pm and
measures 2.1 x 50 mm. The mobile phase included a 60:40 (v/v)
combination of 0.02 M formic acid in water and acetonitrile. Elution
was carried out in isocratic mode for six minutes, with the flow rate
set at 0.55 ml/min. A wavelength of 258 nm and an injection volume
of 2 pl were used for detection. The column temperature was
continually upheld at 28 °C throughout the investigation. A diluent
consisting of acetonitrile and water in a 60:50 (v/v) ratio with a pH
of 2.5 was used, and the pressure was automatically set [21].

Method validation

The UPLC approach, formulated based on design of experiments
principles, was validated in compliance with ICH-Q2(R1)
requirements. According to ICH Q2 (R1), 2005, the validation
comprised assessments of the system's appropriateness, specificity,
linearity, limits of detection (LOD) and quantification (LOQ),
precision, accuracy, solution stability, and robustness [22, 23].

RESULTS
Method development

Two phases were conducted to optimize the chromatographic method.
The screening phase analyzed factors affecting column selectivity:
stationary phase, aqueous eluent pH, organic eluent type, flow rate,
and column temperature. In the subsequent phase, chromatographic
parameters influencing resolution were further investigated alongside
additional instrument settings. The initial phase of the study focused
on column screening to identify the optimal stationary phase for
ibrutinib and its impurities. Parameters like pH, flow rate,
temperature, and kind of organic solvent were assessed to get optimal
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resolution. Five distinct columns were employed: ACQUITY UPLC®
BEH (8, ACQUITY UPLC® BEH C18, Inertsil ODS C18, Luna C18, and
ACQUITY UPLC BEH Phenyl. Multiple solvent combinations were
evaluated to estimate ibrutinib according to its solubility. The
selection of the mobile phase was based on system appropriateness
characteristics such as resolution (Rs), tailing factor (Tf), capacity
factor (k), plate number (N), and retention duration (Rt). Three
distinct movable stages were employed for preliminary screening: The
mobile phase A (methanol) and phase B (water) comprised 5 mmol
ammonium acetate with 0.2% formic acid (50:50 v/v) at pH 6.8, 0.02
M formic acid in water-acetonitrile (60:40 v/v) at pH 2.7, and 20 mmol
ammonium bicarbonate (A) and acetonitrile (B) at pH 9.8. Formic acid
at a concentration of 0.5% was utilised to modify the pH of the mobile
phase. The flow rate in UPLC influences system pressure,
chromatographic integrity, and duration of analysis. Experiments were
conducted to evaluate the influence on resolution, sensitivity, and
retention times utilising an ACQUITY UPLC® BEH C18 column (2.1
mm x 50 mm, 1.7 pm). The mobile phase comprised 0.02 M formic acid
in water and acetonitrile (50:50 v/v) at pH 2.7. The column
temperature was sustained at 30 °C, and flow rates from 0.3 ml/min to
0.7 ml/min were assessed. Initial experimental trials indicated the
mobile phase and its composition, column temperature, and flow rate
as essential parameters, which were optimised using the Design of
Experiments methodology.

Optimization with design of experiments
Retention time of ibrutinib (R1)

Ibrutinib retention duration is significantly impacted by predictor
variables (mobile phase pH, flow rate, column temperature, and
their interactions), as shown by the ANOVA significance of the
quadratic model (p<0.0001) in table 2. The derived equation for the
retention time of Ibrutinib (Eq.1) provides valuable understanding
into the relationship between predictor variables and the
chromatographic response. The model for the retention time of
ibrutinib (R1) demonstrates excellent fit, as evidenced by the high
R? value of 0.9969 and adjusted R? value of 0.9929. These metrics
indicate that approximately 99.7% of the variability in R1 is
explained by the model, with minimal overfitting. The close
agreement between R? and adjusted R? confirms the model's
robustness. Additionally, the predicted R? value of 0.9726 suggests
strong predictive capability, making the model reliable for
optimizing retention time in real-world applications.

Retention time of Ibrutinib (R1) = 2.53838+-0.077825*
A+0.035275*B+-0.03645*C+0.006125*AB+-0.032825*AC+-
0.001225*BC+-0.0293025*A2+0.403547*B2+0.174998 * C2 Eq.1

Table 1: Summary data of box-behnken design experimental variables and responses

Run Factor1 Factor 2 Factor 3 Response 1 Response 2 Response 3
A: Mobile B: Flow rate C: Column Retention time of  Resolution between Retention time of last
phase pH (ml/min) temperature (C) Ibrutinib ibrutinib and impurity-I eluting peak

1 2 0.4 30 2.9625 2.6996 5.3845

2 2.3 0.5 30 2.515 4.9465 4.3972

3 2.6 0.6 30 2.875 2.8671 5.0732

4 2.3 0.5 30 2.5442 4.503 4.4166

5 2.3 0.5 30 2.5248 4.6956 4.4313

6 2.6 0.5 25 2.6901 2.2975 4.6453

7 2 0.6 30 3.0208 2.3681 5.1802

8 2.3 0.4 25 3.1035 2.349 5.1705

9 2.3 0.4 35 3.0598 2.817 5.0829

10 2.6 0.4 30 2.7922 3.2271 5.1753

11 2.6 0.5 35 2.5248 4.5851 4.3874

12 2 0.5 25 2.7777 3.5513 4.6258

13 2 0.5 35 2.7437 3.0239 4.7619

14 2.3 0.5 30 2.5442 4.3875 4.368

15 2.3 0.5 30 2.5637 4.782 4.3874

16 2.3 0.6 25 3.1765 1.9823 5.0392

17 2.3 0.6 35 3.1279 2.6906 5.044

Main factors A (Mobile Phase pH), B (Flow Rate), and C (Column
Temperature) are all significant (p<0.05), alongside highly

significant quadratic terms for B and C (p<0.0001), suggesting
nonlinear relationships with retention time (Perturbation Plot, fig. 2
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a). The interaction terms, such as AB, AC, and BC, exhibit smaller
coefficients compared to the main effects, suggesting weaker or
negligible influences on retention time. This indicates that the
combined effects of these factors do not significantly alter the
retention behavior of Ibrutinib beyond the individual contributions
of each factor. Furthermore, the quadratic terms for B and C (B? and
C?) demonstrate substantial coefficients (0.403547 and 0.174998,
respectively), indicating non-linear relationships with retention time
(3D Surface Plot, fig. 2a). This implies that moderate adjustments to
flow rate and column temperature may have more pronounced
effects on retention time compared to linear changes, emphasizing
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the importance of carefully optimizing these parameters for precise
control over chromatographic performance.

Resolution between ibrutinib and impurity-I (R2)

ANOVA results for the quadratic approach (table 2) concerning the
resolution between Ibrutinib and Impurity-l, together with the
produced quadratic equation (Eq. 2), reveals the substantial impacts of
the independent important variables. Resolution is considerably
impacted by at least one of the predictor variables (Mobile Phase pH,
Flow Rate, Column Temperature, and their interactions), as confirmed
by the very significant F-value (41.43) and related p-value (<0.0001).

Perturbation
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Fig. 2: Perturbation and 3D RSM plots of responses (a) Retention time of Ibrutinib (b) Resolution between ibrutinib and impurity-I (c)
Retention time of last eluting peak
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Table 2: Summary of anova study of response variables

Source Retention time of ibrutinib Resolution between ibrutinib Retention time of last eluting peak  Statistical
(R1) and impurity-I (R2) (R3) significance
Sum of F-value p-value Sum of F- p-value Sum of F-value p-value
squares squares value squares

Model 0.9218 248.73 <0.0001 16.47 41.43 <0.0001  2.06 311.32 <0.0001 Significant

A-Mobile 0.0485 117.67 <0.0001 0.2224 5.03 0.0598 0.0563 76.65 <0.0001

Phase pH

B-Flow Rate 0.0100 24.17 0.0017 0.1754 3.97 0.0866 0.0284 38.65 0.0004

C-Column 0.0106 25.81 0.0014 1.08 24.40 0.0017 0.0052 7.12 0.0321

Temperature

AB 0.0002 0.3644 0.5651 0.0002 0.0046 0.9478 0.0026 3.55 0.1014

AC 0.0043 10.47 0.0143 1.98 44.84 0.0003 0.0388 52.82 0.0002

BC 6.0034 0.0146 0.9073 0.0144 0.3267 0.5855 0.0021 291 0.1321

A? 0.0036 8.78 0.0210 0.9858 22.31 0.0021 0.1106 150.54 <0.0001

B? 0.6857 1665.14 <0.0001 8.12 183.75 <0.0001 1.73 2355.65 <0.0001

c? 0.1289 313.13 <0.0001 2.79 63.24 <0.0001  0.0078 10.56 0.0141

Residual 0.0029 0.3093 0.0051

Lack of Fit 0.0014 1.34 0.3806 0.1122 0.7589 0.5727 0.0027 1.47 0.3493 Not Significant

Pure Error 0.0014 0.1971 0.0024

Cor total 0.9247 16.78 2.06

Fit statistics

Parameter Retention time of ibrutinib (R1) Resolution between ibrutinib and Retention time of last eluting peak (R3)

impurity-I (R2)

Std. Dev. 0.0203 0.2102 0.0271

Mean 2.80 3.40 4.80

C.V.% 0.7256 6.19 0.5649

R? 0.9969 0.9816 0.9975

Adjusted R? 0.9929 0.9579 0.9943

Predicted R? 0.9726 0.8747 0.9772

Adeq Precision  41.9501 17.2345 46.9097

*Sample Size n = 3, Average values are considered for the experimental optimization using Design Expert version 13.0.1.

The model demonstrates a strong match for the resolution between
ibrutinib and Impurity-I (R2), evidenced by a R? value of 0.9816 and
an adjusted R? value of 0.9579. The data demonstrate that the model
accounts for 98.2% of the variability in R? with a slight reduction in
adjusted R? due to the inclusion of non-significant terms. The
predicted R? value of 0.8747 further validates the model's predictive
accuracy, though it suggests some room for refinement. Overall, the
model is adequate for guiding parameter adjustments to achieve
optimal resolution.

Resolution between Ibrutinib and Impurity-I = 4.66292+0.166738 *
A+-0.148075 * B+0.367063 * C+-0.007125 * AB+0.70375 *
AC+0.060075 * BC+-0.48386 * A2+-1.38859 * B2+-0.81461 * C2 Eq.2

Among the main critical factors, while factors A (Mobile Phase pH)
and B (Flow Rate) exhibit p-values slightly above 0.05, suggesting a
marginal impact on resolution, factor C (Column Temperature)
demonstrates a significant effect (p = 0.0017) (Perturbation Plot, fig.
2(b)). Additionally, the quadratic equations for all variables (A% B?,
and C?) are quite important (p<0.0021), indicating non-linear
relationships with resolution. The interaction terms, such as AB, AC,
and BC, demonstrate both positive and negative coefficients,
indicating varying effects on resolution depending on the specific
combination of factors. The interaction terms AC is highly significant
(p = 0.0003), and the positive coefficient for AC (0.70375) suggests
that the interaction between mobile phase pH and column
temperature positively influences resolution. Furthermore, the
quadratic terms for factors A, B, and C (A% B? and C?) reveal non-
linear relationships with resolution. The negative coefficients for A%
(-0.48386), B* (-1.38859), and C? (-0.81461) indicate that deviations
from optimal levels of the mobile phase pH, flow rate, and column
temperature may detrimentally impact resolution (3D Surface Plot,

fig. 2(b)).
Retention time of last eluting peak (R3)

ANOVA results for the quadratic model (table 2) regarding the
retention period of the last eluting peak and the corresponding
quadratic equation (Eq. 3) reveal the substantial impacts of the
independent key factors. The model for the retention period of the

last eluting peak (R3) demonstrates an outstanding match, with a R?
value of 0.9975 and an adjusted R? value of 0.9943. These metrics
demonstrate that 99.8% of the variability in R3 is explained by the
model, with little overfitting. The anticipated R? value of 0.9772
further substantiates the model's robust prediction capability,
rendering it exceptionally dependable for optimising the retention
period of the last eluting peak in actual applications.

Retention time of last eluting peak = 4.4001+-0.0839 * A+-0.059575
*B+-0.025575 * C+0.02555 * AB+-0.0985 * AC+0.0231 *
BC+0.162075 * A2+0.641125 * B2+0.042925 * C2Eq.3

A (pH of the mobile phase), B (flow rate), and C (column
temperature) are some of the primary influences exhibit highly
significant effects on retention time, with all associated p-values less
than 0.05 (Perturbation Plot, fig. 2(c)). The quadratic terms for all
components (A% B? and C?) are very significant (p<0.0001),
signifying non-linear correlations with retention time.

The interaction term AC is very significant (p = 0.0002), indicating
that the combined effect of Mobile Phase pH and Column
Temperature considerably affects the retention period of the final
eluting peak. However, the interaction terms AB, BC are not
significant (p>0.05). The positive coefficients for A% (0.162075), BZ
(0.641125), and C? (0.042925) suggest that deviations from optimal
levels of the mobile phase pH, flow rate, and column temperature
may lead to longer retention times for the last eluting peak (3D
Surface Plot, fig. 2(c)).

Method validation

Validation of an analytical method involves various assessments to
establish documented evidence to high degree of assurance if the
procedure is appropriate for its designated purpose. The established
procedure was validated according to ICH criteria.

Six duplicate injections of 100% specification level ibrutinib
standard solution (50 pg/ml) were used to evaluate the system
applicability. Table 3 presents the essential parameters, including
peak area, number of theoretical plates, tailing factor, and % RSD.
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The medication retention time was determined to be 2.64 min. The determined to be 0.60. All metrics were determined to be within the

percent relative standard deviation of six duplicate injections was

system appropriateness thresholds.

Factor Coding: Actual

Overlay Plot
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Retention Time of Last eluting peak

@ Design Points

X1=A
X2=B

Actual Factor
C=30

B: Flow Rate

Overlay Plot

06

Retention Time of Last ekiting peak &

Retention Time of IGRinG:28

0.55 —

05 —| Y

0.45 —

04

A: Mobile Phase pH

Fig. 3: Overlay plot of method optimization displaying the MODR

Table 3: Summary of system suitability results

Peak area

Number of theoretical plates

Tailing factor

3332880
3335040
3322980
3367080
3341880
3371400
3345210
19621.0734
0.58

5755
5678
5637
4726
4598
4642

1.034
1.065
1.078
1.026
0.921
1.068

1.2 4

1.0

0.4

Ibrutinib - 3.9588

Time (min)

Fig. 4a: Ibrutinib standard at 50 pg/ml
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The specificity of an analytical technique refers to its capacity to
accurately evaluate the analyte's reaction in the presence of
anticipated contaminants. The method's specificity was assessed by
injecting standard, blank, and test samples of ibrutinib together with
its process-related contaminants. All chromatograms were
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examined for any interference. The specificity findings demonstrate
that ibrutinib exhibited no influence from any known or
undiscovered contaminants. Furthermore, all the spiking pollutants
were effectively isolated from one another with high resolution. Fig.
4 presents the typical chromatograms.

1.2 4

1.0

0.8

0.6

0.4 +

0.2

0.0

( Impurity-l - 2.5283

Ibrutinib - 2.8465

Impurity- IV - 2.5206

) Impurity - Il - 4.2622
! Impurity - Il -5.0230

Time (min)

o -

Fig. 4b: Ibrutinib test sample at specification levels

Seven distinct concentrations of contaminants injected into an
ibrutinib standard solution were tested to evaluate the linearity of
the proposed UPLC technique, encompassing both ibrutinib and the
impurities. The concentration ranges were 0.025-100 pg/ml for
ibrutinib and 0.025-0.225 pg/ml for contaminants. The findings of
the linearity investigation are displayed in table 4. The statistical

outcomes of the linearity test indicate that the UPLC-UV detector
response exhibited a strong connection with the concentration of
both the analyte and impurity, utilising the optimised UPLC
technique (table 4). Ibrutinib, Impurity-1, Impurity-1I, Impurity-I1I,
and Impurity-IV have correspondingly observed correlation
coefficient values of 0.9996, 0.9999, 0.9999, 0.9997, and 0.9999.

Table 4: Results of linearity experiments

Linearity levels (ng/ml)

S. Ibrutinib Peak Impurity-I Peak Impurity-1I Peak Impurity-111 Peak Impurity-I1V Peak
No. area (ug/ml) area (ug/ml) area (ng/ml) area (ng/ml) area

1 0.03 1828 0.025 1635 0.025 1990 0.025 1899 0.025 2194

2 2.5 174678 0.0375 3037 0.0375 3724 0.0375 3525 0.0375 4168

3 5 350027 0.075 6220 0.075 7438 0.075 7038 0.075 8145

4 25 1749178 0.15 12395 0.15 15036 0.15 14151 0.15 16319
5 50 3519180 0.225 18964 0.225 21996 0.225 20969 0.225 24361
6 75 5419560

7 100 7015940

Ibrutinib was found to have a limit of detection (LOD) of 0.01 pg/ml and a signal-to-noise ratio greater than 3. The LOQ of ibrutinib was determined
to be 0.025 pg/ml with a signal-to-noise ratio higher than 10. Fig. 5 displays the chromatogram for the Limit of Detection (LOD) and Limit of
Quantification (LOQ) of Ibrutinib. All four pollutants had a signal-to-noise ratio above 5 at a concentration of 0.01, which is considered the limit of
detection (LOD). At 0.025 concentrations, the pollutants showed a signal-to-noise ratio higher than 10, which is considered the limit of

quantification.
Table 5: Summary of accuracy and precision studies

Accuracy
Level (%) % RSD values of accuracy in terms of percent recovery

Ibrutinib Impurity-I Impurity-I1 Impurity-111 Impurity-IV
LOQ 2.48 3.05 2.88 3.45 2.69
100 1.73 2.97 3.61 3.92 3.58
150 1.46 3.56 3.84 2.81 3.96
Precision at specification level
Parameter % RSD values of assay

Ibrutinib Impurity-I Impurity-II Impurity-II1 Impurity-1V
Method Precision 1.53 3.48 3.95 4.12 3.58
Intermediate Precision 1.84 3.27 3.61 3.82 3.74
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The accuracy of the technique was assessed by giving six samples for
testing of the drug at a 100% specified level. The % RSD of assay of
ibrutinib test samples was within the acceptable limit (<2%). The %
RSD for impurity assay were presented in table and are within the
acceptable limit (<10%). The same concentration range was used for
three days in a row to establish the intra-day and inter-day accuracy.
The % RSD results of intermediate precision are within the
acceptable limit (table 5).

The precision of the proposed UPLC technique was determined by
injecting three distinct concentrations of impurity spiked ibrutinib
sample (LOQ, 100 and 150 % of the specification limit). The percent
recovery values of drug and impurities were ranged from 93.58 to
104.75% (table 5). % RSD values for accuracy experiments were
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well within the ICH limits for drug (<2%) as well as impurities
(<10%).

The ibrutinib solution stability was tested by placing the samples (50
ppm Standard solution, 0.075 ppm Diluted Standard solution, and 50
ppm Test sample solution) in tightly sealed volumetric flasks and
letting them sit at room temperature for 24 h. The samples were
analysed at six-hour intervals. To evaluate the stability of the ibrutinib
solution and its impurities, a spiking sample is kept for 48 h at room
temperature in a tightly sealed volumetric flask. The quantity of each
contaminant is assessed at six-hour intervals until the conclusion of
the research period. The relative standard deviation (RSD) of the
ibrutinib test during the stability studies is below 2%. The test values,
reflecting the solution's stability, exhibited no substantial variations.

LOD

010 5
0.08 -
0.06
2 0.04
0.02

OO0 - e

Time (min)

LOQ

Time (min)

Fig. 5: LOD and LOQ chromatogram of ibrutinib

Changing the levels of crucial factors such as the mobile phase
composition, the detection wavelength (250, 255, and 265 nm), and
the flow rate (0.5 to 0.7 ml/min) allowed for the evaluation of the
method's robustness. The substantial intentional modifications to
several crucial technique parameters have not yielded any adverse
outcomes. A satisfactory resolution was noted between the
medication and all contaminants, demonstrating the method's
robustness.

DISCUSSION

The development and optimization of the UPLC method for
analyzing ibrutinib and its impurities demonstrated the critical role
of systematic parameter optimization in achieving robust
chromatographic performance. The two-phase approach, combining
initial screening with Design of Experiments (DoE), allowed for the

identification and refinement of key factors influencing resolution,
retention time, and sensitivity. The relationship between predictor
variables (pH of the mobile phase, flow rate, and column
temperature) and chromatographic responses was thoroughly
understood through the use of a Box-Behnken design. This revealed
important non-linear interactions that were successfully
represented by quadratic equations. This approach not only
enhanced method performance but also ensured reproducibility and
reliability [24-26].

The optimized method achieved a resolution of 4.66 between ibrutinib
and Impurity-I, which is critical for accurate impurity profiling. The
retention times of ibrutinib (2.64 min) and the last eluting peak (4.40
min) were well within acceptable limits, ensuring efficient separation
and analysis. Similar studies on UPLC optimization for pharmaceutical
compounds have reported the effectiveness of DoE in refining
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chromatographic conditions, enhancing separation efficiency, and
improving detection sensitivity (27, 28). The sensitivity of the method
was notably high, with LOD and LOQ values of 0.01 pug/ml and 0.025
ug/ml, respectively, for ibrutinib, and comparable sensitivity for its
impurities. These metrics underscore the method's capability to detect
and quantify low levels of impurities, which is essential for ensuring
drug safety and quality [27].

The linearity of the method, demonstrated by correlation
coefficients = 0.9996 across the tested concentration ranges,
highlights its suitability for quantitative analysis. Precision and
accuracy were also confirmed, with % RSD values<2% for ibrutinib
and<10% for impurities, and recovery rates ranging from 93.58% to
104.75%. These results align with ICH guidelines, ensuring the
method's reliability for routine quality control [28]. Robustness
testing further validated the method's stability under deliberate
variations in critical parameters, such as mobile phase composition,
detection wavelength, and flow rate, confirming its suitability for
diverse analytical conditions [29-31].

The systematic optimization approach, particularly the use of DoE,
represents a significant advancement in chromatographic method
development. Previous studies had demonstrated that the
application of statistical modeling in chromatographic method
optimization improves method robustness and reproducibility,
particularly for stability-indicating assays of pharmaceutical
compounds [32-34]. By identifying and modeling the complex
interactions between critical parameters, this study provides a
framework for developing robust analytical methods for other
pharmaceutical compounds. The validated UPLC method offers a
reliable, sensitive, and precise tool for quantifying ibrutinib and its
impurities,lensuring compliance with regulatory standards and
supporting pharmaceutical quality control. This work highlights the
importance of integratinglstatistical design and optimization in
analytical method development to achieve superior performance
and reproducibility.

CONCLUSION

This study successfully developed and optimized a robust
chromatographic method for analyzing ibrutinib and its impurities
using a systematic two-phase approach. Critical parameters,
including the mobile phase composition, column temperature, and
flow rate, were optimized through a DoE strategy, ensuring precise
separation and quantification. The derived quadratic models
highlighted the significant influence of predictor variables on key
chromatographic responses, reinforcing the necessity of precise
parameter control for method reliability. Method validation, aligned
with ICH guidelines, confirmed its accuracy, precision, and
robustness, making it suitable for API analysis, stability studies,
clinical batch testing, and routine quality control. Additionally, its
adaptability for forced degradation studies supports long-term
stability assessments. Beyond ibrutinib, this approach sets a
benchmark for developing robust chromatographic methods for
impurity profiling in pharmaceutical research, enhancing drug
safety and regulatory compliance.
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