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ABSTRACT

Selumetinib (SEL) is a recently approved medication for paediatric
patients who have neurofibromatosis type 1. It is the first approved
therapy for this rare, debilitating, and disfiguring disease. Development
of proper analytical platforms for SEL analysis in its marketed pharma-
ceutical formulation (Koselugo® capsules) and blood plasma is highly
warranted. Availability of such analytical tools would ensure SEL cap-
sules' quality and effective therapy. This study introduces, for the first
time, the development of two label-free and sensitive platforms for SEL
quantification in capsules and human plasma. These platforms are
microwave-assisted with an ultraviolet absorbance microplate reader
(MW-UV) and reverse-phase high-performance liquid chromatogra-
phy with a photodiode-array detector (HPLC-PDA). Both platforms
employed the SEL native UV absorption as an analytical signal. The
MW-UV measured the UV absorption in 96-well transparent plates at
255 nm. The HPLC-PDA involved chromatographic separation of SEL
and tozasertib (TOZ), internal standard, on a C18 column both were
detected at 255 nm. The optimum procedures of both platforms were
established and validated following the ICH guidelines. The linearity
ranges were 15-500 pg mL™ and 0.8-100 pug mL, with limits of quan-
tification of 15.3 and 3.5 pug mL™, for MW-UV and HPLC-PDA, resp.
Both platforms displayed high precision with relative standard devia-
tion values < 1.8 %, and high accuracy with recovery ranging from 98.3
to 102.3 %. The platforms were successfully applied to quantify SEL in
bulk form, Koselugo® capsules, and were preliminarily applied to
human plasma analysis. Eco-friendliness assessment confirmed the
adherence of both platforms to green analytical approaches. MW-UV
and HPLC-PDA are simple and fast, enabling high-throughput analy-
sis, thus introducing valuable tools for routine use in quality control
and clinical laboratories for SEL quantification.

Keywords: selumetinib, UV spectrophotometry, HPLC-PDA, green
analytical chemistry, pharmaceutical analysis

INTRODUCTION

Neurofibromatosis is a multisystem genetic disorder causing nerve-associated
tumours (1). Neurofibromatosis has three types, with neurofibromatosis type 1 (NF1)
being the most common type, which emerges at birth or in early childhood and affects 1
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Fig. 1. The chemical structure of selumetinib (SEL) and the UV spectrum of its methanolic solution
(50 pg mL™), at 255 nm.

in 3,500 births (1, 2). It results from a gene mutation in the rat sarcoma (RAS) pathway,
impacting neurofibromin protein production essential for cell function (1-3). Mitogen-
-activated protein kinases 1 and 2 (MEK1/2) are known to regulate the transcription of
proteins involved in apoptosis (3). Therefore, the recent development of class-specific
MEK1/2 inhibitors has been triggered. These inhibitors can control the problematic cell
proliferation that occurs with NF1.

Selumetinib (SEL) is a small molecule sold as Koselugo® capsules (AstraZeneca, UK).
Its chemical name is 6-(4-bromo-2-chloroanilino)-7-fluoro-N-(2-hydroxyethoxy)-3-me-
thylbenzimidazole-5-carboxamide (C,,H,;BrCIF,O,, M, 458) (4); its chemical structure is
presented in Fig. 1. On April 10, 2020, SEL has been approved by FDA for the treatment of
NF1 and plexiform neurofibromas in paediatric patients (> 2 years) (5, 6). SEL is a non-ATF,
competitive, and selective MEK1/2 inhibitor, which can effectively blunt the pleiotropic
effects of the Ras-Raf-MEK-ERK oncogenic pathway. The inhibition of this pathway
reduces cell proliferation and promotes pro-apoptotic signal transduction (7). SEL has
shown minimal off-target activity, which contributes to its good safety profile (8). Yet some
side effects were reported, and in some cases, these side effects led to treatment termina-
tion or reduction of the intended dose (9). Linking the drug concentration in its dosage
form with its concentrations in the patient’s systemic circulation is essential to monitor its
efficacy and adverse events. This requires a reliable analytical technique, which can be
used in both quality control and clinical laboratory settings.

An extensive literature review revealed that few methods exist for the determination
of SEL in capsules (10) and in biological samples (11, 12). These methods are high-perfor-
mance liquid chromatography with ultraviolet detection (HPLC-UV) for the determina-
tion of SEL in capsules (10) and liquid chromatographic methods with tandem mass spec-
trometry (LC-MS/MS) for the determination of SEL in plasma (11, 12) and whole blood (13).
Recently, our laboratory reported a spectrophotometric method for the determination of
SEL in bulk and capsules via charge transfer reaction (14). These methods suffer from high
cost, complexity, and/or limited throughput. To address these challenges, the development
of improved alternative methodologies was crucial.
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Microwell analysis coupled with UV detection (MW-UV) provides high sensitivity
and specificity in detecting and quantifying analytes in small sample volumes (15). This
technique is particularly useful for high-throughput screening and reducing chemical
consumption and waste production. On the other hand, HPLC-PDA enables precise sepa-
ration and selective identification of analytes in complex mixtures with high resolution.
By promoting procedure efficiency and reducing the environmental footprint of analytical
processes, HPLC analysis can align with the principles of green analytical chemistry.

This study introduces, for the first time, the development of two different platforms,
MW-UV and HPLC-PDA, for the quantitation of SEL in bulk drug, pharmaceutical dosage
form (Koselugo® capsules) and human plasma samples. These platforms are characterised
by the advantages of high sensitivity, procedure simplicity, environmental sustainability,
and high throughput.

EXPERIMENTAL

Instrumentation

Multi-mode microplate reader (Spectramax® M5, Molecular Devices, USA) was used.
It is equipped with a cuvette port capable of scanning spectra with 1-nm increments and
reading up to six wavelengths per scan. Two monochromator optics are installed in the
reader, making it capable of scanning and reading a wavelength range of 200-1000 nm. It
can accommodate microplates ranging from 6 to 384 wells in a 4-zone system. The tempe-
rature can be controlled up to 50 °C to maintain the stability of temperature-sensitive
assays. Control of the shaking speed (low, medium, and high) is achieved via an internal
shaker. SoftMax® Pro Enterprise software, which complies with FDA 21 CFR Part 11 guid-
ance, was used to control the reader and collect the generated data.

HPLC system (Shimadzu, Japan) equipped with pump (LC-10AD), low-pressure flow
control valve (FCV-10AL), system controller (SCL-10A), auto-sampler (SIL-30AC),
Rheodyne-7725 sample injection valve with 10-uL loop, and a PDA detector (LC-20AD) set at
255 nm was used. A Zorbax Eclipse Plus C18 HPLC column (150 mm length x 4.6 mm internal
diameter (i.d.), 5 um particle size) was a product of Agilent (USA). A guard column manufac-
tured by Macherey-Nagel GmbH & Co. (Germany) was connected prior to the analytical
column. LabSolutions software (version 1.25) was used to control and capture the data.

Microprocessor laboratory pH meter (pH 211, Hanna, Romania), Heidolph vortex
mixer (D-91126, Germany), Sigma centrifuge (1-15PK, Merck KGaA, Germany,) and Milli-Q
water purification system (Millipore Ltd., USA) were used.

Materials

Drug-free adult human plasma samples were sourced from King Khaled University
Hospital's Blood Bank in Riyadh, Saudi Arabia. The plasma samples were kept at 20 °C
until used. The study was approved by the King Saud University Research Ethics
Committee (RCE) with Ethics Reference No. KSU-SE-20-51.

96-microwell transparent plates were obtained from Corning/Costar Inc. (USA).
Finnpipette® single and multi-channel pipettes were obtained from Sigma-Aldrich (USA).
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Selumetinib and tozasertib (TOZ) standards were purchased from LC Laboratories
(USA); their purities were > 99 %. Koselugo® capsules (AstraZeneca, UK) were purchased
from the local market, each capsule labelled to contain 25 mg of SEL.

HPLC grade solvents, surfactants, and other chemicals were obtained from Sigma-
-Aldrich (USA) and Thermo Fischer Scientific (USA).

Standard solutions

Standard stock solutions (2.0 mg mL™) of SEL and TOZ were prepared in a volumetric
flask by accurately weighing and dissolving 20 mg of each standard in 2 mL of dimethyl
sulfoxide (DMSO) and completing the volume with acetonitrile. Serial dilution of the SEL
stock solution was carried out with H,0O and HPLC mobile phase to produce working
solutions in concentration ranges of 15-500 pg mL™ and 0.8-100 pg mL™ for analysis by
MW-UV and HPLC-PDA, resp.

Capsule sample solution and analysis

The content of ten Koselugo® capsules was combined, and an accurate mass of the
capsules’ content equivalent to 20 mg SEL was placed in a 10-mL flask. Two mL of DMSO
and 5 mL of acetonitrile were added, then shaken for 30 minutes in an ultrasonic bath until
completely dissolved. Then, the volume was completed to the mark with acetonitrile, pro-
ducing a solution of expected 2 mg mL™ SEL. The solution was filtered using a 0.4-pum
membrane filter. A defined volume of the filtrate was further diluted with H,O or HPLC
mobile phase to create capsule sample solutions with 15-500 and 0.8-100 pg mL™! for ana-
lysis by MW-UV and HPLC PDA, resp.

For MW-UYV analysis, an accurately measured volume (200 pL) of SEL standard or
sample solution (bulk and capsules) was transferred to a well in the 96-microwell plates.
The UV absorbance was measured at 255 nm.

For HPLC-PDA, the chromatographic separation was conducted on a Zorbax Eclipse
Plus C18 HPLC column [150 mm length x 4.6 mm internal diameter (i.d.), 5 um particle
size] maintained at 25 + 2 °C throughout the analysis. The elution was conducted in an
isocratic mode with a mobile phase composed of a mixture of ammonium formate buffer
solution (0.1 mol L) of pH 5 and acetonitrile at a ratio of 65:35 (V/V) pumped at a flow rate
of 1.0 mL min~. Aliquots (10 pL) of the standards and capsule samples were injected into
the HPLC system by the autosampler. The elution of the compounds was monitored by the
PDA detector (set at 255 nm). The relation between the peak area ratio of SEL to TOZ peaks
and the SEL concentration was used as the basis for the quantification.

Plasma samples and analysis

From the human plasma sample, 1 mL was spiked with SEL standard solution, mixed
with the same volume of methanol, vortexed, and centrifuged at 13,000 rpm for 10 min.
The supernatants were aspirated and passed through 0.2-um Millipore filter syringes. The
filtrates were spiked with TOZ (internal standard) and diluted with HPLC mobile phase
to give SEL concentrations in the range of 0.8-100 pg mL™" and a fixed concentration of TOZ
(5 ug mL™). HPLC analysis of the plasma samples was done following the previously
mentioned analysis method for capsules.
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Validation of MW-UYV and HPLC-PDA

Validation of the proposed MW-UV and HPLC-PDA platforms was done according to
the International Council on Harmonisation (ICH) guidelines for the validation of analy-
tical procedures (16) and bioanalytical method validation and study sample analysis M10
(17). All calculations in this study were based on calibration using standard drug solutions
(model standards).

Linearity and sensitivity. — To assess the linearity range, a series of SEL concentrations
of standard solutions was analysed. These concentration ranges were 5-800 and 0.5-200
ug mL™! for MW-UV and HPLC-PDA, resp. These solutions were prepared from the stock
solution by dilution in water or the mobile phase for analysis by MW-UV or HPLC-PDA,
resp. Linear regression equations and their determination coefficients (R?) were calculated
from three independent calibration curves of at least five concentration levels.

The limit of detection (LOD) and limit of quantification (LOQ) were used to evaluate
the methods’ sensitivity, following the formula:

LOD or LOQ =x SDa/b

where x is 3.3 for LOD and 10 for LOQ, SDa is the standard deviation of the calibration line
intercept, while b is the calibration line slope.

Precision and accuracy. — Five SEL concentration levels, covering the entire linear work-
ing ranges of the platforms, were used. Three replicates of each concentration point in the
ranges of 25-400 and 10-80 pg mL™ for MW-UV and HPLC-PDA, resp., were analysed to
determine intra-assay precision and accuracy.

Assessment of the inter-assay was done over three consecutive days by analysing six
replicate samples of each concentration point of the five concentration points in the same
ranges by two analysts.

The percentage of recovery was derived from comparing the measured concentrations
to the specified concentrations.

Effect of plasma matrix. — To assess the effect of plasma matrix, four samples were ana-
lysed under different conditions: a SEL-free sample (blank plasma without SEL and with-
out IS), blank plasma spiked with IS (5 pg mL™), blank plasma spiked with both SEL at
LOQ concentration (3.5 pg mL™) and IS at a concentration of 5 ug mL~, and blank plasma
spiked with both SEL at a concentration of 10 ug mL™ and IS at a concentration of 5 ug
mL". The chromatograms were investigated for the appearance of any interfering peaks
at the retention times of both SEL and IS. Additionally, varying SEL concentrations (20, 40,
60 and 80 pug mL™) were spiked in plasma samples, and analysed by the proposed HPLC-
-PDA method. The mean recovery for each concentration level was calculated.

RESULTS AND DISCUSSION

Selection of detection wavelength

SEL chemical structure features chromophore functional groups due to the conju-
gated systems (Fig. 1). Therefore, the compound is expected to absorb light within the UV
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wavelength. This assertion was confirmed through its UV absorption spectrum (Fig. 1),
illustrating SEL's pronounced UV light absorption within the 200-400 nm range, with a
prominent absorption peak at 255 nm. This discovery prompted the utilisation of SELs
absorption characteristics in the development of MW-UV and HPLC-PDA platforms for
the analysis of SEL in capsules and plasma samples.

Development of MW-UV

To ensure high absorbance intensity, some factors were optimised (like microwell
plates, solvents, surfactants, acidity, etc). Table 1S summarises the optimised values of the
variables.

Solvents. — The solvents tested were water, methanol, ether, acetone, propanol, pen-
tanol, acetonitrile, dimethylformamide, chloroform and hexane. The absorption spectra of
SEL solutions in these solvents are given in Fig. 1S, and the absorption values at the maxi-
mum absorption peaks are given in Fig. 2a. The highest UV absorption intensity was atta-
ined in acetone and dimethylformamide; nevertheless, both solvents possess UV cut-off
wavelengths at 330 and 270 nm, resp. (18), which overlap with the absorption spectrum of
SEL. This overlap led to their exclusion from further evaluation. Hexane exhibited the least
absorbance, while other solvents, including water, displayed comparable absorption inten-
sities. Water was favoured as the preferred solvent for subsequent experiments.

Surfactants. — The addition of surfactants, owing to their amphiphilic properties, can
induce micelle formation, thereby enhancing the UV absorption intensity of the solute (19,
20). In this study, various types of surfactants, such as anionic (CMC - carboxymethyl cel-
lulose, SLS — sodium lauryl sulphate, SD — sodium dodecyl sulphate), cationic (cetrimide),
and non-ionic (Tween 20, Tween 80, chromophore EL) were investigated for their impact
on the UV absorption of SEL. Results indicated a slight decrease in SEL's UV absorption
with the addition of SLS, SDS and Tween 20, compared to scenarios without surfactants
(Fig. 2b). However, most surfactants either maintained similar absorption levels or slightly
increased SEL absorption compared to its solution in water. While surfactants are known
to enhance the solubility of hydrophobic drugs like SEL by forming micellar systems, the
observed UV absorptivity did not significantly increase with surfactant presence in this
study. Previous reports suggest that while a single or combined surfactant can enhance
solubility and absorptivity of hydrophobic drugs (21, 22), however, the observed results
here did not show a significant increase in the UV absorptivity of SEL. Accordingly, the
use of surfactant was excluded in the subsequent experiments.

Acidity. — To investigate the impact of pH on the absorbance spectrum, a series of SEL
solutions were prepared in Britton Robinson buffer of varying pH values (pH 3-12) (Fig.
2¢). The results indicated that the absorption intensity of SEL was not affected by pH
change, except for a slight increase which occurred at pH 9. To elucidate this outcome,
further analysis using MarvinSketch (ChemAxon, Hungary) was carried out (23, 24) as
detailed in the supplementary material (Fig. 25).

Sample solution volume. — The optimal volume of SEL sample solution (250 ug mL™) for
analysis was determined by measuring the UV absorbance intensity of 50, 100, 150, 200,
and 250 pL per well in a 96-well plate. Precision was improved with increasing volume up
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Fig. 2. The effect of: a) solvent; b) surfactant, and c) pH of buffer, on UV absorption of SEL solution
(50 g mL™), at 255 nm. The values are the average of 3 determinations + SD.
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Fig. 3. a) Representative chromatogram of standard solutions of SEL (80 pug mL™) and TOZ solution
(5 pg mL™) as an internal standard (IS); b) overlaid chromatograms of varying concentrations of SEL
standard solutions (0.8-100 pg mL™) containing a fixed concentration of IS (5 ug mL™). All measure-
ments were performed at 255 nm. mAU is the detector response in millivolts as arbitrary units.

to 200 uL per well (RSD 0.8 %). Beyond this point, a lower precision (RSD 3.8 %) was obser-
ved (Fig. 35).

Validation of MW-UV

Linearity and sensitivity. - MW-UV linear relationships were evident between SEL con-
centration and signals in the range of 15-500 pug mL™ with a coefficient of determination (R?)
of 0.999. The calibration line and its corresponding linear fitting equation is given in Fig. 4S.

LOD and LOQ found to be 5.1 and 15.3 pug mL, resp. Table I provides a summary of
the calibration parameters for SEL quantification using MW-UV platform.

Table 1. Calibration parameters for the determination of SEL by MW-UV

Parameter Value?
Linear range (ug mL™) 15-500
Intercept (1) 0.0325
Standard deviation of intercept (SD,) 0.0066
Slope (b) 0.0043
Standard deviation of slope (SD,) 0.0015
Determination coefficient (R?) 0.999
Residual sum of the squares 0.0039
Limit of detection (LOD, pg mL™) 51
Limit of quantitation (LOQ, ug mL™) 15.3

2 Mean of three determinations.
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Table II. Accuracy of MW-UV for the determination of SEL at different concentration levels

SEL concentration Recovery (% + RSD)

(ug mL™) Intra-assay, n =3 Inter-assay, n=6
25 99.5+1.1 101.2+1.4

100 100.6 + 0.8 98.3+1.2

200 101.2+0.6 994+ 1.4

300 102.3+1.5 99.8 +1.8

400 98.8+1.2 102.2+1.6

Precision and accuracy. — The intra- and inter-day RSDs ranged from 0.6 to 1.5 % and
1.2 to 1.8 %, resp.

Accuracy evaluation was conducted at the same concentration levels used for preci-
sion assessment. Accuracy, evidenced by recovery values, ranged from 98.3 to 102.3 %. The
precision and accuracy profile in terms of RSD and recovery are summarised in Table III.

Table I11. Intermediate precision of MW-UYV for the determination of SEL

Parameter Recovery (%)? Precision (RSD, %)
Analyst to-analyst

Analyst-1 101.2 14
Analyst-2 100.4 1.2
Day-to-day

Day-1 99.84 24

Day-2 100.5 21

Day-3 101.2 14

2 Mean of three determinations.

As seen in Table IV, representing the platform intermediate precision, variations
attributable to the analysts did not surpass 1.4 % for RSD and 101.2 % for recovery. The
day-to-day RSD did not exceed 2.4 %; recovery values ranged between 99.8 and 101.2 %.

Table IV. Chromatographic system suitability parameters of the determination of SEL by HPLC-PDA

Parameter Value
Retention time for SEL (min)? 9.091 + 0.201
Retention time of TOZ (min)? 5.686 + 0.101
Capacity factor (k) 2.357
Separation factor (&) 1.159
Resolution factor (R,) 5.259
Peak asymmetry factor 1.159
Number of theoretical plates (plate/meter) (N) 10842
an=3.
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Throughputs of MW-UV

Microwell-based techniques represent efficient tools for conducting high-throughput
analyses, enabling the concurrent processing of numerous samples in a cost-effective man-
ner. The platform exhibits rapid sample processing, handling multiple samples simultane-
ously in a batch format. A single analyst can manage up to 6 plates as a batch (equivalent
to 576 samples) within approximately 30 min (i.e., 1152 samples per hour), encompassing
tasks from sample preparation and dispensing through to data processing and result gene-
ration. Furthermore, the throughput of the platform can be easily scaled and is amenable
to automation by utilising plates with a higher well count (such as 384- and 1536-well
plates) and robotic systems. This scalability and automation potential not only boosts
high-throughput capacity but also enhances efficiency, minimises errors, and streamlines
operations, thereby saving valuable time and effort in the laboratory.

Development of HPLC-PDA

Internal standard. — In the selection of the most suitable IS, drugs belonging to the
tyrosine kinase inhibitors class, namely, tozasertib, afatinib, linifanib and pelitinib, were
selected for investigation. The chemical structures of these drugs are depicted in Fig. 5S.
Examination of the absorption spectra of these drugs revealed a spectral overlap with SEL
(as illustrated in Fig. 6S), allowing their detection at the same wavelength of 255 nm, des-
ignated for SEL. Initial chromatographic trials demonstrated that TOZ could be effectively
separated from SEL under the preliminary chromatographic conditions specified for SEL.
Consequently, TOZ was chosen as the IS for subsequent investigations.

Optimisation of the chromatographic conditions. — To optimise the chromatographic con-
ditions for efficient separation and detection of SEL and TOZ within a short time frame,
various system parameters such as the mobile phase composition, column, and flow rate
were systematically investigated. All experimental procedures were conducted at room
temperature. Initially, the following conditions were employed: a C18 reversed-phase col-
umn (150 mm length x 4.6 mm inner diameter, 5 um particle diameter), isocratic elution,
using a mobile phase consisting of a mixture of ammonium formate buffer solution (0.1 %)
adjusted to pH 3 and acetonitrile at a ratio of 40:60 (V/V), and a flow rate of 1 mL min™.
Under these conditions, both SEL and TOZ were separated in a short period (< 7 min), but
the peak resolution was not sufficient. This proximity in retention times can be attributed
to the lipophilic nature of both compounds, with the high content of acetonitrile in the
mobile phase leading to rapid elution and resulting in peak overlap. To improve the sepa-
ration while maintaining a short analysis time, the pH of the buffer was adjusted to pH 5,
while using the same mobile phase ratio. This adjustment resulted in a slight enhancement
of TOZ peak separation, while preserving the retention time of SEL and the efficiency of
the rapid analysis. Furthermore, it was noted that alterations in pH had a minimal impact
on the chromatographic behaviour of SEL, in contrast to TOZ, which exhibited a notable
sensitivity to pH variations. To explain this differential behaviour, computational simula-
tions were executed to ascertain the protonation states of both SEL and TOZ across a range
of pH levels using the MarvinSketch software (ChemAxon, Budapest, Hungary) (23). The
computational analysis delineated the potential protonated states of both SEL and TOZ,
along with their corresponding distribution of microspecies in relation to pH, as depicted
in Figs. 25 and 7S. The subtle electronic disparities between these states resulted in minimal
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impact on its chromatographic behaviour when transitioning from pH 1 to 3; conversely,
TOZ's varying protonated states account for the sensitivity of TOZ alterations in the mobile
phase pH from 3 to 5.

Further adjustments to the mobile phase composition were made by reducing the
acetonitrile percentage (ammonium acetate: acetonitrile ratio of 65:35, V/V). This modifica-
tion led to improved separation and retention times for both SEL and TOZ (9.1 and 5.7 min,
resp.) with an acceptable resolution. In order to obtain a higher resolution, the ratio of
ammonium acetate to acetonitrile 70:30 (V/V) was adjusted. While this adjustment achieved
a higher peak resolution, it also resulted in extended retention times for SEL and TOZ (16.5
and 9.2 min, resp.), impacting the overall analysis time.

The mobile phase ratio of 65:35 (V/V) ammonium acetate to acetonitrile was deter-
mined to be optimal as it yielded a resolution greater than 1 between SEL and TOZ, sym-
metric peaks for both TOZ and SEL across different concentrations (as depicted in Figs. 3a
and 3b) and maintained a total analysis time within an acceptable range (< 10 min). To
assess the suitability of the chromatographic system under these selected conditions, vari-
ous key parameters, including the capacity factor, separation factor, resolution factor, and
peak symmetry, were evaluated. The results of these evaluations are summarised in Table
Iv.

A summary of all mobile phase optimization efforts for the separation of SEL and
TOZ is presented in Table 2S.

Validation of HPLC-PDA

Linearity and sensitivity. —- HPLC-PDA calibration curve used to quantify SEL is pre-
sented in Fig. 85 A linear relationship was evident between SEL concentration and signals
in the range of 0.8-100 pg mL™, and the R? was calculated as 0.9996.

The LOD and LOQ were determined to be 1.1 and 3.5 ug mL~, resp. Table V provides
a summary of the calibration parameters for SEL quantification using the HPLC-PDA.

Table V. Calibration parameters for the determination of SEL by HPLC-PDA

Parameter Value®
Linear range (ug mL™) 0.8-100
Intercept (a) 0.0965
Standard deviation of intercept (SD,) 0.0569
Slope (b) 0.1646
Standard deviation of slope (SD,) 0.0265
Determination coefficient (R?) 0.9996
Residual sum of the squares 0.0975
Limit of detection (LOD, pg mL™) 1.1

Limit of quantitation (LOQ, ug mL™) 3.5

2 Mean of three determinations.
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Precision and accuracy. — Intra- and inter-assays assessment was conducted across SEL
concentrations ranging from 10 to 80 pug mL™". The intra-day RSD varied from 0.6 to 1.5 %,
while inter-day precision ranged from 1.1 to 1.8 %. Recovery fell between 98.6 and 101.2 %
(Table VI).

Table V1. Accuracy of HPLC-PDA for the determination of SEL at different concentration levels

. Recovery (% = RSD)
SEL concentration (ug mL™)
Intra-assay, n =3 Inter-assay, n=6

10 99.6 +1.2 1004 + 1.5
20 101.2 £ 0.6 99.5+1.1
40 1004 + 1.1 98.6 +14
60 99.3+1.2 101.2 £ 1.6
80 98.6 1.5 1004 + 1.8

HPLC-PDA intermediate precision assessment details are given in Table VIL The
highest analyst-related and analysis day RSDs were 2.4 %.

Table VII. Intermediate precision of HPLC-PDA for the determination of SEL

Parameter Recovery (%)? Precision (RSD, %)

Analyst to-analyst

Analyst-1 100.8 16
Analyst-2 99.6 24
Day-to-day

Day-1 97.6 2.1
Day-2 99.8 2.4
Day-3 102.1 1.8

2 Mean of three determinations.

Throughputs of HPLC-PDA

The throughput of the HPLC-PDA platform was evaluated using a 15-minute runtime
as a benchmark. With this runtime, the platform can process up to 4 samples per hour.
Adjusting HPLC conditions, such as increasing the flow rate, has the potential to improve
throughput; however, it must be done carefully not to compromise the separation of the
analyte.

Applications of MW-UV and HPLC-PDA

Analysis of bulk drug and capsules. — The validated MW-UV and HPLC-PDA platforms
were employed to determine the concentration in bulk form and Koselugo® capsules. The
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mean recoveries, obtained by MW-UV and HPLC-PDA, were 100.1 + 1.1 % and 99.8 + 1.4 %
for analysis of bulk form and Koselugo® capsules, resp. (Table VIII).

Table VIII. Analysis of SEL in bulk and Koselugo® capsule by MW-UV and HPLC-PDA

Nominal SEL bulk form Koselugo® capsule
concentration Found Found
(ug mLY) concentration Recovery (%)* concentration Recovery (%)?
(ug mL™)? (mg mL~)*
MW-UV
50 50.4 100.8 +1.2 494 98.8+1.4
100 98.8 98.8+14 101.2 101.2+0.8
200 202.5 101.3+ 1.6 186.8 984 +1.6
400 398.5 99.6 +1.8 402.8 100.7 + 1.4
Mean 100.1 (98.6)° Mean 99.8 (101.2)°
RSD 1.1 (1.5)° RSD 1.4 (1.8)°
t-value 1.396 (3.182)¢ t-value 1.063 (3.182)¢
F-value 1.860 (9.28)° F-value 1.654 (9.28)°
HPLC-PDA
20 19.9 99.5 20.3 101.5
40 40.5 101.3 394 98.5
60 589 98.2 61.4 102.3
80 81.5 101.9 78.6 98.3
Mean 100.2 (98.6)° Mean 100.1 (101.2)°
RSD 1.7 (1.5)° RSD 2.1 (1.8)°
t-value 1.222 (2.776)¢ t-value 1.007 (2.776)°
F-value 1.284 (19.00) F-value 1.361 (19.00)

2Mean of three determinations.
®Values in parentheses are obtained by the literature method (ref. 10).

¢Values in parentheses are the tabulated t- and F-values at the corresponding degrees of freedom (df) at the confi-
dence level of 95 %; three independent values.

For HPLC-PDA, the chromatograms obtained from analysis of standard SEL solution
and Koselugo® capsules solution are shown in Fig. 4, and the original chromatograms are
in Fig. 9S. The chromatogram of Koselugo® capsules does not show any interfering peaks
at the retention times of both SEL and IS, demonstrating the selective determination of SEL
in the capsules. The obtained mean analytical recoveries (+ RSD) were 100.2 + 1.7 % and
100.1 + 2.1 % for the bulk form and Koselugo® capsules, resp. (Table VIII).
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Fig. 4. Representative chromatograms of: a) standard solution of SEL; b) Koselugo® capsules solution.
SEL standard solution was 20 pug mL™ and the expected concentration of SEL in Koselugo® capsules
was also 20 ug mL™ (IS: 5 ug mL™), at 255 nm. mAU is the detector response in millivolts as arbitrary
units.

To assess the reliability of new platforms comparison was performed versus the pub-
lished method (10), through accuracy and precision (Table VIII). Results were statistically
compared with those of the proposed platforms using the t-test and F-test at a 95 % confi-
dence interval. All the calculated t- and F-values were lower than the tabulated ones,
revealing that there were no significant differences in the accuracy and precision of the
proposed MW-UV and HPLC-PDA compared with the reference method.

Preliminary research on the analysis of plasma samples

Before utilising the HPLC-PDA platform for analysing plasma samples, the effect of
plasma matrix on the performance of the platform was evaluated by analysing blank SEL-
-free human plasma samples. Fig. 5 (originals in Fig. 10S) illustrates representative
chromatograms of plasma under four distinct conditions: a SEL-free sample (blank
plasma), blank plasma spiked with IS at a concentration of 5 g mL~, blank plasma spiked
with both SEL at the LOQ concentration (3.5 pig mL™) and IS at a concentration of 5 pug mL™,
and blank plasma spiked with both SEL at a concentration of 10 ug mL™ and IS at a
concentration of 5 ug mLl As depicted in Fig. 5, no noticeable interfering peaks were
detected at the respective retention times of both SEL and IS. Furthermore, there was no
evidence of carryover for either SEL or IS in plasma samples, as indicated by the absence
of any interfering peaks following the injection of plasma samples containing the LOQ.

In a subsequent series of experiments, varying SEL concentrations (20, 40, 60 and 80
ug mL™) were spiked into plasma samples, and analysed by the proposed HPLC-PDA
method. The mean recovery was 100.1 + 2.1 %, demonstrating the accuracy and precision
of the platform for analysis of plasma samples containing SEL.

Itis important to note that the current HPLC-PDA method’s linearity range and LOQ are
indeed higher than the stated C,,,, indicating that the current experiments of plasma analysis
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Fig. 5. Representative chromatograms of: a) blank SEL-free human plasma; b) blank plasma spiked
with IS (5 ug mL™); ¢) blank plasma spiked with IS (5 ug mL™) and SEL at LOQ (3.46 pg mL™); d) blank
plasma spiked with IS (5 ug mL™) and SEL (10 pug mL™). All measurements performed at 255 nm.
mAU is the detector response in millivolts as arbitrary units.

are of a preliminary nature at the moment. Currently, we are actively considering modifica-
tions to the method to enhance its sensitivity. The approaches include sample preparation
protocol and methodology: (i) Analyte concentration techniques implementing liquid-liquid
extraction or solid-phase extraction to concentrate the analyte, thereby lowering the LOQ
and extending the linearity range to cover the expected therapeutic concentrations.
Preliminary promising results were obtained, demonstrating the enhancement of method’s
sensitivity by 10 folds; (ii) Advanced detection methods exploring the use of more sensitive
detection techniques, such as tandem mass spectrometry with optimized ionization condi-
tions, to enhance the method’s sensitivity; (iii) Microsampling approaches incorporating
microsampling techniques to improve the detection of low analyte concentrations.
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Greenness of MW-UV and HPLC-PDA

The green analytical chemistry (GAC) approach aims to reduce the harmful impacts
of chemicals, materials, and techniques used in chemical analysis workflows, as well as
the resultant waste (25). To assess the greenness of both MW-UV and HPLC-PDA, three
tools were employed. These tools were the Analytical Eco-Scale (AES) (26), Green Analytical
Procedure Index (GAPI) (27), and Analytical Greenness (AGREE) (28). All three tools are
metric tools and capable of offering dependable evaluations of the eco-friendliness of the
proposed platforms by conducting a systematic assessment across multiple parameters. By
following the procedures outlined in the respective references, the results are presented
in Table IX for AES, Fig. 6a for GAPI and Fig. 6b for AGREE.

As for AES, it evaluates the eco-friendliness based on penalty points (PPs) of four major
parameters (Table IX). Evaluation of MW-UV aligned 4 PPs with solvent (1 and 3 PPs with
solvent amount and hazards, resp.), and 4 PPs with waste (1 and 3 PPs for waste production
and treatment, resp.). The total PPs are 8, resulting in an eco-scale score of 92 (100-8) PPs.
The HPLC-PDA assessment resulted in higher total PPs of 18, and a lower eco-scale score of
82 (100-18). Both scores represent a high level (> 75) of greenness of the platforms.

In the GAPI pictograms for both MW-UV and HPLC-PDA, parameters 1 and 15 (related
to sample collection/preparation and waste treatment, resp.) were highlighted in red. This
red highlighting was applied because sample collection/preparation was conducted offline,

a) GAPItool

1. Sample collection/preparation
2. Sample preservation

3. Sample transport

4, Sample storage

5. Type of method: direct or indirect
6. Scale of extraction

7. Solvents/reagents used

8. Additional treatments

9. Reagent and solvents amount

10. Healthrisk

11. Safety risk

12. Instrumentation energy consumption MW-UV HPLC-PDA
13. Occupational risk

14. Waste amount

15. Waste treatment

b) AGREE tool

1. Sampling procedure

2. Sample amount

3. Analytical device positioning
4. Sample preparation steps

5. Degree of automation

6. Derivatization agent

7. Amount of waste

g 0.68
8. Analysis throughput %
9. Energy consumption h

10. Source of reagent MW-Uv HPLC-PDA
11. Toxicity of reagents/solvents
12. Operator's safety

By

Fig. 6. The evaluation of the greenness of the proposed MW-UV and HPLC-PDA platforms for deter-
mination of SEL by: a) GAPI and b) AGREE tools. The evaluation parameters and pictograms are
given on the left-hand and right-hand sections of each panel. The green colour implies full adhesion
to GAG; yellow & orange colours imply moderate adhesion to GAC; red colour implies no adhesion
to GAC principles.
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Table IX. Analytical eco-scale for assessing the greenness of MW-UV and HPLC-PDA platforms for the
determination of SEL

Eco-scale score parameters Penalty points (PP<)
MW-UV HPLC-PDA

Solvent/reagent

Amount: acetonitrile (< 1 mL per sample) 1 6

Hazards: acetonitrile 3 3

Instrument: Energy used (kWh per sample)

Microplate reader 0 1

Occupational hazardous

Analytical process hermetic 0 0

Emission of vapours and gases to the air 0 0

Waste

Production (< 1 mL per sample) 1 5

Treatment (No treatment involved) 3 3

Total PPs 8 18

Eco-scale score 92 82

and waste treatment was lacking for both platforms. Parameter 5 (method type) was marked
in yellow for both MW-UV and HPLC-PDA since they are both direct quantitative methods.
Parameter 9 (reagent and solvent amount) was assigned as green in MW-UV because water
was used as a solvent; however, the parameter was yellow in HPLC-PDA because the plat-
form used acetonitrile and ammonium formate buffer in the mobile phase. In conclusion,
the overall greenness scores, expressed as percentages of green parameters/total parameters,
of MW-UV and HPLC-PDA are 11/15 (73.3 %) and 8/15 (53.3 %), resp.

The AGREE report sheet, showing the score and weight of each parameter, is given in
Fig. 11S. In the AGREE tool, parameter 3 (analytical device positioning) in both MW-UV and
HPLC-PDA was highlighted in red because the analysis was conducted offline using a
microplate reader and an HPLC system. Parameter 1 (sampling procedure) in MW-UV was
marked in orange, while parameters 7 (amount of waste) and 8 (analysis throughput) in
HPLC-PDA were also denoted in orange. Furthermore, parameter 1 in HPLC-PDA was indi-
cated in yellow due to the manual handling of samples. Following the tool recommendations
and the various colour assignments (ranging from green to red), MW-UV scored a total of
0.78, and HPLC-PDA scored 0.68. This indicates that both methods are environmentally
friendly, with MW-UV exhibiting a higher level of greenness compared to HPLC-PDA.

CONCLUSIONS

Considering the key advantages of the native UV light absorption-assisted analytical
techniques, the approach was attempted in this study to develop MW-UV and HPLC-PDA
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platforms for SEL analysis. Comparative analysis of both platforms revealed a wider line-
arity range of MW-UV (15-500 pg mL™) than HPLC-PDA (0.8-100 pg mL™). The HPLC-
-PDA showed lower limiting values (LOD 1.1 pg mL™) than MW-UV (LOD 5.1 ug mL™). The
overall recovery of the MW-UV ranged from 98.3 to 102.3 %, and from 98.6 to 101.2 % for
HPC-PDA. Similarly, the overall RSD was 0.6-1.8 % for the two methods. Both platforms
showed a satisfactory eco-friendliness profile, with MW-UV possessing a better profile in
the three GAC tools applied. The comparison between MW-UV and HPLC-PDA platforms
reveals that MW-UV offers a wider linear range, higher throughput using 96-well plates,
and greater eco-friendliness, while HPLC-PDA is more sensitive, though both methods are
comparable in accuracy and precision, with MW-UV benefiting from concurrent sample
preparation and HPLC-PDA from system consistency. In conclusion, both methodologies
can be used for the SEL quantification in dosage forms (Koselugo® capsules) with high
reliability. The choice between MW-UV and HPLC-PDA hinges on instrument availability,
the number of samples to be analysed, and the SEL concentration levels of the samples.

While the HPLC-PDA platform demonstrated promising results, its applicability in
clinical settings needs additional enhancement in terms of sensitivity and revalidation for
analysis of biological specimens. These studies will be undertaken in future work to
ensure the method's suitability for clinical applications.
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lished article and in the Supplementary material.
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Fig. 1S. The UV-absorption spectra of SEL solution (50 ug mL™) in different solvents.

Results of the pH medium effects indicated that the absorption intensity of SEL

was not affected by pH change, except for a slight increase which occurred at pH 9



(Fig. 2c). To elucidate this outcome, computational simulations were employed to
determine the protonation statuses of SEL relative to pH using MarvinSketch
(ChemAxon, Budapest, Hungary) (1). The computational assessment, depicted in Fig.
25a, illustrates the potential protonated states of SEL and distribution of microspecies
with respect to pH. It was discerned that SEL molecule exhibits three distinct
protonated states (designated as state 1, 2, and 3) across the entire pH spectrum (Fig.
25b). In state 1, the nitrogen atom of the benzimidazole ring carries a positive charge;
in state 2, the nitrogen atom within the carboxamide moiety holds a negative charge,
whereas state 3 remains uncharged. Consequently, the marginal upsurge in SEL's
absorption intensity at pH 9 was ascribed to the additional negative charge assumed
by the carboxamide nitrogen, augmenting the molecule's absorptivity, as opposed to

the positively charged state 1 and the neutral state 3 (2).
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the carboxamide moiety holds a negative charge, state 3: uncharged). Panel b): the
chemical structures of the major protonated states of SEL. The numbers on the curves

(in panel a) are corresponding to the protonated states (in panel b).



1.6 -

17 ] 3.8
@ ] Y = 0.028 + 0.0036X
c R? = 0.9986
£ 0.8 -
] J
W
L
l:: J

0.4 -

i 2.3
ﬂ T T T T T T T T T T T T T T 1

0 100 200 300

Sample volume (uL/well)
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Fig. 4S. The calibration curve for determination of SEL by the proposed MW-UV

platform. The presented values are mean of 3 determinations + SD, at 255 nm. The

linear fitting equation and determination coefficient (R?) are given on the graphs.



Br

N

o ()
3 N
NH H
N N N
¢ H N SN
N N\o/\/OH /<\/||\ /)\ o]
/ N N S
(0] H
Selumetinib (SEL) Tozasertib (TOZ)

T
I
4
(o} T
I
Z
Z
|
Z
I
N
ZT
0=(
Zx

(0]
(o) N
H Linifanib
OO Afatinib
(o) N
I (o] ”d I
N\/\)L
- X u N CN
HN
F
Pelitinib Cl
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UV platform for the determination of SEL.
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Fig. 7S. Theoretical protonation states of SEL and TOZ as a function of the pH. Panel
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according to the pH value. Panel b): the chemical structures of the major protonated
states of SEL (SEL-1 and SEL-2) and TOZ (TOZ-1, TOZ-2, TOZ-3, and TOZ-4). The
numbers on the curves (in panel a) are corresponding to the protonated states (in panel

b).
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Fig. 8S. The calibration curves for determination of SEL by the proposed HPLC-PDA
platform. The presented values are mean of 3 determinations + SD, at 255 nm. The
linear fitting equations and their determination coefficient (R?) are given on the

graphs.
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Fig. 9S. Representative original chromatograms (at 255 nm) of 20 pug mL™! standard
solution of SEL (a) and Koselugo® capsules solution (b), IS added. mAU is the detector

response in millivolts as arbitrary units.
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1. Direct analytical technigues should be applied to avoid sample
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treatment.

2. Minimal sample size and minimal number of samples are goals.

3. I possible, measurements should be performed in situ.

4. Integration of analytical processes and operations saves energy and
reduces the use of reagents.

5. Automated and miniaturized methods should be selected.

6. Derivatization should be avoided.

goges

7. Generation of a large volume of analytical waste should be aveided, and 033 5
proper management of analytical waste should be provided. :

8. Multi-analyte or multi-parameter methods are preferred versus methods 0.29 5
using one analyte at a time.

9. The use of energy should be minimized. 0.5 2

10. Reagents obtained from renewable sources should be preferred.

11. Toxic reagents should be eliminated or replaced.

12. Operator's safety should be increased.

e

Representative original chromatograms (at 255 nm) of blank (SEL-free) human plasma
(a), plasma spiked with 5 ug mL'IS (b), plasma spiked with IS (5 ug mL) and SEL at
the LOQ (3.46 pg mL") (c), and plasma spiked with IS (5 pg mL") and SEL (10 ug mL-

D (d).



Fig. 11S. The AGREE report sheet, showing the score and weight of each criterion.



Table IS. Optimization of experimental conditions of MW-UV platform for the quantification

of SEL

Condition Studied range Optimum value
Measuring wavelength (nm) 200 — 400 255

Solvent Different? Water
Surfactant Different® No surfactant
pH of buffer solution (unit) 3-12 No buffer
Sample volume (uL per well) 50 - 250 200

a Solvents used are methanol, ether, acetone, propanol, pentanol, acetonitrile, dimethylformamide,
water, chloroform, and hexane.
b Surfactants used are carboxymethyl cellulose, sodium lauryl sulphate, cremophore EL, sodium

dodecyl sulphate, Tween 20, Tween 80, and cetrimide.

Table IIS. A summary of the optimization of the mobile phase for separation of SEL and TOZ
(1S) for development of HPLC-UV platform the determination of SEL

Buffer solution, pH Buffer:acetonitrile Retention time (min)

(%, VIV) SEL TOZ (IS)

Formic acid (0.1 %, V/V)
pH3 40:60 6.2 3.8

Ammonium formate (0.1 mol L-

Y
pH5 40:60 6.3 4.5
pHb5 65:35 9.1 5.7
pHS5 70:30 16.5 9.2
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