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1 | INTRODUCTION

Midostaurin (MDS) is a multitargeted protein kinase inhibitor that 3-methoxy-2-methyl-16-ox0-29-oxa-1,
is used in the treatment of acute myeloid leukemia (AML), 12,6.07,28.08,13.015,19.020,27.021,3%
myelodysplastic syndrome, and advanced systemic mastocytosis. 23,25,27-nonaen-4-yl]-N-methyl b

Chandrasekar Kuppan® @ | Poornima Ravinathan?

Abstract

Midostaurin (MDS) is used for the treatment of acute myeloid leukemia,
myelodysplastic syndrome, and advanced systemic mastocytosis. MDS softgel cap-
sule samples were subjectéd to stress testing per International Conference on
Harmonisation of Technical Requirements for Registration of Pharmaceuticals for
Human Use guidelines for impurity profiling study. MDS underwent extensive degra-
dation under stress testing (acid, alkaline, oxidative, photolytic, thermolytic, and
hydrolysis conditions) and formed four degradation products (DPs). MDS and its DPs
were separated well from one another with good resolution using reserved-phase
HPLC using an Inertsil ODS-3V column (250 x 4.6 mm, 5 pm) and a mobile phase of
ammonium formate (40 mM) and acetonitrile. The stability-indicating characteristic
of the newly developed method was proven for the estimation of MDS assay, and its
organic impurities were free from interference. The validated method exhibited
excellent linearity, accuracy, precision, specificity, detection limit, and quantitation
limit within 25 min run time. Stress testing, robustness, and solution stability were
performed to ensure the continuous performance of the developed method. The
peak fractions of DPs formed under stress testing were isolated and characterized
using LC-MS, *H and *3C NMR, IR, and UV-Vis. The structure of the major DPs was
predicted as DP1 based on the spectral data. The proposed method is effectively
used for MDS in bulk drug and finished formulations in the pharmaceutical industry.

KEYWORDS

degradation product, impurity profiling, LC-MS/MS, method development and validation,
midostaurin, reversed phase-HPLC, stress testing

chiral centers held between a rigid bicyc

: N8 2YpIeW and exists
AN

as a single enantiomer. The IUPAC na

MDS is a semisynthetic derivative of staurosporine, an alkaloid from formula CasHzgN4O4 and  moleculd 9 g/mol

the bacterium Streptomyces ‘Staurosporeus’. MDS possesses four (Scheme 1a).
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(a) (b)

MDS is a white to light yellowish-green hygroscopic powder that
forms three benzyl alcohol crystalline solvates: form Il, form SA, and
form SB [RYDAPT (midostaurin)—FDA, 2017]. MDS in softgel cap-
sules form [brand: RYDAPT (MDS form I1)] was developed by Novartis
Pharmaceuticals Corporation (East Hanover, NJ, USA) and recently
approved as an orphan drug by the U.S. Food and Drug Administra-
tion (FDA, on April 28, 2017), which is commercially available as
25 mg softgel capsules. The recommended dosage of MDS is 50 mg
twice a day for AML and 100 mg orally twice with food for patients
with aggressive systemic mastocytosis, systemic mastocytosis with an
associated clonal hematological nonmast cell lineage disease, and mast
cell leukemia disorders. MDS was also found to inhibit multiple recep-
tor tyrosine kinases (Richard & Sabine, 2018). MDS and its major
human active metabolites, O-desmethyl midostaurin (CGP62221) and
3-hydroxy midostaurin (CGP52421), inhibit the activity of mutant
kinases [wild-type FLT3, ITD, TKD, KIT (wild type and D816V mutant),
PDGFR «/f, and VEGFR2], as well as members of the serine/
threonine kinase protein kinase C family.

Preliminary literature survey revealed that there is no official
(United  States (USP);
Pharmacopoeia (Ph.Eur.); International Pharmacopoeia (IP), etc)

monograph Pharmacopoeia European
available either for the active pharmaceutical ingredient (API) or for
the drug product of MDS. A variety of HPLC-MS methods are avail-
able for the determination of MDS individually and in combination
with its metabolites in plasma samples [Handan et al.,, 2017; Philippe
et al, 2014; Thomas et al., 2007; Van Gijn, Havik, et al., 1995: Van
Gijn, van Tellingen, et al., 1995, Table S1 (Supporting Information)].
Only a few HPLC methods were reported for the assay testing of
MDS in APl and drug products [Ahmed et al., 2018; Narayanaswamy
et al.,, 2020, Table S1 (Supporting Information)]. An extensive litera-
ture search revealed that no specific method has been developed to
suit HPLC and LC-MS techniques for the determination of MDS assay
and its organic impurities that are present in MDS soft gelatin capsule
formulations. Furthermore, to the best of our knowledge, none of the
research papers have reported on the impurity profiling study of MDS
and characterization of the degradation products (DPs) or degradation

SCHEME 1  Chemical structure of
(a) midostaurin (MDS) and (b) degradation product
1(DP1)

impurities that are most likely to be formed under various stress
conditions of MDS.

In recent times, global regulatory agencies and their forums (ICH,
U.S. FDA, The European Directorate for the Quality of Medicines &
HealthCare, etc.) have made it mandatory to set stringent strategies
to decrease the amount of unknown impurities or DPs to less than
0.1% in drugs to improve their quality and to ensure the safety of
patients using the stability-indicating method (SIM) and stress testing
[ICH, Q1A(R2), 2003; Narasimha et al,, 2019; Q3A(R2), 2006a; Q3B
(R2), 2006b].

Stress testing a drug is necessary to investigate and identify the
potential impurities through the degradation pathways and to under-
stand the intrinsic stability of a drug to assess its shelf life (Bhaskar
et al, 2020; Blessy et al, 2014; Deepti & Pawan, 2013; ICH,
Q1B., 1996; Kumar et al., 2016; Nageswara et al., 2013; Narasimha &
Chandrasekar, 2019; Narasimha et al., 2020; Roberto de Alvarenga &
Lajarim, 2019; Saranjit et al., 2013; Venkataraman & Manasa, 2018).
Therefore, the proposed method specifically focuses on (a) the forced
degradation studies on MDS at different stress conditions,
(b) separating the DPs from the reagent and excipients using HPLC,
(c) isolating and characterizing the DPs, and (d) predicting the possible
structure of the DPs with the aid of spectral data.

The current contribution focuses on the development of a new
SIM suitable for the routine quality control testing of the MDS assay
and its organic impurities (impurity profiling) for MDS softgel capsules
in the pharmaceutical industry. The developed method exhibited the
stability-indicating characteristic (defined as an analytical procedure
that measures the target analyte so-called drug compound accurately
and precisely free from interference), and it was successfully applied
for the estimation of the MDS assay and its organic impurities without
any interference from the DPs, process impurities, and e?ccipienfs in

the isocratic elution mode with a reduced run time (25 min).r The devel-

oped method provided a good resolution (>15) -bet\.'\-'ee'f}.::‘.t-_;= ¢ closely
e T |
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pharmaceutical formulation. In additiopg“tt -
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(i.e., four DPs of MDS formed during the stress-testing conditions of
acid, alkali, and oxidation were isolated). The chemical structure of the
major formed DPs (mentioned as DP1 in the manuscript) under the oxi-
dation stress condition was confirmed using various spectral tech-
niques like HPLC-UV, LC-MS, LC-MS/MS, FT-IR (Fourier-transform
infrared spectroscopy), and NMR (nuclear magnetic resonance). The
spectral data of the other three DPs (DP2, DP3, and DP4) obtained
using UV and LC-MS/MS were discussed and presented.

The proposed HPLC method was validated and it exhibited
excellent linearity, accuracy, precision, specificity, stress testing,
detection limit (DL), and quantitation limit (QL) [ICH, Q2(R1), 1995:
USP < 1225>, 2020]. The robustness and solution stability studies
were carried out to ensure the continuous performance of the devel-
oped HPLC method [ICH, Q2(R1), 1995], and the results were within
acceptable limits.

2 | EXPERIMENTAL
2.1 | Reagents and materials

MDS standards (purity 299%), samples of MDS drug substance, for-
mulated drug product (MDS soft gelatin capsules), and their placebo
(all the excipients without drug) were provided by Dr. SLN Laborato-
ries Pvt. Ltd. (Hyderabad, India). Extra-pure analytical-grade ammo-
nium formate was purchased from SRL (Taloja, Maharashtra, India);
HPLC-grade acetonitrile was purchased from Qualigens (Thermo
Fisher Scientific India Pvt. Ltd, Mumbai, India); analytical-grade
sodium hydroxide (NaOH), hydrochloric acid (HCI), potassium nitrate
(KNQ3), and hydrogen peroxide (30%, H,Q,) were purchased from
Rankem (Thane, Maharashtra, India). HPLC-grade methanol was pur-
chased from Rankem (Thane, Maharashtra, India).

2.2 | Standard solution

MDS standard solution, with a concentration of 0.4 mg/mL, was pre-
pared for assay testing by dissolving 4.0 mg of the MDS standard in
10 mL of diluent (40 mM ammonium formate buffer, acetonitrile, and
methanol, 40:40:20, v/v/v) and stored at room temperature (25°C). A
diluted standard of MDS at a concentration 0.8 pg/mL (0.2%, w/w,
with respect to the sample concentration 0.4 mg/mL) was prepared
using the same diluent from the stock for organic impurity analysis.

23 | Sample preparation

MDS softgel capsules (25 mg x 4, which is equivalent to 100 mg)
were opened using a capsule cutter and were directly transferred into
a 100-mL glass beaker. The cutter was rinsed with 10-15 mL of dilu-
ent directly into the beaker to remove any drug adhering to the cutter
blade. The solution was transferred into a 250-mL volumetric flask,
and a diluent was added up to the mark. The drug was extracted by

Chromatography"w

keeping the flask in an ultrasonic bath for ~5 min with intermittent
shaking. The sample solution prepared was filtered using a 0.22-pm
PVDF membrane filter (diameter: 30 mm, Allpure Biotechnology, TX,
USA). The concentration of MDS in the resulting sample solution was
0.4 mg/mL, and the same was used for the estimation of assay and
organic impurities of MDS in softgel capsules. The placebo solution
along with the soft gelatin capsule shell of MDS capsules was
prepared using the same procedure as that for the sample solution.

24 | Instruments

HPLC coupled with a photodiode array (PDA) detector and a UV
detector was utilized for the separation, identification, and quantita-
tive determination of MDS and its DPs (Waters e2695 with 2998
PDA and 2489 UV detectors). The stationary phase used was a Cyg
column from Inertsil ODS-3V (250 x 4.6 mm, 5 pm) (GL Sciences,
Tokyo, Japan). The output signal was monitored and processed using
Empower 2 software. Ultrasonic bath used for sample preparation
was obtained from PCl (Mumbai, India). The samples and standards
were weighed using an analytical balance (RADWAG, model:
AS82/220.X2, Polska, Poland). Ultrapure water (electrical resistivity
218.2 MQ cm at 25°C) was obtained using a Millipore Milli Q 1Q-
7000 (Merck, Molsheim, France) water purification system. The forced
degradation studies were carried out in a forced degradation unit at
100 rpm (Electrothermal, UK) inside the fume hood (Citizen Industries,
Gujarat, India). The m/z values of the MDS and its four DPs were
analyzed using LC-MS (Waters HPLC e2695 system equipped with a
2998 PDA detector and a Qda mass detector (Milford, MA, USA) and
UPLC-MS/MS (Waters Acquity Quattro Premier XE, Micromass MS
Technologies, Manchester, UK).

25 | HPLC

HPLC separation of MDS and its four DPs was achieved on a Cis
column (Inertsil ODS-3V, 250 x 4.6 mm, 5 pm) using an isocratic elu-
tion mode, with a mixture of 40-mM ammonium formate buffer and
acetonitrile (35:65, v/v) as the mobile phase. The autosampler was set
to an ambient temperature, and the column oven temperature was
maintained at 40°C for all the analyses unless otherwise specified.
The injection volume of the standard and sample solutions for analysis
was 10 pl, and the flow rate was maintained at 0.9 mL/min. The
eluted analytes (MDS and its DPs) were identified a_nd.es};[mated using
a UV detector at a wavelength of 293.5 nm. .7

26 | MS
261 | LC-MS conditions

The molecular mass of the newly formed DPs was found using a
Waters HPLC 2695 system equipped with a 2998 PDA detector and
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a QDA mass detector (MS). The mass detector parameters used were
cone voltage, 15 V; capillary voltage, 0.8 kV; and probe temperature,
600°C. Empower 3 software was used for data acquisition and
processing. Inertsil ODS-3V (250 x 4.6 mm, 5-um particle size) was
used for chromatographic separation. The mobile phase used is a mix-
ture of 40 mM ammonium formate buffer and acetonitrile (35:65,
v/v). The flow rate used was 0.8 mL/min, and the injection volume
was 10 pL; the other conditions used for LC-MS analysis were the
same as those for the HPLC method.

262 | LC-MS/MS conditions

The molecular mass (m/z) and fragmentation pattern of the eluted
fraction of four unknown degradation impurities along with the MDS
were obtained using flow injection analysis on a Waters Acquity UPLC
coupled with a tandem-quadrupole mass spectrometer MS/MS detec-
tor (Quattro Premier XE, Micromass MS Technologies) with a
0.2 mL/min flow rate of the mobile phase (a mixture of ammonium
formate and acetonitrile, 50:50, v/v). The final optimized UPLC-MS/
MS conditions for the MS scan with positive electrospray ionization
(ESI) source are as follows: capillary, cone, and extractor voltages are
3.0 kV, 40V, and 3.0 V, respectively. The temperature used for the
source and desolvation were 150 and 400°C, respectively. The gas
flow of high-purity nitrogen used for the cone and desolvation was
50 and 200 L/h, respectively. The collision cell pressure of high-purity
argon gas used was 11.1 bar. The aforementioned conditions were
applied for the mass (m/z) confirmation of MDS and all four DPs.

2.7 | FT-IR and NMR spectroscopy

The vibrational stretching frequency of the standards and degraded
products was studied using infrared spectroscopy recorded on an
Alpha Il Compact FT-IR (Brucker, Ettlingen, Germany) using the KBr
technique. The structure of the drug and degradation product 1 (DP1)
was further confirmed by nuclear magnetic resonance spectroscopy
(*H-NMR and *C-NMR) recorded using an SA Varian 400 MHz NMR
(Walnut Creek, California, USA) with d°-DMSO
(dimethylsulfoxide, Sigma-Aldrich, Bengalore, India) as the solvent.

instrument

2.8 | Stress-testing study

To identify the degradation pathways and evaluate the stability-
indicating characteristics of the developed HPLC method and also to
determine the intrinsic stability and impurity profiling of the drug,
forced degradation or stress testing was performed by hydrolyzing at
different conditions (acid, alkali, neutral, and humidity), by oxidation
and by thermal and photolytic degradation. For the study, 0.4 mg/mL
MDS was subjected to stress-testing conditions as follows: acidic
hydrolysis: stirred at 100 rpm in 5N HCI solution at 60°C for 1 h;
alkaline hydrolysis: stirred at 100 rpm in 5N NaOH solution at 60°C

for 1 h; neutral hydrolysis: stirred at 100 rpm in water at 60°C for 1 h;
oxidative degradation: stirred at 100 rpm in 3% H;O, solution at 25°C
for 4 h; thermal degradation: exposed the softgel capsules to dry heat
at 105°C for 6 h; photolytic degradation under ultraviolet light: exposed
the softgel capsules under near-UV light for ~200 W h/m? at 25°C;
and photolytic degradation under visible light: the softgel capsules
exposed under cool white fluorescent lamp for ~1.2 million lux-hours
at 25°C.

All the stressed sample solutions were neutralized (for acidic
hydrolysis, alkali hydrolysis, and oxidation) and diluted to obtain a
concentration of 40 pg/mL before assay testing. For acidic, alkali, and
neutral hydrolyses and oxidation, the respective blank solutions were
prepared in the same manner as that for the sample preparation and
analyzed using the same procedure. The corresponding placebo solu-
tions for each stress condition were also prepared and analyzed
together with the sample and blank solutions.

2.9 | Method validation

The developed HPLC method for the related organic impurities of
MDS and its assay was validated as per ICH guidelines and the USP
for specificity, linearity, DL, QL, accuracy, precision, and robustness
[Narasimha et al., 2019; Q2(R1), 1995; USP <1225>, 2020].

3 | RESULTS AND DISCUSSION

3.1 | Optimization of chromatographic conditions

The stress-testing samples were prepared using the procedure men-
tioned in the ‘Experimental’ section and were analyzed using the
HPLC technique with different Cig columns and different mobile
phases containing buffers like trifluoroacetic acid, sodium phosphate,
potassium phosphate, and ammonium formate with organic modifiers,
that is, acetonitrile and methanol (Narasimha et al., 2019). The opti-
mized conditions of the developed SIM are specified in Section 2.5.
Some of the experimental trials performed to optimize the HPLC con-
ditions are summarized (Table 1).

3.1.1 | Selection of diluent

The soft gelatin capsule shell was freely dissolved in aqueous solution:
MDS and other excipients used in the formulation of MDS softgel
capsules were also found to be spontaneously soluble in methanol
and acetonitrile (Rampurna, 2010). Based on the solubility profile of
the drug and its associated impurities, a homogeneous solvent mixture

the MDS and its impurity components
and were extracted completely from the
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TABLE 1 Optimization trials of HPLC method used for estimation of assay and organic impurities of MDS

Column name

Inertsil ODS-3V, 5 um,
25 x 4.6 mm

Inertsil ODS-3V, 5 um,
25 x 4.6 mm

Inertsil ODS-3V, 5 ym,
25 x 4.6 mm

Inertsil ODS-3V, 5 ym,
25 x 4.6 mm

Inertsil ODS-3V, 5 ym,
25 x 4.6 mm

Inertsil ODS-3V, 5 pm,
25 x 4.6 mm

Inertsil ODS-3V, 5 pm,
25 x 4.6 mm

Inertsil ODS-3V, 5 um,
25 x 4.6 mm

Inertsil ODS-3V, 5 pm,
25 x 4.6 mm

Mobile phase

Buffer and
MeCN—1:1

A: buffer, B:
MeCN

A: buffer, B:
MeCN

A: buffer, B:
MeCN

A: buffer, B:
MeCN

Buffer and
MeCN—-7:3

Buffer and
MeCN—35:65

Buffer and
MeCN—35:65

Buffer and
MeCN—35:65

Elution mode, flow rate

Isocratic, 1.0 mL/min

Gradient [time (min)/%B: 0.01/30,
15/70, 22/70, 23/30. 25/30],
1.0 mL/min

Gradient [time (min)/%B: 0.01/50, 6/70,
15/80, 22/80, 23/50, 25/50],
1.0 mL/min

Gradient [time (min)/%B: 0.01/70,
14/75, 15/80, 22/80, 23/70. 25/30],
1.0 mL/min

Gradient [time (min)/%B: 0.01/65,
10/70, 16/70, 17/65, 20/65],
1.0 mL/min

Isocratic, 1.0 mL/min

Isocratic, 1.0 mL/min

Isocratic, 0.9 mL/min

Isocratic, 0.8 mL/min

Notes: DP, degradation product; MDS, midostaurin; Rt, retention time.

Observation

MDS and its DPs in stressed samples
(hydrolysis and oxidation) were not
eluted

Late elution. All peaks were not
separated well. MDS (Rt 18.3 m), DP2
(Rt 21.6 m), DP1 (Rt 22.9 m)

Resolution was found to be less than 1.5
between the MDS (Rt 10.3 m), DP2
(Rt 13.0 m), DP1 (Rt 13.8 m), and
other unknown impurities

All peaks eluted, but the unknown
impurity is eluted closely with DP1
(Rt 10.3 m) and MDS (Rt 6.7 m)

All peaks eluted and separated. MDS
(Rt 8.2 m), DP1 (Rt 12.8 m), DP2
(Rt 11.7 m)

All peaks eluted, but an unknown peak
was co-eluted at the peak end of
MDS (Rt 7.4 m), DP1 (Rt 11.3)

All peaks eluted and separated. MDS
(Rt 8.6 m), DP1 (Rt 14.9 m), DP2
(Rt 13.2 m)

All peaks eluted and separated. MDS
(Rt 9.6 m), DP1 (Rt 16.6 m), DP2
(Rt 14.6 m)

All peaks eluted and separated. MDS
(Rt 10.4 m), DP1 (Rt 18.6 m), DP2
(Rt 16.5 m)

Results

Rejected

Rejected

Rejected

Rejected

Rejected
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accepted
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Accepted
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FIGURE 1

(b) ultraviolet spectrum of MDS-DP1

HPLC chromatogram of MDS (midostaurin) and its DP1 (optimized HPLC method); in-site view: (a) ultraviolet spectrum of MDS;
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