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Abstract: The pharmaceutical industry routinely performs stability testing on new compounds before they are marketed to ensure their efficacy, 
quality, and safety. The focus of this study was to apply forced degradation as one of the stability testing methods to investigate the stability of 
crizotinib, an anticancer drug, and to gain insight into the degradation pathway and degradation products formed. The forced degradation 
study for crizotinib was performed under acidic and alkaline hydrolysis, oxidation, photolysis and thermal conditions. Drug degradation was 
observed under oxidative conditions. The structures of the three major degradation products formed by oxidative degradation were identified 
and characterized by UHPLC/QTOF/MS/MS studies and their possible fragmentation pathways were suggested. The toxicity evaluation of the 
tested compound and its proposed degradation products was also estimated using the computer program TEST (Toxicity Estimation Software 
Tool). 
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INTRODUCTION 
ANCER is the leading cause of death worldwide 
according to the World Health Organization.[1] After 

breast cancer, lung cancer is the most common cancer in 
humans, with an estimated 2.21 million deaths in 2020.[1,2] 
About 80-85 % of lung cancers are non-small cell lung can-
cer (NSCLC) as the dominant type.[2,3] Since the cancer cells 
grow rapidly and metastasize easily, the treatment of 
choice is mainly surgery, chemotherapy and radiotherapy. 
First generation tyrosine kinase inhibitors have been used 
to treat NSCLC, but they are unable to inhibit the kinase 
activity of the fusion protein formed between the protein 
(EML4) and anaplastic lymphoma kinase (ALK).[3] Therefore, 
studies focused on the discovery and development of new 
alternative drugs for the treatment of NSCLC including 
patients with EML4- ALK fusion proteins. 
 Crizotinib is a small molecule synthesized as a novel 
inhibitor of the receptor tyrosine kinase, anaplastic lym-
phoma kinase (ALK), as a drug target in NSCLC. It also shows 

antitumor activity on hepatocyte growth factor receptor 
(HGFR), cells with MET amplification.[4,5] As a dual inhibitor, 
crizotinib causes direct suppression of tumor cell growth or 
survival and has potent antiangiogenic activity.[6] Due to its 
great activity and clinical benefit shown in phase I and II 
studies in advanced; ALK-positive lung cancer, crizotinib 
was rapidly approved by the Food and Drug Administration 
(FDA) in 2011 under the trade name Xalkori.[2,3] 
 It is chemically described as 3-[1R-1-(2, 6-dichloro-3-
fluorophenyl)ethoxy]-5-(1-piperidin-4-yl-pyrazol-4-yl)pyri-
dine-2-amine.[7] 
 This compound is a non-hygroscopic white to pale 
yellow powder, soluble in organic solvents such as ethanol 
and dimethyl sulfoxide (DMSO) and sparingly soluble in 
aqueous buffers. It has an asymmetric center of R configu-
ration and a thermodynamically stable crystalline form.[6,8] 
It can be in the form of pyridinium cation (pKa 5.6) and 
piperidinium cation with pKa 9.4.[9] 
 Considering the fact that chemical stability of drugs 
has a great impact on the efficacy and safety of the drug, it 
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is necessary to conduct stability tests by forced degradation 
studies under different environmental factors as per to the 
guidance of ICH.[10] 
 Forced degradation studies are conducted to deter-
mine the intrinsic stability of the drug, identify probable 
degradation products, elucidate the structure of degrada-
tion products and their degradation pathways, and reveal 
the degradation mechanisms of the drug.[11] The main pur-
pose of conducting these studies is to develop stability-
indicating analytical methods for easy and routine analysis 
of drug substances and any resulting degradation prod-
ucts.[10–12] The most widely used analytical method for sep-
aration and quantitative analysis of drug substances and 
their impurities is reversed phase high performance liquid 
chromatography (RP-HPLC) coupled with UV detector due 
to its compatibility with organic and aqueous solutions, 
high sensitivity, precision and ability to detect polar com-
pounds.[10,11] Hyphenation techniques such as LC-MS or LC-
NMR can be used for qualitative analysis and structural 
characterization of degradation products.[10] 
 Few chromatographic methods for crizotinib analysis 
based on liquid chromatography-tandem mass spectrome-
try[13–15] and UV detector[7,16,17] have been published in the 
literature. Currently, to the author's knowledge, there are 
no previously reported methods for the qualitative analysis 
and characterization of new compounds formed by forced 
degradation of crizotinib. Therefore, the aim of the present 
work was to investigate the stability of crizotinib under 
acidic, basic, oxidative, photolytic and thermal conditions 
and to characterize newly formed degradation products by 
UHPLC-MS/ MS analysis. 
 

MATERIALS AND METHODS 

Chemicals and Reagents 
The active pharmaceutical ingredient, crizotinib was 
obtained from Cayman Chemical (Michigan, United States). 
Acetonitrile (HPLC grade) was purchased from J. T. Baker 
(Phillipsburg, NJ, United States), potassium dihydrogen 
phosphate from Merck (Darmstadt, Germany) and ethanol 
from Kefo (Ljubljana, Slovenia). 30 % H2O2 (p.a.) and NaOH 
were purchased from Gram-mol (Zagreb, Croatia), and HCl 
(p.a.) from Honeywell, Fluka (Austria). Ultrapure water was 
prepared using a Millipore Simplicity UV water treatment 
system (Millipore, Paris, France). 

Preparation of Standard Solution and 
Sample Solution 

1 mg of crizotinib was weighed and transferred to a 
volumetric flask containing 5 mL. The solid was dissolved in 
2 mL of ethanol and then the volume was made up to the 
mark with ultrapure water to achieve a crizotinib 

concentration of 200 µg mL–1. For all experiments, a 
mixture of water and ethanol in a 3 : 2 (v / v) ratio was used 
as diluent. 

Forced Degradation Studies 
Forced degradation of crizotinib was performed according 
to the guideline ICH.[18] The study was performed using 200 
µg mL–1 solution of crizotinib. Five forced degradation 
experiments were performed to test the stability of the 
compound under the following conditions: acid and base 
hydrolysis, oxidation, heat and light. 
 The hydrolysis stress study included experiments on 
the forced degradation of the drug molecule under acidic 
and basic conditions. A volume of 0.5 mL of the selected 
concentration of HCl or NaOH (0.5 M) was added to 2 mL of 
crizotinib solution. After six hours at room temperature, 
the resulting solutions were neutralized with 0.5 mL of 
NaOH (0.5 M) and 0.5 mL of HCl (0.5 M) and diluted to 5 mL 
with diluent. 
 Oxidative stress testing was performed by mixing 2 
mL of crizotinib solution with 1 mL of 10 % H2O2 for six 
hours at room temperature and then diluted to 5 mL. 
 Thermal stability study was performed on liquid and 
solid samples. Thermal degradation of crizotinib solution 
was performed by keeping 2 mL of 200 µg mL–1 standard 
solution in a water bath at 80 °C for 6 hours. The resulting 
solution was diluted to 5 mL with diluent. Thermal stability 
in solid form was tested by exposing crizotinib to dry heat 
at 100 °C. After heating for 24 hours, 1 mg of the sample 
was transferred to a volumetric flask containing 5 mL and 
dissolved in diluent for further analysis. 
 The photostability assay of crizotinib was performed 
in a photostability simulator Suntest CPS+ (Atlas, Germany). 
The crizotinib sample (200 µg mL–1) was exposed to UV-A 
radiation (200 Wh m–2) and visible radiation (1.2 million lux 
hours) for 15 hours. 

UHPLC-Mass Spectrometry Conditions 
An Agilent UHPLC system (Santa Clara, CA, SAD) coupled 
with a Agilent Infinity 6550 system time-of-flight mass 
spectrometer as detector (Santa Clara, CA, USA) was used 
for the separation and identification of crizotinib and the 
major degradation products formed in the stress stability 
assay. A C18 Waters Acquity BEH column (100 mm ×  
2.1 mm, 1.7 µm) was used as the stationary phase, while 
the mobile phase consisted of a 0.1 % formic acid in water 
as solvent A and acetonitrile as solvent B. The flow rate was 
0.4 mL min–1 with the gradient elution described in Table 1. 
Sample ionization was performed in positive electrospray 
mode. The parameters for MS analysis were as follows: 
fragmentation voltage at 175 V, capillary voltage at  
3000 V, drying gas temperature 200 °C, drying gas flow rate  
14 L min–1, nebulizer pressure 35 psi. Nebulizer and collision 
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gas was nitrogen. Data acquisition was performed using 
Agilent Mass Hunter 2003–2007 Data Acquisition for QTOF 
B.01.04 (B84) software. 

Computational Assessment of Toxicity 
To estimate the toxicity (developmental toxicity and 
mutagenicity) and bioaccumulation factor of crizotinib 
and its major tentative degradation products based on 
different QSAR models, Toxicity Estimation Software Tool 
(TEST) was used. Although QSAR models cannot com-
pletely replace actual tests, they are commonly used for 
risk prediction and registration of new compounds. In 
addition, many existing substances on the market do not 
have a complete data set on their hazards, making models 

a useful tool for prioritizing existing substances for further 
risk assessment.[19,20] 
 

RESULT AND DISCUSSION 

Degradation of Crizotinib Due to 
Different Stress Conditions 

The forced degradation study of the drug was carried out 
under different chemical and environmental conditions 
mentioned above, to identify the possible chemical 
reactions and degradation products or impurities that may 
affect the stability of the main compound. 
 The degradation of crizotinib was observed during 
oxidative degradation, forming three major degradation 
products (DPs): DP-1 at RT 9.594 min, DP-2 at RT 10.228 min 
and DP-3 at RT 12.866 min (Figure 1). Crizotinib proved to 
be stable under hydrolysis, photolysis and thermal 
conditions as no degradation products were obtained 
compared to the untreated solution which is in agreement 
with the previously published forced degradation study of 
crizotinib by Bandla and Ganapaty[7] (Figure 2 and Figure 3). 
 Notwithstanding of the fact that Bandla and 
Ganapaty indicate that crizotinib is stable under the 
conditions studied, they still note that the net degradation 
was found to be within limits. The same net degradation 
was observed in studies with other drugs for the treatment 

 

 

Figure 1. Crizotinib degradation products formed under oxidative conditions. 

 
 

Table 1. UHPLC gradient method for MS analysis. 

Time / min A / % (v / v) B / % (v / v) 

2.00 95 5 

5.00 85 15 

15.00 55 45 

16.00 20 80 

16.01 90 10 

Inject volume / µL 4  

Flow rate / mL min–1 0.4  

 

 

 

Figure 2. Overlapped chromatograms of untreated crizotinib (red) and degradation products under acid (green) and basic 
degradation (black) processes. 
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of lung cancer such as axitinib[21] while in the case of ceritinib[22] 
a slightly more pronounced degradation was observed. 
However, none of the aforementioned papers reported the 
structures of the resulting degradation products. 

Identification of the Degradation 
Products 

The major degradation products formed by oxidation were  

identified and characterized by liquid chromatography-high 
resolution tandem mass spectrometry analysis (UHPLC-
HRMS/MS) in positive ESI mode. The newly observed peaks in 
the chromatogram (Figure 1) were assigned to the following 
compounds: DP-1 with m/z 466 [M+H]+, DP-2 with m/z 496 
[M+H]+ and DP-3 with m/z 479 [M+H]+. Table 2 shows reten-
tion times and optimal MS/MS conditions for crizotinib degrad-
ation products, while their structures are proposed in Table 3. 

 

Figure 3. Overlapped chromatograms of untreated crizotinib (red) and photolytic and thermal degradation products (green). 
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Table 2. Retention times and MS/MS conditions for crizotinib degradation products. 

 Retention time / min % RSD of Rt Precur-sor ion (m/z) Fragmentor voltage / V Collision energy / eV Product ions (m/z) 

DP-1 9.594 0.45 466 175 0 367, 276, 177 

DP-2 10.228 0.94 496 175 0 480, 324, 288, 177 

DP-3 12.866 0.56 479 175 20 449, 380, 258 

 

Table 3. Proposed structures of major oxidative degradation products. 

 Structural formula Molecular formula Molecular weight 
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N

N
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Cl
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C21H22Cl2FN5O 449.12 
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C21H20Cl2FN5O3 479.09 

 



 
 
 
  K. TOLIĆ et al.: Major Degradation Products of Crizotinib … 21 
 

DOI: 10.5562/cca3756 Croat. Chem. Acta 2021, 94(1), 17–24 

 

 

 

STRUCTURE ELUCIDATION 
Crizotinib 

Figure 4 shows the mass spectrum of crizotinib fragmentation 
and its characteristic product ions at m/z 367, 260 and 177. 
 The protonated molecule of crizotinib was observed 
in the mass spectrum at m/z 450. The fragment ions I and II 
at m/z 367 and 260 were the result of fragmentation of the 
piperidine ring and 2-ethyl-1,3-dichloro-4-fluorophenyl 
ring, respectively, from the parent molecule crizotinib. The 
cleavage of the piperidine ring from the fragment ion II led 
to the formation of product ion III with m/z 177 (Figure 5). 
The proposed degradation pathway of crizotinib during 
oxidative degradation was presented in Scheme 1 and 
described in detail below. 
 

Degradation Product 1 
High resolution QTOF mass spectrometer shows the mass 
spectrum of DP-1 (Figure 6). 
 In addition to the stable molecular ion of 

degradation product 1 at m/z 466, peaks of lower intensity 
at m/z 367, 276 and 177 formed by fragmentation of DP-1 
can be seen in Figure 6. The molecular ion of DP-1 was 
formed by oxidation of the nitrogen atom on the piperidine 
ring to the hydroxylamine of crizotinib. Fragment I with  
m/z 367 was generated by cleavage of the N–C bond 
between the pyrazole and N-hydroxy piperidine rings. 
Another fragmentation of fragment I formed the fragment 
II with m/z 177. These peaks were characteristic ions in the 
mass spectrum of crizotinib, as described previously. The 
peak III with m/z 276 was also observed as a result of C–O 
fragmentation, due to the loss of the 1,3-dichloro-4-fluoro-
2-ethylphenyl unit from the crizotinib molecule. Possible 
structures and fragmentation pathway of DP-1 was 
proposed in Scheme 2. 
 

Degradation Product 2 
MS/MS spectrum of the degradation product DP-2 is shown 
in Figure 7. 
 According to the mass spectrum of DP-2 (Figure 7), 
the stable crizotinib N-oxide (DP-2) is formed with one 
molecular ion at m/z 496. The mass spectrum also showed 
some fragment ions of low intensity characterized by the 
following m/z values: 480, 324, 288 and 177. The fragment 

 

 

Figure 4. Mass spectrum of crizotinib. 
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Figure 5. The proposed fragmentation of crizotinib. 
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Scheme 1. Suggested degradation pathway of crizotinib 
during the oxidative degradation. 

 

 

 

Figure 6. MS/MS spectrum of DP-1. 
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Figure 7. MS/MS spectrum of DP-2. 
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ion I with m/z 480 was formed by the loss of oxygen from 
the pyrazole ring. The fragment II indicates loss of the 
trisubstituted benzene ring, as does the fragment III with 
further fragmentation of the hydroxyl group from the 
aminopyridine ring and N–C double bond cleavage with 
elimination of oxygen from the heterocyclic amines. The 
fragment IV (m/z 177) is also a characteristic ion of 
crizotinib and DP-1 fragmentation, as mentioned earlier. 
The proposed fragmentation pathway of DP-2 is shown in 
Scheme 3. 

Degradation Product 3 
The MS/MS spectrum of the degradation product DP-3 is 
shown in Figure 8. 
 The fragment ion with m/z value 479 represents the 
molecular ion of the degradation product DP-3. It was 

formed by the addition of the mass of 29 amu to the 
crizotinib molecule, suggesting the formation of crizotinib 
N-oxide by oxidation of the piperidine and aminopyridine 
ring. The fragments formed by DP-3 fragmentation are 
outlined on the MS/MS spectrum of DP-3 (Figure 8). 
Fragment I with m/z 449 was formed by fragmentation of 
the hydroxyl group from the aminopyridine ring and the N-
O bond, accompanied by cleavage of the double N–C bond 
from the piperidine ring. The fragment II with m/z 380 
represents a stable peak with the highest intensity in the 
mass spectrum of DP-3 fragmentation. It was formed by the 
mass loss of 99 amu, fragmenting the piperidine oxide ring 
from the rest of the DP-3 molecule. The fragment III was 
formed by fragmentation of the four-substituted phenyl 
ring with loss of the hydroxyl group from the amino-
substitued pyridine ring and the N-O bond of the 
piperidine, indicating the formation of the peak with m/z 
258. Their proposed structures are shown in Scheme 4. 

Computational Assessment of Crizotinib 
and Its DPs Properties 

Since forced degradation experiments result in the 
formation of various intermediates, it is necessary to 
evaluate the toxicity of the newly formed compounds and 
the extent of their effects on humans, animals, and the 
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Scheme 3. The proposed fragmentation pathway of DP-2. 
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Scheme 4. The proposed fragmentation pathway of DP-3. 
 

 

 

Figure 8. MS/MS spectrum of DP-3. 
 

Table 4. Toxicity assessment of crizotinib and degradation 
products formed during forced degradation. 

Analyte 
Developmental 

toxicity 
Bioaccumulation 

factor Log 10 
Mutagenicity 

Crizotinib +(0.23) 2.00 +(0.53) 

DP-1 N/A 1.81 +(0.67) 

DP-2 N/A 2.17 N/A 

DP-3 +(0.82) 2.73  +(0.58)  
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environment in general. Although the use of living 
organisms is the most desirable way to test the toxicity of a 
molecule, numerous studies, such as Trawiński and 
Skibiński (2019) using the example of clozapine,[23] use 
calculations based on the molecular structure of the 
compound, as used in this case by the software TEST. 
 Developmental toxicity was estimated for the parent 
compound crizotinib and found that the mentioned drug 
can be classified as non-toxic with a probability of 0.23, and 
DP-3 (probability of 0.82). Consensus prediction is consid-
ered unreliable as only one prediction can be made, there-
fore toxicity was not calculated for the other two DPs. 
Mutagenicity, expressed as the probability of the Ames 
test, showed a slightly higher mutagenic potential for DP-1 
than crizotinib and DP-3, while mutagenicity could not be 
assessed for DP-2. The predicted bioaccumulation factor 
(BAF) for all analytes tested ranged from 64.56–537.03, 
with DP-2 and DP-3 as compounds with a high tendency to 
bioaccumulate, while crizotinib and DP-1 are thought to ac-
cumulate moderately.[24] The results were presented in Table 
4. It should be noted that the values obtained for DP-1 and 
DP-2 were predicted by the nearest neighbor method based 
on an average of three chemicals similar to the one tested. 
 

CONCLUSION 
In this study, high-resolution mass spectrometry was used 
for the first time to describe the fragmentation pathways 
of crizotinib and its major degradation products (QTOF-
MS/MS). Since the stress degradation conditions are not 
the same for each compound, the studies performed for 
crizotinib showed that the three major degradation 
products are formed by an oxidation experiment. Based on 
the spectral data obtained, the degradation products were 
interpreted by proposing their possible fragmentation 
pathways. Crizotinib was shown to be a hydrolytically, 
photo- and thermally stable under the applied stress 
conditions. The computational assessment of developmental 
toxicity and mutagenicity assumes a positive value for 
crizotinib and predicts that this compound may cause 
malformations upon contact with humans or animals. All 
compounds tested were found to be susceptible to 
moderate or high bioaccumulation. It should be noted that 
the resulting degradation products are present at low 
concentrations, so some other experiments (in vivo, in 
vitro) would likely eliminate the toxicity parameters 
obtained. Such software predictions are useful to prioritize 
and assess the risk of emerging components before actual 
commercialization. 
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