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ABSTRACT 

Objective: Tepotinib, a recent Food and Drug Administration (FDA) approved anticancer drug, currently lacks an official pharmacopeial RP-HPLC 
method for quantification, and its degradation kinetics remain unexplored. This study aimed to develop a rapid, robust, and eco-friendly RP-HPLC 
method for the quantification of tepotinib and to investigate its degradation kinetics.  

Methods: An Analytical Quality by Design (AQbD) approach was employed. The critical method parameters were screened using a Plackett–
Burman design and further optimized through a Central Composite Design. Chromatographic separation was achieved on a SunFire C18 column 
(250 × 4.6 mm, 5 µm) using a methanol: 0.1% OPA (52:48, v/v) mobile phase at a flow rate of 1.0 mL/min with UV detection at 272 nm. Forced 
degradation studies were conducted under hydrolytic, oxidative, and thermal stress. The resulting degradation kinetics were then determined. The 
method was validated according to the ICH Q2(R2) guidelines. Greenness and sustainability were evaluated using various green analytical metrics 
and the Efficient-Valid-Green (EVG) framework.  

Results: The developed method achieved efficient separation of tepotinib in only five minutes with a retention time of 2.4 min. Method validation 
confirmed excellent linearity over 22.5–157.5 µg/ml (R² = 0.9995),%RSD for intra-and inter-day precision were 0.7 and 0.5 %, mean recovery was 
99.94 %. LOD and LOQ were 0.38 µg/ml and 1.14 µg/ml, respectively. Forced degradation studies revealed significant degradation under hydrolytic, 
oxidative, and thermal conditions, following zero-order kinetics. The greenness assessment indicated a low ecological impact, reduced solvent 
consumption, and minimal waste generation. 

Conclusion: An AQbD-based, environmentally friendly RP-HPLC method was successfully developed and validated for quantifying tepotinib and 
was applied to study its degradation kinetics. This method offers environmental sustainability and is suitable for routine pharmaceutical quality 
control of tepotinib. 
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INTRODUCTION 

According to the World Health Organization (2024), by 2050, the 
number of cancer cases worldwide is expected to rise to over 35 
million, an increase of about 77% compared to 2022 [1]. This 
dramatic increase underscores the need for new treatment options, 
reliable analytical methods, and better healthcare strategies to 
detect, monitor, and manage this growing burden. Among all 
cancers, lung cancer remains one of the most common, with more 
than 2.5 million new cases reported each year, making up 
approximately 12.4% of the total global cancer load [2]. This study 
focused on tepotinib (TPB), an important targeted mesenchymal-
epithelial transition (MET) tyrosine kinase inhibitor used to treat 
certain forms of lung cancer, particularly in patients with MET exon 
14 alterations, where traditional treatments often fail. TPB offers a 
promising alternative by selectively inhibiting MET receptor 
tyrosine kinase and blocking the Hepatocyte Growth Factor (HGF)-
triggered phosphorylation cascade, thereby suppressing tumor cell 
proliferation, migration, and survival [3]. First approved by the FDA in 
2020 and fully approved in 2024, following the results of the VISION 
trial (NCT02864992) [4, 5], TPB has quickly become a valuable 
treatment option for this patient group. Developed by Merck KGaA 
(Darmstadt, Germany), TPB is a white crystalline powder 
(C₂₉H₂₈N₆O₂; 492.58 Da) that is readily soluble in methanol but 
practically insoluble in water [6]. Its pyridazinone core, benzonitrile 
group, and methyl piperidinyl side chain (fig. 1) are responsible for its 
therapeutic action but also bring challenges for analysis, including 
poor aqueous solubility, complex chromatographic behavior, and a 
tendency to degrade under stress conditions [7]. 

Despite its clinical relevance, there is no official pharmacopeial RP-
HPLC method for TPB and its degradation profile under stress 

conditions has not been thoroughly explored. Conventional one-
factor-at-a-time (OFAT) method development is time-consuming 
and often overlooks interactions between critical method variables 
(CMVs). In contrast, the AQbD approach provides a more systematic 
and risk-based method for defining the Analytical Target Profile 
(ATP), identifying CMVs, and creating a robust method design space 
[8]. Combining AQbD with Green Analytical Chemistry (GAC) 
principles further reduces hazardous waste, encourages the use of 
safer solvents, and reduces energy consumption [9]. In this study, 
the greenness of the developed method was carefully assessed using 
multiple tools including Analytical Eco Scale (AES), Analytical 
Method Greenness Score (AMGS), Complex modified Green 
Analytical Procedure Index (Complex MoGAPI), Analytical Greenness 
Metric Approach (AGREE), Blue Applicability Grade Index (BAGI), 
and the Efficient-Valid-Green (EVG) framework to ensure that the 
optimized method aligns with modern sustainability goals and 
minimizes environmental impact. Understanding the degradation 
kinetics of TPB is equally important as it provides crucial 
information about its rate constants, half-lives, and shelf life, all of 
which help guide proper storage, packaging, and formulation 
stability [10, 11]. Although several RP-HPLC methods for TPB have 
been published, none has systematically applied a complete QbD-
based strategy that also addresses environmental sustainability and 
regulatory flexibility [12–18]. Therefore, this study aimed to fill this 
important gap by developing and validating a robust, efficient, and 
environmentally friendly AQbD-based RP-HPLC method for 
quantifying TPB along with a detailed evaluation of its degradation 
kinetics under ICH-recommended stress conditions. By doing so, this 
work supports safer, greener, and more reliable quality control of 
TPB, ultimately helping ensure that patients receive stable and 
effective treatment with minimal environmental impact. 
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Fig. 1: Chemical structure of tepotinib 

 

MATERIALS AND METHODS 

Chemicals and reagents 

Pure TPB (>99% purity) was obtained from Akrivis Pharma, Ltd. 
(Hyderabad, India). Reagent-grade OPA was procured from SD Fine 
Chem Ltd. High-performance liquid chromatography (HPLC)-grade 
methanol was obtained from Merck, Ltd., Mumbai, India. Analytical-
grade HCl, NaOH, and H2O2 were obtained from Rankem (Gurugram, 
India). 

Instrumentation 

Chromatographic analysis was performed using a Waters HPLC 
2695 system integrated with an autosampler, column heater, and a 
2996 photodiode array detector. Data were acquired and processed 
using the Empower 2 software. A SunFire C18 column (250 mm×4.6 
mm, 5 μm, 100 Å) was employed for separation. The experimental 
design was developed using Design Expert v13.1.0 (State-Ease 360). 
Additional equipment included a Sartorius analytical balance (BSA 
2245S-CW), LABMAN ultrasonicator (LMUC3), pH meter (LMPH 15), 
vortex mixer (Remi CM 101), and hot air oven (Sisco India, 240V). 

Preparation of solutions 

Preparation of mobile phase 

First, the aqueous phase was prepared by transferring 1 mL of 
ortho-phosphoric acid (OPA) into a 1000 mL volumetric flask. HPLC-
grade water (100 ml) was added, mixed thoroughly, and diluted to 
volume with HPLC water. The mobile phase was prepared by mixing 
methanol and freshly prepared 0.1% OPA buffer (52:48 v/v), 
sonicated, and filtered through a 0.45 µm membrane filter. 
Methanol: Water (50:50 v/v) was prepared by mixing 500 mL of 
methanol with 500 mL of water. 

Preparation of standard and test solutions 

A standard stock solution of TPB at 900 µg/ml was prepared by 
weighing 45 mg of TPB in a 50 ml volumetric flask. The mixture was 
vortexed and sonicated for 10 min after adding 10 ml of the diluent 
and then diluted to the mark. A working standard solution of 90 
µg/ml was prepared by diluting 1 ml of the stock solution to 10 ml 
with diluent. For the sample solution, TPB equivalent to 2250 µg/ml 
was weighed into a 100 ml volumetric flask, mixed with 50 ml 
diluent, sonicated for 25 min, and diluted to mark. A working sample 
solution of 90 µg/ml was prepared by diluting 0.2 ml of the stock 
solution to 10 ml with diluent. 

Method development 

The QbD approach was used to develop an HPLC method for TPB by 
gathering prior knowledge and understanding the characteristics of 
the drug. Because of TPB’s UV activity and lipophilicity of TPB, RP-
HPLC was selected as the analytical technique (fig. 1). Critical 
Analytical Attributes (CAAs) such as Retention Time (Rt), Tailing 
Factor (Tf), and Number of Theoretical Plates (NTP) were defined 
based on the Analytical Target Profile (ATP) (table S1) [19]. To 
identify which chromatographic variables might significantly 
influence method performance, a systematic risk assessment was 
carried out using Failure Mode and Effects Analysis (FMEA). Nine 
factors were evaluated: the column type (A), flow rate (B), column 
oven temperature (C), organic solvent composition (D), sonication 
time (E), detection wavelength (F), diluent (G), injection volume (H), 
and column dimensions (I). Each factor was assigned a score for 
severity, occurrence, and detectability based on prior knowledge, 

literature reports, and preliminary trials. These scores were then 
multiplied to calculate the Risk Priority Number (RPN) for each 
parameter [20]. Based on the higher RPN values and practical 
significance, five parameters (flow rate, column temperature, organic 
solvent, wavelength, and injection volume) were selected for further 
evaluation using the Plackett–Burman design [21]. The remaining 
parameters, such as the column type and diluent, were fixed based on 
earlier experimental findings and had little impact on the critical 
responses. The complete risk matrix is presented in table S2. 

Method optimization using the QbD approach 

Screening and definition of design space 

A Plackett–Burman design with five factors (aqueous phase 
percentage, flow rate, column temperature, wavelength, and 
injection volume) over 12 runs identified CAAs such as Rt, Tf, and 
NTP. Plackett–Burman design was selected for its ability to rapidly 
pinpoint the most influential factors from a set, while requiring only 
a minimal number of experiments. For further optimization, a CCD 
design was used with an aqueous phase (40–60%) and flow rate 
(0.8–1.2 ml/min) over 13 runs [22, 23]. CCD was chosen for its 
capability to capture both linear and nonlinear effects, enabling a 
more robust and efficient optimization process with fewer 
experimental runs. Regression analysis employed a second-order 
polynomial model incorporating only statistically significant terms 
(p<0.05) to develop the predictive equations. Response surface plots 
and numerical optimization identified optimal conditions targeting 
an Rt of 2–4 min, Tf of 1–1.5, and NTP ranging from 5000 to 8000. 

Forced degradation studies of TPB 

A stock solution of TPB was prepared by accurately weighing 225 
mg of the sample and dissolving it in 50 ml of diluent to obtain a 
concentration of 4500 µg/ml. From this stock solution, 4 ml was 
accurately transferred into a 10 ml volumetric flask and diluted to 
volume with the same diluent, resulting in an intermediate solution 
of 1800 µg/ml. Subsequently, the intermediate solution (0.5 ml) was 
diluted to 10 ml to prepare the working standard solution with a 
concentration of 90 µg/ml [24]. 

Hydrolytic degradation (Acidic, alkaline, and neutral 
conditions) 

To assess hydrolytic stability, 4 ml of TPB stock solution was placed 
into five separate 10 ml volumetric flasks. Each flask was filled with 
different stress-inducing media: 0.1 N HCl, 0.5 N HCl, 0.1 N NaOH, 0.5 
N NaOH, and distilled water. The solutions are subjected to the 
stress conditions listed in table 1. 

Oxidative degradation  

For oxidative stress testing, 4 ml of the TPB stock solution was 
diluted to 10 ml using 3% and 5% hydrogen peroxide (H₂O₂) 
solutions in separate flasks. The samples were subjected to the 
conditions outlined in table 1. 

Thermal (Moist heat) degradation 

Thermal degradation was evaluated by diluting 4 ml of the TPB 
stock solution to 10 ml with a diluent (methanol: water (1:1)), 
followed by exposure to moist heat (table 1). 

Sample collection, preparation, and storage 

At predetermined time intervals (table 1), degraded samples were 
withdrawn and appropriately volume-adjusted using suitable 
solvents. The samples subjected to acidic or alkaline stress were 
neutralized using equimolar amounts of NaOH or HCl. All the 
collected samples were stored under refrigerated conditions (2–8  
°C) until analysis. Prior to injection into the HPLC system, a 0.5 ml 
sample was diluted to 10 mL with the mobile phase. 

Assay of TPB sample 

The TPB was assayed using Equation.1 

% Assay =
Sample

Standard
×

Standard dilution

Sample dilution
×

purity of standard

100
×

1 

Label Claim
× 100 … (1)
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Table 1: Experimental conditions for stress-induced degradation of TPB 

Stress condition Solvent  Temperature (°C) Sampling time (h)  
Hydrolytic  
Neutral  
Acid  
Base 
 

H2O 
0.1 N HCl 
0.5 N HCl 
0.1 N NaOH 
0.5 N NaOH 

60 ℃ 0, 1, 2, 3, 6, 24, 48, 72 

Oxidizing  3% H2O2 

5% H2O2 
60 ℃ 0, 1, 2, 3, 6, 24, 48, 72 

Thermal  Methanol 60 ℃ 0, 1, 2, 3, 6, 24, 48, 72 
Sampling was performed at various time points as shown. HCl: Hydrochloric acid; NaOH: Sodium hydroxide; H₂O₂: Hydrogen peroxide. 

 

RESULTS AND DISCUSSION 

Method development  

TPB, a small molecule with UV-absorbing groups, is well-suited for 
RP-HPLC analysis. A C18 column was selected for optimal 
hydrophobic interaction and resolution. Various mobile phases, 
including methanol, acetonitrile, and OPA (pH 3.0–4.0), were tested. 
Methanol is preferred owing to its low toxicity and low cost. OPA 
improved the peak symmetry via ion pairing-or pH control [25]. 

Screening and method optimization using CCD and data 
analysis 

Five variables (aqueous phase, flow rate, temperature, wavelength, 
and injection volume) were screened using the PBD. Among the 
variables assessed during the risk analysis, wavelength and injection 

volume were initially ranked as medium-to-high risk [26]. However, 
based on Plackett–Burman results and preliminary trials, both were 
found to cause minimal variation in key responses. Therefore, the 
wavelength was fixed at 272 nm (λmax) to ensure optimal 
sensitivity, and the injection volume was set at 10 µl to maintain a 
balance between the signal strength and peak shape. Half-normal 
plots and Pareto charts indicated that only the percentage of the 
aqueous phase and the flow rate significantly affected Rt. In contrast, 
their influence on NTP and Tf was negligible (fig. S1 to fig. S6). A CCD 
was employed for method optimization using Design Expert® 
13.5.0. Flow rate (X₁) and aqueous phase composition (X₂) were 
selected as critical method parameters (CMPs), while Rt (Y₁), NTP 
(Y₂), and Tf (Y₃) were chosen as CAAs. Thirteen experimental runs 
were performed (table 2) to study the effects of the percentage of 
the aqueous phase and flow rate on the retention time, theoretical 
plates, and tailing factor [27, 28].

 

Table 2: Outcomes of the CCD optimization 

  Input variables  Response variables 
Standard run Run % Aqueous phase Flow rate (ml/min) Retention time (min) Number of theoretical 

plates 
Tailing factor 

1 10 40 0.8 3.049 6998.6 1.1 
2 2 60 0.8 3.708 7446.5 1.12 
3 1 40 1.2 2.049 4525.6 1.1 
4 5 60 1.2 2.473 5168.1 1 
5 6 35.8579 1 2.404 5669 1.16 
6 11 64.1421 1 3.167 6393.7 1.1 
7 8 50 0.717157 3.683 7995.8 1.1 
8 13 50 1.28284 2.08 4410 1 
9 3 50 1 2.622 5770 1.07 
10 9 50 1 2.634 5555 1.08 
11 12 50 1 2.635 5700 1.08 
12 4 50 1 2.635 5638 1.07 
13 7 50 1 2.64 5704 1.07 

 

A quadratic model was applied to evaluate the linear, interactive, and 
quadratic effects, represented by the following general equation:  

Y = β
0

+ β
1
X1 + β

2
X2 + β

3
X3 + β

4
X
1

2 + β
5
X
2

2 + β
6
X
3

2 + β
7
X1X2 +

β
8
X1X3 + β

9
X2X3 ……. (4) 

X₁ and X₂ represent the percentage of aqueous phase and flow rate, 
respectively. The term X₁X₂ indicates the interaction between these 
two factors, indicating how they jointly influence the response. The 
squared terms, X₁² and X₂², reflect the nonlinear effects of methanol 
composition and flow rate on the chromatographic parameters. 
Positive coefficients denote a direct relationship, while negative 
coefficients indicate an inverse relationship. Both CMPs significantly 
influenced all three CAAs, showing interaction and curvature effects.  

Y1(Rt) = 2.63 + 0.2703X₁ −  0.5627X₂ −  0.0587X₁X₂ +
0.0727X₁² + 0.1207X₂² …. (5) 

For Y1, the positive coefficient of X₁ indicates that increasing the 
proportion of the aqueous phase leads to a longer retention time, 
whereas the negative coefficient of X₂ shows that increasing the flow 
rate shortens retention time. The negative X₁X₂ interaction term 
suggests that the combined effect of aqueous phase and flow rate 
slightly reduces retention time. The positive quadratic terms for 
both X₁² and X₂² indicate a curvature in the response, implying that 
extreme values of these factors tend to increase retention time.  

Y2(NTP) = 5673.40 + 264.41X₁ −  1227.81X₂ + 48.65X₁X₂ +
158.37X₁² + 244.14X₂²…. (6) 

For Y2, the positive coefficient of X₁ indicates that increasing the 
aqueous phase slightly increases the number of theoretical plates, 
whereas the large negative coefficient of X₂ shows that higher flow 
rates considerably reduce column efficiency. The positive X₁X₂ 
interaction term suggests that using higher levels of both aqueous 
phase and flow rate together can marginally improve efficiency. The 
positive quadratic terms for X₁² and X₂² indicate a curved response 
surface, meaning that both very low and very high values of these 
factors can enhance the number of theoretical plates. 

𝑌3(𝑇𝑓) =  1.07 −  0.0206𝑋₁ −  0.0327𝑋₂ −  0.0300𝑋₁𝑋₂ +
0.0255𝑋₁² −  0.0145𝑋₂² …… (7) 

For Y3, the negative coefficients of X₁ and X₂ indicate that 
increasing the aqueous phase or the flow rate slightly decreases 
the tailing factor, suggesting an improvement in peak symmetry. 
The negative X₁X₂ interaction term shows that using higher levels 
of both factors together further reduces tailing. The positive 
quadratic term for X₁² suggests that very high or very low aqueous 
phase values can increase tailing, whereas the negative quadratic 
term for X₂² indicates that extreme flow rate values help reduce 
tailing. 
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ANOVA results (table 3) confirmed that the developed models for 
retention time (Y₁), theoretical plates (Y₂), and asymmetry (Y₃) were 
statistically significant, with high R², adjusted R², and predicted R² 
values, and non-significant lack-of-fit tests, indicating excellent model 
fit. Both aqueous phase and flow rate had strong effects on all three 
responses; interaction effects were important for Y₁ and Y₃ but 
negligible for Y₂. Significant quadratic terms indicated curvature in the 
responses, confirming non-linear relationships. The regression models 
for Y₁ and Y₂ showed outstanding goodness of fit (R² = 0.9998 and 
0.9960, respectively). Response surface plots (fig. 2) and diagnostic 
plots supported model validity: normal probability plots indicated 

residual normality, residuals vs. predicted plots showed 
homoscedasticity, and residuals vs. run order confirmed 
independence. Predicted vs. actual plots (R²>0.99) demonstrated close 
agreement, while Box–Cox plots (λ ≈ 1) showed no need for 
transformation (Supplementary fig. S7–S10). Numerical optimization 
achieved a desirability of 1 at 48.24% aqueous phase and 1.09 ml/min 
flow rate; these were adjusted for practicality to 48% aqueous phase 
and 1.0 ml/min for validation. Under these conditions, the observed Rt 
(2.36 min), NTP (5125), and Tf (1.06) were within the 95% prediction 
intervals (Rt = 2.38 min, NTP = 5350, Tf = 1.08), confirming the 
reliability and robustness of the model (fig. 3).

 

Table 3: Analysis of variance (ANOVA) for the effects of process parameters on retention time, theoretical plates, and asymmetry 

Response Source Sum of squares df Mean square F-value p-value  
Retention time (Response 1)  Model 3.26 5 0.6512 6637.44 <0.0001 significant 

A-Aqueous Phase 0.5843 1 0.5843 5955.74 <0.0001  
B-Flow rate 2.53 1 2.53 25823.44 <0.0001  
AB 0.0138 1 0.0138 140.73 <0.0001  
A² 0.0368 1 0.0368 374.89 <0.0001  
B² 0.1014 1 0.1014 1033.22 <0.0001  
Residual 0.0007 7 0.0001    
Lack of Fit 0.0005 3 0.0002 3.79 0.1155 not significant 
Pure Error 0.0002 4 0.0000    
Cor Total 3.26 12     

Theoretical plates (Response 2) Model 1.316E+07 5 2.631E+06 346.58 <0.0001 significant 
A-Aqueous Phase 5.593E+05 1 5.593E+05 73.67 <0.0001  
B-Flow rate 1.206E+07 1 1.206E+07 1588.46 <0.0001  
AB 9467.29 1 9467.29 1.25 0.3010  
A² 1.745E+05 1 1.745E+05 22.98 0.0020  
B² 4.147E+05 1 4.147E+05 54.61 0.0002  
Residual 53146.53 7 7592.36    
Lack of Fit 26899.33 3 8966.44 1.37 0.3732 not significant 
Pure Error 26247.20 4 6561.80    
Cor Total 1.321E+07 12     

Tailing factor 
(Response 3) 

Model 0.0223 5 0.0045 82.14 <0.0001 significant 
A-Aqueous Phase 0.0034 1 0.0034 62.53 <0.0001  
B-Flow rate 0.0085 1 0.0085 157.24 <0.0001  
AB 0.0036 1 0.0036 66.26 <0.0001  
A² 0.0045 1 0.0045 83.26 <0.0001  
B² 0.0015 1 0.0015 26.92 0.0013  
Residual 0.0004 7 0.0001    
Lack of Fit 0.0003 3 0.0001 2.89 0.1657 not significant 
Pure Error 0.0001 4 0.0000    
Cor Total 0.0227 12     

A is the aqueous phase %, and B is the flow rate. A² and B² are the squared terms (nonlinear effects), and AB shows the interaction between A and B. 
p<0.05 means it’s statistically significant. Lack of fit shows whether the model fits the data well. Since all models have a non-significant lack of fit, 
they are considered reliable. 
 

 

 

Fig. 2: 2D contour and 3D response surface plots depicting the effects of the proportion of aqueous phase, flow rate on retention time (a–
b), number of theoretical plates (c–d), and asymmetry (e–f) 
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Fig. 3: Overlay plot of the optimized chromatographic solution (a). Desirability profile (b) Ramp solutions showing individual and 
combined desirability for factors and responses (c) 

 

Forced degradation and kinetic studies 

We prepared a 4500 µg/ml stock solution to make the degradation 
study process smoother and more consistent. Because we needed to 
carry out multiple stress conditions (such as acid, base, neutral, 
oxidative, and thermal degradation) at different time points, having 
a single concentrated stock made it easier to prepare samples 
uniformly. For each condition and time point, we just took 0.5 mL of 
this stock, made it up to 10 mL, and subjected it to degradation. 
Subsequently, we diluted it again to obtain a final concentration of 
90 µg/ml for analysis. This strategy ensured consistency, minimized 
variability due to repeated weighing, and simplified the sample 
preparation for multiple degradation studies under controlled 
conditions.  

In contrast, a 900 µg/ml stock solution was used for method 
validation studies, including system suitability, linearity, accuracy, 
and precision, where lower concentrations were adequate. Thus, the 
dual-stock strategy balanced the need for both sensitivity for 
degradation profiling and precision for validation studies. Forced 
degradation and kinetic studies under ICH-recommended conditions 
showed a significant reduction in the main peak area, indicating 
degradation. The peak purity plots are shown in fig. S10 to fig. S16, 
confirming the spectral purity of the main peak under all the stress 

conditions. The highest degradation was observed under acidic and 
alkaline conditions, indicating pH sensitivity. Moderate degradation 
was observed under moist and oxidative conditions, while minimal 
degradation was observed under dry conditions (table 4). The 
degradation followed zero-order kinetics, as supported by the linear 
plots of concentration versus time under all stress conditions (fig. 4). 
Kinetic parameters, including the degradation rate constant (k), time 
required for the drug to degrade by 50% (t₁/₂), and the time needed 
to retain 90% of the initial potency (t₉₀), were calculated using 
Equations (8)– (10), respectively [29].  

[C]ₜ  =  [C]₀  −  k t …… (8) 

t ½ =
0.5Co 

k
 ……. (9) 

 t₉₀ =
0.1Co 

k
 …. (10) 

Where C0 is the initial % (typically, 100%), where K is the rate 
constant, [C0] is the TPB concentration at time t = 0, and [Ct] is the 
concentration at time t. (table 3) these findings suggest that the TPB 
is unstable under extreme pH and humidity conditions. Therefore, 
formulations should be maintained at near-neutral pH (6–7), stored 
below 25 °C, and protected from light, moisture, and oxidative 
stress. Protective strategies include light-resistant containers, inert 
atmospheres (e. g., nitrogen flushing), and antioxidants.

  

Table 4: Summary of degradation kinetics 

Stress condition Best fit model R² value t ½ (days) t 90 (days) Degraded %  K 
0.1 N HCl Zero-order 0.999  2.634  0.527  60.07 1.898E+01 
0.5 N HCl  Zero-order 0.993  2.310  0.462  68.33 2.164E-01 
0.1 N NaOH Zero-order 0.991  3.037  0.607  54.93 1.647E-01 
0.5 N NaOH Zero-order 0.99  2.797  0.559  56.91 1.788E-01 
Water  Zero-order 0.993  6.460  1.292  24.58 7.740E-02 
3% H₂O₂ Zero-order 0.990  3.335  0.667  36.61 1.499E-01 
5% H₂O₂ Zero-order 0.990  3.119  0.624  46.81 1.603E-01 
Moist Heat  Zero-order 0.992  3.796  0.759  38.90 1.317E-01 

K is the zero-order degradation rate constant (day⁻¹); t1/2 is the half-life; t90is the time required for 10% degradation. R² indicates the goodness of fit. All 
degradation conditions showed best fit to the zero-order kinetic model. HCl: Hydrochloric acid; NaOH: Sodium hydroxide; H₂O₂: Hydrogen peroxide. 
 

 

Fig. 4: Zero-order plots showing the degradation of Tepotinib under various stress conditions: acidic (0.1 N and 0.5 N HCl), basic (0.1 N 
and 0.5 N NaOH), oxidative (3% and 5% hydrogen peroxide), thermal, and neutral conditions 
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Validation outcomes 

The validation outcomes were established in accordance with ICH 
Q2(R2) and Q14 guidelines [30, 31]. 

System suitability and specificity 

Prior to method validation, system suitability was evaluated and met 
ICH requirements. The Tf was less than 2, and the NTP was greater 
than 2000, confirming efficient chromatographic performance. 
Specificity was demonstrated using a PDA detector with no 
interference at the Rt of the TPB sample (2.419 min), confirming 
peak purity and selectivity (fig. 5) The overlaid chromatograms of 
stressed sample solutions obtained under various degradation 
conditions are provided in the Supplementary Data (fig. S17). 

Precision and accuracy 

The results of the intra-and inter-day precision studies showed 
relative standard deviation (RSD) values below 1%, demonstrating 
the excellent reproducibility of the method (table 5). Accuracy was 
evaluated at three spiking levels: 50, 100, and 150% of the nominal 

concentration. The percent recoveries ranged from 99.67% to 
100.18%, with %RSD values less than 2%, indicating high reliability 
of the method for quantitative analysis (table 5). 

Robustness 

Deliberately key chromatographic parameters, including flow rate 
(0.9–1.1 ml/min), column temperature (27–33  °C), and mobile phase 
composition (57:43 to 47:53, A: B) were varied. Despite these changes, 
the system suitability parameters, including Rt, NTP, and Tf, remained 
within the acceptable limits. The %RSD values were consistently<2%. 
The ability of the method to remain unaffected by minor deliberate 
variations in the parameters confirms its reliability (table 5). 

Linearity and range  

The method demonstrated a direct proportional relationship 
between concentration and peak area, confirming its suitability for 
quantitative analysis. A calibration curve was constructed over 22.5–
157.5 μg/ml, producing a regression equation of y = 31173x+20044 
with an r² of 0.9995, indicating excellent linearity across the tested 
range (fig. 6).

 

 

Fig. 5: Chromatogram of tepotinib standard (a) tepotinib sample (b) 

 

 

Fig. 6: Calibration curve of tepotinib 
 

LOD and LOQ 

Based on the standard deviation of the response and slope method, 
LOD and LOQ were calculated to be 0.38 μg/ml and 1.14 μg/ml, 

respectively, confirming the sensitivity of the method. The calculated 
LOQ was further verified by analyzing spiked samples at the LOQ 
level, demonstrating acceptable precision and accuracy at this 
concentration (fig. S18).
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Table 5: Performance characteristics: precision, accuracy, and robustness 

Method precision and intermediate precision results 
Sample Method precision (TPB 

standard peak area) 
Intermediate precision (sample) 
% purity (Day 1) % purity (Day 2) 

1 2840220 99.4 98.3 
2 2845810 99.6 98.4 
3 2839379 99.3 98.0 
4 2888760 101.1 98.3 
5 2860800 100.1 99.3 
6 2866081 100.3 98.8 
Mean± SD 2856842±19093.1 99.94±0.67 98.52±0.46 
%RSD 0.7 0.7 0.5 
TPB: Tepotinib; %RSD: Relative Standard Deviation; SD: Standard Deviation. Method and intermediate precision were within acceptable limits 
(%RSD<2%). n=6 
Accuracy results 
Level Amount spiked (μg/ml) Amount recovered (μg/ml) % Recovery 
50% 45 45.2 100.36 
50% 45 45.1 100.20 
50% 45 44.9 99.76 
100% 90 89.2 99.16 
100% 90 89.3 99.26 
100% 90 90.2 100.24 
150% 135 135.5 100.35 
150% 135 135.3 100.23 
150% 135 134.9 99.94 
Mean±SD   99.94±0.49 
%RSD 0.48 
n=3 
Optimised condition Condition variation  % RSD Remarks 
 Flow 1.0 ml/min 
 

Flow (-) 0.9 ml/min  0.2 %RSD were less than 2% 
 Flow (+) 1.1 ml/min  0.3 

Mobile phase  
52% Methanol: 48 0.1% OPA in water  

Mobile phase (-) 47A: 53B 0.3 
Mobile phase (+) 57A: 43B 0.3 

Temperature Temp (-) 27 °C 0.2 
 Temp (+) 33 °C 0.3 
MeOH: Methanol; OPA: Ortho Phosphoric Acid; %RSD: Relative Standard Deviation. All %RSD values were<2%, indicating robustness of the method 
to small deliberate variations. 

 

Several RP-HPLC methods have been reported for estimating 
tepotinib in bulk and pharmaceutical dosage forms. However, these 
methods rely on conventional method development approaches and 
do not incorporate Quality by Design (QbD) strategies [12-18]. 
Additionally, the use of buffer-containing mobile phases, such as 
potassium dihydrogen orthophosphate, orthophosphoric acid, or 
trifluoroacetic acid, can complicate analysis because of issues such 
as buffer precipitation, reduced column life, and limited 
compatibility with detectors [12-16]. Moreover, acetonitrile is 
commonly used as an organic modifier, which is relatively more 
expensive and less environmentally friendly than methanol.  

In contrast, the present study reports the first QbD-based RP-HPLC 
method for tepotinib, offering a simplified and robust approach by 
replacing acetonitrile with methanol and eliminating buffers. This 
approach not only reduces the cost and toxic waste but also 
enhances the environmental compatibility of the method. This 
method provides a short retention time of 2.416 min, high precision 
(RSD 0.5%), good recovery (99.95%), and excellent sensitivity (LOD 
0.38 µg/ml, LOQ 1.14 µg/ml). Importantly, no previous methods 
have reported the degradation kinetics of tepotinib, making this 
study the first to explore and quantify the degradation behavior 
under different stress conditions. Furthermore, the greenness of the 
method was assessed using appropriate analytical eco-assessment 
tools, highlighting its suitability for sustainable analytical practice 
along with its high performance. 

Green analytical metric tools assessment  

Implementing green chemistry in analytical methods poses 
challenges such as balancing sustainability with performance, 
reliance on traditional solvents, the need for re-validation, high 
costs, lack of standardized greenness metrics, resistance to change, 
limited green alternatives, and inadequate training, which further 
hinder adoption [32]. The greenness of the developed RP-HPLC 

method was evaluated using six tools: ComplexMoGAPI, AGREE, AES, 
AMGS, BAGI, and EVG, which assess factors such as toxicity, energy 
and solvent use, waste, performance, and robustness for 
comprehensive environmental analysis.  

Complex modified green analytical procedure index  

The ComplexMoGAPI is an enhanced version of the original GAPI tool 
designed to evaluate analytical methods based on a broader spectrum 
of environmental and performance-related criteria [33]. It can be 
accessed at https://fotouhmansour.github.io/ComplexMoGAPI/. The 
assessment covered 1. Sample preparation, method, extraction scale, 
sample amount, and handling (collection, preservation, transport, and 
storage). 2. Reagents and solvent types, quantities, hazards, and 
additional treatments such as cleanup, derivatization, mineralization 
and solvent removal 3. Instrumentation assesses energy use, safety, 
and occupational hazards during quantification. 4. Waste generation 
considers the volume, nature, and treatment of the waste. 5. Energy 
consumption accounts for power usage through instruments and 
methods, thereby ensuring an overall sustainability evaluation. Each 
domain was visually represented by a pentagram, with color codes 
indicating the level of environmental impact: green for low, yellow for 
moderate, and red for high. In contrast to GAPI, ComplexMoGAPI 
incorporates numerical scoring to minimize subjectivity and provides 
a more refined visual layout, enabling direct comparison between 
methods. The assessment of the developed RP-HPLC method using 
ComplexMoGAPI is illustrated in fig. 7a, and the detailed domain-wise 
scores are provided in table S3. These results highlight 
environmentally significant areas and can guide potential 
improvements. 

Analytical greenness metric approach 

The AGREE tool is a downloadable software-based metric available 
at https://mostwiedzy.pl/AGREE. It quantitatively evaluates an 

https://fotouhmansour.github.io/ComplexMoGAPI/
https://mostwiedzy.pl/AGREE
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analytical method based on in-situ analysis, solvent safety, energy 
efficiency, waste minimization, and the use of renewable resources. 
The tool generates a circular pictogram divided into 12 colored 
segments. Each segment is color-coded according to the degree of 
compliance, and an overall greenness score is assigned on a scale 
from 0 (non-green) to 1 (ideal green method) [34]. The developed 
method achieved an AGREE score of 0.65, (fig. 7b) (table S4), 
indicating good environmental sustainability with room for further 
improvement by replacing methanol (a GHS Category 3 solvent) 
with greener alternatives such as ethanol and by adopting 
instrument modifications such as shorter columns or lower flow 
rates to reduce solvent consumption and energy usage. 

Analytical eco scale 

AES is a semi-quantitative tool that evaluates the greenness of 
analytical methods using a 100-point scoring system. The 
assessment starts with a base score of 100, from which penalty 
points are deducted for factors such as the use of hazardous solvents 
(e. g., acetonitrile), large volumes of reagents, high energy 
consumption, and unsafe waste management practices Scores>75 
indicate excellent green methods, scores between 50 and 75 are 
acceptable, and scores<50 require substantial environmental 
optimization [35]. The RP-HPLC method scored 77, indicating that it 
was environmentally friendly. The Eco-Scale evaluation, along with 
detailed penalty point deductions, is summarized in table S5, 
offering a comprehensive view of the methods ecological footprint. 

Blue applicability grade index 

BAGI is a unique tool that complements other green metrics such as 
AGREE and GAPI. This tool is available at (https://bagi-
index.anvil.app). BAGI evaluates the practicality of analytical 
methods by considering factors such as time efficiency, cost-
effectiveness, and ease of use. In BAGI, the 'blue' attributes 
specifically reflect cost-efficiency, time efficiency, simplicity, and 
overall user-friendliness. The methods were assigned BAGI scores 
ranging from 25 to 100, with higher scores indicating higher 
practicality. Additionally, BAGI employs a pictogram to visually 
illustrate the 'blueness' profile, providing an intuitive representation 
of a method’s practical performance [36]. The BAGI pictogram is 
shown in fig. 7c, and table S6 provides a detailed representation of 

the scoring outcomes, enabling the identification of potential areas 
for refinement. 

Analytical method greenness score  

AMGS is a freely available online tool that evaluates how green an 
analytical method is, looking beyond solvent waste [37]. It divides 
the environmental impact into three key areas: instrument energy, 
solvent production energy, and solvent health and safety risks. As 
shown in table S7, the developed RP-HPLC method (Method 
Number: 2025-06-06-17:54:40.887) was assessed for electricity use 
during analysis, environmental burden of solvent production, 
solvent toxicity and disposal, operating conditions, sample 
preparation, and overall technique. The instrument energy score 
from the AMGS tool was calculated to be 111.63, making up 
approximately 77% of the total greenness score. At first glance, this 
may seem high, but it is a result of the method being quite efficient 
in other areas, such as using less solvent, having a short run time, 
and generating minimal waste. Because the solvent energy (6.89) 
and solvent EHS score (26.74) were relatively low, the instrument 
energy naturally constituted the most significant portion. The AMGS 
calculation also includes factors such as idle time, column oven use, 
and detector type (in our case, PDA), all of which contribute to the 
energy score. Overall, the AMGS results show that this RP-HPLC 
method is not only reliable and efficient but also demonstrates a 
good level of environmental friendliness. 

Efficient, valid, green framework 

The EVG framework [38] offers a holistic view of the integration of 
efficiency, validation, and greenness. For efficiency, the implementation 
of DOE for screening/optimisation [39, 40], the number of CQAs, the 
number of CMPs, the time for analyzing one sample (cost), and the 
number of compounds analyzed per experiment were tested. Validation 
included type of validation, precision, accuracy (SE), quantitation limit, 
and robustness (number of factor variations). The greenness assessment 
covered the number of greenness tools used, sample treatment, reagents 
and solvents (number of GHS pictograms), instrumentation, energy 
consumption, and waste. The EVG radar chart (fig. 7d) demonstrates a 
well-balanced profile, supporting the suitability of this method for 
routine use in a sustainable analytical context. The full scoring matrix is 
shown in table S8.

 

 

Fig. 7: Evaluation of the proposed HPLC method greenness using a ComplexMoGAPI pictogram b AGREE pictogram score c BAGI 
pictogram, d EVG radar chart 

https://bagi-index.anvil.app/
https://bagi-index.anvil.app/
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CONCLUSION 

A robust QbD-based green RP-HPLC method was successfully 
developed and validated for quantitative estimation of TPB. The 
design of experiments facilitated the systematic optimization of 
critical parameters, ensuring precision, accuracy, and specificity as 
per ICH guidelines. A comprehensive greenness assessment using 
the ComplexMoGAPI, AGREE, Analytical Eco-Scale, BAGI, and EVG 
tools demonstrated good environmental performance, with room for 
further improvement. This method offers a reliable, sustainable, and 
regulatory-compliant solution for the analysis of TPB in 
pharmaceutical formulations. In future work, greener alternatives 
such as ethanol could be explored for use in mobile phases. In 
addition, switching to shorter columns, micro-flow systems, or low-
energy HPLC platforms can further reduce the solvent usage and 
power consumption. 
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