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ABSTRACT 

Structurally related compounds encounter a challenge in their determination due to similarity in 

chemical structure thus having remarkably close chemical and/or physical properties. This work 

presented a review of the analysis of some structurally related pharmaceutical compounds such as 

prodrugs in the presence of active and/or inactive metabolites in addition to the determination of 

active pharmaceutical ingredients in the existence of possible degradation compounds. This review 

also encompassed a simple approach to how to carry out forced degradation studies including 

hydrolysis and pH rate profiling of drugs, oxidative degradation, photo-degradation, and thermal 

degradation studies to develop a stability-indicating assay method (SIAM). The review considered 

degradation kinetics including the determination of degradation reaction order, reaction rate, Half-

life (t1/2), and shelf life (t90%) in addition to applying Arrhenius equation to calculate activation 

energy. The proposed review also justified the Relative Response Factor (RRF) application to study 

impurity profiling of drugs for analysis of pharmaceutical compounds in the presence of their 

reported impurities. 

 

Keywords: Stability indicating assay method; degradation reaction order; Arrhenius equation; 

Relative Response Factor 

1. INTRODUCTION 

Structurally related compounds encounter a challenge in their 

determination due to their similar chemical structure, thus 

having remarkably close chemical and/or physical properties. 

Different classes of structurally related compounds include: 

1.1. Simultaneous determination of prodrug in the 

presence of active metabolite and/or inactive 

metabolite 

Prodrugs are inactive drug derivatives that are 

metabolized after administration into pharmacologically 

active metabolites, both prodrugs and their metabolites are 

structurally related where one form is active and the other 

requires activation. Prodrugs represent alternative forms 

of bioactive substances to improve physicochemical and 

biopharmaceutical properties.1 Poor intestinal 

permeability and absorption represent the main challenges 

in low lipophilic oral drugs resulting in poor 

pharmacokinetic properties, poor solubility, and chemical 

instability.2 The most common approach for prodrug 

development is through chemical modifications either by 

creating salts to improve dissolution rate or integrating 

alkyl moieties to increase lipophilicity.3 
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Several prodrugs were developed through 

esterification reaction as dabigatran etexilate, sofosbuvir, 

aripiprazole lauroxil, and dimethyl fumarate.4 Thus, ester 

hydrolysis is a crucial step for achieving optimum efficacy; 

ester activation can be achieved either chemically or 

enzymatically.5 A vital issue with oral esterified prodrugs is 

whether they will be activated before or after absorption and 

reaching the systemic circulation, thus physicochemical 

properties and pH-stability profile of prodrugs are critical for 

the finished product formulation. 

Several methods were reported for prodrugs 

determination such as: 

Yuan et al.6 reported an HPLC method to study the 

degradation kinetics of phosphonates prodrugs. An 

oxycarbonyl-methyl prodrug of phosphonates was developed 

to improve their oral bioavailability as phosphonates ionic 

character limits their permeability across the intestinal 

mucosa, resulting in low bioavailability. Kinetics of 

phosphonates prodrugs hydrolysis were studied as a function 

of pH and buffer concentration. Phosphonates prodrugs were 

found to have better chemical stability compared to 

phosphonates. 

LC-MS/MS approach was reported for the estimation 

of aripiprazole lauroxil prodrug in the presence of its active 

and inactive metabolites. Aripiprazole lauroxil is a sustained-

release esterified prodrug of aripiprazole typically 

administered monthly.7 

An HPLC method with electrochemical detection was 

reported to determine L-DOPA and dopamine after oral 

administration of potential L-DOPA prodrugs. L-DOPA 

prodrugs were developed to extend L-DOPA pharmacological 

activity, improve absorption, and protect against metabolism.8 

A Hydrophilic interaction liquid chromatography 

approach was described for metformin estimation in existence 

of its more lipophilic prodrugs formulated to improve 

permeability and oral absorption of metformin.9 

An HPLC approach was reported for the estimation of 

curcumin with its prodrug (curcumin didecanoate).10 

Habib et al. developed a SIAM using HPLC for the 

estimation of dimethyl fumarate in the existence of 

monomethyl fumarate (active metabolite) as well as fumaric 

acid (Figure 1).11 

Other reported methods for the determination of some 

prodrugs in the presence of their metabolites are summarized 

in Table 1.  

Figure 1. The obtained chromatogram of (1) fumaric acid, 

(2) monomethyl fumarate, and (3) dimethyl fumarate. Their 

chemical structures are given in the inset.11 

Table 1. Some reported methods for the determination of some 

prodrugs in the presence of their metabolites 

Prodrug Principle Application Ref. 

Exatecan and its 

cathepsin B-

sensitive prodrug 

HPLC-

MS/MS 

Assess the 

pharmacokinetics 

of exatecan and 

its prodrug 

12 

Leflunomide 

(prodrug 

metabolized to 

active metabolite 

teriflunomide) 

LC-

quadrupole 

TOF-MS 

Quantitation of 

teriflunomide and 

leflunomide in 

human plasma 

13 

Lisdexamfetamine 

(prodrug that is 

converted to 

d-amphetamine in 

the body) 

LC-MS/MS 

Quantification of 

Lisdexamfetamine 

in human plasma 

14 

Three paclitaxel 

fatty acid esters 

UPLC-

MS/MS 

Pharmacokinetics 

investigation in 

mouse plasma 

15 

Mycophenolic acid 

(a secondary 

metabolite of 

Penicillium 

Brevicompactum) 

and a chitosan-

linked prodrug 

HPTLC 

Analysis in 

microsphere 

formulations 

16 

Icaritin and its 

novel 3-

methylcarbamate 

prodrug 

HPLC–

MS/MS 

Quantification in 

rat plasma and 

application to 

pharmacokinetic 

study 

17 

 
1.2. Estimation of the drug in the existence of its 

degradation compounds 

SIAM is an estimation analytical route that is applied to 

determine the stability of an active pharmaceutical ingredient 

(API) varies over time. A SIAM should distinguish each API 

from possible degradation products to accurately measure API 

content. Stability studies provide indications of the potential 

liabilities of an API.  
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Stability studies are vital for manufacturing, packaging, and 

formulation development to estimate the optimum storage 

circumstances as well as drug shelf life.18, 19 

Instability is usually encountered with substances 

having reactive chemical groups which may undergo 

hydrolysis or oxidation as well as photolysis.20 

2. STRATEGY TO DEVELOP SIAM 

Several ICH guidelines were reported about stability studies  

such as ICH Q1A (R2)21 which is concerned with testing the 

stability of new API as well as its products, ICH Q1B 22 which 

is concerned with photo-stability testing of API and its 

products, ICH Q3A (R2)23 which is concerned with 

impurities in new API and ICH Q3B(R2)24 which is 

concerned with impurities in products of new drug. However, 

applied steps to be trailed during the development of SIAM 

are not reported in guidelines or pharmacopoeias. A strategy 

to be followed during developing SIAM was reported 19 and 

summarized in (Figure 2).

Figure 2: General strategy to perform stability-indicating assay methods (SIAM)

2.1. Forced degradation studies (stress testing) 

Forced degradation is to expose API to conditions such as 

light, heat, humidity, and an extensive range of pH values, 

leading to the formation of all possible degradation products, 

thus allowing the determination of the stability profile of 

API.25,26 

Forced degradation or stress testing is carried out when 

developing SIAM to confirm specificity, especially when 

possible degradation products aren't well recognized. Forced 

degradation also reveals the mechanism of degradation that 

may occur during storage.  

Stress degradation is conducted to obtain an 

approximately 5–20% degradation of the drug26. Feasible 

maximum conditions achievable for API should be reported if 

API isn't degraded for given stress conditions. 27, 28 

2.1.1. How to carry out forced degradation procedures? 

As mentioned by ICH Q1A (R2), stress testing of the drug 

enables the detection of the possible degradation products to 

suggest the pathways for degradation as well as the intrinsic 

stability of the drug in addition to validation of SIAM 21. The 

study of the relationship for any degradation governs whether 

the data can be represented graphically by a linear or 

quadratic or cubic function using either logarithmic or 

arithmetic scale”.  

Though several guidelines were reported about 

stability studies, the practical aspects related to stress testing 

are not clearly addressed by regulatory guidelines. Conditions 

to be employed to study a new API stress degradation aren't 

well identified.   

Singh and Bakshi 27 have suggested decision trees to be 

followed to investigate stress conditions for a new API. Stress 

conditions for hydrolysis and oxidation such as degree of 

temperature and time of exposure as well as strength of the 

acid, the alkali, or % of hydrogen peroxide were varied until 

sufficient degradation is obtained.  

Drugs are classified into six categories depending on 

conditions that cause sufficient degradation as summarized in 

Table 2.
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Table 2. Classification system for acidic, alkaline, neutral hydrolysis, and oxidative degradation27 

Category Acidic or alkaline hydrolysis Neutral hydrolysis Oxidative degradation 

Class I 

Extremely labile 

0.01N acid or alkali 

25˚C 
25˚C-2hrs 

1% H2O2 

30 min 

Class II 

Very labile 

0.01N acid or alkali 

40˚C 
40˚C-8hrs 

1% H2O2 

3hrs 

Class III 

Labile 

0.1N acid or alkali 

Refluxing 

Refluxing 

12hrs 

3% H2O2 

6hr 

Class IV 

Stable 

1N acid or alkali 

Refluxing 

Refluxing 

1day 

3% H2O2 

24hrs 

Class V 

Very stable 

2N acid or alkali 

Refluxing 

Refluxing 

2days 

10% H2O2 

24hrs 

Class VI 

Practically stable 

5N acid or alkali 

Refluxing 

Refluxing 

5days 

30% H2O2 

48hrs 

 

Another strategy for selecting degradation conditions 

in forced degradation studies was reported 29, where initial 

trials aim to find the conditions that cause degradation of 

nearly 10% of API. Conditions commonly used for forced 

degradation as reported 29 are summarized in Table 3. 

Table 3. Conditions mostly applied for forced degradation 

studies. 

 

2.1.2. How to carry out hydrolysis and pH rate profiling 

of drugs? 

Many APIs contain ester or amide functional group that is 

readily hydrolyzed in solution. The most common pathways 

for drug degradation are hydrolytic reactions. 

The type and concentration of acid or alkali used in the 

stress degradation study are chosen depending on the liability 

of the API.  

Frequently used reagents for hydrolysis are HCl (0.1–

1M) for acid hydrolysis and NaOH (0.1–1M) for alkalin 

hydrolysis. Stress degradation using neutral conditions is 

usually carried out by the refluxing of API in water. 

 

Kinetic-pH profiling is to study the effect of pH on the 

hydrolysis reaction kinetics of API to find the pH value 

showing maximal stability. The pH-rate profile is used to 

quantify how quickly degradation will occur at different pH 

ranges. 

2.1.3. How to carry out oxidative Degradation? 

Oxidative degradation of API can occur by the reaction with 

molecular oxygen or with oxidizing agents existing in the 

dosage form such as hydrogen peroxide.  

Concentrations as well as the type of an oxidizing 

agent are selected depending on the stability of the API. Most 

oxidative degradation stress studies incorporate H2O2 in the 

concentration range of 3–30%. 

2.1.4. How to carry out photo-degradation? 

Photo-stability testing of API must be performed to ensure 

that there is no undesirable change occurred due to light 

exposure. The free radical mechanism is the most common in 

photo-degradation.  

 ICH guidelines Q1B recommend exposure to UV/Vis 

light of at least 1.2 million lux hours and energy of at least 

200-watt hours/square meter. The maximum illumination of 6 

million lux hours is also recommended.  

Also according to ICH Q1B, different exposure conditions 

can be applied to study the photo-degradation of API 

according to its photosensitivity and light intensity. "The 

purpose of photo-degradation study is to identify the overall 

photosensitivity of the substance for degradation pathway 

elucidation.22 

 

Degradation 

reaction 

Conditions 

Hydrolysis Acidic: 0.1M HCl   at 40˚C or 60˚C 

Alkaline: 0.1M NaOH at 40˚C or 60˚C 

pH 2,4,6,8    at 40˚C or 60˚C 

Oxidation 3% H2O2         at 25˚C or 60˚C 

Azobisisobutyronitrile(AIBN) at 40˚C or 

60˚C 

Photolytic 1.2 million lux hr 

6 million lux hr 

Thermal Heat chamber at 60˚C or 80˚C 
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2.1.5. How to carry out thermal degradation 

Thermal degradation is performed at more vigorous 

conditions compared to that of accelerated testing suggested 

by ICHQ1A (R2). Usually, the study of thermal degradation 

can be performed at 40–80˚C. The temperature effect on the 

thermal degradation of an API is investigated by Arrhenius 

equation.30 

Some reported SIAM methods for the determination of 

API in the presence of their degradation products are 

summarized in Table 4. 

Table 4. Some reported SIAM methods for the determination of API in the presence of their degradation products 

Principle Technique Application Ref. 

Stability indicating assay method for 

mitapivat 

HPLC/quadrupole-time 

of flight mass 

spectrometry 

Seven novel hydrolytic, photolytic, and 

oxidative degradation products were 

identified 

31 

Stability study of two short universal 

cancer peptides derived from 

telomerase 

RP-HPLC 

First report including the lightness and 

chromaticity measurements in a peptide 

vaccine 

32 

Environmentally benign and stability-

indicating assay of metronidazole 
RP-HPLC 

Assess metronidazole-related process and 

degradation impurities in finished drug 

formulation 

33 

Stability indicating assay for 

concurrent quantification of linagliptin 

and dapagliflozin 

RP-HPLC/ LC-MS/MS 

 

Linagliptin has shown major degradation 

products under acidic, alkaline, and 

oxidative environments 

34 

Stability Indicating Determination of 

Idelalisib 
RP-HPLC 

Forced degradation to separate and quantify 

idelalisib with its degradation products 
35 

Stability Method for Quantification of 

Amoxapine 

HPLC/quadrupole-time 

of flight mass 

spectrometry 

Three hydrolytic degradation products and 

one oxidative degradation product were 

formed 

36 

Identification and characterization of 

two new oxidation degradation 

impurities in cinnarizine 

LC-HRMS/MS and 1H-

NMR 

Cinnarizine was labile to oxidative 

conditions and stable to acidic, alkaline 

hydrolytic, photolytic, and thermal 

conditions 

37 

Stability-indicating chromatographic 

methods for the simultaneous 

determination of Phenylephrine and 

Tropicamide 

HPTLC 

HPLC 

Phenylephrine degraded under oxidative 

conditions. Tropicamide yielded 

tropicamide degradation and tropicamide 

impurity using acidic and basic hydrolysis 

38 

2.2. Degradation kinetics 

Degradation kinetic is defined as the investigation of the rate 

of drug degradation. Its information can be utilized to 

understand the mechanism of drug degradation. Its target is 

the prediction of the intrinsic stability of API to anticipate 

problems that may occur throughout development as the rate 

at which API degrades varies dramatically39.   

Degradation kinetics is an important feature in pre-

formulation studies, estimation of shelf life as well as drug 

stabilization against degradation. 

2.2.1. Significance of the study degradation kinetics: 

• Development of optimum formulation  

• Determine the optimal conditions for storage  

• Choosing the appropriate container used for dispensing  

• API shelf life estimation 

• Expecting the interactions between the drug and the 

excipients. 

2.2.2. Strategy to carry out degradation kinetics studies 

(Figure3): 

First evaluate the vulnerability of the drug to be degraded by 

various conditions such as hydrolytic conditions involving 

acid, base, and neutral conditions, photolytic conditions, and 

oxidative stress conditions by carrying out a stress 

degradation study of targeted API. 

The next crucial step is to select the conditions for 

degradation kinetic study as it can give useful data about the 

rate-limiting parameters that control degradation reaction. 
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Various variables such as pH and temperature as well 

as light exposure should be optimized to investigate the 

degradation kinetics of API by hydrolytic conditions. Such 

optimization is achieved by one factor at a time approach as 

the choice of multiple factors simultaneously to investigate 

degradation kinetics can give false data due to overlapping 

effects for multiple factors at a time.  

Obtained data is plotted as the percentage of remaining 

drugs versus time. The remaining drug percentage is plotted 

as (Ct/C0), ln(Ct/C0), and 1/(Ct/C0); according to the highest 

coefficient of determination (r2), the reaction order is 

determined from the best-fitted line.  

Where: Ct is remaining the concentration of the drug 

after the time (t) and C0 is the initial concentration of the drug. 

Different kinetic parameters such as degradation rate constant 

(k), as well as half-life (t1/2) in addition to shelf life (t90%), 

can be calculated. 

Arrhenius equation is applied by determining 

degradation rate constant at different temperature values, and 

activation energy (Ea) is calculated for API. If the structure of 

the degradation product isn't recognized, different techniques 

for structure elucidation should be considered as IR, LC-

MS/MS. The degradation mechanism and pathway for 

degradation product formation are suggested. 

 
Figure 3: Guideline to perform degradation kinetics study 

2.2.3. Determination of degradation reaction order: 

The order of the reactions indicates how changing the reactant 

concentration affects the speed of the reaction so its 

determination is vital (Figure 4). 

Understanding the order of drug degradation can assist 

in determining the shelf life and optimal storage conditions 

for drug substances and drug products. 

 

Zero order reaction: 

The rate of zero order reaction is independent of the reactant 

concentration. Its rate is expressed by the following 

equation1: 

Rate of reaction = -d[C]/dt = k       (Equation 1) 

where: [C] is the remaining concentration of reactants 

& k is the rate constant. 
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Integrating the rate equation between initial 

concentration C0 at t0 & Ct is the remaining reactant 

concentration after time = t, we get the following: 

𝑪𝒕 = 𝑪𝟎 − 𝒌𝒕                   (Equation 2) 

𝐇𝐚𝐥𝐟 𝐥𝐢𝐟𝐞  𝒕𝟏
𝟐⁄ =

𝑪𝟎

𝟐𝒌
          (Equation 3) 

Shelf life 𝒕𝟗𝟎% =
𝑪𝟎

𝟏𝟎𝒌
         (Equation 4) 

When this linear relationship is plotted (Ct versus 

time), the slope of the obtained line (Figure 5) is equal to –k 

Zero-order reactions imply rearrangement or radical-

intermediated cleavage of chemical bonds under conditions of 

photolytic or oxidative tension. For example, the ultrasonic 

degradation of diclofenac under oxidative conditions follows 

zero-order kinetics. Similarly, the degradation kinetics of 

ascorbic acid, influenced by water activity and temperature, 

also adhere to a zero-order kinetic model.40 

First order reaction: 

The reaction rate depends on the concentration of a single 

reactant, and the rate expression for the chemical reaction is 

given by equation 5:  

- d[C]/dt = k[A]       (Equation 5) 

By integrating the rate equation from the initial 

concentration C0 to the concentration Ct, after (ttime), the 

following equations were obtained: 

𝐥𝐧
𝑪𝒕

𝑪𝟎
= – 𝒌𝒕   (Equation 6) 

𝐇𝐚𝐥𝐟 𝐥𝐢𝐟𝐞   𝒕𝟏
𝟐⁄ = 

−𝟎.𝟔𝟗𝟑

𝐤
    (Equation 7) 

Shelf life 𝐭𝟗𝟎%= 
 −𝟎.𝟏𝟎𝟓

𝒌
   (Equation 8) 

When this equation is plotted with persisting 

concentration, either as ln(Ct/C0) or log(Ct/C0) against time, 

the slope is –k or 
−𝒌

𝟐.𝟑𝟎𝟑
 , respectively as shown in (Figure 6). 

Various pharmaceutical products degrade through 

first-order kinetics. For instance, the degradation of imidapril 

hydrochloride under hydrolytic (acid/base) stress conditions 

obeys first-order kinetics.41 

Second order reaction: 

The reaction rate depends on the concentrations of two 

reactants. There are two scenarios to consider, either 

A + B                         products  

or 2A                          products 

then, - d[C]/dt = k[A]2 or k[A][B]            (Equation 9) 

by integrating the rate equation from the initial 

concentration C0 to the concentration Ct, after (ttime), 

𝟏

𝐂𝐭
=  𝐤𝐭 +

𝟏

𝐂𝟎
                 (Equation 10) 

Half-life   𝒕𝟏
𝟐⁄ = 

𝟏

𝒌[𝑪𝟎]
    (Equation 11) 

Shelf life  𝒕𝟗𝟎%= 
𝟎.𝟏𝟏

𝒌[𝑪𝟎]
    (Equation 12) 

When this equation is plotted, the slope of the 

obtained line is equal to k as shown in (Figure 7). 

Oxidative degradation kinetics of posaconazole under 

different concentrations of H2O2 and temperature values were 

found to follow second-order kinetics. Different initial and 

final degradation rate constants were observed. The half-life 

and shelf life of posaconazole under all conditions were 

determined.42 

Thermal degradation of 7,8-dimethyl-10-formyl-

methyl-isoalloxazine in acid solution was found to 

comprehend a second-order reaction43.  

Also, cefaclor was found to undergo self-aminolysis in 

solution via a nucleophilic attack that followed a second-

order degradation rate.44 

Pseudo order reactions 

Reactions that are inherently of higher order but are 

manipulated to behave like lower-order reactions. 

Pseudo zero order reaction: 

When degradation is minimal, it becomes challenging to 

differentiate between zero and first-order reactions. Although 

it is essentially a first-order reaction, it behaves like a zero-

order reaction. This condition is known as a pseudo-zero-

order reaction.45 

A study on the degradation kinetics of dacarbazine in 

an aqueous solution under photolytic and hydrolytic 

conditions revealed that its photolysis follows pseudo-zero-

order kinetics. Conversely, in the dark, dacarbazine undergoes 

hydrolysis following pseudo-first-order kinetics. The pH-rate 

profile of dacarbazine indicated that both photolytic and 

hydrolytic reactions depend on the molecule's ionization state 
46
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Figure 4: Relationship between the rate of a chemical reaction and concentration of reactants (for different orders of 

reactions) 

 

                Figure 5: Zero order reaction plot 

 

Figure 6: First order reaction plots 

 

Figure 7: Second order reaction plots 
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Pseudo-first-order reaction: 

A pseudo-first-order reaction can be described as a second-

order reaction that behaves like a first-order one. This occurs 

when one reactant is in a much higher concentration or is kept 

constant compared to another substance, making the reaction 

rate dependent on only one reactant. Many reactions fall into 

this category, with hydrolysis being a common example that 

typically follows pseudo-first-order kinetics. While 

hydrolysis is generally considered undesirable, it is an 

intentional feature in the case of prodrugs. 

Habib et al. 11reported degradation kinetics and pH 

profile of dimethyl fumarate. Dimethyl fumarate followed a 

pseudo-first-order kinetics and showed highest stability at pH 

7 and 5. 

Kinetics, pH profile, and Arrhenius plots of disodium 

phosphate ester of phenytoin as a promising prodrug for 

parenteral administration of phenytoin showed hydrolysis rate 

following pseudo-first-order kinetics. 47 

The degradation of ascorbic acid follows a pseudo-

first-order. Storage temperature and water activity were 

considered, finding that the rate constants and water activities 

are related by a second-order polynomial equation. The 

temperature's effect on the rate constant adheres to the 

Arrhenius relationship, and the activation energy was 

calculated 48. 

Linagliptin was found to follow pseudo-first-order 

kinetics. Additionally, Arrhenius plots were created to 

estimate linagliptin's half-life at room temperature 49. 

Carvedilol follows first-order kinetics under both 

acidic and alkaline conditions. The kinetic data were then 

fitted to the Arrhenius equation to calculate the activation 

energy 50. 

A study on the degradation kinetics of dapagliflozin in 

the presence of metformin revealed that its alkaline 

degradation follows pseudo-first-order kinetics 51. 

An eco-friendly SIAM to study the degradation 

kinetics of the antiviral prodrug baloxavir marboxil was 

reported. Kinetic studies of acidic, alkaline hydrolysis, and 

oxidative degradation of baloxavir revealed a pseudo-first-

order reaction rate under all conditions. Main degradation 

product structures were revealed utilizing LC-MS. 52 

Amer et al. reported the degradation kinetics and pH 

profile of methylcobalamin. 53 It followed pseudo-first-order 

kinetics under acidic and alkaline degradation. It showed the 

highest stability at pH 5. 

2.2.4. Determination of reaction rate (k): 

The rate of a chemical depends on the product of the molar 

concentrations of the reactants, with each concentration raised 

to a power corresponding to the stoichiometric coefficients of 

the reacting substances. Therefore, the reaction rate is 

described as the rate at which reactants are consumed or 

products are formed.  

If aA + bB                   Product, Rate of reaction can be 

explained as = -d[C]/dt = k[A]a[B]b 

In this context, (C) represents the concentration of the 

species being studied. The concentrations of reactants (A ) and 

( B ) are indicated by brackets, such as ([A]) and ([B]). The 

symbol ( k ) stands for the rate constant of the reaction. 

Chemical stability is typically expressed through the rate 

constant (( k )), which indicates either the degradation of a 

drug or the formation of degradation products. To determine 

rate constants from experimental data at a specific 

temperature, the linear least squares method is commonly 

used. This involves plotting the remaining drug percentage as 

(Ct/C0), the natural logarithm of the remaining drug 

percentage ln(Ct/C0) and reciprocal of the remaining drug 

percentage 1/(Ct/C0) against time; the reaction order is then 

identified based on the highest r2 value and the best-fitting 

line. 

2.2.5. Half-life (t1/2) determination: 
 

The half-life of a reaction is the time it takes for a reactant to 

decrease to half of its initial concentration. In a first-order 

reaction, the half-life remains constant and does not depend 

on concentration. Conversely, for zero-order and second-

order reactions, the half-life is influenced by both the initial 

concentration and the rate constant. 

2.2.6. Shelf life (t90%) determination: 

Shelf life refers to the duration during which a pharmaceutical 

product, when stored correctly, is expected to remain within 

its specified quality parameters as established by stability 

studies. This period is used to determine the product's expiry 

date. Essentially, shelf life is the time required for 10% of the 

material to degrade, meaning the concentration of the product 

decreases to 90% of its original amount. 

2.2.7. Arrhenius equation: 

The Arrhenius regression equation is commonly used to 

evaluate the stability of drugs during various stability studies.  
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It establishes a relationship between temperature and rate 

constant, which helps estimate the shelf life of a drug 

substance during its development phase. Most active 

pharmaceutical ingredient (API) degradation studies follow 

Arrhenius kinetics. Reaction rates typically depend on: The 

fraction of molecules with energy equal to or greater than the 

activation energy (Ea), the number of collisions per second, 

and the percentage of molecules with the correct orientation. 

Arrhenius equation describes a linear relationship 

between the natural logarithm of the reaction rate constant k) 

and the inverse of the absolute temperature (T). This 

relationship is expressed by the following equation 13: 

𝒌 = 𝑨𝒆−𝑬𝒂 𝑹𝑻⁄    (Equation 13) 

where: k is rate constants, A is the pre-exponential 

factor or frequency factor, Ea is the activation energy in KJ 

mol-1 or KCal mol-1, R is the gas constant and T is the absolute 

temperature in Kelvin. Thus, by experimentally determining 

the rate constant (( k )) at various temperatures and plotting 

lnk against 1/T is plotted, the activation energy (Ea ) can be 

derived from the slope of the resulting line.  

Another approach to determine activation energy (Ea) 

is by solving the following equation 14: 

𝐥𝐧
𝒌𝟐

𝒌𝟏
=  − 

𝑬𝒂

𝑹
 (

𝟏

𝑻𝟐
−  

𝟏

𝑻𝟏
)    (Equation 14) 

where: k2 & k1 represents rate constants at temperature 

T2 & T1, respectively. 

The findings from Arrhenius analysis are useful for 

forecasting how changes in storage conditions might affect 

the expiration of a drug product. For instance, Amer et al. 

applied the Arrhenius equation to determine the activation 

energy of rupatadine fumarate in a study on its oxidative 

degradation kinetics54 . Some reported degradation Kinetics 

studies of API in the presence of their degradation products 

are summarized in Table 5. 

3. DETERMINATION OF DRUGS IN THE 

PRESENCE OF POSSIBLE IMPURITIES 

(IMPURITY PROFILING) 

According to ICHQ3A(R2) guidelines, an impurity profile is 

the indentation of the known and unknown impurities existing 

in a new API. Impurity profiling regularly starts with the 

detection of impurities, followed by their isolation and 

characterization.23 An impurity is described as any constituent 

other than API or an excipient in dosage form. 

Identification of impurities is a serious procedure in 

API determination to know the chemical structures of 

unknown impurities existing above the specified threshold. 

Classification of impurities by ICH guidelines 23, 24 is 

summarized in (Figure 8). 

 

Optimally, official USP Reference Standards for 

impurities should be considered while performing impurity 

tests 63. 

However, official USP Reference Standards for 

impurities may not be available. When an appropriate 

reference standard is not available, a USP relies on 

instrumental techniques to control the impurities depending 

on the Relative Response Factor (RRF). 63 RRF value, which 

is specific to each experimental circumstances, compares the 

instrumental responses of the impurity and the API reference 

standard to correct for differences in detector response.64–66 

 

RRF is the ratio between the response of the impurity 

and that of API under the same chromatographic conditions. 

The following equation 15 is used to determine RRF: 

Relative Response Factor (RRF)  = 
𝐬𝐥𝐨𝐩𝐞 𝐨𝐟 𝐢𝐦𝐩𝐮𝐫𝐢𝐭𝐲

𝐬𝐥𝐨𝐩𝐞 𝐨𝐟 𝐀𝐏𝐈
  

(Equation 15) 

However, in some formulas for the calculation of RRF, 

the slope of impurity is in the numerator, and in others, it is in 

the denominator.64–68 

Some monographs use the term Response Factor, 

some use the term Relative Response Factor, and others use 

Correction Factor. British Pharmacopoeia referred to RRF as 

a correction factor in the recent update of BP (2020).69 The 

correction factor is not used if it is < 0.2 or > 5. If this 

happens, different methods of determination are used by 

changing the detection wavelength (λ) or using different 

methods for visualization. 

Several methods were reported to determine different 

APIs in the presence of process-related impurities such as:  

A method for characterization and determination of 

RRF of process-related impurity in naproxen was reported. 70 

Karthikeyan et al. reported HPLC with UV detection 

method to estimate RRF of process-related impurities of 

meprobamate. A RRF value of 0.038 was obtained for olefin 

impurity due to its very high response obtained by the UV 

detector.71 
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Table 5. Some reported degradation Kinetics studies of API in the presence of their degradation products 

Principle Technique  Degradation Kinetics study Ref. 

Forced Degradation Study of Ritlecitinib 

under acidic, basic, oxidative, thermal, 

and photolytic conditions revealed four 

novel degradation products 

UPLC with Diode Array Detector 

and Tandem Mass Spectrometry  

Basic degradation followed second-order 

kinetics, while oxidative degradation 

followed zero-order kinetics 

55 

Compare the degradation kinetics of three 

antihypertensive drugs, perindopril tert-

butylamine, amlodipine besylate, and 

indapamide. 

RP-HPLC 

Perindopril is most unstable under basic 

conditions. Amlodipine is most affected 

by basic conditions and oxidation. 

Indapamide undergoes extreme 

photolysis 

56 

 Quantification of florfenicol in the 

presence of its different degradation 

products 

First and second derivative 

synchronous spectrofluorimetry 

The reaction rate order for acidic, 

alkaline, oxidative, and photolytic 

degradation proved to be first order 

57 

Electrochemical degradation of 

acetaminophen in urine matrices 

Electrochemical oxidation with a 

dimensional-stable anode 

Acetaminophen degradation kinetics 

followed a pseudo-first-order reaction 
58 

Stability indicating high-performance 

liquid chromatography method for 

determination of cenobamate 

HPLC 
Kinetic study of basic degradation 

indicated first-order kinetics 
59 

Discerning the stability behaviour of 

mavacamten 

Liquid chromatography-mass 

spectrometry and nuclear magnetic 

resonance spectroscopy 

Degradation kinetics of mavacamten 

under 1 N acidic condition followed 

zero-order kinetics, and it was degraded 

completely within 6 h 

60 

Separation and characterization of 

hydrolytic degradation product of 

deucravacitinib 

Liquid chromatography-tandem 

mass spectrometry 

Characterize degradation products 

formed under hydrolytic, oxidative, 

thermal, and photolytic stress conditions 

and study the kinetics of the drug's 

degradation 

61 

Stability-indicating for the analysis of 

vilanterol degradation products in human 

urine 

UPLC mass spectrometry 

Degradation kinetics under acidic, basic, 

and oxidative stress conditions. Kinetics 

parameters, K, half-life time, and shelf-

life time were assessed, and the 

degradation followed first order reaction 

62 

 

 

 

 

 

 

 

 

 

 

Figure 8: Impurities classification based on ICH guidelines23,24 
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A RP-HPLC method was developed to determine 

bicalutamide process-related impurities as well as degradation 

products, impurity profile study of bicalutamide was 

reported.72 

A RP-HPLC SIAM was reported for levofloxacin 

determination in the presence of degradation products as well 

as process-related impurities was reported.73 

An HPLC method for the estimation of process-related 

impurities of anticholinergic drug pridinol mesylate was 

reported. Synthetic impurities were used as standards.74 

A study of the impact of changing the chromatographic 

conditions of HPLC (column type and temperature as well as 

buffer pH &concentration, also flow rate and detector 

wavelength) on RRF was reported. The study determines RRF 

for two impurities of imatinib mesylate using different 

chromatographic conditions. The study has revealed that any 

variations in chromatographic conditions greatly affect RRF 

values.75 

A new approach for RRF determination applied for 

paclitaxel impurities was reported. Conventionally, RRF is 

estimated by analysis of API and the impurity under identical 

detection conditions. However, this is not achievable for 

unknown impurities, an alternative way to determine RRF 

through using two detectors in tandem as UV with a universal 

detector was reported.76 

Amer et al. reported SIAM using HPLC for the 

estimation of rupatadine fumarate in the existence of its main 

impurity; desloratadine which was determined using the 

impurity relative response factor.54 

Other reported methods for the determination of API 

in the presence of related impurities are summarized in Table 

6. 

 

Table 6. Some reported methods for the determination of API in the presence of related impurities 

Principle Technique Ref. 

Determination of oxytetracycline and lidocaine in the presence of 

toxic lidocaine impurity 

Spectrophotometry 

univariate versus multivariate analysis 
77 

Determination of etomidate and its structural analogues 
Electrospray ionization quadrupole 

time-of-flight mass spectrometry 
78 

Stability indicating the determination of process and degradation 

impurities of ivabradine including two diastereomeric N-oxide 

impurities which are major oxidative degradation impurities  

HPLC method with QDa and PDA 

detectors 
79 

Quantitative Determination of Five Process Relevant Impurities in 

Menatetrenone 

GC-flame ionization detector (GC-

FID) 
80 

Determination of three nitrosamines in losartan API and assessment 

of nitrosamines formation 
LC-MS/MS 81 

Detection of N-nitrosochlordiazepoxide as a potential genotoxic 

impurity 
LC-MS/MS 82 

Stability-indicating assay for impurity profiling of rupatadine, given 

that desloratadine is a known degradation product.  

chemometrics-assisted 

spectrophotometric methods 
83 

Determination of up to 15 small molecule nitrosamine impurities in 

pharmaceutical drug substances 
LC-MS/MS 84 

Spectrophotometric analysis of Fluconazole and its two toxic official 

impurities 

Sequential Dual Amplitude Difference 

(SDAD) technique 
85 

Simultaneous determination of olopatadine hydrochloride and its 

related substances in eye drop 
RP-HPLC 86 

Assessment of pralsetinib impurities and degradation products HPLC-MS/MS 87 

4. CONCLUSION 

 

This review involved strategies for analysis of some 

structurally related pharmaceutical compounds such as 

analysis of prodrugs in the presence of active metabolite 

and/or inactive metabolite as well as active pharmaceutical 

ingredients in the presence of possible degradation products. 

This review also included a simple strategy to perform a 

degradation kinetics study including the determination of 

degradation reaction order, reaction rate, Half-life (t1/2), and 
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shelf life (t 90%) in addition to the application of Arrhenius 

equation to calculate the activation energy. The review also 

demonstrated how to apply Relative Response Factor (RRF) 

to study impurity profiling of drugs. 

5. REFERENCES 

 
1 Markovic M, Ben-Shabat S, Dahan A. Prodrugs for improved 

drug delivery: Lessons learned from recently developed and 

marketed products. Pharmaceutics 2020;12:1–12. 

https://doi.org/10.3390/pharmaceutics12111031. 

2 Perez C, Daniel KB, Cohen SM. Evaluating prodrug strategies 

for esterase-triggered release of alcohols. ChemMedChem 

2013;8:1662–7. https://doi.org/10.1002/cmdc.201300255. 

3 Abet V, Filace F, Recio J, Alvarez-Builla J, Burgos C. Prodrug 

approach: An overview of recent cases. Eur J Med Chem 

2017;127:810–27. 

https://doi.org/10.1016/j.ejmech.2016.10.061. 

4 Karaman R, Dokmak G, Bader M, Hallak H, Khamis M, Scrano 

L, et al. Prodrugs of fumarate esters for the treatment of 

psoriasis and multiple sclerosis - A computational approach. J 

Mol Model 2013;19:439–52. https://doi.org/10.1007/S00894-

012-1554-5/FIGURES/5. 

5 Wu KM. A new classification of prodrugs: Regulatory 

perspectives.Pharmaceuticals2009;2:77–81. 

https://doi.org/10.3390/ph2030077. 

6 Yuan LC, Dahl TC, Oliyai R. Degradation kinetics of 

oxycarbonyloxymethyl prodrugs of phosphonates in solution. 

Pharm.Res2001;18:234–7. 

https://doi.org/10.1023/A:1011044804823. 

7 Sun Y, Lu X, Gai Y, Sha C, Leng G, Yang X, et al. LC-MS/MS 

method for the determination of the prodrug aripiprazole 

lauroxil and its three metabolites in plasma and its application 

to in vitro biotransformation and animal pharmacokinetic 

studies. Journal of Chromatography B 2018;1081–1082:67–75. 

https://doi.org/10.1016/J.JCHROMB.2018.02.011. 

8 Cannazza G, Di Stefano A, Mosciatti B, Braghiroli D, Baraldi 

M, Pinnen F, et al. Detection of levodopa, dopamine, and its 

metabolites in rat striatum dialysates following peripheral 

administration of l-DOPA prodrugs by mean of HPLC–EC. J 

Pharm Biomed Anal 2005;36:1079–84. 

https://doi.org/10.1016/J.JPBA.2004.09.029. 

9 Huttunen KM, Rautio J, Leppänen J, Vepsäläinen J, Keski-

Rahkonen P. Determination of metformin and its prodrugs in 

human and rat blood by hydrophilic interaction liquid 

chromatography. J Pharm Biomed Anal 2009;50:469–74. 

https://doi.org/10.1016/J.JPBA.2009.04.033. 

10 Han YR, Zhu JJ, Wang YR, Wang XS, Liao YH. A simple RP-

HPLC method for the simultaneous determination of curcumin 

and its prodrug, curcumin didecanoate, in rat plasma and the 

application to pharmacokinetic study. Biomedical 

Chromatography 2011;25:1144–9. 

https://doi.org/10.1002/BMC.1584. 

11 Habib AA, Hammad SF, Amer MM, Kamal AH. Stability 

indicating RP-HPLC method for determination of dimethyl 

fumarate in presence of its main degradation products: 

Application to degradation kinetics. J Sep Sci 2021;44:726–34. 

https://doi.org/10.1002/jssc.202001007. 

12 Xu X, Li J, Ran X, Bai C, Yan Q, Liu Y, et al. Development 

and validation of a high-throughput HPLC-MS/MS method for 

the simultaneous determination of exatecan and its cathepsin B-

sensitive prodrug in rat plasma. New Journal of Chemistry 

2025;49:1522–30. https://doi.org/10.1039/D4NJ04475D. 

13 Rohith Chandra K, Naresh P, Kotesh K, Sirisha K, Kumar GT, 

Peraman R, et al. A reliable liquid chromatography-quadrupole 

time-of-flight mass spectrometry method for quantitation of 

teriflunomide, a metabolite of leflunomide in human plasma of 

rheumatoid arthritis patients. Analytical Chemistry Letters 

2024;14:862–80. 

https://doi.org/10.1080/22297928.2024.2420208. 

14 Silva AAR, Coelho LLD, Sánchez-Luquez KY, Garcia PHD, 

Boldin R, Silveira AMR, et al. Determination of 

Lisdexamfetamine in Human Plasma by LC-MS/MS Method. J 

Braz Chem Soc 2024;36:e-20240178. 

https://doi.org/10.21577/0103-5053.20240178. 

15 Bingchen C, Dafeng T, Miao W, Feihu Y, Jianzhong Y, 

Bingchen C, et al. Determination and pharmacokinetics 

investigation of prodrugs of paclitaxel fatty acid esters in mouse 

plasma by UPLC-MS/MS. Journal of Pharmaceutical Practice 

and Service, 2024, Vol 42, Issue 8, Pages: 341-345 

2024;42:341–5. https://doi.org/10.12206/J.ISSN.2097-

2024.202404082. 

16 Shinde S, Shinde T, Shelke G, Kachave T, Chopade S. 

Determination of a Macromolecular Prodrug in Bulk and 

Microsphere Formulation by High Performance Thin Layer 

Chromatography. Journal of Analytical Chemistry 

2024;79:813–9. 

https://doi.org/10.1134/S1061934824700199/METRICS. 

17 Li F, Wang W, Zhai Y, Fan J, Jiang Q, Zhang T. Simultaneous 

quantification of icaritin and its novel 3-methylcarbamate 

prodrug in rat plasma using HPLC–MS/MS and its application 

to pharmacokinetic study. Biomedical Chromatography 

2024;38:e5976. https://doi.org/10.1002/BMC.5976. 

18 Niazi S. Stability Testing of New Drug Substances and 

Products. Handbook of Pharmaceutical Manufacturing 

Formulations. New York: Informa Healthcare USA; 2009. p. 

52–9. 

19 Bakshi M, Singh S. Development of validated stability-

indicating assay methods - Critical review. J Pharm Biomed 

Anal 2002;28:1011–40. https://doi.org/10.1016/S0731-

7085(02)00047-X. 

20 Di L, Kerns EH. Stability challenges in drug discovery. Chem 

Biodivers2009;6:1875–86. 

https://doi.org/10.1002/cbdv.200900061. 

21 ICH Q1A(R2) Stability Testing Guidelines: Stability Testing of 

New Drug Substances and Products 1993. 

22 ICH Q1B Stability testing: photostability testing of new drug 

substances and products. 1996. 

23 ICH Q3A(R2):Impurities in new Drug Substances. 2006. 

24 ICH. Q3B (R2) on impurities: impurities in new drug products 

2006. 

25 Somase K, Rishipathak D. A review on forced degradation 



 J Adv Med Pharm Res  Mini review Article 

This journal is © Faculty of Pharmacy, Tanta University J Adv Med Pharm Res., 2025, 06, 32-47 | 45 

studies, stability indicating method and stability profile of few 

antiviral drugs. J Pharm Negat Results 2022;13:1315–31. 

https://doi.org/10.47750/pnr.2022.13.S01.158. 

26 Alsante KM, Ando A, Brown R, Ensing J, Hatajik TD, Kong 

W, et al. The role of degradant profiling in active 

pharmaceutical ingredients and drug products. Adv Drug Deliv 

Rev 2007;59:29–37. 

https://doi.org/10.1016/j.addr.2006.10.006. 

27 Singh S, Bakshi M. Conduct of Stress Tests to Determine 

Inherent Stability of Drugs. 2000. 

28 Singh R, Rehman Z. Current trends in forced degradation study 

for pharmaceutical product development. J Pharm Educ Res 

2012;3:54–64. 

29 Blessy M, Patel RD, Prajapati PN, Agrawal YK. Development 

of forced degradation and stability indicating studies of drugs - 

A review. J Pharm Anal 2014;4:159–65. 

https://doi.org/10.1016/j.jpha.2013.09.003. 

30 Waterman KC, Adami RC. Accelerated aging: Prediction of 

chemical stability of pharmaceuticals. Int J Pharm 

2005;293:101–25. 

https://doi.org/10.1016/j.ijpharm.2004.12.013. 

31 Bagul MA, Patil Y, Mane SS, Kunnath Shaji A, Das P, Ranjan 

OP, et al. Development and validation of stability indicating 

assay method for mitapivat: Identification of novel hydrolytic, 

photolytic, and oxidative forced degradation products 

employing quadrupole-time of flight mass spectrometry. J Sep 

Sci 2024;47:2400173. 

https://doi.org/10.1002/JSSC.202400173. 

32 André C, Lethier L, Guillaume YC. The optimization and 

validation of a stability indicating RP-HPLC method to analyze 

the long term and in use stability of two short peptides. J Liq 

Chromatogr Relat Technol 2025:1–10. 

https://doi.org/10.1080/10826076.2025.2451958. 

33 Kulkarni M, More P. Development of an environmentally 

benign and stability-indicating assay and related substances RP-

HPLC method and quantification of metronidazole in 

pharmaceutical formulations. Research Square-Preprint 2024. 

https://doi.org/10.21203/rs.3.rs-5251588/v1. 

34 Prajapati A, Kevat H, Maheriya B, Joshi H, Vadalia J, Dudhatra 

B, et al. Novel Stability-Indicating Assay for Concurrent 

Quantification of Linagliptin and Dapagliflozin Via Rp-Hplc 

and Lc-Ms/Ms Analysis of Degradation Products 2024. 

https://doi.org/10.2139/SSRN.5025180. 

35 Badgujar VM, Jain PS. Analytical Method Development and 

Validation of an RP-HPLC Method for Stability-Indicating 

Determination of Idelalisib. Pharmaceutical Chemistry Journal 

2024 58:7 2024;58:1176–81. https://doi.org/10.1007/S11094-

024-03257-0. 

36 Shaikh E, Bagul MA, Mukesh A, Wankhade S, Mane SS, Shaji 

AK, et al. Stability Indicating High-performance Liquid 

Chromatography Method for Quantification of Amoxapine and 

Characterization of Forced Degradation Products Employing 

Quadrupole-Time of Flight Mass Spectrometry. Sep Sci Plus 

2024;7:e202400190. https://doi.org/10.1002/SSCP.202400190. 

37 Jain M, Khan S. Identification and characterization of two new 

oxidation degradation impurities in cinnarizine through LC-

HRMS/MS and 1H NMR, along with in silico toxicity 

predictions of its degradation products. Biomedical 

Chromatography 2024;38:e6013. 

https://doi.org/10.1002/BMC.6013. 

38 Kamel EB, Fawzy MG. Two green evaluated stability-

indicating chromatographic methodologies for the analysis of a 

new ophthalmic solution mixture in the existence of their 

possible degradation products: Application to rabbit aqueous 

humor. Microchemical Journal 2024;207:111997. 

https://doi.org/10.1016/j.microc.2024.111997. 

39 Bhangare D, Rajput N, Jadav T, Sahu AK, Tekade RK, 

Sengupta P. Systematic strategies for degradation kinetic study 

of pharmaceuticals: an issue of utmost importance concerning 

current stability analysis practices. J Anal Sci Technol 

2022;13:1–13. https://doi.org/10.1186/s40543-022-00317-6. 

40 Laing BM, Schlueter DL, Labuza TP. Degradation kinetics of 

ascorbic acid at high temperature and water activity. J Food Sci 

1978;43:1440–3. https://doi.org/10.1111/j.1365-

2621.1978.tb02515.x. 

41 Stanisz B, Regulska K. Kinetics of degradation of imidapril 

hydrochloride in finished dosage formulations. Acta Pol Pharm 

2013;70:737–42. 

42 Araújo JIR, Moura França L, Soares MFLR, Nadvorny D, 

Bedor DCG, Rolim LA, et al. Stability study and oxidative 

degradation kinetics of posaconazole. Microchemical Journal 

2019;151:104181. 

https://doi.org/10.1016/j.microc.2019.104181. 

43 Ahmad I, Vaid F, Hussain M. Thermal degradation of 7,8-

dimethyl-10-formylmethylisoalloxazine in acid solution: A 

kinetic study. Journal of the Chemical Society of Pakistan 

2008;30:688–91. 

44 Vilanova B, Donoso J, Muñoz F, García-Blanco F. The 

degradation mechanism of an oral cephalosporin: Cefaclor. 

Helv Chim Acta 1996;79:1793–802. 

https://doi.org/10.1002/hlca.19960790705. 

45 Pogliani L. Pseudo-zero-order reactions. Reaction Kinetics and 

Catalysis Letters 2008;93:187–91. 

https://doi.org/10.1007/S11144-008-5233-6/METRICS. 

46 Shetty B V., Schowen RL, Slavik M, Riley CM. Degradation of 

dacarbazine in aqueous solution. J Pharm Biomed Anal 

1992;10:675–83. https://doi.org/10.1016/0731-7085(92)80096-

6. 

47 Varia SA, Schuller S, Stella VJ. Phenytoin Prodrugs IV: 

Hydrolysis of Various 3-(Hydroxymethyl)phenytoin Esters. J 

Pharm Sci 1984;73:1074–80. 

https://doi.org/10.1002/JPS.2600730813. 

48 Uddin MS, Hawlader MNA, Ding L, Mujumdar AS. 

Degradation of ascorbic acid in dried guava during storage. J 

Food Eng 2002;51:21–6. https://doi.org/10.1016/S0260-

8774(01)00031-0. 

49 Mourad SS, El-Kimary EI, Hamdy DA, Barary MA. Stability-

Indicating HPLC-DAD Method for the Determination of 

Linagliptin in Tablet Dosage Form: Application to Degradation 

Kinetics. J Chromatogr Sci 2016;54:1560–6. 

https://doi.org/10.1093/chromsci/bmw103. 

50 Rizwan M, Aqil M, Azeem A, Sultana Y, Talegaonkar S, Ali A. 

Study of the degradation kinetics of carvedilol by use of a 

validated stability-indicating LC method. Chromatographia 



 J Adv Med Pharm Res   Mini review Article 

This journal is © Faculty of Pharmacy, Tanta University J Adv Med Pharm Res., 2025, 06, 32-47 | 46 

 

2009;70:1283–6. https://doi.org/10.1365/s10337-009-1294-6. 

51 Zaghary WA, Mowaka S, Hendy MS. Kinetic Degradation 

Study of Dapagliflozin Coupled with UHPLC Separation in the 

Presence of Major Degradation Product and Metformin. 

Chromatographia 2019;82:777–89. 

https://doi.org/10.1007/s10337-019-03702-3. 

52 Gouda AS, Marzouk HM, Rezk MR, Abdel-Megied AM. 

Ecofriendly stability-indicating UHPLC-PDA method for 

determination of the new influenza antiviral prodrug Baloxavir 

Marboxil; application to degradation kinetic studies and 

structure elucidation of the major degradation products using 

LC-MS. Sustain Chem Pharm 2023;33:101093. 

https://doi.org/10.1016/j.scp.2023.101093. 

53 Amer MM, Kamal AH, Hammad SF, Habib AA. Stability 

indicating RP‐HPLC method for methylcobalamin 

determination in different dosage forms: Application to 

photodegradation kinetics and pH rate profiling. J Sep Sci 

2022;45:2877–86. https://doi.org/10.1002/jssc.202200132. 

54 Amer MM, Habib AA, Hammad SF, Kamal AH. Green micellar 

stability-indicating high-performance liquid chromatography 

method for determination of rupatadine fumarate in the 

presence of its main impurity desloratadine: Oxidative 

degradation kinetics study. J Sep Sci 2023;46:2300135. 

https://doi.org/10.1002/jssc.202300135. 

55 Kovačić J, Klarić DA, Turk N, Krznarić Ž, Riordan E, Mornar 

A. The Stability-Indicating Ultra High-Performance Liquid 

Chromatography with Diode Array Detector and Tandem Mass 

Spectrometry Method Applied for the Forced Degradation 

Study of Ritlecitinib: An Appraisal of Green and Blue Metrics. 

Pharmaceuticals 2025;18:124. 

https://doi.org/10.3390/PH18010124. 

56 Mandi´c N, Kovacevi´c M-K, Kasagi´c I, Vujanovi´c K-V, 

Gatari´c BG, Škrbi´cškrbi´c R, et al. Study of the Acidic, Basic, 

and Thermal Degradation Kinetics of Three Antihypertensive 

Drugs—Individually and in Combination. Pharmaceutics 

2024;16:1410. 

https://doi.org/10.3390/PHARMACEUTICS16111410. 

57 Ayman A, Wahba MEK, El-Gindy AEDMA, El-Shabrawy Y, 

Mostafa AE. An eco-friendly first and second derivative 

synchronous spectrofluorimetry for quantification of florfenicol 

in presence of its different degradation products. Application to 

kinetic stability study. R Soc Open Sci 2024;11:. 

https://doi.org/10.1098/RSOS.231642. 

58 Felisardo RJA, Brillas E, Boyer TH, Cavalcanti EB, Garcia-

Segura S. Electrochemical degradation of acetaminophen in 

urine matrices: Unraveling complexity and implications for 

realistic treatment strategies. Water Res 2024;261:122034. 

https://doi.org/10.1016/J.WATRES.2024.122034. 

59 EL-Malla SF, Mansour FR, Elbastawissy ABB, Elagamy SH. 

Development of a stability indicating high-performance liquid 

chromatography method for determination of cenobamate: 

study of basic degradation kinetics. BMC Chem 2024;18:1–9. 

https://doi.org/10.1186/S13065-024-01177-4/TABLES/5. 

60 Golla VM, Kalyan M, Gholap U, Padhy HP, Ramachandran 

RK, Samanthula G. Discerning the stability behaviour of 

mavacamten availing liquid chromatography-mass 

spectrometry and nuclear magnetic resonance spectroscopy: In 

silico toxicity and mutagenicity prediction of degradation 

products. Journal of Mass Spectrometry 2024;59:e5007. 

https://doi.org/10.1002/JMS.5007. 

61 Golla VM, Khemchandani R, Chaganti S, Samanthula G. 

Separation and characterization of hydrolytic degradation 

product of deucravacitinib by validated high-performance 

liquid chromatography method and liquid chromatography-

mass spectrometry. Sep Sci Plus 2024;7:2300180. 

https://doi.org/10.1002/SSCP.202300180. 

62 Tarek M, Wagdy HA, Hegazy MA, Ghoniem NS. Stability-

indicating UPLC assay coupled with mass spectrometry for the 

analysis of vilanterol degradation products in human urine. 

Scientific Reports 2024 14:1 2024;14:1–12. 

https://doi.org/10.1038/s41598-024-52664-6. 

63 U.S. Pharmacopeia National Formulary. USP 44 NF 39. 

Rockville MD; 2021. 

64 Görög S. The importance and the challenges of impurity 

profiling in modern pharmaceutical analysis. TrAC - Trends in 

Analytical Chemistry 2006:755–7. 

https://doi.org/10.1016/j.trac.2006.05.011. 

65 Nageswara Rao R, Nagaraju V. An overview of the recent 

trends in development of HPLC methods for determination of 

impurities in drugs. J Pharm Biomed Anal 2003:335–77. 

https://doi.org/10.1016/S0731-7085(03)00293-0. 

66 Olsen BA, Castle BC, Myers DP. Advances in HPLC 

technology for the determination of drug impurities. TrAC - 

Trends in Analytical Chemistry 2006;25:796–805. 

https://doi.org/10.1016/j.trac.2006.06.005. 

67 Shah S, Patel M, Naik M, Pradhan P, Upadhyay U. Recent 

approach of impurity profiling in pharmaceutical analysis:A 

Review. Int J Pharm Sci Res 2012;3:3603–17. 

68 Awale PM, Patil PS, Patil S V. Review on ICH guidline in 

impurity profiling. International Journal of Creative Research 

Thoughts 2021;9:828–45. 

69 British Pharmacopoeia Commission Office. The British 

Pharmacopeia. vol. II. London; 2020. 

70 Iqbal M, Rao K, Sridhar G, Raju P, Deshpande G, Babu J. 

Characterization and relative response factor determination of 

process related impurity in Naproxen by nuclear magnetic 

resonance spectroscopy. J Pharm Biomed Anal 2011;56:484–

90. https://doi.org/10.1016/J.JPBA.2011.06.003. 

71 Karthikeyan K, Arularasu GT, Murali V, Chandrasekara Pillai 

K. Identification, isolation, characterization and response factor 

determination of process-related impurity in meprobamate drug 

substance. J Pharm Biomed Anal 2011;54:208–12. 

https://doi.org/10.1016/J.JPBA.2010.07.018. 

72 Nageswara Rao R, Narasa Raju A, Narsimha R. Isolation and 

characterization of process related impurities and degradation 

products of bicalutamide and development of RP-HPLC 

method for impurity profile study. J Pharm Biomed Anal 

2008;46:505–19. https://doi.org/10.1016/J.JPBA.2007.11.015. 

73 Lalitha Devi M, Chandrasekhar KB. A validated stability-

indicating RP-HPLC method for levofloxacin in the presence of 

degradation products, its process related impurities and 

identification of oxidative degradant. J Pharm Biomed Anal 

2009;50:710–7. https://doi.org/10.1016/J.JPBA.2009.05.038. 

74 Bianchini RM, Castellano PM, Kaufman TS. Development and 



 J Adv Med Pharm Res  Mini review Article 

This journal is © Faculty of Pharmacy, Tanta University J Adv Med Pharm Res., 2025, 06, 32-47 | 47 

validation of an HPLC method for the determination of process-

related impurities in pridinol mesylate, employing experimental 

designs. Anal Chim Acta 2009;654:141–7. 

https://doi.org/10.1016/J.ACA.2009.09.022. 

75 Kalyana Chakravarthy V, Kishore Babu G, Lakshmana Dasu R, 

Prathyusha P, Aparna Kiran G. The role of relative response 

factor in related substances method development by high 

performance liquid chromatography (HPLC). Rasayan Journal 

of Chemistry 2011;4:919–43. 

76 Sun P, Wang X, Alquier L, Maryanoff CA. Determination of 

relative response factors of impurities in paclitaxel with high 

performance liquid chromatography equipped with ultraviolet 

and charged aerosol detectors. J Chromatogr A 2008;1177:87–

91. 

77 Ahmed N, Hemdan A, ZaaZaa H, Galal M. Exploring the power 

of spectrophotometric technique in determination of 

oxytetracycline and lidocaine in their pharmaceutical dosage 

form as well as in the presence of toxic lidocaine impurity: 

univariate versus multivariate analysis. BMC Chemistry 2025 

19:1 2025;19:1–14. https://doi.org/10.1186/S13065-024-

01373-2. 

78 Lin M, Zhang Z, He Q, Hao H, Xiang P, Zhao J. Rapid 

determination of etomidate and its structural analogues in e-

liquid by probe electrospray ionization quadrupole time-of-

flight mass spectrometry. J Pharm Biomed Anal 

2025;256:116677. 

https://doi.org/10.1016/J.JPBA.2025.116677. 

79 Gülşen B, Ertürk Toker S. A new stability indicating HPLC 

method with QDa and PDA detectors for the determination of 

process and degradation impurities of ivabradine including 

separation of diastereomeric N -oxides. Analytical Methods 

2025. https://doi.org/10.1039/D4AY01986E. 

80 Agade S, Bhale NA, Pulipati P, Shaik NM, Samanthula G, 

Dikundwar AG. Simultaneous Quantitative Determination of 

Five Process Relevant Impurities in Menatetrenone. Sep Sci 

Plus 2025;8:e202400244. 

https://doi.org/10.1002/SSCP.202400244. 

81 Carlos G, Martini PRR, Machioli LF, Garcia C V., Paim CS, de 

Oliveira TF, et al. Development of a sensitive LC-MS/MS 

method for simultaneous determination of three nitrosamines in 

losartan API and assessment of nitrosamines formation. 

Microchemical Journal 2025;208:112439. 

https://doi.org/10.1016/J.MICROC.2024.112439. 

82 Birudukota S, Mangalapu B, Ramakrishna RA, Halder S. 

Development and application of an LC-MS/MS method for the 

detection of N-nitrosochlordiazepoxide as a potential genotoxic 

impurity. J Appl Pharm Sci 2024:1–12. 

https://doi.org/10.7324/JAPS.2025.199616. 

83 Sharkawi MMZ, Farid NF, Hassan MH, Hassan SA. New 

chemometrics-assisted spectrophotometric methods for 

simultaneous determination of co-formulated drugs 

montelukast, rupatadine, and desloratadine in their different 

dosage combinations. BMC Chem 2024;18:1–14. 

https://doi.org/10.1186/S13065-024-01345-6/TABLES/7. 

84 Daripelli S, Jadhav NA, Sarkar A, Yadav V, Bhanti M, Jaywant 

M. Highly sensitive and robust LC-MS/MS method for 

determination of up to 15 small molecule nitrosamine 

impurities in pharmaceutical drug substances. J Pharm Sci 

2024. https://doi.org/10.1016/j.xphs.2024.11.003. 

85 El-Maraghy CM, Nour MS, Mohamed EH. Smart sequential 

spectrophotometric analysis of Fluconazole and its two toxic 

official impurities having superimposed spectra; Greenness, 

whiteness, blueness assessment and in silico toxicity profiling. 

Green Analytical Chemistry 2024;11:100174. 

https://doi.org/10.1016/J.GREEAC.2024.100174. 

86 Hasan MdA, Helal N, Azmi S, Samrina Nasir S, Jahan Sultana 

N. A validated rp-HPLC method for simultaneous 

determination of olopatadine hydrochloride and its related 

substances in eye drop. J Liq Chromatogr Relat Technol 

2024:1–9. https://doi.org/10.1080/10826076.2024.2420270. 

87 Bhupatiraju RV, Peddi P, Tangeti VS, Rao BS. Establishing and 

validating an HPLC protocol for pralsetinib impurities analysis, 

coupled with HPLC-MS/MS identification of stress degradation 

products. Analytical Science and Technology 2024;37:280–94. 

https://doi.org/10.5806/AST.2024.37.5.280. 

 


