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ABSTRACT

Impurity profiling has become a critical component of pharmaceutical development, quality control, and regu-
latory compliance. During drug manufacturing, impurities—introduced through synthesis processes, excipients, 
residual solvents, or degradation products—pose significant challenges to the safety, efficacy, and stability of 
pharmaceuticals. Impurity profiling, a systematic approach to identifying, characterizing, and quantifying these 
impurities, is essential for ensuring that pharmaceutical products meet stringent safety and quality standards. 
This article explores recent trends in impurity profiling, focusing on advanced analytical techniques, including 
chromatographic methods, spectroscopic methods, and hyphenated techniques like LC-MS and GC-MS. These 
techniques have significantly enhanced the detection and characterization of impurities at trace levels, contrib-
uting to the development of safer and more effective medications. Complexities in the analysis of biosimilars 
against innovators is also briefly discussed since the biosimilars play a pivotal role in making biologic therapies 
more accessible and affordable for patients. Additionally, the regulatory landscape governing impurity profiling 
is discussed, highlighting the importance of adhering to international guidelines to ensure public health and 
safety.
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Introduction
During the manufacturing of drugs, the Active Pharmaceutical 

Ingredients (APIs) and excipients are rarely 100% pure. This lack of 
purity is due to the presence of various components introduced from 
sources such as the synthesis process, excipients themselves, residual 
solvents, or degradation products. These unintended and undesirable 
substances are collectively known as impurities. In any pharmaceu-
tical product or drug substance, when impurities are expected to be 
present, it is essential to identify and characterize them using appro-
priate analytical methods—a process known as impurity profiling. 

Impurity profiling is a systematic approach designed to identify, iso-
late, and elucidate the structure of unknown impurities. This process 
is crucial for accurately determining and quantifying the impurities 
within a medicinal substance. Impurity profiling is a critical aspect of 
pharmaceutical quality control and drug development, ensuring that 
medications are safe, effective, and of high quality. Impurities in phar-
maceutical formulations can arise from various sources during the 
manufacturing process, including raw materials, intermediates, man-
ufacturing processes, degradation, and packaging. These impurities, 
even in trace amounts, can significantly impact the safety, efficacy, 
and stability of the final drug product. It ensures that these impurities 
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remain within acceptable limits, preventing any toxicological effects 
on the human body. Therefore, producing high-quality and efficacious 
medicinal products requires stringent impurity reporting.

Impurity profiling necessitates the use of highly sensitive, selec-
tive, and efficient analytical techniques to detect trace amounts of 
impurities. The current demands for impurity profiling underscore 
the need for techniques that offer high accuracy, precision, and sen-
sitivity, as impurities may exist in minute quantities within the drug 
substance [1]. Even trace amounts of impurities can pose significant 
risks, making impurity profiling essential in the pharmaceutical in-
dustry.

Impurity Profiling in Ensuring Drug Safety and 
Efficacy
Impurity Profiling 

It is a crucial aspect of pharmaceutical development and quality 
control. It involves identifying, quantifying, and controlling the pres-
ence of impurities in drug substances and products to ensure their 
safety, efficacy, and quality. 

Safety Concerns

Some impurities can be toxic, mutagenic, or carcinogenic, pos-
ing serious health risks to patients. For instance, certain degradation 
products might form during the shelf life of a drug, potentially inter-
acting with biological systems in unpredictable and harmful ways. 
Identifying and controlling these impurities is crucial to prevent ad-
verse health outcomes.

Efficacy Issues

Impurities can interfere with the therapeutic activity of the drug’s 
API, leading to reduced efficacy. This is particularly concerning in 
drugs with a narrow therapeutic index, where even small variations 
in drug concentration can lead to suboptimal treatment outcomes or 
adverse effects.

Stability Considerations

The presence of impurities can accelerate the degradation of drug 
products, thereby reducing their shelf life and stability. Stability stud-
ies are conducted to understand how impurities develop over time 
and under various storage conditions, which is essential for establish-
ing appropriate storage guidelines and expiration dates.

Regulatory Requirements Governing Impurity 
Profiling in Pharmaceuticals

Regulatory bodies across the globe have established compre-
hensive guidelines to ensure that impurity profiling is rigorously 
conducted during the development and manufacturing of pharma-
ceuticals. These guidelines are designed to protect public health by 
setting acceptable limits for impurities and mandating robust ana-

lytical methods for their detection and quantification. Thus impurity 
profiling is a cornerstone of pharmaceutical development, ensuring 
that drug products are safe, effective, and of high quality. Regulatory 
guidelines such as FDA (Food and Drug Administration, USA), EMA 
(European Medicines Agency), Pharmacopoeias etc., provide a frame-
work for controlling impurities, safeguarding public health by mini-
mizing the risks associated with their presence in pharmaceuticals.

Types of Impurities
Impurities in pharmaceutical products can arise from various 

sources during the manufacturing process, storage, or degradation. 
These impurities must be identified, quantified, and controlled to en-
sure the safety, efficacy, and quality of the final product. Below is a 
detailed overview of the different types of impurities:

Organic Impurities

Organic impurities are carbon-based compounds that can be 
present in the final product due to the manufacturing process or 
chemical degradation. These impurities can be categorized into two 
main types:

Inorganic Impurities

Inorganic impurities are non-carbon-based substances that may 
be introduced during the production process. These impurities are 
typically residues from reagents, catalysts, or other materials used in 
the synthesis or formulation of the product.

Residual Solvents

Residual solvents are organic volatile chemicals used during the 
production of the API or during formulation, which may remain in 
trace amounts in the final product. These solvents must be controlled 
to acceptable levels due to their potential toxicity.

Analytical Techniques for Impurity Profiling
Impurity profiling is a critical aspect of forensic science, partic-

ularly when dealing with trace evidence or contaminants. The ac-
curacy and reliability of impurity profiling depend on the analytical 
techniques used. As drug products become more complex, the im-
portance of thorough impurity profiling continues to grow, driving 
advancements in analytical techniques and regulatory science. Below 
is an overview of the main techniques used for impurity profiling, cat-
egorized into chromatographic techniques, spectroscopic methods, 
and hyphenated techniques.

Chromatographic Techniques

Chromatographic techniques are essential for separating com-
plex mixtures into individual components. They are widely used in 
impurity profiling to isolate and quantify impurities in samples. In 
pharmaceutical analysis, the identification and quantification of these 
impurities are crucial for ensuring that the product meets regulato-
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ry standards and is safe for consumption. Advanced analytical tech-
niques such as chromatography, mass spectrometry, and spectrosco-
py are often employed to detect and control these impurities at trace 
levels.

Thin Layer Chromatography (TLC): TLC is a technique used to 
separate and identify organic and inorganic substances based on their 
affinity to a stationary phase and a mobile phase. It requires minimal 
sample clean-up, wide choice of mobile phases, flexibility in sample 
distinction, high sample loading capacity. This old and inexpensive 
technique finds a lot of applications in the field of pharmaceutical 
analysis. The adsorbent (a solid state) is coated onto a solid support 
as a thin layer usually on a glass, plastic, or aluminium support. Sev-
eral factors determine the efficiency of this type of chromatographic 
separation. TLC plays a crucial role in the early stage of drug develop-
ment when information about the impurities and degradation prod-
ucts in drug substance and drug product is inadequate [2,3]. TLC can 
be applied in preliminary screening of pharmaceutical impurities in 
drugs like aspirin. It offers a fast, cost-effective method for separating 
known degradation products, especially during stability testing [4].

High Performance Thin Layer Chromatography (HPTLC): 
With the advancement of techniques, High-Performance Thin-Layer 
Chromatography (HPTLC) has emerged as a significant tool in drug 
analysis. HPTLC is a rapid separation technique that is versatile 
enough to analyse a wide range of samples. This method offers sev-
eral advantages, including ease of use and short analysis times, mak-
ing it suitable for analysing complex or crude sample preparations. 
HPTLC evaluates the entire chromatogram using various parameters 
without time constraints. Additionally, it allows for the simultaneous 
yet independent development of multiple samples and standards on 
each plate, enhancing the reliability of the results. HPTLC has been 
used to quantify drugs such as ethinyl estradiol and cyproterone [5], 
alfuzosin [6],pentazocine  and tramadol [7]. The technique’s ability to 
handle multiple samples simultaneously makes it ideal for large-scale 
drug screening.

High-Performance Liquid Chromatography (HPLC): High-Per-
formance Liquid Chromatography (HPLC) is an advanced technique 
used to separate complex mixtures of molecules in chemical and bi-
ological systems. It is a powerful tool for drug impurity characteriza-
tion, providing precise identification, quantification, and profiling of 
impurities, thereby ensuring the safety and efficacy of pharmaceuti-
cal products. HPLC separates components based on their interactions 
with the stationary phase and their solubility in the mobile phase, 
making it especially useful for analyzing non-volatile and thermally 
unstable compounds. By adjusting parameters such as mobile phase 
composition, flow rate, and column type, HPLC can be tailored to 
resolve specific impurities. HPLC is widely applied in detecting and 
quantifying impurities in pharmaceuticals, environmental samples, 
and biological fluids. It plays a key role in studying drug stability by 

identifying and quantifying degradation products formed under vari-
ous stress conditions, such as heat, light, and pH. The high resolution, 
sensitivity, and versatility of HPLC in analyzing a wide range of com-
pounds are significant advantages. HPLC’s ability to generate detailed 
impurity profiles is crucial for regulatory compliance, as it ensures 
that pharmaceutical products meet strict quality standards. It is par-
ticularly valuable in stability testing, helping monitor the formation 
of degradation products in antibiotics like penicillin, where the drug’s 
stability is critical for efficacy.  

Other classes of antibiotics consist of macrolides, amidoglyco-
sides, sulfonamides and tetracyclines. Antibiotics are the chemo-
therapeutic agents that kill or inhibit the growth of microorganisms. 
These chemical agents are used to treat disease by destroying patho-
genic microorganisms or inhibiting their growth at concentration 
low enough to avoid undesirable damage to the host [8]. HPLC is also 
compatible with various detection methods, including UV-Vis, fluo-
rescence, and mass spectrometry, further enhancing its versatility in 
impurity profiling.

Gas Chromatography (GC): Gas Chromatography (GC) is an ad-
vanced technique widely utilized for the detection and characteriza-
tion of volatile and semi-volatile impurities in pharmaceuticals, play-
ing a vital role in safeguarding drug quality, efficacy, and regulatory 
adherence. By separating analytes based on their boiling points and 
interactions with a stationary phase, GC is particularly well-suited for 
volatile organic compounds, environmental pollutants, and pharma-
ceutical impurities. A typical application includes the quantification 
of residual organic solvents, such as ethanol and methanol, which 
are frequently employed during Active pharmaceutical Ingredient 
(API) synthesis for roles like reaction media, purification, yield en-
hancement, and crystallization control. The technique’s high sensi-
tivity and separation efficiency make it suitable for accurately quan-
tifying complex mixtures, including trace-level compounds down to 
parts per trillion in some cases. Although GC is highly effective for 
volatile and semi-volatile substances, it encounters limitations with 
high-molecular-weight compounds like polypeptides or thermally 
unstable antibiotics, where derivatization may be required due to 
their non-volatility. Despite these limitations, GC is widely applied in 
pharmaceutical analysis for tasks such as batch consistency verifica-
tion, process control, residual solvent determination, and the assay of 
drugs like isotretinoin, cocaine, and betamethasone valerate. It is also 
instrumental in detecting process-related impurities, using a range of 
detectors to ensure compliance with standards set by bodies such as 
the International Conference on Harmonization [9-11].

Liquid Chromatography-Mass Spectrometry (LC-MS): Liquid 
Chromatography-Mass Spectrometry (LC-MS) is a highly effective an-
alytical method frequently employed in the characterization of drug 
impurities. By integrating the separation power of Liquid Chromatog-
raphy (LC) with the detection capabilities of Mass Spectrometry (MS), 
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LC-MS serves as a crucial technique for both identifying and quan-
tifying impurities in pharmaceuticals. The liquid chromatography 
component efficiently separates impurities based on characteristics 
such as polarity and solubility, while the mass spectrometer provides 
molecular identification through mass-to-charge ratio analysis [12]. 
This combination enables LC-MS to detect impurities at extremely 
low concentrations, making it ideal for tracing degradation products, 
residual solvents, and other contaminants that may compromise 
drug safety and efficacy. Furthermore, LC-MS can reveal the molec-
ular structure of unknown impurities, aiding in understanding their 
impact on drug performance and stability. This technique is vital in 
pharmaceutical processes such as stability studies, method develop-
ment, and meeting stringent quality standards. It is especially effec-
tive in the detection of trace degradation products in biologic drugs, 
including monoclonal antibodies, and in identifying Post-Translation-
al Modifications (PTMs) that may influence drug efficacy [13].

Overall, LC-MS is indispensable for drug impurity analysis, offer-
ing exceptional sensitivity, specificity, and versatility. 

It plays a key role in ensuring the safety, efficacy, and regulatory 
compliance of pharmaceutical products by providing detailed infor-
mation about the identity, quantity, and structure of impurities.

Spectrometric Techniques

Spectroscopic methods involve the interaction of light with mat-
ter, providing detailed information about molecular structure, func-
tional groups, and impurity composition.

UV-Visible Spectroscopy : UV-Visible spectroscopy is a crucial 
tool in the pharmaceutical industry for detecting and quantifying 
drug impurities. It combines simplicity, cost-effectiveness, and accu-
racy, making it an ideal choice for routine quality control and drug pu-
rity monitoring. By measuring the absorbance or transmittance of UV 
or visible light through a sample, this technique provides valuable in-
sights into the molecular composition and concentration of impurities 
in a drug substance. Since different impurities exhibit unique absorp-
tion spectra, they can be identified based on the specific wavelengths 
at which they absorb light. The concentration of these impurities can 
be quantified by measuring absorbance at precise wavelengths, using 
calibration curves or comparing the results with known standards. 
UV-Visible spectroscopy is also effective in monitoring drug purity 
during production and quality control, as it can detect any deviations 
from the expected absorption profile. Additionally, as drugs degrade 
over time, leading to the formation of impurities, UV-Visible spectros-
copy can identify these degradation products by observing new peaks 
or shifts in the absorption spectrum [14].

Fourier Transform Infrared (FT-IR) Spectroscopy : Fourier 
Transform Infrared Spectroscopy (FT-IR) is a fast and cost-effective 
analytical technique; however, it is not suitable for directly separat-
ing and determining impurities in complex mixtures. To address this 

limitation, chemo metric techniques, particularly multivariate regres-
sion, are employed to enhance impurity profiling. Chemo metrics 
serves as a powerful tool for chemists and researchers, enabling them 
to extract meaningful information from complex data sets, make in-
formed decisions, and optimize processes. When combined with IR 
spectroscopy, chemo metrics significantly improves and simplifies 
quality control processes in drug manufacturing, allowing for more 
accurate monitoring of impurity levels and ensuring product consis-
tency. In separation methods, the principle often involves distinguish-
ing between components in a mixture based on their unique physical 
or chemical properties, such as differences in molecular size, polarity, 
or interaction with a stationary phase. Since FT-IR alone do not sep-
arate components, chemo metrics is utilized to analyse and interpret 
the spectral data obtained, allowing for the identification and quanti-
fication of impurities without physical separation [15].

Mass Spectrometry (MS): Mass spectrometry (MS) is a highly 
sensitive technique known for its high reproducibility and specificity, 
making it invaluable in the analysis of trace compounds and in eluci-
dating molecular structures. It excels in identifying biomolecules or 
proteins within biological samples, and with the use of soft ionization 
techniques, it can effectively study high molecular mass, non-volatile, 
and thermally sensitive compounds. During the process, the parent 
molecule is ionized, producing ions or fragments that travel to the 
analyser compartment, where they are resolved according to their 
mass-to-charge ratio. The resulting mass spectrum provides detailed 
data on the molecular composition of the parent compound. Mass 
spectrometry is often coupled with chromatographic techniques, cre-
ating a powerful hyphenated approach for determining the structure 
of impurities. However, despite its strengths, MS has certain draw-
backs. The technique can be complex and costly, requiring highly 
specialized equipment and expertise. Additionally, the interpretation 
of mass spectra can be challenging, particularly when dealing with 
complex mixtures, and soft ionization techniques, while useful, may 
not always prevent fragmentation, potentially complicating the anal-
ysis. These factors can limit the accessibility and ease of use of mass 
spectrometry in routine applications [16].

Gas Chromatography- Mass Spectrometry (GC-MS): Gas Chro-
matography-Mass Spectrometry (GC-MS) is an analytical technique 
that combines the features of Gas Chromatography (GC) and Mass 
Spectrometry (MS) to identify different substances within a test sam-
ple. This powerful tool is widely used in analytical laboratories for 
applications in environmental analysis (to identify pollutants and 
volatile organic compounds in air, water, and soil samples), in phar-
maceuticals (for the quality control of drugs, determining the purity 
of compounds, and detecting impurities), food safety (to detect pes-
ticide residues, food additives, and contaminants in food products, 
and forensic investigations, pharmaceuticals, and food safety testing. 
GC-MS has been applied to identify and quantify residual solvents in 
pharmaceutical raw materials and finished products. An example is 
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its use in detecting ethyl acetate as a process-related impurity in the 
manufacture of certain APIs [17].

8.2.5. Nuclear Magnetic Resonance (NMR) Spectrometry: NMR 
has become an indispensable tool in the analysis of drug impurities, 
benefiting from advancements that have expanded its theoretical 
and experimental applications in spin physics. Utilizing the magnet-
ic properties of atomic nuclei, NMR spectroscopy is essential for the 
structural elucidation of unknown molecules, particularly in pharma-
ceutical research. Techniques such as ¹H and ¹³C NMR spectroscopy 
are widely employed for determining molecular structures. NMR is 
particularly valuable for detecting trace impurities in drug com-
pounds, both before and after chromatographic separation. This tech-
nique excels in analyzing the configuration and structure of synthetic 
and organic molecules, as long as they are available in sufficient puri-
ty and quantity, with a molecular mass not exceeding 50 kDa [18].

Complexities in the Analysis of Biosimilars Against 
Innovators

Biosimilars are biologic medical products that closely resem-
ble an already approved original biologic, known as the innovator 
or reference product. Although biosimilars are not exact replicas of 
their reference counterparts, they are engineered to have no clin-
ically meaningful differences in terms of safety, purity, and efficacy. 
These products are essential in treating a wide range of conditions, 
including cancers, autoimmune diseases, and chronic inflammatory 
disorders, where biologic therapies are the standard of care. By offer-
ing lower-cost alternatives to expensive biologics, biosimilars signifi-
cantly enhance access to life-saving treatments. These highly similar 
versions of approved biologic medicines undergo rigorous evaluation 
and regulatory approval processes, ensuring they provide the same 
therapeutic benefits as their reference products at a reduced cost. 
Consequently, biosimilars play a pivotal role in making biologic thera-
pies more accessible and affordable for patients. The Mass Spectrom-
etry (MS) analysis of biosimilars in comparison to innovator products 

involves highly complex and detailed procedures. This complexity 
stems from the necessity to account for structural heterogeneity, 
Post-Translational Modifications (PTMs), glycosylation patterns, and 
other subtle molecular differences that could influence the biosimi-
lar’s safety, efficacy, and immunogenicity. 

Advanced MS techniques, such as high-resolution mass spectrom-
etry, tandem MS (MS/MS), and isotope labeling, are critical for accu-
rately characterizing these features. Additionally, thorough method 
validation—including assessments of precision, accuracy, and repro-
ducibility—is essential to ensure that the biosimilar aligns with the 
innovator product’s Critical Quality Attributes (CQAs). This rigorous 
analytical approach is crucial for confirming comparability and bio-
similarity, thus facilitating regulatory approval and market accep-
tance.

Data Analysis
Prevalence of Impurities in Pharmaceutical Products

Impurities bring down the shelf life of the drugs and cause dif-
ficulties during drug formulation. A study analyzing the presence 
of impurities in various pharmaceutical products revealed that ap-
proximately 15% of drug formulations contain impurities above the 
acceptable limits set by regulatory authorities. The most common 
sources of these impurities include synthesis by-products (40%), re-
sidual solvents (30%), degradation products (20%), and excipient-re-
lated impurities (10%). The presence of these impurities affect the 
efficacy and safety of the drug formulation. (Figure 1) depicts the re-
lationship between percentage impurity levels and percentage drug 
efficacy. It shows that as impurity levels increase, drug efficacy tends 
to decrease, illustrating the negative impact of impurities on drug 
performance.  At low levels of impurities, the drug’s efficacy is gener-
ally at its maximum. This is because fewer impurities are interfering 
with the Active Pharmaceutical Ingredient (API), allowing it to func-
tion optimally [19]. 

Figure 1: Relationship between percentage impurity levels and percentage drug efficacy.
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Comparison of Analytical Techniques

Comparative studies have shown that HPLC and LC-MS offer high-
er sensitivity and specificity in impurity detection compared to TLC 

and GC. Specifically, LC-MS can detect impurities at concentrations 
as low as 0.001%, whereas TLC typically detects impurities down to 
0.5%. (Table 1) shows the comparison of analytical techniques for im-
purity profiling.

Table 1: Comparison of Analytical Techniques.
Technique Detection Limit Advantages Limitations Applications

TLC ~0.5% Cost-effective, simple Lower sensitivity Early-stage analysis

HPTLC ~0.1% Higher resolution Requires specialized equipment Quantitative analysis

HPLC ~0.01% High sensitivity and specificity Expensive Stability studies, regulatory 
compliance

GC ~0.001% Excellent for volatile compounds Limited to volatile impurities Residual solvent analysis

LC-MS ~0.001% Unparalleled sensitivity and specificity High cost, requires expertise Comprehensive impurity pro-
filing

NMR ~0.1% Structural elucidation Requires pure samples Structure determination

Conclusion
The evolving landscape of impurity profiling in pharmaceutical 

formulations underscores its pivotal role in ensuring the safety, effi-
cacy, and quality of drug products. Advances in analytical techniques, 
such as chromatography, mass spectrometry, and spectroscopy, have 
made it possible to detect and quantify impurities at increasingly 
lower levels, thereby enhancing the reliability of impurity profiling. 
The integration of these techniques into routine pharmaceutical 
analysis has not only improved the accuracy and precision of impu-
rity detection but also ensured compliance with stringent regulato-
ry standards. Regulatory agencies like the FDA or EMA require strict 
impurity profiling to ensure that the drug’s efficacy is not compro-
mised by the presence of impurities. The relationship highlighted 
by the graph helps define the acceptable threshold for impurities, 
allowing manufacturers to optimize drug purity during production. 
As pharmaceutical products continue to grow in complexity, the need 
for robust impurity profiling will remain critical, safeguarding public 
health by preventing potential toxicological risks associated with im-
purities. Through continued innovation and adherence to regulatory 
frameworks, impurity profiling will continue to play a vital role in the 
development and manufacturing of high-quality pharmaceuticals.
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