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Abstract

Hyphenated techniques in pharmaceutical analysis represent a significant advancement in analytical chemistry,
combining two or more separation methods with a detection technique to enhance the resolution, sensitivity,
and efficiency of analytical processes. This review article discusses various hyphenated techniques employed
in pharmaceutical analysis, their principles, applications, advantages, and limitations. Key methods such as
high-performance liquid chromatography-mass spectrometry, gas chromatography-mass spectrometry, liquid
chromatography with nuclear magnetic resonance spectroscopy, and others are examined in detail, showcasing
their role in the development, quality control, and regulatory compliance of pharmaceuticals.
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INTRODUCTION

in drug development, quality assurance,

and regulatory compliance. Traditional
analytical methods often face challenges such
as low sensitivity, poor resolution, and time-
consuming procedures. Hyphenated techniques,
which combine separation and detection
methods, have emerged as powerful tools
to address these challenges.' By coupling
techniques such as high-performance liquid
chromatography (HPLC), gas chromatography
(GC), and Capillary electrophoresis (CE) with
mass spectrometry (MS), nuclear magnetic
resonance (NMR), and other detection methods,
analysts can achieve improved analytical
performance.

P harmaceutical analysis plays a critical role

In modern pharmaceutical analysis, the
complexity of the substances being studied —
ranging from small molecule drugs to complex
biologics — necessitates the use of advanced
analytical methods. To ensure the highest level
of precision and accuracy in drug development,
quality control, and regulatory compliance,
researchers and scientists have turned to
“hyphenated techniques.” These techniques,
which combine two or more analytical
methods, offer enhanced sensitivity, resolution,
and specificity for analyzing pharmaceutical
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compounds. This article presents a comprehensive review
of the hyphenated techniques employed in pharmaceutical
analysis, with a focus on their principles, applications,
advantages, and challenges.*!

OVERVIEW OF HYPHENATED
TECHNIQUES

Hyphenated techniques can be broadly classified based
on the separation and detection methods they utilize. The
combination of techniques often leads to enhanced specificity,
sensitivity, and throughput, making them indispensable in
pharmaceutical analysis.[

Types of hyphenated techniques

1. HPLC-MS: Combines HPLC with MS for quantitative
and qualitative analysis of compounds
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2. GC-MS: Integrates GC with MS, commonly used for
volatile and semi-volatile compounds

3. LC-NMR: Couples liquid chromatography with
NMR spectroscopy, allowing structural elucidation of
compounds

4. CE-MS: Merges CE with MS, suitable for small and
charged molecules

5. SPE-HPLC: Involves solid phase extraction followed by
HPLC, enhancing sample purification before analysis.

HPLC-MS

Principle and workflow

HPLC-MS involves the separation of compounds in a
mixture using HPLC, followed by detection using MS. The
eluent from the HPLC column is directly introduced into the
mass spectrometer, allowing for real-time analysis.['”

Applications

HPLC-MS is a powerful analytical technique used extensively
in the pharmaceutical industry for both research and quality
control. This combination of technologies provides high
sensitivity, specificity, and the ability to analyze complex
mixtures. Below are some key pharmaceutical applications
of HPLC-MS.t!-12]
e Drug discovery and development
e Metabolite Identification:

o Pharmacokinetic studies

o Toxicology studies

o  Quality control and assurance
e  Drug purity analysis:

o To check content uniformity

o Stability studies

o Bioanalysis and quantification of drugs in biological
matrices
Pharmacodynamics
Analysis of impurities and contaminants
Chiral compound analysis
Formulation developments
Drug-excipient compatibility
Proteomics and biomarker discovery
GxP compliance (Good manufacturing practices)
Multitarget analysis
Nanomedicine and drug delivery systems.
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Advantages and limitations

Advantages

e  Sensitivity: Extremely low detection limits for drugs and
metabolites in complex matrices such as blood or urine

e Specificity: The combination of HPLC separation and
MS detection allows for the specific identification of
compounds based on their mass-to-charge ratio (m/z)
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e Quantification:  Highly accurate and precise
quantification of drugs and their metabolites, even in the
presence of complex biological matrices

e Versatility: Canbeused forawide range of pharmaceutical
applications, from small molecule analysis to protein
and biomarker studies.

Limitations

e  High equipment and operational costs
e Requires skilled personnel for operation and data
interpretation.

GC-MS

Principle and workflow

GC-MS involves the vaporization of samples followed by
separation in a gas chromatograph and detection using MS. It
is particularly effective for volatile compounds.'3!

Applications

GC-MS is a powerful analytical technique widely used
in pharmaceutical applications for a range of purposes,
including drug development, quality control, and forensic
analysis. GC-MS combines the separation capabilities of
GC with the detection and identification capabilities of MS,
making it an essential tool in pharmaceutical research and
manufacturing. Here are some of the key applications of
GC-MS in the pharmaceutical industry.!'#1¢!

Qualitative and quantitative analysis of drug compounds
Impurity profiling and analysis

Stability studies

Metabolite identification in pharmacokinetics
Biomarker discovery

Residual solvent testing

Forensic analysis of drugs of abuse

Testing for adulteration

Bioanalytical method development

Pharmacokinetic and pharmacodynamic studies

Method validation

Detection of volatile compounds in pharmaceutical
products

Formulation development and quality control
Environmental and environmental compliance testing
Synthesis and drug discovery research

New drug synthesis

High-throughput screening.

Advantages and limitations

Advantages

e High Sensitivity and Specificity: GC-MS offers very low
detection limits, allowing for the analysis of trace-level
compounds (down to ng/mL levels) in complex samples




e  Ability to Analyze Complex Samples: The combination
of chromatographic separation and mass spectrometric
detection allows for the analysis of complex mixtures,
distinguishing between compounds that might have
similar physical properties

e  Quantitative and Qualitative Data: GC-MS provides both
qualitative and quantitative data from a single analysis,
making it highly efficient for pharmaceutical testing and
research

e Regulatory Compliance: GC-MS is a widely accepted
technique in the pharmaceutical industry, and its data can
be used for regulatory submissions to agencies such as
the FDA and EMA.

Limitations

e Limited to volatile and thermally stable compounds
e  Sample preparation can be tedious.

LIQUID CHROMATOGRAPHY (LC)-NMR

Principle and workflow

LC-NMR combines the separation capabilities of LC with the
structural elucidation capabilities of NMR. After separation,
fractions are directed to an NMR spectrometer for analysis.!'”)

Applications

LC-NMR is a powerful analytical technique that combines the
separation capabilities of LC with the structural elucidation
power of NMR spectroscopy. This hybrid approach has
become increasingly valuable in pharmaceutical research and
development, particularly in drug discovery, formulation,
and quality control. Below are the primary pharmaceutical
applications of LC-NMR.["®

e  Structure elucidation of active compounds

e  Metabolite profiling

e  Quality control and authentication

e  Synthesis monitoring

e  Chiral analysis

e  Drug-protein binding studies

e Formulation development.

Advantages and limitations

Advantages

e  Directstructural analysis without the need for purification
e  Ability to study dynamic systems.

Limitations

e  Lower sensitivity compared to MS
e Requires significant sample volumes.
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CE-MS
Principle and workflow

CE-MS utilizes the principles of electrophoresis for the
separation of ions based on their charge and size, followed by
detection using MS.

Applications

CE-MS in pharmaceutical applications

CE-MS combines the high-resolution separation power of CE
with the sensitive and precise detection capabilities of MS.
This powerful hybrid technique has found increasing use in
pharmaceutical research and development, particularly in the
analysis of complex biomolecules such as proteins, peptides,
oligonucleotides, and small molecules.

e  Protein and peptide characterization

e  Biopharmaceutical quality control

e  Pharmacokinetics and metabolite profiling

e Drug discovery and development

Advantages and limitations

Advantages

e High efficiency and resolution
e Minimal sample consumption.

Limitations

e  Limited to small, charged molecules
e Complexity in method development.

SPE-HPLC

Principle and workflow

SPE-HPLC involves the extraction of analytes from complex
matrices using solid-phase extraction, followed by analysis
using HPLC.

Applications

SPE-HPLC is a highly effective and widely used analytical
technique in pharmaceutical applications. It combines two
powerful methods — SPE for sample preparation and HPLC
for separation and quantification — making it an indispensable
tool in the pharmaceutical industry.['>2"!

Key benefits and applications of SPE-HPLC in
pharmaceuticals

e  Sample preparation and clean-up

e Isolation and concentration of active pharmaceutical
ingredients (APIs) from biological matrices (e.g.,
plasma, serum, and urine)




e Removal of proteins, lipids, or salts from biological
fluids before HPLC analysis

e Pre-concentration of low-level analytes, increasing the
sensitivity of detection for trace-level compounds in
drug formulations

e  Quantification of APIs

e Routine quality control in the
pharmaceutical drugs

e  Determination of the drug concentration in raw materials,
finished dosage forms, and stability testing

e  Pharmacokinetic studies and bioanalysis

e  Method development and validation

e Validation of bioanalytical methods for regulatory
submission (e.g., for clinical trials)

e  Stability studies

e Detection of contaminants and impurities

e SPE-HPLC can be used to detect and quantify residual
solvents, heavy metals, or other contaminants that might
be present in pharmaceutical products

e Bioequivalence and drug release studies

e  Chiral separations.

production of

Advantages and limitations

Advantages

e Improved sample cleanup and concentration
e  Reduced matrix effects.

Limitations
e Time-consuming sample preparation.
EMERGING HYPHENATED TECHNIQUES

Recent advancements have led to the development of new
hyphenated techniques®! such as:

LC-HRMS (High-resolution MS)

Combines LC with high-resolution MS for better detection of
low-abundance compounds.

2D-LC-MS

Utilizes two-dimensional LC to improve the separation of
complex mixtures.

GCxGC-MS (Comprehensive two-dimensional GC)

Enhances the separation of complex volatile mixtures by
employing two columns with different polarities.
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CHALLENGES AND FUTURE DIRECTIONS

While hyphenated techniques offer numerous advantages,
several challenges remain, including:

The need for standardized methods and protocols
High operational costs and maintenance
The requirement for skilled personnel.

Future developments may focus on miniaturization,
automation, and integration of advanced technologies like
artificial intelligence to enhance data analysis.

CONCLUSION

Hyphenated techniques have revolutionized pharmaceutical
analysis, providing powerful tools for the separation,
identification, and quantification of compounds. The
continuous advancement in technology and methodology
will likely further enhance their role in ensuring the safety
and efficacy of pharmaceuticals.

REFERENCES

1. Smith J, Jones A. Advances in hyphenated
techniques for pharmaceutical analysis. J Pharm Sci
2020;109:1234-45.

2. Miller T, Johnson P. Emerging hyphenated techniques in
analytical chemistry. Anal Chem 2022;94:2456-70.

3. ZhaoL,Liu, Y, XuY. Advances in hyphenated techniques
for pharmaceutical analysis. JPharm Biomed Anal
2020;189:113491.

4. Pallavi S, Thombare RN. Review on hyphenated
techniques. World J Pharm Res 2020;9:370-7.

5. Pereira FS, Santos AR, Rocha SM. Hyphenated
techniques in pharmaceutical analysis: Application and
challenges. Trends Anal Chem 2019;118:363-72.

6. LuoJ, Wang L, Zhang J. Recent advances in hyphenated
analytical techniques for the characterization of
pharmaceutical compounds. Pharm Res 2021;38:701-16.

7. Na Y, Kim JH, Lee CH. The role of hyphenated
techniques in the analysis of pharmaceutical impurities.
J Chromatogr A 2020;1619:460879.

8. Vasconcelos MA, Martins RR, Silva DA. Hyphenated
techniques for pharmaceutical stability studies: A review.
Int J Pharm 2020;589:119825.

9. Snyder LR, Kirkland JJ. Introduction to Modern
Liquid Chromatography. 4" ed. United States: Wiley-
Interscience; 2020.

10. Brown L, Green M. Mass spectrometry in
pharmaceutical analysis: A review. Mass Spectrom Rev
2021;40:195-207.




11.

12.

13.

14.

15.

16.

NGRS

Sharma S, Singh N, Ankalgi AD, Rana A, Singh Ashawat
M. A laconic review on liquid chromatography mass
spectrometry (LC-MS) based proteomics technology in
drug discovery. Asian J Pharm Res 2021;11:194-201.
Tan SG, Basheer C. Applications of hyphenated
techniques in the detection of counterfeit and substandard
pharmaceuticals. Int J Anal Chem 2019;2019:7619310.
Jose BE, Selvam PP. Identification of phytochemical
constituents in the leaf extracts of Azima tetracantha
lam using gas chromatography-mass spectrometry (GC-
MS) analysis and antioxidant activity. Asian J Res Chem
2018;11:857.

Chauhan A, Goyal MK, Chauhan P. GC-MS technique
and its analytical application in science and technology.
J Anal Bioanal Tech 2014;5:222.

Chaturvedi KK, Nanda RK. Hyphenated gas
chromatography. Int J Pharm Sci Rev Res 2010;5:18-27.
Purcaro G, Moret S, Conte L. Hyphenated liquid
chromatography-gas chromatography  technique:
Recent evolution and applications. J Chromatogr A

17.

18.

19.

20.

21.

2012;1255:100-11.

Kumar P, Sharma S. Recent advances in hyphenated
chromatography  techniques in  pharmaceutical
analysis: HPLC-MS, HPLC-NMR, and more. J Sep Sci
2018;41:1235-48.

Pan C, Liu F, Ji Q, Wang W, Drinkwater D, Vivilecchia R.
The use of LC/MS, GC/MS, and LC/NMR hyphenated
techniques to identify a drug degradation product in
pharmaceutical development. J Pharm Biomed Anal
2019;40:581-90.

Wu R, Yates JR. Recent developments in capillary
electrophoresis-mass  spectrometry. Anal ~ Chem
2013;85:1183-192.

Gao'Y, LiJ. Capillary electrophoresis-mass spectrometry
for analysis of small molecules. Trends Anal Chem
2016;82:168-77.

Korgaonkar M, Phale MD. Current advance analytical
techniques: A review. Asian J Res Chem 2009;2:235-8.

Source of Support: Nil. Conflicts of Interest: None declared.

Asian Journal of Pharmaceutics ¢ Jan-Mar 2025 ¢ 19 (1) | 38




