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Abstract

	 New bioanalytical technology is playing a significant role in enhancing the speed, accuracy and 
cost-effectiveness of drug development and diagnostics. The basics of bioanalysis and the description 
of classical methods of analysis, such as spectroscopy, chromatography, mass spectrometry, 
electrochemical analysis of liquids, biosensors, ligand-binding assays, and immunoassays, are 
presented in this review. It reminds their foundational principles, the primary applications, their benefits, 
and shortcomings and provides a comparative evaluation that explains the merits of each strategy. 
Advanced innovations like AI-enabled mass spectrometry, ion-mobility spectrometry, lab-on-a-chip 
platforms and AI/ML-driven analytical solutions are also discussed in the review. Collectively, these 
technologies provide a high potential of improving biomarker discovery, pharmacokinetic analysis, 
and general performance of the bioanalytical process.
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INTRODUCTION

Importance of Bioanalysis
	 Bioanalysis is used to measure biological 
molecules and xenobiotics in the living system. 

It assists in outlining the absorption, distribution, 
metabolism, and excretion of drugs. Proteins, 
peptides, nucleic acids, sugars, amino acids, 
hormones, lipids, vitamins, and other natural 
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compounds are all biological molecules. Most of 
them are biomarkers and assist in comprehending 
disease and drug action. Xenobiotics are the 
substances that enter the organism in particular 
in the form of drugs, metabolites, impurities, and 
toxins, which are not inherently present there. Their 
measurement is used to measure drug safety and 
pharmacokinetics. Bioanalysis gives PK profiles, 
PD correlations, bioequivalence data and biomarker 
levels whereas pharmaceutical analysis verifies 

Fig. 1: Union and distinction of bioanalysis 
and pharmaceutical analysis 

Figure 2: Historical evolution of 
bioanalytical techniques

the identity, purity, potency, and stability of drug 
substances and products (Figure 1). This is a critical 
process in every phase of drug discovery up to post-
marketing1.

	 Early techniques involved colorimetric 
and spectrophotometric techniques (Figure 2). 
Separation was enhanced using HPLC and GC. 
Sensitivity was enhanced in GC-MS and LC-MS. 
Recent methods now involve ligand-binding assays, 
immunoaffinity LC-MS, and omics-based methods2. 
Modern bioanalysis is used to support small 
molecules, biosimilars, biomarkers, gene and cell 
therapies, point-of-care testing and biosensor-based 
detection. It is also useful in toxicology, diagnosis, 

and real- time monitoring3. There are strict guidelines 
followed in bioanalytical methods in FDA, EMA, and 
ICH (M10). The guidelines of FDA are concerned 
with accuracy, precision, selectivity, sensitivity, and 
stability. EMA guidelines consider cross-validation, 
method transfer and matrix effects. The ICH M10 
guideline balances the two approaches4-6.

Classical Analytical Techniques: A Foundation
	 Bioanalytical analysis relies on traditional 
methods like UV-visible spectroscopy, infrared 
spectroscopy, fluorescence spectroscopy, and 
fundamental chromatographic techniques like TLC 
and column chromatography for everyday analysis 
and method development. Traditional analytical 
methods (as summarized in Table 1) in bioanalytical 
analysis are still prevalent, particularly in small labs. 

Chromatographic Techniques
	 Chromatography helps in the identification, 
separation, and quantification of the bioanalysis 
since it forms a very important part of the bioanalysis 
process. It is necessary in regulatory filings, 
pharmacokinetic studies, and impurity profiling 
(Table 2). Bioanalytical analysis requires use of 
contemporary chromatographic methods such as 
HPLC and UHPLC. They are better in resolution, 
speed and eco-compatibility.

Mass Spectrometry and Coupled Techniques
	 Mass spectrometry (MS) is a crucial 
tool  in bioanalyt ical  research. I t  enables 
identification, characterization, and quantification 
of metabolites, and biomolecules. Its combination 
with chromatographic systems, tandem MS, and 
high-resolution MS has transformed bioanalysis 
(Table 3). Mass spectrometry has revolutionized 
the pharmaceutical industry by enabling high-
throughput, ultrasensitive analysis of medicines, 
metabolites, and biomolecules. Its applications in 
systems biology, metabolomics, and proteomics 
have enabled precision medicine and customized 
treatments. Proficiency in ionization methods is 
crucial17.

Electrochemical  and Biosensor-Based 
Techniques
	 Potent iometr y,  amperometr y,  and 
voltammetry are important electrochemical methods 
in bioanalysis (Table 4). Potentiometry measures ion 
activity using ion-selective electrodes. It is used for 
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electrolyte testing, heparin/protamine detection, and 
immunoassay biosensors. Amperometry measures 
current at a fixed potential. It is common in glucose 
biosensors, flow-injection drug analysis, and vesicle 
release studies. Voltammetry detects analytes using 
varying potentials. It is useful for trace metals and 
drug quantification in biological samples. These 
methods are sensitive, selective, low-cost, and easy 
to miniaturize. They are suitable for point-of-care 
and rapid testing. Bioanalysis is moving toward 
electrochemical and biosensor-based platforms. 
Electrophoretic techniques also help to analyze 
complex biological samples.

	 Capillary electrophoresis (CE) is a fast and 
efficient separation technique used in bioanalysis. 
It needs very small sample volumes and separates 
analytes based on their electrophoretic mobility 
in a narrow capillary under an electric field37. CE 
can achieve very high separation efficiency, up to 
600,000 theoretical plates per meter. It is used for 
DNA sequencing, genotyping, protein and peptide 
analysis, and measuring small drugs and metabolites 
in biological samples. When combined with MS or 
fluorescence detection, it gives higher sensitivity for 
biomarkers, forensic testing, and drug monitoring. 
CE uses little solvent and works well with complex 
samples, making it useful for high-throughput testing 

and metabolomics38-40. 

	 Some methods of luminescence, which 
are employed in trace analysis, sensitivity, impurity 
detection, and monitoring of low concentrations, 
consist of fluorimetry and phosphorimetry. Fluorimetry 
is a process whereby molecules absorb light and re-
emit it instantly or slowly. These methods are very 
sensitive particularly in cases where the background 
absorption is very low. They are applicable in 
drug testing, impurity testing, monitoring of drug 
release, drug-protein and drug-ligand interactions, 
and stability testing.  Fluorimetry is particularly 
useful for identifying low-level contaminants 
and determining impurities in pharmaceutical 
formulations. On the other hand, phosphorimetry 
is employed when extended emission durations 
are useful, such as in low temperature or solid 
phases, or to distinguish between background 
fluorescence and scatter. It has low detection limits 
and straightforward sample handling. However, 
these techniques have drawbacks, such as internal 
filter effects, overlap in excitation/emission spectra, 
photobleaching, quenching, and limited applicability. 
Reproducibility may be compromised in some 
situations due to background light interference or 
stray fluorescence41-43.

Table 1: Comparison of spectroscopic techniques in bioanalytical applications

Spectroscopy Type/	 Bioanalytical 	 Benefits	  Limitations	 Ref.
Principle	 Applications

UV-Visible 	 Quantitative drug 	 Rapid.	 Low specificity.	 7
Spectroscopy/ 	 assessment.	 Non-destructive.	 Interference from 	
Absorption of UV 	 Drug release studies	 Cost-effective.	 solvents/excipients.	
and visible light by 	 Kinetic analysis.			 
molecules				  
Infrared 	 Functional group 	 Clear identification	 Interference from 	 8
Spectroscopy/ 	 identification.	  of functional 	 water.	
Molecular vibration	 Fingerprint analysis.	 groups.	 Complex spectrum 	
 and absorption 		  Non-destructive.	 interpretation.	
 of IR radiation				  
Fluorescence 	 Fluorescent drug 	 Selective to 	 Limited to 	 9
Spectroscopy/ 	 quantification.	 nanomolar 	    fluorescent  	
Light emission after	 Drug-binding studies.	 concentration.	    compounds.	
 excitation by EMR	 Degradation 		  Susceptible to 	
	 monitoring.		     quenching.	
	 Residue analysis.			 
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Table 2: Chromatographic techniques in bioanalysis

Chromatographic 	 Bioanalytical Applications	 Benefits	 Limitations	 Ref.
Technique/ Principle			   	

 TLC	 Drug/metabolite 	 Low cost.	 Limited 	 10
/ Separates based on 	 screening (e.g. steroids, 	 Simple 	 resolution.	
differential adsorption 	 Amino acids.).	 equipment.	 Mostly 	
and solubility on a 	 Metabolic disorder 	 Fast and easy 	 qualitative/semi-	
	 diagnosis from urine (e.g. 	 to use.	 quantitative.	
stationary phase (e.g., 	 Phenylketonuria, 		  Manual 	
silica gel)	 cystinuria) 		  interpretation	
Classical Column 	 To isolate plasma protein,	 Scalable and 	 Labor-intensive	 11
Chromatography/ 	  hormone, and antibodies 	 adaptable.	 Time- 	
Separation based on size	 from protein 	 Suitable for 	 consuming	
or polarity as compounds 		  large sample 	 Requires skill 	
move through a packed 		  volumes.	   for consistency	
column				  
HPLC	 Drug concentration-time 	 Broad 	 No	 12
/ Separation based on 	 profiles, AUC, Cmax 	 applicability		
interactions with silica-	 determination for 	 Multiple 		
	 Bioavailability/bioequival	 detectors		
based stationary phase 	 ence studies in Blood or 	 Scalable and 		
under high pressure 	 plasma.	 robust		
using binary mobile 	 Monoclonal antibodies, 			 
phases.	 recombinant proteins, 			 
	 lysozyme, β2-microglobulin 			 
GC / Separation	 Pharmacokinetic 	 Highly 	 Limited to 	 13
of volatile,	 (ADME) studies for 	 sensitive.	 volatiles.	
 thermally stable 	 Blood/ plasma/ urine/ 	 Excellent for 	 May require 	
compounds using inert 	 tissues.	 volatiles.	 derivatization.	
gas and capillary 	 Therapeutic drug 			 
columns.	 monitoring.			 
	 Screening of Drug of 			 
	 abuse in Urine/blood.			 
 UHPLC 	 High-throughput 	 Fast analysis.	 Expensive 	 14
/ Uses tiny particles and	 clinical/preclinical 	 High 	 equipment	
 high pressure for faster,	 testing.	 resolution.	 System 	
 sharper separations.	 Peptide & 	 Lower solvent 	 maintenance	
	 oligonucleotide analysis.	 use.	 Column 	
	 UHPLC-MS/MS in 		  backpressure 	
	 biomarker studies.		  sensitivity.	
SFC / Separates	 Chiral separation.	 Fast & 	 Limited 	 15-16
chemicals 	 Lipophilic drug profiling.	 efficient.	 stationary phases.	
using a supercritical 	
Steroid & vitamin 	 Low toxicity.	
Needs CO₂- fluid that 	 analysis.	 Good for labile	 compatible 	
behaves like both a liquid 		   compounds.	 systems	
and gas, allowing fast and 				  
efficient separation.				  
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	 Titration or volumetric analysis, is a well-
established method of quantitation in pharmaceutical 
analysis. It entails the reaction of the definite 
quantity of the chemical reagent to analyte sample 
in such a way so that the reactants attain a 
certain point of equivalency. They include acid-
base neutralization, redox titrations, precipitation 
titrations, complexometric titrations as well as 
non-aqueous titrations. These techniques are also 
usually employed in pharmacopeias to control the 
quality of raw materials, dosage forms, and bulk 
medications. Nevertheless, titrimetric methods 
have some shortcomings, including the use of 
pure analyte, clarity of endpoints and stochiometric 
reactions. Visual endpoints can be obscured due to 
impurities, interfering species or colored matrices. 
The medication that has buffering strength or weak 
acids/bases might need non-aqueous titration. 
Titrimetry might not be a good method on trace 
contaminants or low concentration analysis because 
of their low level of sensitivity. These limitations are 
reducing with new methods of titration, including 
potentiometric endpoints, non-aqueous titrations, 
and micro-titrations44-45.

Spectroscopic Techniques Beyond Basics
	 Surface-enhanced Raman spectroscopy 
(SERS) is a highly sensitive bioanalytical technique. 
It uses gold or silver nanoparticles to greatly 
amplify Raman signals. This enhancement can 
reach 10*10–10*11, allowing the detection of single 
molecules in biological samples. SERS gives fast 
and nondestructive molecular information. It works 
well in aqueous samples and needs very little sample 
preparation.

	 SERS is widely used in bioanalysis (Table 
5). It helps detect pathogens at the single-cell level, 
including antibiotic-resistant bacteria such as S. 
aureus and P. aeruginosa directly from patient 
samples. It supports early cancer diagnosis and 
can achieve high prediction accuracy. SERS is also 
useful for DNA and nucleic acid sensing in disease 
detection. It is applied in therapeutic drug monitoring, 
live-cell imaging, metabolic profiling, and trace 
biomarker detection in serum and plasma.

Ligand Binding Assays and Immunoassays
	 LBAs (Ligand binding assays) and 
immunoassays are crucial bioanalytical tools for 
measuring big biomolecules like proteins, peptides, 

antibodies, and hormones. They offer excellent 
specificity and sensitivity, crucial for clinical 
diagnostics, medication monitoring, biomarker 
identification, and biologics development (Table 
6). Ligand binding assays and Immunoassays are 
crucial for biotherapeutics and biomarkers detection 
and quantification. They have evolved from ELISA 
and RIA to multiplexed platforms like Luminex and 
MSD, becoming essential for clinical trials and 
regulatory compliance.

Emerging and Hybrid Techniques in Bioanalysis 
	 Advanced bioanalytical methods that need 
minimal sample preparation and offer real-time, high-
resolution measurements are gradually replacing 
traditional LC-MS/MS and immunoassays. Imaging 
mass spectrometry maps the spatial distribution of 
drugs and metabolites directly from tissue surfaces 
through processes such as MALDI desorption–
ionization. Ambient ionization MS techniques, like 
DESI and DART, allow direct ionization of samples 
without extraction or chromatography. Microfluidics-
based lab-on-a-chip platforms perform separation, 
reaction, and detection in miniaturized channels using 
very small sample volumes. AI and ML algorithms 
process large spectral datasets, remove noise, 
detect patterns, and predict pharmacokinetic or 
toxicity outcomes. These mechanisms enable rapid, 
sensitive, and spatially resolved characterization of 
analytes. Together, these innovations strengthen 
bioanalytical workflows, improve understanding of 
drug behavior, and support personalized medicine.

Ambient ionization mass spectrometry (AI-MS) 
	 One technique which enables the analysis 
of a sample in real-time and in the natural state at 
atmospheric pressure is ambient ionization mass 
spectrometry (AI-MS). Its major characteristics 
are speed of analysis, little sample preparation, 
compatibility with complicated matrices and high-
resolution MS systems.

Desorption Electrospray Ionization (DESI)
	 The technique is called Desorption 
Electrospray Ionization (DESI), and it is a technique 
that integrates electrospray ionization and desorption, 
enabling the analysis of a sample with a high level 
of spatial resolution, operates in the ambient and 
sensitive drug profiling. They are used in forensic 
pharmacological analysis, localization of drugs and 
deterioration products on packaging surfaces.
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Table 3: Mass spectrometry and coupled techniques in pharmaceutical bioanalysis

Technique/Principle	 Bioanalytical	 Benefits	 Limitations	 Ref.
	 Applications

LC-MS/MS (Tandem 	 PK/TK.	 Ultra-low 	 Complex 	 2
MS)/ separates 	 Bioequivalence.	 detection 	 instrumentation.	
compounds by liquid 	 TDM.	 limits.		
chromatography, then 		   High 		
identifies them by 		  specificity.		
fragmenting their ions 				  
for highly specific 				  
detection				  
GC-MS/ Ionizes volatile 	 Residual solvents	 High resolution	 Limited to 	 18
compounds via EI; 		  established 	 volatile/semi-	
separates and detects 		  libraries	 volatile 	
based on m/z			   compounds.	
SFC-MS/ Combines 	 Chiral analysis.	 Fast	 Limited 	 19
supercritical fluid 	 Lipophilic drugs.	 Low solvent 	 availability.	
chromatography with MS		  use	 Less common.	
detection				  
HRMS (Orbitrap, TOF, 	 Metabolomic, 	 Accurate mass.	 Expensive	 20-21
QTOF)/ Measures ions 	 proteomics, 	 untargeted 	 Data complexity	
with high resolving 	 impurity profiling.	 profiling.		
power and mass accuracy				  
CE-ICP-MS/ CE 	 Speciation of trace	 Ability to	 Instrumental 	 22-24
separates species (often 	  metals/inorganic 	  resolve 	 complexity.	
ionic species of elements)	 impurities in	 different 	 Lower robustness	
 by electrophoretic 	  pharmaceuticals and	 chemical 	  /reproducibility 	
mobility. ICP-MS detects 	  medicinal raw	 species 	 compared to more	
elemental ions with high 	  materials. 	 (valence states,	  mature LC-ICP-	
sensitivity, enabling 	  Speciation (e.g.	  complexes) of	 MS or LC-MS	
species/speciation 	  forms of arsenic,	  metals—	  systems.	
analysis of 	  selenium etc.)	 important since	 Limited reference	
metals/inorganic 	  relevant to	  toxicity 	  data / standards for	
impurities.	  safety/toxicity 	 depends on	  many species. 	
	 assessments. 	  species. 	 Sensitivity can be	
		  Very low	  compromised by	
		   detection limits	  signal suppression	
		   owing to ICP-	  or interferences in	
		  MS sensitivity. 	  ICP-MS 	
		  Small sample	 depending on	
		  volume; 	  matrix. 	
		  separation with		
		  CE can be fast		
		  and with high		
		  efficiency.		
CE-MS/ CE separates 	 Proteomics/ 	 High 	 Sensitivity often	 25-26
analytes (peptides, small 	 Peptidomics: 	 separation 	  lower than LC-MS	
molecules, charged 	 biomarker 	 efficiency for	  for noncharged /	
compounds etc.) by 	 discovery, disease	  charged/polar 	  less polar	
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	 In the Direct Analysis in Real Time (DART) 
technique, the ionizing analytes is treated with 
hot gas stream. It is fast, needs little preparation, 
and can be used in the metabolite screening, 
drug counterfeiting detection, and in API quality 
monitoring.

Imaging mass spectrometry (IMS)
	 Imaging mass spectrometry (IMS) is a 
combination of imaging and analytical techniques 
that visualizes the spatial distribution of molecules, 
such as proteins, metabolites or drugs, directly at the 
surface of a sample, e.g., a tissue section, without 
requiring separation or purification steps.

Matrix-Assisted Laser Desorption/Ionization 
(MALDI)
	 Matrix-Assisted Laser Desorption/Ionization 
(MALDI) Imaging is an extensive method that works 
well with proteins, peptides and lipids. It provides 
high-resolution imaging, often with time-of-flight 
analyzers, and finds use in lipidomics, proteomics, 
tissue distribution analysis and tumor mapping.

	 Elemental and small molecule analysis, 
such as metabolite monitoring, pharmacodynamics 
studies, and preclinical toxicity screening is done 
using secondary ion mass spectrometry (SIMS) 
and DESI imaging. DESI imaging is a particular 
combination of the ambient ionization and spatial 
mapping.
Lab-on-a-Chip (LOC) systems are analytical tools 
that incorporate detection, separation, reaction and 
sample preparation on a microchip. Such systems 
are characterized by high throughput, low use of 
reagents and automation compatibility. 

Droplet-Based microfluidics systems 
	 In Droplet-Based microfluidics systems, 
sample processing and analysis are performed 
by small droplets of immiscible carriers (e.g., oil). 
This technology assists in different assays such 
as PCR, ELISA, MS, Fluorescence, and digital 
bioassays, which allow the resolution of single-cell 
or single-molecule. The method allows the label-
free quantification of analytes and the real-time 
reaction monitoring by combining with fluorescence, 

electrophoretic 	  diagnosis and	 analytes	  compounds.	
mobility				  
. MS detects and 	  monitoring.	 Good peak	 Reproducibility 	
usually 	 Analysis of charged	  resolution. 	 issues: migration	
identifies/quantifies by 	  pharmaceutical 	 Very low	  times, capillary	
mass-to-charge ratio. 	 compounds 	  sample volume	  coating, ionization	
Often electrospray 	 (peptides, small polar	  required. 	  variability. 	
ionization is used at 	  drugs etc.).	 Ability to	 Interface challenges:	
the interface.	 Profiling of	  analyze 	  coupling CE to MS	
	  metabolites or	 small/complex 	  has issues with flow	
	  endogenous small	 mixtures with	  rate, spray stability,	
	  molecules in	  minimal sample	  etc.	
	  biological fluids	  preparation.	  Lower sample	
	  relevant to drug	 Faster 	  loading capacity	
	  effects / toxicity.	 separations in	  (limits amount of	
	 Quality control for 	  many cases; 	  analyte which can	
	 variants (e.g. post-	 complementary	 be injected), which
	 translational 	 separation 	  can limit detection	
	 modifications, 	 mechanisms 	  of very low	
	 isoforms).	 (different from	  abundance 	
		   LC).
 Good sensitivity,	 analytes.	 especially when		
		   optimized 		
		  interfaces and		
		   coatings are		
		   used.		
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Table 4: Electrochemical and biosensor techniques in bioanalysis

Technique/ Principle	 Bioanalytical	 Benefits	 Limitations	 Ref.
	 Applications	

Potentiometry/ 	 Electrolyte monitoring 	 Non-destructive	 Limited to ionic	 28
Measures EMF	 (like Na⁺, K⁺ in blood).	 Real-time analysis.	 analytes	
 without significant			  Low sensitivity.	
current; relates to	 Heparin or protamine 	 Simple.		
 analyte 	 detection in plasma.			 
concentration via				 
 Nernst equation.				 
Amperometry/ 	 Glucose sensors.	 High sensitivity	 Requires stable	 29
Measures current 	 Vesicles release their 	 Fast response.	  electrodes	
from 	 contents from cells in 		  Frequent calibration.	
oxidation/reduction	 real time using 			 
 at constant 	 electrical signals.			 
potential; current ∝				 
 analyte 				 
concentration.				 
Voltammetry/ 	 Redox behavior.	 Good for 	 Electrode fouling; 	 28
Measures current 	 Antioxidant analysis.	 kinetic studies.	 Complex interpretation.	
while varying 	 Drug–DNA	 Multiple analyte 		
potential; includes 	 interaction.	 detection.		
CV, DPV, SWV				 
Polarography/ 	 Trace metal/inorganic 	 High sensitivity 	 Mercury toxicity and 	 30-32
Electroanalytical 	 impurity analysis (Pb, 	 (µM–nM) for 	 disposal issues.	
method measuring 	 Cu, etc.)	 electroactive 	 Non-electroactive 	
current–voltage 	 Impurity profiling in 	 species.	 drugs require 	
curves at a 	 formulations.	 Low-cost, simple 	 derivatization.	
dropping mercury 	 Drug/metabolite 	 instrumentation.	 Interference from 	
electrode; diffusion	 monitoring in biological 	 Minimal sample 	 overlapping waves.	
 current 	 fluids.	 preparation.		
proportional to 		 Can work in 		
analyte 		 turbid/colored 		
concentration.		 solutions.		
		 Distinguishes 		
		 analytes by half-		
		 wave potential.		
Enzyme-Based 	 Glucose monitoring.	 High selectivity.	 Enzyme stability issues.	33
Biosensors/ 	 Urea detection.	 Rapid and sensitive		
	 Enzyme reacts with target 				 
	 generates 				  
electroactive 	 Alcohol testing.	 .	 Limited shelf-life.	
species measured 				 
by transducer.				 
Immunosensors/ 	 Cytokine detection	 High specificity.	 Antibody cost and 	 34
Uses antibody-	 Pathogen monitoring.	 Multiplexing 	 stability	
antigen interactions		 possible.		
transduced to 				 
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Raman, and electrochemical detection systems. It is 
designed to be used in high throughput applications 
such as pharmacogenetic profiling, therapeutic drug 
monitoring, and portable diagnostics during clinical 
trials.

	 Artificial Intelligence/Machine Learning 
(AI/ML) to preprocess data, extract features, 
remove baselines and normalize, smooth, reduce 
dimensions, and pick peaks. CNNs and decision 
trees are better than traditional algorithms, whereas 
random forest models are utilized to recognize 

the peaks in noisy MS datasets. Quality control, 
predictive modeling, pattern identification, outlier 
detection, and concentration prediction also are 
control tasks carried out with AI. The AI-based 
health application has proven to be effective in 
tumor margin identification, metabolic flux analysis, 
space pharmacokinetic model, and real-time forensic 
pharmaceutical analysis. Some of the central issues 
include standardization and validation of AI models, 
sample variability, cost and fabrication barriers, and 
data overload in imaging mass spectrometry. The 
future directions include the integration of multi-

electrical/optical 				 
signals.				 
Aptamer-Based 	 Monitoring drugs.	 High stability	 Lower affinity vs. 	 35
Sensors/     	 Detecting antibiotics. 	 Synthetic and 	 antibodies	
Aptamers bind 	 Biomarker detection.	 modifiable.	 in some cases.	
target molecules; 				 
signal transduced 				 
electrochemically 				 
or optically.				 
Lab-on-a-Chip 	 POC diagnostics, 	 Low sample 	 Fabrication complexity.	 36
(LOC)/ 	 On-chip screening,	 volume.	 Integration challenges.	
Miniaturized 	 PK profiling.	 Rapid.		
system integrating 		 portable.		
analysis steps on 				 
microfluidic platform.				 

Comparison of Conventional and Modern Methods65-66

Aspects	 Conventional Methods	 Modern Methods
Sensitivity	 Limited sensitivity.	 Ultra-sensitive (nanogram–picogram).
Selectivity	 Poor selectivity.	 High selectivity with MS/MS, biosensors, and 
		  Raman-based methods.
Sample Preparation	 Time-consuming extraction	 Minimal or no preparation (direct ionization, 
	 and cleanup.	 microfluidics).
Throughput	 Low throughput.	 High-throughput screening possible.
Accuracy and Precision	 Higher variability and	 High accuracy and reproducibility.
	 operator-dependent.
Matrix Effect	 Significant interference from	 Reduced by advanced separation/detection.
	 plasma, urine, etc.
Quantification	 Limited quantitative power.	 Robust quantification with internal standards.
Cost	 Cheaper, widely accessible.	 High capital and maintenance cost.
Expertise Required	 Moderate training needed.	 Requires high-level expertise.
Portability	 Lab-bound, bulky.	 Portable biosensors emerging.
Data Handling	 Simple datasets, manual	 Complex data, requiring bioinformatics.
	 interpretation.
Regulatory Acceptance	 Long-established and accepted.	 Emerging, evolving regulatory frameworks.
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Table 5: Comparative summary of advanced spectroscopic techniques in bioanalysis

Technique/	 Bioanalytical 	 Benefits	 Limitations	 Ref.
Principle	 Applications			 

 NMR	 Characterizing 	 Non-destructive.	 Requires 	 46
/ Magnetic nuclei 	 conformational 	 Highly 	 expensive 	
absorb RF radiation in	 changes and molecular	 reproducible.	 instrumentation.	
 a magnetic field; 	  dynamics of 	 No chromatography	 Limited sensitivity	
chemical shifts reveal 	 biomolecules in 	  needed.	  for low-	
molecular structure.	 solution. 		  abundance nuclei.	
	 Studying drug–protein,			 
	  protein–protein, and 			 
	 ligand–receptor 			 
	 interactions at atomic 			 
	 resolution.			 
	 Characterizing 			 
	 conformational 			 
	 changes and 			 
	 molecular dynamics 			 
	 of biomolecules in 			 
	 solution. 			 
	 Monitoring drug–			 
	 metabolite formation 			 
	 and metabolic 			 
	 pathways in PK 			 
	 studies.			 
Raman Spectroscopy/	 Polymorph 	 Minimal sample 	 Fluorescence 	 47
Inelastic scattering of 	 identification.	 preparation	 interference.	
laser light reveals 	 Process Analytical 	 Works through 	 Low sensitivity 	
molecular vibrational 	 Technology (PAT).	 containers.	 for weak 	
modes (fingerprint).	 Counterfeit detection.	 No water 	 scatterers.	
	 Excipient identification.	 interference.		
CD/	 Protein therapeutic 	 Sensitive to 	 Requires optically	 48
Differential absorption	 characterization.	 biomolecular 	  active samples.	
 of circularly polarized	 Protein folding studies.	 structure.	 Limited to certain 	
 light by chiral 	 Batch consistency of 	 Useful for chiral 	 spectral regions.	
molecules; reveals 	 biologics.	 compounds.		
secondary and 				  
tertiar y structure.				  
 SERS/	 Trace detection of 	 Extremely high 	 Reproducibility 	 49
	 contaminants.	 sensitivity	 issues.	
Raman signal 	 In-field diagnostics.	 Minimal sample 	 Substrate	
enhanced by metal 	 Biosensing 	 preparation.	  preparation	
nanoparticles (LSPR +	 applications.	 Label-free 	 challenges.	
 charge transfer); 		  detection.		
enables ultra-trace 				  
analysis.				  
LC–NMR /	 Structural 	 Provides detailed 	 Limited sensitivity	 50-51
Combines 	 identification of drug 	 structural 	  compared to LC–	
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chromatographic 	 metabolites directly 	 information 	 MS. 	
separation (LC) with 	 after chromatographic 	 without the need 	 Requires high 	
structural elucidation 	 separation. 	 for complete 	 sample amounts.	
by NMR spectroscopy,	 Real-time characterization	 isolation.	 High cost and 	
 allowing direct 	  of unstable or short-lived 	  Non-destructive	 complex 	
characterization of 	 metabolites without 	  technique.	 instrumentation.	
compounds after 	 isolation.	  Useful for 		
separation.	 Comprehensive profiling 	 complex 		
	 of metabolites in 	 mixtures.		
	 pharmacokinetic and 			 
	 metabolomic studies. 			 

Table 6: Summary of ligand binding assays and immunoassay platforms

Technique or Platform/	 Bioanalytical 	 Benefits	 Limitations	 Ref.
 Principle	 Applications	
		
 ELISA/ Enzyme-linked 	 Cytokine 	 High throughput	 Multiple 	 52
antibody binds to 	 quantification (IL-6, 	 High sensitivity 	 washing steps.	
antigen; substrate 	 TNF-α)	 (pg/mL).	 Potential cross-	
addition leads to 	 Pharmacokinetics of 	 Automation-ready.	 reactivity.	
detectable signal 	 mAbs.	
proportional to analyte	 Immunogenicity testing.			 
	 Hormone and peptide			 
	  quantification.			 
RIA/	 Hormone 	 Extremely high 	 Radioactive 	 53
Radio-labeled and 	 measurement 	 sensitivity (fg/mL).	 waste.	
unlabeled antigen 	 (thyroxine, cortisol).	
Suitable for small 	 Regulatory and 	
compete for antibody; 	
Drug quantification 	 molecules.	 safety concerns.	
radioactivity inversely 	 (Digoxin, Morphine).			 
proportional to analyte	
Early-stage 	 pharmacokinetics.			 
Homogeneous / no 	 High-throughput 	 Homogeneous	 54
separation step vs. 	 screening.		
Heterogeneous 	 Regulated 	 Fast, simple.	 Lower sensitivity.	
Immunoassays/requires 	 bioanalytical assays.			 
separation (e.g., washing)	
Diagnostic testing.	 Heterogeneous	
		  High specificity/	 Time-	
		  sensitivity.	 consuming.	
PCR /	 Detection of 	 High sensitivity 	 Susceptible to 	 55-56
Amplifies specific DNA 	 pathogens. 	 and specificity.	 contamination 	
sequences using cycles o	 Genotyping. 	 Rapid detection. 	 leading to false 	
f denaturation, annealing, 	 Pharmacogenomics. 		  positives.	
and extension by DNA 	
Quality control in 		  Requires prior 	
polymerase.	 biopharmaceuticals. 		  sequence 	
Genetic stability 		  knowledge.	
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	 testing.		  Limited for 	
			   quantification 	
			   (unless qPCR is	
			    used).	
Immuno-PCR/	 Ultra-sensitive 	 Combines 	 Method 	 57
Combines antibody-	 detection of proteins,	 specificity of 	 complexity.	
based antigen 	  biomarkers, toxins, 	 immunoassays with	 Requires 	
recognition with PCR 	 and pathogens in 	  high sensitivity of 	 careful 	
amplification using DNA	 pharmaceutical and 	 PCR. 	 optimization. 	
-labeled antibodies as 	 clinical samples.	 Detects very low-	 Prone to 	
reporters.		  abundance targets.	 nonspecific binding. 	
Luminex xMAP 	 Multiplexed cytokine	 Multiplexing up to 	 Cross-reactivity	
Technology/ Multiplex 	  profiling.	 500 analytes.	  validation.	 58
bead-based immunoassa	 Biomarker discovery.	 Low sample 	 Requires 	
y with laser detection using	
Clinical 	 volume.	 Luminex 	
 fluorescent-labeled 	 pharmacodynamic 		  reader.	
microspheres	 studies.			 
				  
Emerging Platforms 	 Biologics PK/PD 	 Ultra-sensitive 	 High cost	 54,59
(MSD)/ 	 studies.	 (fg/mL).	 Specialized 	
	 Electrochemiluminesc				  
	 ence, Gyrolab/ 				  
	 Microfluidic 				  
	 immunoassay, 				  
	 Quanterix/ Digital 				  
ELISA with 	 Ultra-sensitive 	 Automation-	 instrumentation.	
femtogram detection)	 biomarker detection.	 compatible.		
	 Clinical and research 			 
	 diagnostics.

omics, AI-driven automation of the laboratory, and 
sensors as a part of bioanalytical systems60-64.

Case Studies Highlighting Advances in 
Bioanalysis
Case study 1
	 According to the single cell proteomics 
analysis of drug response, Straubhaar et. al. has 
demonstrated that it can be used as a drug discovery 
platform.

Rationale
	 Single-cell analysis in biology and 
biomedicine has been an important method of 
cell association, which entails cell type, states, 
transitions and localization. Such methods as 
the use of fluorescence tags, nanoscale super-
resolution imaging, single-cell RNA sequencing, 
and proteomics shed more light on biological 

processes that cannot be depicted by bulk analysis. 
The discipline makes possible studying variability in 
drug response and advancing the understanding of 
complex systems, including cancer, inflammation 
and aging. The current developments in the field of 
single cell proteomics enable the measurement of 
thousands of proteins in individual cells. The article 
presents a new mass spectrometry-based single-
cell proteome analysis, SCREEN, that is expected 
to be much more efficient and quicker than the old 
ones. The article examines the proteome profiling in 
varying drug conditions to examine the heterogeneity 
of cancer cells and deals with issues and current 
trends in single-cell proteomics67.

Case study 2
	 Blas-Munoz et. al. reveals a variety of keto 
reductases important in pharmaceutical production 
in case study 2 through the use of a microfluidics-
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based ultra-high-throughput screening.

Rationale
	 Keto reductases (KREDs) are valuable 
biocatalysts to the synthesis of enantioselectively 
chiral alcohols. Here, Thai et al. optimized the low-
throughput assay to a ultrahigh-throughput screening 
platform, that relies on droplet microfluidics, 
fluorescence-activated cell sorting (FACS) and 
fluorescence-based detection. This new technique 
has been effective to screen 1.5 million clones and 
has been successful in identifying KREDs that are 
less homologous to known enzymes and have 
novel substrate specificities. It also made the initial 
screening of KRED in microdroplets by metagenomic 
screening a reality, and opened up the prospects 
of large-scale enzyme discovery and evolution 
screenings68.

Case study 3
	 Optimizing drug discovery: Surface plasmon 
resonance techniques and their multifunctional uses 
by Acharya et. al.

Rationale
	 Surface Plasmon Resonance (SPR) sensors 
have been developed, the advantages include real-

time tracking of biomolecular interactions, label-free 
detection, high sensitivity, and ability to analyze 
multiple layers at the same time. These properties 
make SPR biosensors very important in the 
pharmaceutical industry to ascertain the efficacy and 
safety of therapeutic effects. The review identifies the 
current developments in SPR biosensors, their use 
in drug development, challenges and prospects in 
the pharmaceutical sector69. 

Bioanalytical Sample Analysis Workflow 
	 A bioanalytical workflow in sample-
analysis is described by the Figure 3. It begins with 
the definition of the goal of the analysis and the 
choice of the most appropriate method to the target 
molecule. It is then followed by sample collection 
and preparation to represent clean and uniform 
samples. The method conditions, instrument setups 
are optimized and calibration standards and quality 
controls are run. The samples are then subjected 
to analysis and quantitative and interpretative data 
generated are processed. Validation tests are used 
to ensure that the method is accurate, precise, and 
reliable. The final stage of the work is the preparation 
of a finished report, which records the findings, 
chromatograms, spectra, and conclusions70-72.

Fig. 3: Bioanalytical sample analysis workflow

Conclusion

	 To summar ize,  new b ioanaly t ica l 
technologies are greatly improving pharmaceutical 

research. Classical methods such as spectroscopy, 
c h r o m a t o g r a p hy,  m a s s  s p e c t r o m e t r y, 
electrochemistry, biosensors, ligand-binding assays, 
and immunoassays still provide reliable results, but 
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they often need more sample preparation and take 
longer to analyze. Modern tools such as ambient 
ionization MS, imaging MS, microfluidic lab-on-
a-chip systems, and AI/ML analytics offer faster 
testing, less sample handling, higher sensitivity, 
and spatial or real-time information. Their main 
limitations include high instrument cost, complex 
data processing, and limited regulatory acceptance.
Future work should focus on making these methods 
easier to use, more standardized, and more 
compatible with routine laboratory workflows. 
Stronger automation and clear regulatory guidelines 
will support wider implementation. As these 
technologies grow, they will speed up drug discovery, 
improve pharmacokinetic and biomarker studies, and 
advance personalized medicine.
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Abbreviations
GC-MS	 Gas Chromatography–Mass  
	 Spectrometry
LC-MS	 Liquid Chromatography–Mass  
	 Spectrometry
TLC	 Thin-Layer Chromatography
HPLC	 H i g h - Pe r f o r m a n c e  L i q u i d  
	 Chromatography
GC	 Gas Chromatography

UHPLC / 	 Ultra-High-Performance Liquid  
UPLC	 Chromatography
SFC	 Supercritical Fluid Chromatography
LC-MS/MS	 Liquid Chromatography–Tandem  
	 Mass Spectrometry
HRMS 	 High-Resolution Mass Spectrometry
TOF	 Time-of-Flight (Mass Analyzer)
QTOF	 Quadrupole Time-of-Flight
CE	 Capillary Electrophoresis
CE-ICP-MS	 Cap i l l a r y  E lec t ropho res i s– 
	 Inductively Coupled Plasma Mass  
	 Spectrometry
LC-ICP-MS	 Liquid Chromatography–Inductively 
	 Coupled Plasma Mass Spectrometry
CE-MS	 Capillary Electrophoresis–Mass  
	 Spectrometry
CV	 Cyclic Voltammetry
DPV	 Differential Pulse Voltammetry
SWV	 Square Wave Voltammetry
PK	 Pharmacokinetics
PD	 Pharmacodynamics
AUC	 Area Under Curve
Cmax	 Maximum (Peak) Concentration
TK	 Toxicokinetic
TDM	 Therapeutic Drug Monitoring
POC	 Point-of-Care Diagnostics
NMR	 Nuclear Magnetic Resonance
CD	 Circular Dichroism
SERS	 Surface-Enhanced Raman 
	 Spectroscopy
LC-NMR	 Liquid Chromatography–Nuclear 
	 Magnetic Resonance
ELISA	 Enzyme-Linked Immunosorbent 
	 Assay
RIA	 Radioimmunoassay
PCR	 Polymerase Chain Reaction
MSDS	 Meso Scale Discovery (electrochem 
	 iluminescence immunoassay 
	 platform)
EMR	 Electromagnetic radiation
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