() Scientific Hub of Applied

D Research in Emerging
- Medical science & technology

&

SHAREme.

Published: 27.04.2026

check for
updates

REVIEW Article

Application of Ambient Ionization Mass Spectrometry in Rapid
Pharmaceutical Analysis: Opportunities and Challenges

Dr. Nataraj Palaniyappan, 2Kannan Arumugam, 3Vijayakumar Murugesan

Scientist, Novitium Pharma LLC, New Jersey, USA
23 Research Scholar; School of Pharmacy, JSS Academy of Higher Education and Research, Mauritius

Abstract

Ambient ionization mass spectrometry (AIMS) has emerged as a transformative analytical
technology in pharmaceutical analysis, enabling rapid, direct, and minimally invasive analysis of
complex samples under ambient conditions. Unlike traditional analytical techniques that require
extensive sample preparation and chromatographic separation, AIMS facilitates real-time
detection of pharmaceutical compounds, impurities, and metabolites directly from surfaces or bulk
matrices. This review critically explores the principles, instrumentation, and applications of
ambient ionization techniques such as desorption electrospray ionization (DESI), direct analysis
in real time (DART), and paper spray ionization (PSI) in pharmaceutical sciences. Emphasis is
placed on their role in rapid drug screening, counterfeit drug detection, quality control, and
impurity profiling. The integration of AIMS with high-resolution mass spectrometry has further
enhanced analytical sensitivity and specificity, enabling trace-level detection in complex matrices.
Despite its advantages, challenges such as matrix effects, reproducibility, and regulatory
acceptance remain significant barriers to widespread adoption. This review also discusses recent
advancements, including automation and coupling with artificial intelligence, to overcome these
limitations. Overall, AIMS represents a promising frontier in pharmaceutical analysis, offering
rapid, cost-effective, and versatile analytical solutions for modern drug development and quality
assurance.
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1.0 Introduction

The field of pharmaceutical analysis has undergone significant evolution with the advent of advanced analytical
technologies aimed at improving sensitivity, selectivity, and analytical throughput. Among these innovations,
ambient ionization mass spectrometry (AIMS) has gained considerable attention due to its ability to analyze
samples in their native state without extensive preparation. Traditional analytical techniques such as high-
performance liquid chromatography (HPLC) and gas chromatography (GC) require time-consuming sample
preparation and separation steps, which may limit analytical efficiency in high-throughput environments [1].

Ambient ionization techniques overcome these limitations by enabling direct ionization of analyses from
solid, liquid, or gaseous samples under atmospheric conditions. This capability significantly reduces analysis time
while maintaining high analytical performance. Techniques such as desorption electrospray ionization (DESI) and
direct analysis in real time (DART) have demonstrated the ability to detect pharmaceutical compounds rapidly,
making them valuable tools in quality control and forensic analysis [2].

The growing demand for rapid and reliable analytical methods in pharmaceutical industries has further
driven the adoption of AIMS. Applications range from drug discovery and development to counterfeit drug
detection and therapeutic drug monitoring. The ability to perform real-time analysis without altering the sample
matrix provides a unique advantage over conventional analytical methods [3].

Despite its potential, the implementation of AIMS in routine pharmaceutical analysis faces several
challenges, including variability in ionization efficiency and matrix interference. These challenges necessitate
further research and optimization to ensure reproducibility and regulatory acceptance.
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2.0 Principles and Mechanisms of Ambient Ionization Mass Spectrometry

Ambient ionization mass spectrometry operates on the principle of ionizing analyses directly from their native
environment without the need for extensive sample preparation. This is achieved through the interaction of
charged droplets, gas streams, or plasma with the sample surface, resulting in the desorption and ionization of
analyze molecules. The generated ions are subsequently introduced into the mass spectrometer for detection and
analysis [4].

Desorption electrospray ionization (DESI) is one of the most widely used ambient ionization techniques.
In DESI, a charged solvent spray is directed onto the sample surface, leading to the desorption of analytes and
formation of gas-phase ions. This technique is particularly effective for analyzing solid samples such as tablets
and powders, providing spatially resolved chemical information [5].

Direct analysis in real time (DART) utilizes a heated gas stream containing metastable species to ionize
analytes. The interaction between the gas stream and the sample leads to the formation of ions, which are then
analyzed by the mass spectrometer. DART is especially useful for analyzing volatile and semi-volatile compounds,
offering rapid analysis with minimal sample preparation [6].

Paper spray ionization (PSI) represents another innovative technique, where a sample is applied onto a
paper substrate and ionized using a high-voltage electric field. PSI is advantageous due to its simplicity, low cost,
and suitability for analyzing biological samples such as blood and urine [7].

The effectiveness of ambient ionization techniques depends on several factors, including solvent
composition, ionization source parameters, and sample characteristics. Optimization of these parameters is
essential for achieving high sensitivity and reproducibility in pharmaceutical analysis.

3.0 Instrumentation and Technological Advancements

The instrumentation of ambient ionization mass spectrometry typically consists of an ionization source integrated
with a mass analyzer. Advances in mass spectrometry technology, particularly the development of high-resolution
mass analyzers such as time-of-flight (TOF) and Orbit rap systems, have significantly enhanced the capabilities
of AIMS [8].

Modern AIMS systems are designed to provide high analytical throughput while maintaining accuracy
and precision. Portable mass spectrometers equipped with ambient ionization sources have enabled on-site
analysis in pharmaceutical manufacturing and forensic investigations. These systems allow rapid screening of
drug products without the need for laboratory-based analysis [9].

Technological advancements have also focused on improving ionization efficiency and reducing matrix
effects. Innovations such as nano-DESI and laser-assisted ambient ionization have expanded the range of analytes
that can be detected, including large biomolecules and complex drug formulations [10].

Furthermore, the integration of automation and digital data processing has enhanced the reproducibility
and reliability of AIMS. Automated sample handling systems and real-time data analysis software enable high-
throughput screening and reduce operator-dependent variability. These advancements are critical for the adoption
of AIMS in routine pharmaceutical analysis and regulatory environments.

4.0 Applications of Ambient Ionization Mass Spectrometry in Pharmaceutical Analysis

Ambient ionization mass spectrometry has demonstrated extensive applicability across multiple domains of
pharmaceutical analysis, primarily due to its ability to perform rapid and direct analysis without extensive sample
preparation. One of the most significant applications is in drug formulation analysis, where techniques such as
DESI and DART enable the direct examination of solid dosage forms, including tablets and capsules. These
methods facilitate the identification of active pharmaceutical ingredients (APIs) and excipients within complex
matrices, significantly reducing analysis time compared to conventional chromatographic methods [2].

In addition to qualitative analysis, AIMS has been successfully applied in quantitative pharmaceutical
analysis. Paper spray ionization (PSI), for instance, has shown promising results in quantifying drugs in biological
samples such as plasma and urine. This capability is particularly valuable in pharmacokinetic studies and
therapeutic drug monitoring, where rapid and accurate measurement of drug concentration is essential [7].

Another important application is impurity profiling and degradation studies. AIMS techniques can detect
degradation products formed under stress conditions such as heat, light, and humidity. The ability to perform real-
time analysis allows researchers to monitor degradation pathways and identify potential impurities, thereby
supporting stability studies and regulatory compliance [3].

Furthermore, AIMS has been employed in drug discovery and development processes. Rapid screening
of drug candidates and metabolites accelerates the identification of promising compounds, reducing development
timelines and costs. The versatility of ambient ionization techniques makes them suitable for high-throughput
screening applications in pharmaceutical research.
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Table 1: Comparative Overview of Major

Pharmaceutical Analysis

Ambient Ionization Mass Spectrometry Techniques in

Technique lor_llza}tlon Sample Advantages Limitations Pharfnac.eutlcal
Principle Type Applications
Desorption Charged Solid Minimal Sensitive to Drug distribution
Electrospray solvent spray (tablets, sample surface studies, tablet
Ionization impacts powders), preparation, conditions, matrix | surface analysis,
(DESI) surface causing | surfaces spatial effects impurity detection
desorption and mapping
ionization capability, high
sensitivity
Direct Ionization Solids, Rapid analysis, | Limited for non- Counterfeit drug
Analysis in using liquids, no sample volatile analytes, | detection, API
Real Time metastable gas | gases preparation, thermal identification,
(DART) species under suitable for degradation forensic screening
ambient volatile possible
conditions compounds
Paper Spray High voltage Biological | Low cost, Lower Therapeutic drug
Ionization applied to fluids, simple setup, reproducibility, monitoring,
(PSI) paper substrate | liquid suitable for limited robustness | pharmacokinetic
generates spray | samples bioanalysis studies
ionization
Laser-Assisted | Laser ablation | Biological | Minimal Expensive Tissue drug
Ambient followed by tissues, sample instrumentation, distribution
Ionization ionization in complex preparation, complex setup studies, metabolite
(LAESI) ambient matrices spatial analysis analysis
conditions capability
Nano-DESI Liquid bridge Surfaces, High spatial Technically Surface chemical
formed thin films resolution, complex, requires | mapping, trace
between improved precision control impurity detection
capillaries for sensitivity
localized
extraction and
ionization
Atmospheric Thermal Solids, Rapid analysis, | Limited Rapid screening of
Pressure desorption semi-solids | simple sample | quantitative APIs and
Solids followed by handling capability, matrix | excipients
Analysis ionization at interference
Probe (ASAP) | atmospheric
pressure
Ambient Plasma Gases, Versatile, Instrumental Detection of
Plasma discharge liquids, suitable for complexity, volatile impurities,
Ionization generates ions | surfaces wide range of | reproducibility environmental
(e.g., DBDI) for analyte compounds issues monitoring
ionization

Table 2: Analytical Performance and Application
Techniques in Pharmaceutical Analysis

Scope of Ambient Ionization Mass Spectrometry

Technique Sensitivity | Quantitative Analysis | Sample Key Applications in
(LOD) Capability Time Preparation | Pharmaceuticals
DESI-MS ng—pg level | Moderate (semi- | Seconds— | Minimal Surface drug
quantitative) minutes distribution, impurity
profiling, tablet coating
analysis
DART-MS ng level Limited (mainly | Few None Counterfeit drug
qualitative) seconds detection, rapid API
identification, forensic
screening

416



Scientific Hub of Applied Research in Emerging Medical science & technology, Vol 5(2), pp. 414-418

Paper Spray ng—pg level | Good <1 Very minimal | Bioanalysis,
Ionization (PSI- (quantitative minute therapeutic drug
MS) with internal monitoring,

standards) pharmacokinetics
UPLC-MS/MS pg level Excellent 5-20 Extensive Regulatory analysis,
(Conventional (highly minutes impurity quantification,
comparison) quantitative) stability studies
Nano-DESI pg level Moderate Minutes Minimal Trace impurity

detection, surface
chemical mapping
LAESI-MS ng level Limited Minutes Minimal Tissue analysis, drug
distribution in
biological systems

ASAP-MS ng level Limited Seconds Minimal Rapid screening of
APIs and excipients

DBDI/Plasma- ng level Moderate Seconds— | Minimal Detection of volatile

based AIMS minutes impurities, degradation

product analysis

5.0 Role in Counterfeit Drug Detection and Quality Control

The global proliferation of counterfeit pharmaceuticals has posed significant challenges to public health and
regulatory authorities. Ambient ionization mass spectrometry offers a powerful solution for the rapid detection of
counterfeit drugs due to its ability to analyze samples directly without extensive preparation. Techniques such as
DART-MS have been widely used for the identification of counterfeit products by comparing their chemical
fingerprints with those of authentic drugs [6].

AIMS enables the detection of discrepancies in API composition, concentration, and the presence of
unauthorized substances. This capability is crucial in identifying substandard or falsified medicines that may
contain harmful impurities or incorrect dosages. The speed and simplicity of AIMS make it suitable for on-site
analysis in field settings, including customs inspections and regulatory enforcement activities [9].

In quality control laboratories, AIMS techniques are increasingly being integrated into routine testing
workflows. The ability to perform rapid screening of raw materials and finished products enhances efficiency and
reduces the turnaround time for quality assessment. Additionally, AIMS can be used for batch-to-batch
consistency evaluation, ensuring that pharmaceutical products meet predefined quality standards.

The application of AIMS in counterfeit drug detection and quality control highlights its potential as a
reliable and efficient analytical tool in safeguarding drug quality and patient safety.

6.0 Advantages over Conventional Analytical Techniques

Ambient ionization mass spectrometry offers several advantages over traditional analytical techniques such as
HPLC and GC-MS. One of the primary benefits is the elimination of extensive sample preparation, which
significantly reduces analysis time and operational complexity. This feature makes AIMS particularly suitable for
high-throughput environments where rapid analysis is required [1].

Another key advantage is the ability to perform in situ analysis, allowing direct examination of samples
in their native state. This capability minimizes sample handling and reduces the risk of contamination or analyte
degradation. Additionally, AIMS provides high sensitivity and specificity, enabling the detection of trace-level
compounds in complex matrices [8].

The versatility of AIMS is also noteworthy, as it can be applied to a wide range of sample types, including
solids, liquids, and biological matrices. Techniques such as DESI and PSI offer flexibility in analyzing different
pharmaceutical formulations and biological samples, making them valuable tools in diverse analytical applications
[5].

Moreover, the integration of AIMS with portable mass spectrometers facilitates on-site analysis, which
is not feasible with conventional laboratory-based techniques. This feature is particularly advantageous in field
applications such as forensic analysis and counterfeit drug detection.

Despite these advantages, it is important to note that AIMS is not intended to replace traditional analytical
techniques but rather to complement them by providing rapid preliminary analysis and screening capabilities.

7.0 Challenges and Limitations

Despite its numerous advantages, ambient ionization mass spectrometry faces several challenges that limit its
widespread adoption in pharmaceutical analysis. One of the primary challenges is matrix effects, where
components of the sample matrix interfere with ionization, leading to variability in signal intensity and reduced
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analytical accuracy [4]. This issue is particularly significant in complex biological samples and multi-component
pharmaceutical formulations.

Reproducibility is another concern, as variations in experimental conditions such as solvent composition,
spray angle, and ionization parameters can affect analytical results. Achieving consistent and reproducible results
requires careful optimization and standardization of analytical protocols [10].

Quantitative analysis using AIMS also presents challenges due to the lack of standardized calibration
methods. Unlike chromatographic techniques, which provide well-defined separation and quantification, AIMS
relies on direct ionization, which may result in variability in ionization efficiency. This limitation necessitates the
development of robust calibration strategies and internal standards.

Regulatory acceptance of AIMS is still evolving, as most regulatory guidelines are based on traditional
analytical techniques. The validation of AIMS methods according to regulatory requirements remains a critical
step for its integration into routine pharmaceutical analysis [2].

Additionally, the high cost of advanced mass spectrometry instruments and the need for skilled personnel
may limit accessibility for smaller laboratories. Addressing these challenges through technological advancements
and method standardization will be essential for the broader adoption of AIMS in pharmaceutical analysis.
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