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ABSTRACT

Green bioanalytical chemistry, with its focus on incorporating sustainable practices into developing bioanalytical methods, has
the potential to significantly reduce the environmental impact of laboratory activities. This approach, while maintaining the
high standards required for analytical precision and accuracy, includes key strategies such as reducing hazardous chemicals,
optimizing energy use, and implementing waste-reduction practices. This review highlights recent advancements in green
bioanalytical chemistry, including green solvent systems, miniaturized techniques, and eco-friendly analytical platforms.
We discuss the benefits, such as reduced environmental pollution and improved resource efficiency, challenges, and future
perspectives of integrating green principles into bioanalytical method development, emphasizing the balance between
sustainability and analytical performance.
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INTRODUCTION

Green bioanalytical chemistry, an innovative field that
integrates the principles of green chemistry into bioanalysis,
aims to reduce the environmental footprint of laboratory
procedures. This involves adopting eco-friendly practices
such as minimizing hazardous substances, enhancing
energy efficiency, and reducing waste. The impetus for green
bioanalytical chemistry arises from the growing awareness of
environmental issues and the need for sustainable practices
in scientific research and industry. This review examines the
current state of green bioanalytical chemistry, discussing
innovative approaches and technologies that align with
sustainable development goals'.

Principles of Green Bioanalytical Chemistry

* Minimizing Hazardous Substances: Green bioanalytical
chemistry reduces or eliminates hazardous chemicals
and solvents in method development. This is achieved by

selecting safer alternatives, such as bio-based solvents or
reagents with lower toxicity, and by designing processes
that inherently avoid the need for harmful substances >

e Optimizing Energy Efficiency: Methods are designed
to be energy-efficient, utilizing techniques that require
less energy input. This can involve optimizing reaction
conditions to lower temperatures and pressures,
implementing energy-saving equipment, and employing
miniaturized and automated systems that reduce the
overall energy footprint of bioanalytical procedures >

* Reducing Waste: A key aspect of green chemistry is
waste minimization. This is accomplished by employing
methods that produce less waste, recycling materials, and
using processes that generate fewer by-products. Solvent
recycling, microfluidics, and in situ reaction monitoring
are adopted to minimize waste production *

» Sustainable Material Use: Sustainable materials, including
biodegradable and renewable resources for reagents and
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consumables, are emphasized. This helps reduce the
environmental impact associated with the disposal of
synthetic materials.

Safer Design and Lifecycle Considerations: Green
bioanalytical chemistry also involves designing methods
with a life cycle perspective, ensuring that the development,
implementation, and disposal of bioanalytical methods
consider the overall environmental impact. This includes
using safer chemicals from the outset and designing
protocols that facilitate easy disposal and minimal
environmental contamination °

Regulatory Compliance and Standards: Adherence to
regulatory guidelines for green chemistry ensures that
methods meet safety, environmental, and performance
standards. This alignment helps advance sustainable
practices in bioanalytical method development while
maintaining regulatory compliance.®’

Advances in Green Bioanalytical Techniques

Solvent-free and micro-scale techniques

Solvent-Free Approaches: Solvent-free methods, such
as solid-phase microextraction (SPME), minimize

or eliminate the need for organic solvents, reducing
environmental impact and exposure risks.®

*  Micro-Scale Techniques: Techniques such as microfluidics
and lab-on-a-chip systems significantly reduce the volume
of reagents and solvents needed, leading to lower waste
production and enhanced safety. Table 1 displays the
Properties and Benefits of Various Green Solvents and
Reagents Used in Bioanalytical Chemistry

Green Solvents and Reagents °

Green chromatographic techniques

e Supercritical fluid chromatography (SFC) utilizes
supercritical CO: as a mobile phase, reducing the reliance
on hazardous organic solvents. SFC offers high efficiency
and shorter run times, making it a greener alternative to
traditional liquid chromatography.

*  Water-Based Chromatography: Innovations in aqueous
chromatography allow using water or water-miscible
solvents to minimize the need for toxic organic solvents
and improve environmental compatibility.

Energy-Efficient Mass Spectrometry
* Ambient Ionization Techniques: Direct real-time analysis

Table 1: Summarising The Properties and Benefits of Various Green Solvents and Reagents Used in Bioanalytical Chemistry

Solvent/Reagent Source/Type Advantages Applications
Ethanol Bio-based Renewable, low-cost, environmentally Chromatography, extraction, solvent medium
friendly
Glycerol Bio-based Renewable, low volatility, safe handling Solvent medium, enzymatic reactions,
stabilization
Ethyl lactate Bio-based Renewable, low odor, biodegradable Extraction, chromatography, solvent medium
Ionic liquids Synthetic Non-volatile, recyclable, high thermal Extraction, electrochemical analysis,

Deep eutectic solvents
(DES)

Supercritical CO-

Water

Cyclopentyl methyl ether
(CPME)

2-Methyltetrahydrofuran
(2-MeTHF)

Dimethyl carbonate
(DMC)

Methyl ethyl ketone
(MEK)

Triethylamine (TEA)
N-Methyl-2-pyrrolidone
(NMP)

Isopropanol

Acetone

Tert-butyl alcohol (TBA)

Bio-based/Synthetic

Bio-based (CO-)

Natural
Synthetic

Bio-based (from

biomass)

Synthetic (from
CO2)
Synthetic/Bio-based
Synthetic

Synthetic

Bio-based

Bio-based/Synthetic

Synthetic/Bio-based

stability

Easy to prepare, low toxicity, eco-friendly

Low environmental impact, easy separation
from products

Safe, abundant, no hazardous waste

Reduced toxicity, safer alternative to THF

Renewable, safer alternative to traditional
ethers

Renewable, low environmental impact,
versatile solvent

Easily biodegradable, less hazardous than
acetone

Recyclable, less volatile than ammonia

Lower toxicity, versatile

Renewable, easily biodegradable, safer
alternative to methanol

Renewable, low cost, less hazardous than
many traditional solvents

Biodegradable, safe alternative to methanol

separation processes

Extraction, separation, enzymatic catalysis
Chromatography, extraction, supercritical fluid
applications

Chromatography, solvent medium, extraction

Solvent medium, chromatography, extraction
Extraction, solvent medium, chromatography
Extraction, solvent medium, esterification
Solvent medium, extraction, chromatography
Chromatography, extraction, base in chemical
reactions

Extraction, solvent medium, chromatography
Solvent medium, chromatography, extraction

Solvent medium, chromatography, extraction

Solvent medium, chromatography, extraction
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(DART) and desorption electrospray ionization (DESI)
enable mass spectrometric analysis without extensive
sample preparation, reducing energy consumption and
solvent use.

* Miniaturized Mass Spectrometers: Advances in compact
mass spectrometry reduce energy requirements and
enable field-deployable analysis, contributing to greener
practices’

Eco-friendly sample preparation

*  Green Extraction Methods: Techniques such as microwave-
assisted extraction (MAE), ultrasound-assisted extraction
(UAE), and pressurized liquid extraction (PLE) enhance
efficiency and reduce solvent use compared to traditional
methods.

* Solid-Phase Extraction (SPE): Optimized SPE methods
use less solvent and produce less waste. Innovations in
reusable and environmentally friendly SPE materials
further minimize environmental impact.

Biodegradable and renewable materials

» Sustainable Stationary Phases: Developing chromatographic
stationary phases from renewable and biodegradable
materials reduces reliance on petrochemical-based
materials and aligns with green chemistry principles.

* Eco-Friendly Consumables: Adopting biodegradable and
recyclable consumables for bioanalytical processes helps
reduce waste and the environmental footprint.

Analytical techniques for environmental monitoring

* Green Analytical Procedures for Environmental Samples:
Developing eco-friendly methods for analyzing pollutants
and toxins in environmental samples. These methods
employ green solvents, minimal sample manipulation,
and energy-efficient instruments.

* Portable and Remote Sensing Technologies: Advances
in portable and remote sensing devices enable in situ
analysis, reducing the need for extensive sample transport
and handling, thus minimizing the environmental
impact.'

High-Throughput and Automation

* Automated Sample Handling: Automation in bioanalytical
workflows reduces reagent consumption, enhances
precision, and minimizes human intervention, contributing
to more efficient and greener processes.

* High-Throughput Screening: Green high-throughput
screening technologies optimize resource use, reduce
chemical consumption, and accelerate analysis.!®

In Situ and Real-Time Analysis

* In Situ Analysis: Techniques that enable direct analysis of
samples in their native environment reduce the need for
extensive sample preparation and transport, conserving
resources and energy.

* Real-Time Monitoring: The development of real-time
monitoring tools for bioanalytical applications allows
for immediate data acquisition and decision-making,

minimizing waste and resource use.'’

Case Studies and Applications in Green Bioanalytical
Chemistry

Green Chromatography for Pharmaceutical Analysis

Supercritical Fluid Chromatography (SFC):

Supercritical Fluid Chromatography has emerged as a greener
alternative to traditional High-Performance Liquid
Chromatography (HPLC) by utilizing carbon dioxide
(CO2) as the primary mobile phase solvent. CO2, which
can exist in a supercritical state at moderate temperatures
and pressures, significantly reduces the need for organic
solvents like acetonitrile and methanol, common in
traditional HPLC.!"""

Applications

* Pharmaceutical Compound Separation: SFC is widely
used for separating and analyzing complex mixtures
of pharmaceutical compounds, including chiral drugs,
steroids, and lipids. Its ability to achieve rapid separation
with high resolution and efficiency makes it particularly
valuable for analyzing complex pharmaceutical
formulations.

e Chiral Separations: Using CO: as a supercritical fluid
allows for effective chiral separations, which is critical
in the pharmaceutical industry, where the enantiomeric
purity of drugs can affect their efficacy and safety.

* Advantages: SFC offers several environmental benefits,
including reducing hazardous solvent waste and energy
consumption due to its lower operating temperatures than
HPLC. Moreover, CO: is easily recyclable within the
system, further enhancing its sustainability profile.'®!”

Water-Based HPLC

Water-based HPLC methods have been developed to minimize
hazardous organic solvents traditionally used in liquid
chromatography. By using water as the primary solvent, these
methods aim to offer safer and more environmentally benign
analytical processes.'®

Applications

* Pharmaceutical Analysis: Water-based HPLC is suitable
for analyzing hydrophilic pharmaceutical compounds,
excipients, and degradation products. It’s used for
qualitative and quantitative drug development and quality
control analyses.

» Bioanalytical Applications: These methods are particularly
advantageous in bioanalytical applications where
biological matrices (e.g., plasma, serum) are being
analyzed, as they reduce the potential for solvent-related
interferences and toxicity.

* Advantages: Water-based HPLC’s primary advantages
include lower toxicity, reduced environmental impact,
and improved safety for laboratory personnel. It also
aligns with regulatory pressures to minimize the use of
hazardous substances in analytical methods.
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Green Mass Spectrometry in Environmental Analysis

Ambient Ionization Techniques: Ambient ionization
techniques, such as desorption electrospray ionization (DESI)
and direct analysis in real time (DART), represent innovative
approaches in mass spectrometry that facilitate solvent-free
sample analysis. 1%

Applications

* Environmental Pollutant Detection: These techniques
are employed for the rapid detection of environmental
pollutants, including pesticides, industrial chemicals, and
heavy metals in soil, water, and air samples.

*  On-site Analysis: Ambient ionization allows for real-time,
in-situ analysis of environmental samples without the need
for extensive sample preparation, making it suitable for
on-site monitoring and rapid screening.

*  Advantages: These methods eliminate the need for solvents
and complex sample preparation, significantly reducing
waste generation and analysis time. They also offer the
benefit of minimal sample alteration, preserving the
integrity of the analytes.

Direct Analysis Methods

Direct analysis in real-time (DART) mass spectrometry is
a technique that allows for the direct analysis of samples in
their native state without the need for sample preparation or
solvents. !

Applications

* Rapid Screening: DART-MS is used to rapidly screen
environmental samples for contaminants, residues, and
pollutants. It can analyze a wide range of substances,
from volatile organic compounds to complex mixtures
in soil or water.

» Field Applications: The portability of DART-MS systems
allows for their deployment in field settings, providing
immediate analytical results for environmental monitoring
and assessment.

* Advantages: DART-MS’s key advantages include its rapid
analysis capabilities, elimination of solvent use, and the
ability to analyze solid, liquid, and gas samples directly.
This method enhances the efficiency of environmental
analyses while minimizing the ecological footprint.

Sustainable Sample Preparation in Clinical Testing

Microextraction techniques

Microextraction techniques, such as solid-phase and liquid-
phase microextraction, reduce solvent consumption and waste
during sample preparation. 2

Applications

* Clinical Diagnostics: In clinical diagnostics, biomarkers,
medications, and metabolites are extracted from biological
matrices such as blood, urine, and tissue samples using
SPME and LPME. These methods are essential for pre-
concentration and sample cleaning before analysis.

* Pharmacokinetic Studies: In pharmacokinetic studies,

microextraction methods isolate and quantify drug levels
in biological fluids, aiding in assessing drug absorption,
distribution, metabolism, and excretion.

* Advantages: Microextraction techniques minimize the use
of hazardous solvents, reduce sample volumes, and lower
waste generation. They are also advantageous in handling
limited or precious samples, offering high sensitivity and
selectivity in complex biological matrices.

Automated Systems

Automated sample preparation systems enhance the
sustainability of bioanalytical workflows by optimizing reagent
use and minimizing manual intervention.??

Applications

* High-Throughput Screening: Automated systems are
employed in high-throughput screening for clinical testing,
enabling the efficient processing of large samples with
consistent and reproducible results.

* Clinical Biochemistry: In clinical biochemistry, automated
sample preparation systems streamline the analysis
of complex biological samples to detect and quantify
biochemical markers and therapeutic drugs.

* Advantages: Automated systems improve efficiency, reduce
human error, and minimize reagent volumes and waste in
sample preparation. They also enhance the reproducibility
of bioanalytical methods and support large-scale clinical
studies.

Future Perspectives In Green Bioanalytical Chemistry

The future of green bioanalytical chemistry is poised to
transform the landscape of analytical science by embedding
sustainability at the core of method development. Several key
areas must be addressed to achieve a sustainable bioanalytical
practice, each contributing to advancing greener methodologies
that maintain or enhance analytical performance while
minimizing environmental impact. 24’

Innovative Green Technologies

* Advancing Green Solvents: The future will see significant
progress in developing and utilising green solvents.

* Miniaturized Analytical Devices: These devices integrate
various analytical processes (e.g., separation, detection)
on a single chip, thereby decreasing the need for large
solvents and samples. Additionally, miniaturization
supports portable and on-site analytical applications,
which are precious in environmental monitoring and
clinical diagnostics.

* Energy-Efficient Instruments: Future innovations will
also focus on designing energy-efficient analytical
instruments. This includes developing mass spectrometers,
chromatographs, and spectrophotometers that consume less
power and generate less heat, reducing the environmental
footprint of analytical laboratories. Advancements in
instrumentation, such as low-power lasers for spectroscopy
or energy-saving gas pumps for chromatography, will
contribute to more sustainable analytical practices. These
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instruments will also dynamically incorporate intelligent
technologies to optimize energy use, further enhancing
their sustainability credentials.

Regulatory Frameworks

» Establishing Green Guidelines: Developing regulatory
frameworks that promote adopting green bioanalytical
methods is essential.

*  Encouraging Compliance: Regulatory frameworks should
incentivize laboratories and organizations to adopt green
practices. This could include certifications for green
laboratories, tax benefits, or funding opportunities for
developing and implementing sustainable methods.
Regulatory bodies can drive broader adoption and
innovation in green bioanalytical chemistry by recognizing
and rewarding adherence to green guidelines.

* Balancing Performance and Sustainability: Regulatory
frameworks must ensure that analytical performance
is not compromised while promoting green practices.
Guidelines should establish standards that maintain high
analytical quality and reproducibility while minimizing
environmental impacts. This balance is crucial for gaining
acceptance of green methods in industries that require
rigorous analytical precision, such as pharmaceuticals
and ecological monitoring.

Interdisciplinary Collaboration

* Bridging Disciplines: The future of green bioanalytical
chemistry depends on fostering collaboration among
chemists, engineers, environmental scientists, and other
stakeholders. Interdisciplinary teams can leverage their
diverse expertise to comprehensively develop innovative
solutions that address analytical and environmental
challenges. For example, chemists can develop
green solvents, engineers can design energy-efficient
instruments, and environmental scientists can assess the
ecological impacts of new technologies.

* Collaborative Research Initiatives: Creating collaborative
research initiatives focused on green bioanalytical
chemistry can accelerate progress. Joint research programs
funded by governmental and private sectors can explore
novel green technologies, sustainable materials, and
eco-friendly methodologies. These initiatives should
encourage the open sharing of findings and best practices,
fostering a community-driven approach to advancing
green bioanalytical chemistry.

* Industry-Academia Partnerships: Partnerships between
academia and industry are crucial for translating green
innovations from research to practical applications.
Academia can focus on fundamental research and early-
stage development of green technologies, while industry
can provide the resources and infrastructure necessary
for scaling and commercialising these innovations. Such
collaborations ensure that green bioanalytical methods are
scientifically sound and commercially viable.

Education and Training

e Curriculum Development: Integrating green chemistry
principles into educational curricula is essential for
preparing future scientists in bioanalytical chemistry.
Universities and training institutions should incorporate
courses and modules on sustainable practices, green
technologies, and the environmental impacts of analytical
methods. This education should cover theoretical
knowledge and practical skills, enabling students to apply
green principles in real-world analytical settings.

* Professional Development Programs: For current
practitioners, professional development programs
focusing on green bioanalytical chemistry can provide the
necessary training and updates on emerging sustainable
practices. Workshops, webinars, and certification courses
can help scientists and technicians stay informed about the
latest green technologies and methodologies, fostering a
culture of continuous learning and improvement.

* Promoting a Green Mindset: Educating future scientists
about the importance of sustainability in bioanalytical
chemistry should emphasize their work’s broader
environmental and societal impacts. Encouraging a
green mindset involves fostering a sense of responsibility
toward minimizing ecological footprints and promoting
sustainable practices. This cultural shift towards
prioritizing sustainability will drive long-term changes
in the bioanalytical field.

CONCLUSION

Green bioanalytical chemistry represents a promising approach
to reducing the environmental impact of analytical practices
while maintaining high standards of accuracy and precision.
By adopting green solvents, miniaturized techniques, energy-
efficient instruments, and waste-reduction strategies, the
field can contribute to sustainable scientific research and
industry practices. Despite existing challenges, continued
innovation and integration of green principles will enhance
the sustainability of bioanalytical methods, supporting a more
eco-friendly future for the field.
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