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Abstract

E. Vargas-Bello-Perez, M. M. Arevalos-Sanchez, R. L. Abarca, M. A. Fellenberg, P. Gémez-
Cortés®, S. Zeraati Neyshbouri, M. H. Fathi Nasri, and N. Ghavipanje. Current uses
and advances in spectroscopy applications in plant and plant-based foods. 2025. Int. J.
Agric. Nat. Resour. 92-111. Spectroscopy approaches showed promising results for the precise
quantitative and qualitative assessment of plants and plant-based products which are characterized
by complex microstructures and chemical compositions. Presently, the new generation of cutting-
edge spectroscopic techniques such as visible-infrared (VIS-NIR), Raman spectroscopy, nuclear
magnetic resonance (NMR), spectral imaging, etc. are emerging as rapid, non-destructive, largely
reproducible, easy to use and cost-effective which aligns with the practical requirements of plant
research. However, their performance can be influenced by factors including spectral interference,
matrix complexity, instrumental variability, and calibration robustness—challenges that may
affect sensitivity and reproducibility. These spectroscopic techniques have been employed in
various aspects of plant sciences, including compositional analysis, nutritional profiling, and the
detection of contaminants, adulterants, environmental monitoring, and stress markers. Moreover,
they contribute to genetic and metabolic profiling, supporting advancements in plant breeding
and biotechnology. This paper provides an objective and comprehensive overview of the current
applications of spectroscopic analyses based on the state-of-the-art literature written in English and
published in peer-reviewed journals from 2000 to 2024, aimed to elucidate the varied applications of
spectroscopy in plant sciences, highlighting its indispensable role in addressing upcoming challenges
in the plant and plant-based food industry and promoting sustainable practices. Spectroscopy, in its
ever-evolving form, will play a main role in the future of smart agriculture, sustaining plant and
plant-based foods amidst climate change.
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Highlights

e This paper offers a comprehensive overview
of spectroscopic applications in plant sci-
ences from 2000 to 2024.

e Systematically evaluates performance,
strengths, and limitations across spectroscopic
methods in plant and plant-food analysis.

e Highlights advances in portable sensors,
real-time monitoring, and digital agriculture
integration.

e Offer both a technical overview and a
forward-looking perspective for smart,
resilient agri-food solutions.

Introduction

Plants are crucial to the future of humanity on
earth, supplying not only the oxygen needed for
aerobic respiration but also food for the mounting
world population (Henkhaus et al., 2020; Cavaco et
al., 2022). Also, the agro-food sector, contributing
significantly to global economic dynamics due to
its deep connection with the environment and its
impacts on every part of our lives, encompassing
societal, political, cultural, employment, faith,
community, and family (Borsellino et al., 2020;
Wijerathna-Yapa & Pathirana, 2022). In the past
few decades, this industry has been tasked with
meeting stringent health and safety guidelines,
adhering to tough environmental legislation, and
ensuring security, ethical practices, and sustainable
production techniques (Wijerathna-Yapa & Pathi-
rana, 2022; Dos Santos et al., 2013). Concurrently,
there has been a paradigm shift within the sector
as consumer demands escalate, seeking enhanced
quality, user-friendliness, diversity, and health
advantage (Patton et al., 2023; Dos Santos et al.,
2013). In assessing the quality of agricultural and
food products, including plant-based foods, the
evaluation is based on both internal and ex-ternal
parameters (Dos Santos et al., 2013). Given the

intricate nature of plants and plant-based foods,
characterized by their complex microstructure
and multifaceted chemical composition, their
comprehensive analysis necessitates the deploy-
ment of sensitive and selectively reactive chemical
methods (Be¢ et al., 2020). Despite the existence
of numerous analytical methods such as high-
performance liquid chromatography (HPLC) to
evaluate plant-based foods quality, their invasive,
destructive, and time-consuming nature has mo-
tivated the pursuit of nondestructive alternatives,
such as spectroscopic techniques (Dos Santos et
al., 2013; Su et al., 2017).

It has been well established (Mishra, 2022; Be¢ et
al., 2020; Wadood et al., 2020; Su et al., 2017) that
the spectroscopy, a technique combined action of
absorption, trans-mission, and emission of electro-
magnetic light radiation with additional materials
based on the wavelength of radiation, finds numerous
applications in the study of plants and plant-based
foods. Recently, spectroscopic techniques such
as visible-infrared (VIS-NIR) (Feng et al., 2021),
Raman spectroscopy (Payne & Kurouski, 2021),
nuclear magnetic resonance (NMR) (Kumar, 2016),
spectroscopy and spectral imaging (Su & Sun,
2018) have been devised and utilized for assessing
the quality assessment and authentication of plant
and plant-based foods. For example, spectroscopy
helps to determine the chemical composition of
plants and foods (Mishra, 2022; Schmitt et al.,
2014). While techniques such as FTIR (Fourier-
transform infrared) spectroscopy (Zancajo et al.,
2020) and NMR (Nuclear Magnetic Resonance)
spectroscopy (Brigante et al., 2024) can provide
detailed information about the molecular structure
and content of carbohydrates, proteins, and lipids.
Spectroscopic methods can also quantify essential
nutrients such as vitamins, minerals, phenolic, and
volatile compound in plant-based foods, aiding in
nutritional labeling and quality control (Tahir et
al., 2019). It has been well documented that the
spectroscopy can be used for the detection of heavy
metal accumulation (Ugulu, 2015; Guo et al., 2023),
contaminants (Kandpal & Cho, 2014; Min & Cho,
2015), and adulterants (Kucharska-Ambrozej &
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Karpinska, 2020). For example, spectroscopic tech-
niques such as the Raman spectroscopy and UV-Vis
(Ultraviolet-Visible) spectroscopy are used to detect
residues of pesticides and herbicides in plants and
agricultural products (Liang et al., 2022). In addi-
tion, spectroscopy helps in identifying adulterants
such as non-permitted additives or substitution of
premium ingredients in plant-based foods (Basile
et al., 2023). Spectroscopy techniques such as
Vis-NIR (Zahir et al., 2022), Raman (Weng et
al., 2021), chlorophyll fluorescence spectroscopy
(Pérez-Bueno et al., 2019) are employed to study
photosynthetic efficiency and plant stress responses
under different environmental conditions. Spec-
troscopy aids in assessing water stress in plants by
analyzing water content and monitoring nutrient
uptake through techniques like the near-infrared
spectroscopy (NIRS) (Cozzolino, 2017) and Vis-
NIR (Zahir et al., 2022).

For food quality control, spectroscopy is used to
monitor changes in chemical composition during
food processing (e.g., drying, fermentation) and
storage (e.g., oxidation, microbial contamination)
(Hassoun et al., 2020; Sun et al., 2022). Techniques
such as hyperspectral imaging (Su & Sun, 2018;
Huang et al., 2020) and fluorescence spectroscopy
(Hassoun et al., 2020) help to evaluate food quality
parameters related to shelf life and freshness. Of
note, the spectroscopy techniques have important
inputs on genetic and metabolic profiling (Puri
etal., 2021). Spectroscopic techniques combined
with chromatography and mass spectrometry
enable metabolic profiling of plants, facilitating
the identification of bioactive compounds and
understanding metabolic pathways (Weston et al.,
2015). Spectroscopy also assists in genetic stud-
ies by characterizing DNA and RNA structures,
aiding in plant breeding and biotechnological
applications (Be¢ et al., 2020). Lastly, techniques
like Laser-induced Breakdown Spectroscopy
(LIBS) (Zhang et al., 2021), Surface Enhanced
Raman Spectroscopy (SERS) (Ong et al., 2020),
X-ray fluorescence spectroscopy (XRF) (Margui
et al., 2022), and inductively coupled plasma
(ICP) spectroscopy (Beauchemin, 2010) can be

used for environmental monitoring as it helps in
assessing soil quality, contamination levels, and
the impact of pollutants on plant health.

Despite the growing literature on spectroscopic
applications, a comprehensive, up-to-date
review systematically comparing the perfor-
mance, strengths, and limitations of multiple
techniques—presented in an accessible format
for plant and plant-based food scientists—is still
lacking. Existing studies often focus on isolated
methods or narrow applications, without integra-
tion into a unified framework. To address this
gap, this review provides a critical synthesis
of state-of-the-art spectroscopic applications
(2000-2024), evaluating key methods, emerg-
ing innovations at the interface with digital
agriculture, and their potential to advance plant
research, quality control, and sustainable food
systems. We offer both a technical overview
and a forward-looking perspective for smart,
resilient agri-food solutions.

Materials and Methods

While preparing this review, some guidelines
from scientific literature were followed (Pautasso,
2013; Gregory & Denniss, 2018; Gasparyan et
al., 2011). The study began by collecting infor-
mation from original articles, review articles,
or reports, which appear in several databases
including Scopus, Elsevier, PubMed, Web of
Science, and Google Scholar. The keywords
used during literature searching and literature
selection either separately or combined were
“spectroscopy techniques”, “plant-based foods”,
“plant sciences”, “quality analysis”, “adulterant
detection”, and “food sciences”. The abstracts of
the papers were reviewed to select the suitable
papers for this review. The inclusion criteria
of selected papers were: (1) studies regarding
plant and plant-based foods analysis using
spectroscopic tools between 2000 and 2024;
(2) all papers written in English language and
published in peer-reviewed journals (Figure 1).
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Identification of studies via databases and registers
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Figure 1. The diagram of review from initial search and screening to final selection of publications to be included.

A brief history of spectroscopy

The genesis of spectroscopy can be traced back
to groundbreaking experiments of Newton in the
late 17th century, where he first analyzed the spec-
trum of sunlight (Newton, 1704). In the early 19th
century, Wollaston (1802) observed dark lines in
the solar spectrum, later quantified by Fraunhofer
who cataloged over 500 spectral lines, revealing
distinct wavelengths (Kirchhoff, 1859a). The iden-
tification of specific spectral lines corresponding
to elements by Kirchhoff and Bunsen transformed
spectroscopy into a robust method for chemical
analysis (Kirchhoff, 1859a). In the second half of
the 19th century, James Clerk Maxwell achieved
the theoretical unification of electricity, magnetism,
and light when he formalized what is now known
as Maxwell’s electromagnetic theory. His equa-
tions describe light as electromagnetic waves, a
theoretical foundation that allowed spectroscopy to
grow beyond visible-light experiments, foreseeing
its expansion into regions from the deep UV to the

far IR and beyond (Kirchhoff, 1859b). These pio-
neers, along with Planck and Einstein in the early
20th century, laid the groundwork for the modern
spectroscopic techniques which have evolved to
include advanced methods such as IR spectroscopy.
Specifically, mid-infrared (MIR) spectroscopy,
operating in the range of approximately 4000—400
cm’, encompasses key sub-regions including X-H
stretching (4000-2500 cm™), triple bond (2500—-2000
cm™), and the fingerprint region (1500—400 cm™),
enabling detailed analysis of molecular structures,
chemical reactions, and extraterrestrial composi-
tions (Burda, 2024).

Advanced spectroscopic techniques in plant and
plant-based foods

Infrared (IR) spectroscopy

Infrared including near-infrared (NIR), mid-
infrared (MIR), and far-infrared (FIR) spectroscopy
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are well-established non-destructive multivariate
data analysis tools that enables both quantitative
and qualitative analysis of plant food components
(Sun et al., 2009) (Table 1). MIR spectroscopy
is primarily employed for the identification of
functional groups, as well as the quantification of
carbon and nitrogen, whereas NIR spectroscopy
is utilized for the determination of macronutri-
ents, including carbohydrates, proteins, fats, and
moisture content (Sokrates, 2004). However, IR
spectroscopy has limitations in mineral analysis,
as it is less effective for detecting inorganic ele-
ments like calcium, potassium, or trace minerals
due to their weak absorption in the IR range.
Additionally, its sensitivity is limited for low-
concentration analytes, and matrix interference
from complex plant samples, such as overlapping
signals from water or lipids, can complicate
spectral interpretation (Cozzolino, 2023). Near-
infrared (NIR) spectroscopy (780-2500 nm) is
well-suited for quantitative analysis of complex
mixtures, as it provides spectral information on
the stretching and bending of C-H, N-H, S-H, and
O-H chemical bonds. In contrast, mid-infrared
(MIR) spectroscopy (2500-25000 nm) is divided
into three regions: X-H stretching (2500-3571
nm), triple bond (4348-4762 nm), and fingerprint
(5556-12500 nm). Far-infrared (FIR) spectros-
copy is a complementary technique, often used
in transmission and attenuated total reflectance

modes, to characterize chemical compounds that
are inactive in the MIR region (Su et al., 2017).
Fourier-transform infrared spectroscopy (FTIR)
determines the absorption or emission spectra of
various states of matter, including solids, liquids,
and gases. Utilizing an FTIR spectrometer, which
concurrently gathers detailed spectral data across
an extensive range, offers a substantial benefit
over the traditional dispersive spectrometer that
restricts wavelength measurement to discrete
intervals (Bureau et al., 2019).

The limitations of IR spectroscopy including lim-
ited penetration, the necessity for homogeneous
sample preparations, rigorous calibration proto-
cols, intricate data interpretation, and potential
interference from other substances present in the
sample (Kharbach et al., 2023).

Raman spectroscopy

Raman spectroscopy is a technique used to probe
the vibrational, rotational, and low-frequency
modes of a system, generating a unique mo-
lecular fingerprint that enables identification
and localization of molecules. This method
exploits inelastic scattering of monochromatic
light, typically generated by a laser in the vis-
ible, near-infrared, or near-ultraviolet range
(Orlando et al., 2021; Su et al., 2017). Raman

Table 1. Different spectroscopy technologies and their characteristic

Spectroscopy . Penetration .
technique Type of analysis Capacity Cost Sample type Data analysis Portable
o High concentrations
Infrared (IR) Quantltz'mv'e and Medium High of target and Complicated Yes
spectroscopy Qualitative
homogeneous samples
Raman spectroscopy Quantltgnv'e and Low High Heterogeneous food Complicated Yes
Qualitative components
Nuclear magnetic s Lo
resonance (NMR) Quantlt.anv'e and Low High Liquids and Complicated Limited
Qualitative homogeneous samples
spectroscopy
Ultraviolet—visible Quantitative Low cost- Low concentrations  Easy to use and Yes
(UV-Vis) spectroscopy efficiency components to interpretated
Fluorescence . . Easy to use and
Spectroscopy Quantitative Low High homogeneous samples to interpretated Yes
Spectral imaging Quantitative and Medium Medium Complex mixtures Complicated Yes

Qualitative
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spectroscopy has been employed to measure the
nutrient content in a diverse array of food items,
including heterogeneous food components (Yang
& Ying, 2011). This analytical method serves
both qualitative and quantitative assessments
of food quality by elucidating the absorption
spectra of diverse organic constituents. Ad-
ditionally, Raman spectroscopy facilitates the
examination of microscopic entities within food
samples, enabling the detection of alterations in
protein secondary structures and conformational
modifications in lipid-binding proteins (Su et al.,
2017). Nevertheless, it is crucial to acknowledge
certain constraints inherent to this technology,
such as its relatively shallow penetration capability,
potential fluorescence interference, associated
equipment costs, analytical complexity, and water
sensitivity (Kharbach et al., 2023). In plant-based
food samples, fluorescence interference often
arises from naturally occurring fluorophores
such as chlorophyll and anthocyanin, which can
emit strong fluorescence signals that obscure
Raman spectra. This challenge can be mitigated
by selecting appropriate laser wavelengths (e.g.,
near-infrared to reduce fluorescence) or employ-
ing advanced techniques like shifted-excitation
Raman difference spectroscopy (Kharbach et
al., 2023).

Nuclear magnetic resonance (NMR) spectroscopy

Nuclear Magnetic Resonance (NMR) spectros-
copy is instrumental in elucidating the molecular
architecture and physical attributes of substances,
serving as a potent method for the assessment
of various food types (Hatzakis, 2019). NMR
spectroscopy, a cornerstone in the domain of
food quality analysis, offers a plethora of benefits,
including its non-destructive nature, molecular
specificity, and sensitivity. Moreover, its capability
for accurate quantitative measurements enables
the determination of compound concentrations
in food matrices (Trimigno et al., 2015). Despite
these merits, factors such as high equipment
costs, shallow penetration depth, sample prepa-
ration prerequisites, and sensitivity to sample

properties necessitate careful consideration when
implementing NMR spectroscopy in food analysis
(Kharbach et al., 2023).

Ultraviolet—visible (UV-Vis) spectroscopy

Ultraviolet—visible (UV-Vis) spectroscopy is an
analytical technique that quantifies an analyze
by assessing the proportion of light absorbed or
reflected in the ultraviolet and visible segments
of the electromagnetic spectrum (Mandru et al.,
2023). This technique is renowned for its sensitiv-
ity in quantifying low-concentration components
within food samples, a feature further enhanced
by its integration with multivariate analytical tools
(Farag et al., 2022). By employing electromagnetic
radiation spanning 200 to 800 nm, this method
evaluates color and lipid oxidation processes. As
a staple in food quality assessment, UV-visible
spectroscopy is praised for its straightforwardness,
non-destructiveness, and cost-efficiency. However,
UV-Vis primarily detects chromophores and is
less effective for inorganic elements. Its sensitiv-
ity can be compromised by matrix interference
from complex food samples, such as scattering
from particulates or overlapping absorption
from non-target compounds (Haque et al., 2021).
Nevertheless, issues such as reduced sensitivity,
potential interference, and limitations in surface
analysis must be accounted for when utilizing this
spectroscopic technique (Kharbach et al., 2023).

Fluorescence Spectroscopy

Fluorescence spectroscopy technique in mainly
concentrating on molecular dynamics, involves
irradiation with a specific wavelength leading to
the absorption of emitted energy by fluorescent
molecules in a solution. This technique, pivotal
in examining food samples at the molecular scale,
has seen growing application in food elemental
analysis (Bose et al., 2018). However, fluorescence
spectroscopy is limited in mineral analysis, as it
primarily detects fluorescent organic compounds
like polyphenols or vitamins and is ineffective
for non-fluorescent inorganic elements (Singh et
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al., 2022). Its sensitivity is constrained for low-
concentration analytes due to quenching effects,
and matrix interference from autofluorescent plant
components, such as lignin or chlorophyll, can
mask target signals, requiring careful wavelength
selection or sample purification (Montanha et al.,
2020; Kharbach et al., 2023). Despite its utility,
challenges such as intricate sample preparation,
compound interference, shallow penetration, and
substantial instrumentation expenditures warrant
careful deliberation in its employment (Kharbach
et al., 2023).

Spectral imaging

Spectral imaging integrates both spectroscopic
and imaging methodologies, enabling the capture
of spatial and spectral information concurrently
at distinct locations within an image. This so-
phisticated technique facilitates the simultaneous
collection of detailed spatial images alongside
spectral data, enhancing the analytical capabili-
ties (Garini et al., 2006). The spectral imaging
approach encompasses several advanced modali-
ties, namely full spectral imaging, hyperspectral
imaging (HSI), and multispectral imaging (Su et
al., 2017). Spectral imaging captures a broad spec-
trum of wavelengths, with HSI systems recording
hundreds, and multispectral systems collecting
5 to 20 bands (Sun, 2009). Spectral imaging
integrating imaging and spectroscopy, allowing
for the quantitative prediction of chemical and
physical properties and their spatial distribution
simultaneously (Su et al., 2017).

Portable spectroscopic techniques

Recent advancements in portable spectroscopic
technologies, including Raman, NIR, and HSI,
have garnered significant interest due to their
enhanced portability, precision, and capability
to monitor and control food quality (Moskow-
itz & Yakes, 2022). These technologies offer
several advantages: they are non-destructive,
require minimal sample preparation, are cost-
effective, and enable rapid assessment of food

products (Kharbach et al., 2023; Moskowitz &
Yakes, 2022). However, despite the merits of
these portable spectroscopic systems, certain
constraints impede their wide-spread application
in the food industry. These include reduced ac-
curacy with complex matrices, a limited spectral
range inadequate for some food analysis tasks, a
necessity for frequent calibration, susceptibility
to environmental variables like temperature and
humidity, higher costs, and low sensitivity for low
analyte concentrations (Kharbach et al., 2023).
These factors must be meticulously considered to
effectively integrate portable spectroscopy into
food analysis and quality assurance practices.

Fusion of spectroscopic techniques

Recently, the approaches of data fusion with
multivariate statistical analysis have become a
prominent method for enhancing the extraction
of both qualitative and quantitative data (Ding et
al., 2023). This approach has been successfully
implemented using a spectrum of spectroscopic
methods—including UV-VIS, NIR, Raman,
FTIR, Fourier-Transform Raman (FT-Raman),
and MIR—in conjunction with multivariate
statistical models tailored for the food analysis
(Kharbach et al., 2023). For example, the fusion
of N1IR spectroscopy and HSI has been effectively
used for grain quality assessment (Sendin et al.,
2018), combining NIR’s ability to probe molecular
composition with HSI’s spatial resolution to detect
parameters such as moisture content, protein levels,
and physical defects in grains. Additionally, the
combination of Raman and FTIR spectroscopy has
been successfully applied to detect adulteration
in plant foods (Dai et al., 2024). FT-Raman and
NIR spectroscopy data were reticulated as fusion
strategy for multivariate qualitative analysis of
food fraud (Marquez et al., 2016). The effective-
ness of data fusion depends on the harmonious
integration of diverse techniques and the employ-
ment of suitable statistical frameworks. Calibra-
tion and validation are crucial for validating the
fused data’s dependability. Sensitivity for trace
analytes depends on the weakest technique in the
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fusion, and matrix interference from complex
food samples can complicate data integration,
requiring sophisticated algorithms and extensive
preprocessing to achieve reliable results (Casian
etal., 2022). Additionally, the fusion process can
heighten complexity and computational demands,
necessitating meticulous data pre-processing
and examination. Attention must be paid to each
technique’s and model’s unique prerequisites
and constraints within the data fusion context
(Kharbach et al., 2023).

Current application and benefits

Identification and analysis of chemical compounds

Spectroscopic methods, when combined with
chemometric techniques like principal component
analysis or discriminant analysis, can uncover
specific compositional features that elude detection
through conventional targeted chemical analysis,
representing a significant advantage (Kucharska-
Ambrozej & Karpinska, 2020). The NIR and
MIR spectroscopy methods have demonstrated
high precision in analyzing the concentration
and antioxidant activity of various compounds
in plant and plant-based food, particularly those
with nutraceutical and antioxidant properties.
These methods offer valuable qualitative and
quantitative insights into different antioxidant
classes, attributed to their ease of use and cost-
effectiveness (Cozzolino et al., 2015). Recently,
the application of spectroscopic techniques for the
identification of bioactive compounds in foods,
such as polyphenols, anthocyanins, carotenoids,
alkaloids, and vitamins, has been thoroughly re-
viewed (Johnson et al., 2023). Several spectroscopic
techniques, particularly IR spectroscopy, have been
proposed for the identification and quantification
of essential oils and plant extracts (Hassoun et
al., 2020). Notably, MS mapping (Garcia-Rojas
et al., 2024) complements Raman spectroscopy
(Payne & Kurouski, 2021) for spatial metabolite
analysis in plant tissues, where MS provides
detailed molecular identification and Raman

offers vibrational fingerprints for non-invasive,
high-resolution mapping of nutritional and bioac-
tive compounds. Spectroscopic tools, including
NIR, MIR, Vis-NIR, FR, and NMR, offer exciting
methods commonly used for the determination of
mineral elements in food samples. These methods
enable the quantitative prediction of major and
trace elements in both plant and food matrices
(Zahir et al., 2023; van Maarschalkerweerd &
Husted, 2015; Schmitt et al., 2014).

Spectroscopic methods provide a cost-efficient
alternative for industry and research, offering
advantages such as reduced analysis time, lower
expense, and an eco-friendly aspect, thereby
enhancing the appeal of spectroscopy for the
identification of chemical compounds in a wide
range of samples (Figure 2).

uality control

The application of NIR and Raman spectroscopy for
the quality evaluation and gradation of medicinal
plants has been well discussed (Bandyoypadhyay
et al., 2022). Sandasi et al. (2014) developed a
method using NIR-HSI to authenticate Echinacea
medicines which are used in various formula-
tions to treat upper respiratory tract infections.
Utilizing PCA, they distinguished among three
South African Echinacea species in products,
ensuring correct raw material content. Ensuring
the quality of herbal tea, which is a mixture of
various plant species, necessitates the ability to
identify its components. Literature indicates that
NIR-HSI is a highly effective method for quality
control of herbal teas (Djokam et al., 2017). Also,
Sandasi et al. (2018) used hyperspectral images to
show significant chemical variation in tea blends
consisting of Sceletium tortuosum and Cyclopia
genistoides raw materials. The application of IR
techniques for the rapid determination of total
trans fatty acids in plant oils were thoroughly
reviewed by Mossoba et al. (2007). Marcelo et
al. (2019) utilized NIR-HSI for rapid, un-biased
tobacco leaf classification. Their method quickly
and accurately identified quality properties, surpass-
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Figure 2. Current application of spectroscopic tools in plant and plant-based foods (created in BioRender).

ing traditional human-based methods. Moreover,
NIR and VIS-NIR spectroscopic employed to
estimate quality attributes including saccharide
levels (Larson et al., 2023), titratable acidity
(TA) (Teerachaichayut & Ho, 2017), pH balance
(Priambodo et al., 2022), chemical composition
(Cozzolino, 2022), and total phenolic compounds
(Johnson et al., 2023).

Plant food processing and manufacturing

In the last decade, rapid spectroscopic tools
represent a swift, user-friendly, non-destructive,
and economical analytical methods in the food
sector that require minimal sample preparation
and yield precise outcomes. These methods play
a crucial role in ensuring the quality and safety
of raw materials and both intermediate and final
food products, as well as in detecting issues like
food adulteration (Serensen et al., 2016). Modern
techniques based on vibrational spectroscopy

methods, including Vis, NIR, MIR, and Ra-
man spectroscopy, stands out as an untargeted
analytical technique, fulfilling these needs albeit
generating intricate multidimensional data rich
with valuable analytical information (Jia et al.,
2024). These analytical techniques offer several
advantages over traditional chemical and physi-
cal analysis methods currently employed in food
and beverage industries. Notably, these methods
are non-destructive and are characterized by
their high specificity and sensitivity (Chandra et
al., 2017). The application of NIR for screening
various chemical constituents (including volatile
acidity, organic acids, glycerol, reducing sugars,
sulphur dioxide, and mineral content) in wine and
other alcoholic beverages has been documented
(Chandra et al., 2017). Multispectral imaging also
monitors food processing steps such as drying,
frying, and baking by assessing changes in product
color, texture, and moisture content in real-time
(Serensen et al., 2016).
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Plant food authentication and traceability

Nowadays techniques aim for fast, robust, and
accurate analyses to ensure food authenticity
and detect adulteration, vital for consumers and
regulatory agencies. Spectroscopic methods
including IR, Raman, NMR, and hyperspectral
imaging offer comprehensive molecular profiles
of the entire plant food matrix (Cozzolino, 2022).
FTIR spectroscopy combined with machine
learning (Radial-Basis Function and artificial
neural network) has been effectively applied for
the geographical and genotypic classification of
Arabica coffee varieties (Link et al., 2014). Brondi
etal. (2017) studied the adulterations of roasted and
ground Coffea arabica L. using FTIR and combined
it with differential scanning calorimetry and PLS
aiming at quantifying the level of adulteration. It
has been demonstrated that the combination of
spectroscopy (MIR, NIR, FTIR, and UV-Vis)
with multivariate data analysis serves as an ef-
fective instrument for appraising wine quality
and determining its geographical provenance, its
authentication and combating fraudulence (Geana
et al., 2019; Parpinello et al., 2019).

Detection of contaminants

Contaminants including mycotoxins and parasitic
infection in plants and plant-based foods, signifi-
cantly impact nutrient composition and market
value, causing food safety concern, hence, their
efficient detection is crucial in safeguarding plant
foods (Su et al., 2017). Spectroscopic techniques
offer swift and practical methods for mycotoxins
detection in plant foods. NIR spectroscopy has
been well developed to screen total fungi and
yellow-green Aspergillus flavus infection in rice
(Sirisomboon et al., 2013) and fumonisins in maize
(Giacomo & Stefania, 2013). Kaya-Celiker et al.
(2014) developed an automated aflatoxin differ-
entiation of peanut kernels based on FTIR. Liu
et al. (2009) employed the Raman spectroscopy
method to non-invasively screen for deoxynivalenol
(vomitoxin) contamination in wheat and barley.
Lee et al. (2014) utilized an innovative surface-

enhanced Raman scattering (SERS) method for
the detection of aflatoxin contamination in maize.
Researchers also developed novel methods using
fluorescence hyperspectral imagery for classify-
ing Aspergillus flavus infection in corn kernels
(Yao et al., 2013a) and maize kernels (Yao et
al., 2013b). Singh et al. (2009) identified wheat
infestations using NIR combined with colour
imaging to pinpoint four insect types in wheat
kernels, including rice weevil (Sitophilus oryzae),
lesser grain borer (Rhyzopertha dominica), rusty
grain beetle (Cryptolestes ferrugineus), and red
flour beetle (Tribolium castaneum).

A comparison of SERS, NIR, and fluorescence
spectroscopy for mycotoxin detection reveals dis-
tinct strengths: SERS offers high sensitivity and
specificity for trace-level detection of mycotoxins
like aflatoxins due to enhanced molecular vibra-
tional signals, but requires specialized substrates
(Logan et al., 2024); NIR spectroscopy excels in
rapid, non-destructive screening of bulk samples
for fungal contamination and mycotoxins like
fumonisins, though it may lack specificity for
certain toxins (Freitag et al., 2022); fluorescence
spectroscopy is effective for detecting fungal
infections via autofluorescence of compounds
like Aspergillus metabolites, but its sensitivity
can be limited by background fluorescence from
plant matrices (Matveeva et al., 2024).

Overall, spectroscopic techniques, such as IR and
Raman, offer rapid and non-destructive identifi-
cation of contaminants in plants and plant-based
foods. These methods exploit unique molecular
vibrations specific to contaminants, enabling
detection at trace levels. When coupled with
advanced data analysis algorithms, they provide
a powerful tool for quality control and safety as-
sessments, ensuring consumer protection without
compromising the integrity of the edible matter.

Precision agriculture

It has been well established (Saletnik et al.,
2024) that Raman spectroscopy facilitates phe-
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notyping and enables rapid digital selection of
plants within crop fields. The swift acquisition
of plant health data promotes its application in
identifying and detecting bacterial infections,
secondary diseases, insect infestations, fungal
afflictions, and various pathogens, along with
the diseases they propagate in greenhouse en-
vironments and agricultural settings. Portable
Raman spectrometers confer the capability to
conduct spectral recordings and analyses directly
at plant cultivation and harvesting locations, as
well as in crop storage facilities boosting preci-
sion agriculture (Qin et al., 2016). Hyperspectral
remote sensing provides accurate information
that can be combined with other techniques to
retrieve useful information for precision plant
production (Singh et al., 2020). The unmanned
aerial systems (UAVs) equipped with thermal and
RGB sensors could effectively direct spectro-
scopic tools to specific areas exhibiting signs of
variation. Implementing UAV-assisted techniques
could systematically monitor extensive plant
farms optimize the allocation of resources for
the diagnosis of both biotic and abiotic stresses
within crop fields (Saletnik et al., 2024).

Spectroscopic methods leverage precision plant
farming, a key innovation in agriculture, to elevate
food production from the plant-based level (Cavaco
et al., 2022). Techniques such as hyperspectral
and chlorophyll fluorescence imaging provide
vital data on crop health and stress indicators
(Bauriegel & Herppich, 2014). Hyperspectral
imaging can reveal nutrient deficiencies and water
stress before they manifest visually (Singh et al.,
2022) allowing for precise, timely interventions.
Fluorescence spectroscopy, on the other hand, offers
insights into photosynthetic efficiency, guiding
breeders towards varieties with superior yield
potential (Cavaco et al., 2022). The integration
of these techniques with precision agriculture
equipment, like drones and IoT sensors, enables
a data-driven farming approach that optimizes
inputs, safeguards crops, and maximizes output
(Saletnik et al., 2024). The implications for
plant-based food quality, resource conservation,

and environmental sustainability are profound,
marking a significant stride in the ongoing quest
for a resilient food system.

Environmental monitoring

A meta-analysis of 115 published paper showed
that the V-NIR reflectance spectroscopy could use
to predict an extensive variety of soil properties
including organic and inorganic carbon, nitrogen,
moisture, pH, texture, and salinity (Ahmadi et al.,
2021). Also, it has been demonstrated (Erler et al.,
2023) that the optical emission spectroscopy (OES)
is the ideal tool for the screening of nutrients in
soils fostering water, fertilization, pesticides, etc.
usage in each field. Multispectral imaging from
drones or satellites provides detailed vegetation
maps, enabling farmers to monitor crop health,
growth stages, and yield predictions across
large agricultural areas. Moreover, in view of
the presence of multiple diseases concurrently
afflicting a plant, spectroscopic methods can be
viewed as a ‘quick screening’ tactic that can be
employed for the expeditious evaluation of plant
health (Payne & Kurouski 2021). Combined with
other data sources, multispectral imaging helps
evaluate soil health indicators such as nutrient
levels, organic matter content, and soil erosion,
supporting sustainable farming practices.

Conclusion and final remarks

Fostering plant sciences remains a strategic
objective to tackle upcoming escalating need
for agri-foods fueled by a mounting global
population. This is while the climate change
and the overexploitation of natural resources by
humans have already damaged the biodiversity
of numerous species, including plants, across
diverse eco-systems (Borsellino et al., 2020;
Patton et al., 2023). Consequently, the agrofood
sector warrants innovative and smart approaches
that facilitate eco-friendly farming methods and
efficient resource management to cultivate crops
with enhanced yield and quality demanded by
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discerning markets and consumers, thereby
mitigating current food waste (Wijerathna-Yapa
& Pathirana, 2022).

Advancing spectroscopy techniques offer a
game-changing solution for plant and plant-
food sector, standing out as non-destructive,
rapid, cost-effective, and eco-friendly al-
ternative to traditional methods (Be¢ et al.,
2020; Payne & Kurouski, 2021). Spectroscopy
delivers valuable information on chemical
composition, ingredient constituents, quality,
contaminants, authentication and traceability,
structure-function correlations, and sensory
properties, often obviating the need for elaborate
sample preparation, thereby conserving time
and resources (Mishra, 2022; Brigante et al.,
2024; Serensen, 2016). When integrated with
suitable chemometric multivariate analysis,
spectroscopy facilitates thorough and precise
examination of diverse plants and plant-food
materials (Cozzolino, 2022).

The future trajectory of spectroscopic methods
in plants and plant-food analysis seems exceed-
ingly optimistic. The progress in the use of
cutting-edge spectroscopic methods paired with
novel multivariate data analysis techniques has
been observed, as evidenced by the published
research in the field. These techniques are an-
ticipated to achieve greater power, precision,
and efficiency, paving the way for innovative
research and practical applications. Neverthe-
less, most documented research focuses on
laboratory-scale expediency, with only a lim-
ited number of studies validating the model’s
reliability at the scale of processing facilities.
The adoption of spectroscopic technologies in
the commercial plant food industry faces ob-
stacles due to high costs and the complexity of
technology amortization, particularly affecting
small to medium farms lacking in advanced
technologies. Calibration, data management,
and interpretation demand specialized skills,

and sample preparation for techniques such as
HIS and NIR can considerably slow analysis of
large populations, coupled with the generation
of extensive data and prolonged processing
times. Despite the benefits of spectroscopic
techniques in plant-based food authentication,
their adoption across academic and commercial
settings remains challenging, calling for a new
generation of scientist’s adept in academia
and industry, and skilled in food verification
(Figure 3). The need for simplified and portable
spectroscopic instruments remains critical for
overcoming the limitations of laboratory-based
applications, suggesting that while spectroscopic
methods have advantages for food authentica-
tion, their broader implementation continues
to face hurdles. Addressing these issues is es-
sential to integrate spectroscopic technology
into plant food fraud risk management systems.
It is highly important that sustainable minded
plant industry enterprises and research entities
adopt spectroscopy for their analytical processes
and contemplate incorporating these methods
into their routine operations to improve the
efficiency and caliber of analysis. Nonethe-
less, one must recognize the difficulties and
constraints inherent in employing spectroscopic
techniques. Issues pertaining to sample vari-
ability, sensitivity, precision, and the imperative
for accurate calibration and reference standards
must be addressed.

As the field progresses, ongoing research and
enhancement are necessary to expand and adopt
spectroscopic methodologies for application
in plant and plant-food science. Tackling the
existing issues and pioneering novel approaches
in the realm of spectroscopy promise to trans-
form the food sector by significantly elevating
standards for plant-based food safety, ensuring
quality assurance, and fostering ingenuity in
food creation, all while championing environ-
mental sustainability and inducing substantial
positive change.
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Figure 3. Advantages and disadvantages of spectroscopy techniques in plant and plant-based foods.
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