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Abstract: Vibrational spectroscopy techniques are the most used techniques in the routine analysis of
foods. This technique is widely utilised to measure and monitor the proximate chemical composition
(e.g., protein, dry matter, fat and fibre) in an array of agricultural commodities, food ingredients and
products. Developments in optics, instrumentation and hardware concomitantly with data analytics,
have allowed for the progress in novel applications of these technologies in the field of nutraceutical
and bio compound analysis. In recent years, several studies have demonstrated the capability of
vibrational spectroscopy to evaluate and/or measure these nutraceuticals in a broad selection of
fruit and plants as alternative to classical analytical approaches. This article highlights, as well
as discusses, the challenges and opportunities that define the successful application of vibrational
spectroscopy techniques, and the advantages that these techniques have to offer to evaluate and
quantify nutraceuticals in fruits and plants.
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1. Introduction

The nutritive value and health benefits of fruits and vegetables are considered high
due to the occurrence of different chemical compounds and their functional properties (e.g.,
fibre) [1-4]. The nutrients and bioactive compounds found in different parts (e.g., leaves,
fruits) of these plants include, in addition to the major chemical nutrients such as carbohy-
drate, protein, fibre, bioactive compounds such as phenolic and flavonoids, that are critical
to the functionality of the human body [1-4]. Furthermore, minerals, vitamins, bioactive
compounds (e.g., the so-called phytochemicals), as well as dietary fibre, contribute to pre-
venting chronic diseases (e.g., cancer, cardiovascular disease, obesity, neurodegenerative
disorder, type 2 diabetes mellitus and age-related disorders) [1-4]. Consequently, fruits and
vegetables are considered functional foods due to their protective impact against most of
the diseases described above [1-4]. Bioactive compounds, such as phytochemicals and vita-
mins (e.g., vitamin E, pro-vitamin A and vitamin C), can also be grouped as antioxidants, as
they play a significant role in human health and nutrition [2-4]. For example, phenolics are
part of the family of plant bioactive compounds, where flavonoids play several important
roles in cancer and CVD prevention [1-4]. These compounds are considered to have a more
powerful antioxidant activity than vitamins and carotenoids [1-4].

Antioxidants are implicated in the first line of defence mechanism against oxidative
stress via the quenching of singlet oxygen in the human body [1-4]. Furthermore, fre-
quent consumption of fruits and vegetables (e.g., phytonutrients) may possibly prevent
cancer, cardiovascular diseases, diabetes, osteoporosis and age-related disorders, such as
dementia [1-4]. Antioxidants have the capacity to scavenge free radicals, such as reactive
oxygen species (ROS) and reactive nitrogen species (RNS), protecting the living cells against
oxidative damages that may possibly lead to the onset of degenerative diseases [1,2]. These
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compounds also play a part in defining other quality attributes in both fruits and vegeta-
bles, such as colour and appearance [2—4]. It is well known that green colour is associated
with the presence of pigments, such as chlorophyll, as well other phytochemicals, such as
glucosinolates, while anthocyanins contribute to the range of red, orange, blue and purple
colours [2-4]. Carotenoids are responsible for yellow, orange and red colours found in
fruits and vegetables [2—4].

During routine analysis or quality control of fruit and vegetables, most of these phyto-
chemicals are measured and quantified using an extensive variety of analytical methods
and techniques that include high-performance liquid chromatography (HPLC), liquid
chromatography (LC) and mass spectrometry (MS), as well as vibrational spectroscopy
(e.g., near- and mid-infrared, Raman, UV, visible spectroscopy) [5-12]. The recent advances
in instrumentation (e.g., LED, portable spectrophotometers) as well as in both software
and data analytics (e.g., new algorithms, machine learning) have allowed for the expansion
of novel and unique developments in a broad range of fields including chromatography
[e.g., gas chromatography (G-C)], HPLC, MS and electrophoresis [5-12].

The last three decades have seen the growth of effective and rapid analytical systems
that have integrated different data analytics (e.g., chemometrics, machine learning) with
both instrumental techniques that have been utilised to evaluate the proximate composition,
as well as the functional characteristics, of fruits, plant food ingredients, agricultural
commodities and products [13-15]. These techniques are highly precise, targeting specific
molecules and compounds, and boost the capability of handling several samples during
routine and quality control, which expands the type and number of measurements, as
well as the determination of several chemical compounds and nutrients in both research
and industry laboratories [5-11]. While existing routine analytical instrumentation and
technologies are used to efficiently measure several chemical compounds and/or nutrients
in low concentration with high precision in a wide variety and types of samples, several of
these methods and techniques (e.g., G-C, HPLC) usually involve or require a number of pre-
processing stages prior to or during the analysis (e.g., isolation, filtration, extraction) [5-13].
On the other hand, less attention has been dedicated to the benefits and abilities of rapid
instrumental methods based on vibrational spectroscopy, such as mid (MIR) and near (NIR)
infrared and Raman spectroscopies, to analyse bioactive compounds and nutraceuticals in
a wide range of agricultural commodities, food ingredients and food products [5-15].

The rewards of incorporating data-analytic methods, such as machine learning, into
modern and rapid analytical instrumental techniques, such as vibrational spectroscopy (e.g.,
NIR, Raman, MIR) and other sensing technologies, including electronic noses, tongues and
biosensors, have encouraged the development of novel approaches that are able to measure
and monitor the chemical composition, nutritional value and functional properties of natu-
ral products and food ingredients in a wide variety of samples [5-11]. A growing number
of these applications has been directly associated with the main purpose of ensuring that
both raw ingredients and commodities meet the mandatory minimal quality control stan-
dards required by both the market and consumers (e.g., quality control standards) [5-11].
Additionally, the utilisation of these technologies by the food and nutraceutical industries,
has allowed the identification and monitoring of changes in the chemical compositions
of samples at numerous steps of the supply and value chain (e.g., transport, storage and
processing), as well as during production and processing of these types of samples [5-11].
Developments in instrumentation, such as the utilisation of portable and handheld in-
struments, easy to use sample accessories, such as attenuated total reflectance (ATR) cells
together with data analytics, have allowed for the development of new applications of
vibrational spectroscopy in the field of nutraceutical and bio compound analysis. Fur-
thermore, several recent investigations have demonstrated the capability of vibrational
spectroscopy to evaluate and/or measure these nutraceuticals in a wide range of fruit
and plants as alternative to classical analytical approaches, including LC-MS, G-C and
HPLC [5-17].
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This article highlights, as well as discusses, the challenges and opportunities that
define the successful application of vibrational spectroscopy techniques, and the advantages
that these techniques have to offer to evaluate and quantify bioactive compounds and
nutraceuticals in fruits and plants. Please note that few examples will be provided in
this document to illustrate the ability of these techniques to quantify nutraceuticals, as
this paper did not aim to exhaustively review the extensive number of applications and
papers available.

2. A Brief Background in Vibrational Spectroscopy

Near and mid infrared and Raman spectroscopy are part of a family of techniques that
belong to vibrational spectroscopy [18-23]. These techniques have been applied to measure
and quantify a wide range of chemical compounds, biochemical and functional properties
in different food matrices, as well as in agricultural commodities, including fruits and
vegetables [18-23]. The vibrational spectrum behaves as the so called “fingerprint”, and
has the potential to quantify, qualify, characterise and elucidate the intrinsic characteristic
of any biological samples [18-23]. The main advantages and specific characteristics of
these techniques are associated with the simple steps required to pre-process or prepare
the sample prior to analysis (e.g., extraction, dilution, concentration drying), the non-
destructive and rapid nature of the analysis itself (e.g., a few seconds needed to collect
a single spectrum), and have been comprehensively used to analyse a broad range of
biological samples, both qualitatively and quantitatively [18-23].

Near-infrared spectroscopy deals with the interaction of matter and light in the NIR
region of the electromagnetic spectrum between 750 and 2500 nm [9,10]. In infrared
spectroscopy it is well known that when the infrared light interacts with the molecules
present in a sample, the bonds of these molecules vibrate at different frequencies depending
on the type of bond (e.g., energy bonding) [9,10]. In the NIR region the C-H, N-H and O-H
vibration bonds are the most prevalent, determining the shape of the spectra of a given
sample. Consequently, the result is a spectrum characterised by the overlap of these bonds
in broad bands [9,10]. Although, most of the applications NIR spectroscopy deals with
involves the measurement and/or quantification of the proximate composition (e.g., protein,
fat, dry matter, etc.) of a sample, the NIR spectrum also reflects the physical properties or
characteristics of the sample [9,10]. This is a unique characteristic of NIR spectroscopy that
differentiates this technique from other instrumental analytical techniques. Therefore, the
NIR spectra of samples can provide information, not only about the chemical composition
of the food but also about its functionality [9,10].

Mid infrared is a high-resolution analytical tool to identify chemical constituents and to
elucidate structural compounds present in a sample matrix [18-23]. Similarly, to NIR, MIR
spectroscopy offers a rapid and non-destructive method to fingerprint samples. Different
to NIR spectroscopy, MIR spectroscopy might require some level of sample preparation
and can be influenced by the sample’s moisture, however, it shows better specificity and
reproducibility [18-23]. Most of these frequencies will be absorbed when infrared light
goes through a sample of an organic compound; however, frequencies will be transmitted
through the sample without any absorption occurring [18-23]. Infrared absorption is
related to the vibrational changes that happen inside a molecule when it is exposed to
infrared radiation [18-23]. Different molecular bonds (C-C, C=C, C-0O, C=0, C-H, O-H and
N-H) have diverse vibrational frequencies [18-23]. If these characteristic bonds are present
in an organic molecule, they can be identified by detecting the characteristic, frequency-
absorption band in the infrared spectrum [18-23]. Consequently, the choice of either NIR
or MIR as analytical techniques depends on the purpose of the specific application.

Raman is often considered as a complementary technique to both NIR and MIR spec-
troscopy [19,22]. Raman spectroscopy generates intense bands of functional groups with
large polarizability (C=Cl, C=C and C=N) in contrast to the strong absorbance bands of
functional groups with strong polarisation (O-H and C=0) in the infrared region [19,22].
The main bands in the spectra are due to local vibrational modes that emerge strongly in
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the infrared spectra, while stretching modes appear intensively in Raman spectra [19,22].
Raman spectroscopy is based on inelastic scattering from the interaction of incident radia-
tions with vibrating molecules, where the main issue encountered in the application of this
technique is its low sensitivity due to weak Raman scattering [19,22]. Therefore, a wide
range of techniques have been developed to overcome and improve Raman signals, such
as stimulated Raman scattering, coherent anti-Stokes Raman scattering, resonance Raman
spectroscopy and surface-enhanced Raman spectroscopy (SERS) [19,22].

The last 10 years has seen an increase in research that reports the ability of image
techniques, such as hyperspectral and multispectral techniques, to analyse bioactive com-
pounds and nutraceuticals in fruit and plants [23-27]. The hyperspectral imaging technique
blends the main characteristics of vibrational spectroscopy and imaging technique into
one system providing with both spatial and spectral information from the sample [23-27].
A hyperspectral image is constructed by a hypercube with a three-dimensional dataset
consisting of one spectral and two spatial dimensions [23-27]. Hyperspectral reflectance
imaging is often achieved by combining the visible and NIR ranges and has been widely
applied to quantify different attributes, whereas Raman spectroscopy can also be integrated
with imaging technology in the so-called Raman imaging systems [28]. Raman imaging is
highly sensitive to changes in specific chemicals present at low concentrations, enabling
the visualisation of chemical distribution in the samples where other techniques, such as
THz imaging, might have the potential to be an alternative to the utilisation of X-rays [28].

An important benefit of the utilisation of vibrational spectroscopy is that it describes
and profiles the so-called fingerprinting of a given sample (e.g., raw material or ingre-
dient) or a single compound [5,6,10,13,21]. The application of these techniques has also
allowed for the expansion and implementation of rapid- and high-throughput methods,
minimising the need for sample preparation or chromatographic separation [5,6,10,13,21].
With no need for such analytical requirements, vibrational spectroscopy can be utilised
and implemented in several steps during pre- and post-harvest, during processing and
storage and even at the market site [5,6,10,13,21]. Furthermore, the development of appli-
cations based on the utilisation of vibrational spectroscopy has been made possible by the
incorporation of data analytics, allowing for the analysis and interpretation of the data
collected, as well as to develop predictive models or calibrations used to quantify chemical
compounds [5,6,10,13,21].

3. Data Analytics, Algorithms and Calibration

The implementation of instrumental techniques and their utilisation in modern analyt-
ical systems requires the utilisation of both data mining and data-analytic tools that are
needed to extract the most relevant information from data [14-17,29-31]. Myriad methods
and techniques have been developed (e.g., algorithms, pattern recognition, modelling
techniques) to fulfil the main tasks imposed by the utilisation of modern instrumentation.
These methods and techniques are the basis of, so-called, artificial intelligence (Al) and ma-
chine learning (ML) tools [14-17,29-31]. The group of techniques associated with machine
learning are related to the application of statistical methods used to identify patterns in
a given dataset [14-17,29-31]. These analytical data methods have been developed by a
blend of disciplines, such as algebra, mathematics and statistics, that are utilised to analyse
and process big datasets [14-17,29-31]. Multivariate data analysis has been very useful for
processing large datasets derived from large datasets originating from a diverse group of
instrumental methods [14,15,29-31].

It is well known that the implementation of vibrational spectroscopy (e.g., NIR, MIR)
into a robust analytical method requires the utilisation of computational and data-analytic
tools [14,16,17,24]. These tools are needed to extract the relevant information from the
data collected during the analysis (e.g., NIR, MIR, Raman), which is later utilised to
develop mathematical models that can be used to better understand the system being
analysed [14,16,17,24]. Most of these data-analytic methods are based on a wide range of
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algorithms and statistical techniques [e.g., multiple linear regression (MLR), partial least
squares regression (PLS), principal component analysis (PCA)] [14,16,17,24].

Overall, for the routine uses of vibrational spectroscopy, specifically during NIR ap-
plications, the development of a calibration is required. The calibration describes the
relationships between the spectra and the reference data, and it is expressed as a mathemati-
cal model [14,16,17,24]. The calibration is evaluated by its capability to predict new samples
and how good it is in relation to the reference method used [14,16,17,24]. As described
above, calibrations are often needed during the implementation of NIR spectroscopy, as this
technique is a low-selective technique, and, unlike the MIR spectra, captures only the over-
tones and combination tones of vibrations derived from the functional bonds [14,16,17,24].
During the analysis of samples using NIR spectroscopy, overtones appeared as highly over-
lapped peaks and required extensive use of chemometrics to process and extract back the
signal related to the measured property of interest [14,16,17,24]. Once the NIR spectrometer
was calibrated by combining it with a reliable predictive model, it could be deployed for
routine use but required extensive testing to confirm its predictive ability to monitor any
changes associated with the failure of the sensor, light source, electronics, etc. [14,16,17,24].

4. Samples, Sampling and Error

As important as the type of instrument, state of the art of the technology, new algo-
rithms sampling and the inherent characteristics of the sample are playing a significant
role in defining the accomplishments of the application of vibrational spectroscopy [14,15].
Recent studies and development in the theory of sampling consider that several character-
istics or properties define the success of a given application using vibrational spectroscopy
and that they are associated with the setting of the experimental conditions, the sampling,
and the inherent characteristics of the sample [14,15,32-35]. Both the sampling method
and the experimental conditions utilized to develop the instrumental method are directly
associated with the sampling protocol, the preparation and processing of the sample
(e.g., drying, grinding, other physical effects that might influence the sample physical
properties) [14,15,36]. The inherent characteristics of the sample are associated with the
property to be measured (e.g., limit of detection, range in concentration, standard error of
the laboratory, number of samples) and the physical properties of the sample [14,32-35].
Preparing, pre-processing (e.g., grinding, homogenisation) and selecting samples to be
incorporated into the application are not trivial tasks, and are often overlooked [14,32-35].
During sampling, pre-processing and preparation, several inconsistencies or errors can be
generated and added into the overall error of the method (e.g., multiplicative effects) that
have a direct and negative consequence in the expected error of prediction [14,32-35]. For
example, different pre-processing steps, such as drying and grinding of the sample, can
contribute significantly to exacerbate the analytical error (e.g., scatter, noise) [14,37]. Such
interactions between the perturbation and the observation can be observed in most of the
applications of vibrational spectroscopy and they will define the success or not of such
applications, adding to the overall systematic error of the application [14,32-35]. Of high
importance is the knowledge of the error of the laboratory (e.g., standard error between
replicates), as this parameter is often utilised to evaluate or judge the robustness and the
predictive ability of the calibration model in any given application.

An schematic representation of how the spectroscopy, the sample and the chemomet-
rics are interconnected to define a given application in the field of vibrational spectroscopy
is shown in Figure 1.



Foods 2022, 11, 315 60f11

Sample \
- Limit of detection

- Variability
- Sampling
- Reference method
Spectroscopy - Standard error of the laboratory
- Optics
- Spectra variability
- Signal to noise ‘ APPLICATION
- Quantification level Chemometrics
- Algorithm . E_rrc?rofthe mPTthod
e . ¢ Limit of detection
- Quantification « Precision
- Targetor untargeted « Screening

- Pre-processing * Quantification
- Feature bond selection

Figure 1. Schematic representation of how the spectroscopy, the sample and the chemometrics are
interconnected to define the application.

5. Examples of Applications of Vibrational Spectroscopy to Quantify Nutraceuticals

The ability of techniques, such as MIR or NIR spectroscopy, have been evaluated
to quantify nutraceutical properties in different fruit samples [38]. Sinelli and collab-
orators used these techniques to predict total soluble solids (TSS), total phenols, total
flavonoids, total anthocyanins and ascorbate in blueberries [39]. The reference data used to
develop the calibrations were obtained by LC-MS and HPLC, where partial least squares
(PLS) regression was used to develop the models between the reference and the spectral
data [39]. Adequate calibration models (root mean standard error in cross-validation
(RMSECV) = 0.50% and root mean standard error in test set validation (RMSEP) = 0.65%)
and MIR regions (RMSECYV = 0.30% and RMSEP = 0.36%) were reported to predict TSS.
Total phenols (RMSECV = 0.14 mg catechin/g and RMSEP = 0.18 mg catechin/g), total
flavonoids (RMSECV = 0.20 mg catechin/g and RMSEP = 0.25 mg catechin/g) and total
anthocyanins (RMSECV = 0.25 mg malvidin/g and RMSEP = 0.22 mg catechin/g) were
predicted using NIR and MIR spectroscopy [39]. The authors indicated that the predicted
results developed for ascorbic acid, using either NIR or MIR spectroscopy, were not as
good as those obtained for the prediction of phenolic parameters measured in the same
sample dataset [39]. Early studies reported the ability of NIR spectroscopy to predict the
presence of different bioactive compounds in tea, such as tea flavin and moisture content
in samples of black tea [40]. Other authors demonstrated the ability of NIR spectroscopy
to simultaneously predict the presence of alkaloids and phenolic compounds including
epicatechin, epicatechin-3-gallate, epigallocatechin and epigallocatechin-3-gallate in leaves
of green tea [40-46]. More recently, NIR spectroscopy was evaluated as a technique for the
simultaneous quantification of the content of free amino acids, caffeine, total polyphenol
content and amylose in green tea samples [44].

The ability of MIR spectroscopy to predict total antioxidant capacity and total phenolic
content (TPC) in a diverse number of plant species was recently reported by researchers
from Australia [47]. Calibration models were developed using standard normal variate
(SNV) and smoothing as pre-processing applied to the MIR spectra [47]. This research
showed high correlations between MIR spectroscopy and the reference data [47]. The R?
values reported by these authors were 0.96 for TPC, 0.83 for cupric reducing antioxidant
potential (CUPRAC) and 0.911 for ferric reducing antioxidant potential (FRAP) [47]. The
relative RMSE reported in the validation set showed that TPC could be predicted with
higher accuracy than CUPRAC or FRAP [47]. It was highlighted by these authors that
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MIR spectroscopy could be considered as a promising technology to be utilised by plant
breeders as well as in a variety of industries where rapid screening of numerous samples
for antioxidant and /or phenolic content is required [47]. A recent review on the levels of
beneficial anthocyanins and other antioxidative compounds in commercial, Australian-
grown plums, and their measurement using different vibrational spectroscopy techniques,
was published by the same authors [48]. In this study, the researchers evaluated a wide
range of commercial plum varieties sourced from the central region of Queensland (e.g.,
grocery stores), including varieties developed and grown exclusively in Australia namely
(e.g., Croc Egg and King Midas), as well as other commercial, well-known varieties such
as black, Dapple Dandy, red and sugar plums [48]. The plum samples were analysed for
antioxidants, phenolics, anthocyanins and mineral content, as well as using the ATR MIR
instrument [48]. The reference and MIR spectral data were analysed using principal compo-
nent analysis (PCA) [48]. The authors of this study concluded that commercially available
Australian plums have comparable levels of health-promoting bioactive compounds to
those reported internationally, although the amount of these bioactive compounds was
highly dependent on the specific variety considered [48].

The utilisation of both NIR and MIR spectroscopy was also evaluated to predict an-
tioxidant properties of red cabbage extract (Brassica oleracea) [49]. In this study ethanolic
extracts of red cabbage were used to develop PLS calibrations based on vibrational spec-
troscopy [49]. This research was able to predict total and monomeric anthocyanins, total
polyphenols and antioxidant capacity by ABTS (2,2-azino-bis(3-ethyl-benzothiazoline-6-
sulfonate)) and DPPH (2,2-diphenyl-1- picrylhydrazyl). The calibration models reported
by the authors demonstrated an excellent predictive capability of the method proposed
(R2 > 0.98) [49].

The capability of vibrational spectroscopy techniques such as NIR and MIR spec-
troscopy, was tested to predict nutritional and antinutritional parameters in common beans
(Phaseolus vulgaris L.) [50]. PLS regression models were developed for the quantification
of protein, lipids, tannins, phytic acid and amino acids [50,51]. During calibration de-
velopment, the use of pre-processing methods such as derivatives were tested by the
researchers [50,51]. Overall, both techniques reported reliable methods to evaluate the
proximate and antinutritional composition of bean flours [50,51]. The same researchers
also reported the use of both NIR and MIR spectroscopy to quantify the phytochemical
composition and in vitro antioxidant activity in several cultivars of Phaseolus vulgaris L. [51].
These authors reported that the best models were obtained by combining PLS regression
with MIR spectroscopy (R? calibration 0.86-0.99 and R? validation 0.75-0.94), while for
NIR the use of the first derivative of the spectra after normalisation provided the best
models (R? calibration 0.94-0.99 and R? validation 0.85-0.97) [51]. The authors highlighted
that it was possible to quantify single phenolic compounds in concentrations as low as
~5 ug g~ ! and an in vitro antioxidant capacity of 2.1 umol g~ dw [51]. The utilisation of
NIR spectroscopy combined with synergy interval partial least squares coupled competitive
adaptive reweighted sampling (Si-CARS-PLS) and PCA analysis was reported to classify
and predict walnut antioxidant properties [52]. The calibration statistics using Si-CARS-PLS
were R? = 0.96, RPD = 3.8 for TPC, R? = 0.96, RPD = 3.3 for TFC, R? = 0.96, RPD = 2.7 for
the ABTS assay and R? =0.91, RPD = 2.6 for the FRAP assay [52].

During the last 10 years, several reviews and scientific papers have reported and high-
lighted that different vibrational spectroscopy techniques have the ability to monitor and
quantify bio compounds, phytochemical and nutraceuticals in fruits and plant ingredients
and materials [53-63]. We direct the reader’s attention to these papers and suggest the
readers search for those applications in the vast amount of literature available.

6. Final Considerations and Conclusions

Techniques that belong to the family of vibrational spectroscopy (e.g., NIR, MIR, Ra-
man) have been utilised during the routine analysis of samples by the food industry. The
advantages of these techniques are associated with their ability to determine several chemi-
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cal parameters of importance in foods in a single analysis. Many investigations have proven
the capability of these techniques to evaluate, predict or measure functional properties in
natural and nutraceutical ingredients, as well as products. This capability is associated with
a well-know, but not generally explored, property of some of the vibrational spectroscopy
techniques (e.g., NIR) that not only measure or quantify the chemical composition of a
sample, but also collect the physical properties or functional characteristics of the sample.
The prediction or quantification of nutraceuticals by vibrational spectroscopy is beyond the
sole measurement or quantification of a given parameter. The analysis and interpretation
of the spectrum provides a superior level of evidence about the sample that can be used to
reveal not only composition, but also other properties alongside the interactions between
components in the sample matrix.

The utilisation of these techniques generates large amounts of data. These data can be
used to develop and implement advanced and rapid monitoring systems throughout the
production and distribution of nutraceutical products. However, an important aspect to
consider is the slow push and translation of these techniques across the whole bioactive and
nutraceutical industries. Current innovations in instrumentation and data analytics have
contributed to enhancing the current analytical capabilities, allowing the incorporation of
these technologies directly into the processing of raw commodities and food ingredients. It
has been demonstrated that the real-time monitoring of processes and storage conditions
during food production is possible and is a reality in some cases. The different vibrational
techniques available offer a wide range of technical resources to improve and incorporate
decisions and management tools into the process and storage of nutraceuticals. In addition
to the establishment of wireless sensor networks, these novel technical resources will result
in an increase in the capability of vibrational spectroscopy, which can be utilised during the
evaluation and monitoring of natural ingredients and products.

Despite the huge potential of vibrational spectroscopy as an analytical method, the use
of these so-called emergent technologies to meet online inspection and quality prerequisites
imposed by the industry will require further developments in R&D. The current global
demands for fully nutritious, sustainable and safe foods are on top of the agenda for the
modern food industry and, more importantly, the consumer. Regrettably, these questions
are hampered by several overarching issues, including rising complexity in the supply
chains, the effect of climate change (e.g., composition of raw materials and ingredients),
growing and ageing population, security issues (e.g., contamination, fraud, traceability,
origin, waste) and the continuous changes in consumers’ patterns or choices for nutritious
and safe foods. As highlighted in this review, the development of applications of vibrational
spectroscopy often requires the creation of calibration models that must include most of
the expected variability, including different environmental conditions, samples sourced
from different and diverse origins, appropriate spectral pre-processing, etc. However, the
importance of this critical step is somehow ignored or underestimated.

The integration and utilisation of vibrational spectroscopy as a technique during the
routine analysis of nutraceuticals has allowed for a surge in our ability to acquire data in a
quick and useful manner, and, therefore, the capability of using such information in a more
comprehensive way. We can expect that these techniques will be used to monitor the whole
supply and value chain from the collection and harvesting of the ingredients throughout
the processing, transport and storage of these goods. This new approach to the analysis
of nutraceuticals will determine changes and innovations in the so-called management
decision or expert systems utilised by the industry. Despite their enormous advantages, the
application of vibrational spectroscopy as tool to monitor nutraceuticals during the process
is lacking.

However, users need to have a different approach to how they interpret the calibration
models developed to predict nutraceuticals, as the interpretation of nutraceuticals will
determine a different level of complexity. A summary of the challenges and opportunities of
the application of vibrational spectroscopy to analyse nutraceutical is shown in Table 1. The
user needs to move away from a single number that explains what has already happened,
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to a more dynamic system that will provide information about the changes or trends in the
system as a function of its complexity. This new methodology will require the use of new
tools (e.g., aquaphotonics) [64], as well as the acceptance of multidisciplinary approaches,
in order to interpret the spectra and the calibrations obtained to predict and quantify
nutraceuticals in different sample matrices.

Table 1. Summary of the challenges and opportunities facing the development of applications based
on vibrational spectroscopy.

Comments

o  To understand the sources of spectral and sample variability prior to
calibration development and implementation.

o  To know the limit of detection and quantification of the reference
method used, as well as the limit of quantification of
vibrational spectroscopy.

o  To define and interpret the error of the method considering the different
sources, such as sampling, sample processing and preparation,
reference method, instrumental technique.

Challenges o  To collect a sample spectrum rather than collecting replicate spectra
from the same sample.

° To validate the models with independent samples, beyond the overuse
of cross validation.

° A proper interpretation of the calibration models, not only reporting the
coefficient of determination. The standard error (e.g., calibration,
cross-validation, prediction), bias, slope, etc., must be used to report the
ability and robustness of a calibration to predict new samples.

° Issues associated with the lack of training and education.

° The development of novel, easy to implement and use, methods to
quantify nutraceuticals.
e  The ability to integrate different disciplines (e.g., a tool to foster
Opportunities interdisciplinary research).
e  The development of tools to monitor and quantify nutraceuticals in the
entire supply and value chains.
e  Opportunities in relation to training and education, workshops, etc.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The author declares no conflict of interest.

References

1.

Lock, K.; Pomerleau, J.; Causer, L.; Altmann, D.R.; McKee, M. The global burden of disease attributable to low consumption
of fruit and vegetables: Implications for the global strategy on diet. Bull. World Health Organ. 2005, 83, 100-108. [CrossRef]
[PubMed]

Fjeld, C.R.; Lawson, R.H. Food, phytonutrients, and health. Nutr. Rev. 1999, 57, S1-52. [CrossRef] [PubMed]

Cozzolino, D. Food for thought: The digital disruption and the future of food production. Curr. Res. Nutr. Food Sci. 2019, 7,
607-609. [CrossRef]

Truong, V.K,; Dupont, M.; Elbourne, A.; Gangadoo, S.; Rajapaksha Pathirannahalage, P.; Cheeseman, S.; Chapman, J.; Cozzolino,
D. From academia to reality check: A theoretical framework on the use of chemometric. Foods 2019, 8, 164. [CrossRef]

Bec, K.B.; Grabska, J.; Huck, C.W. Review near-infrared spectroscopy in bio-applications. Molecules 2020, 25, 2948. [CrossRef]
Bec, K.B.; Huck, C.W. Breakthrough potential in near-infrared spectroscopy: Spectra simulation. A review of recent developments.
Frontiers Chem. 2019, 7, 48. [CrossRef]

Crocombe, R.A. Portable spectroscopy. Appl. Spectros. 2018, 72, 1701-1751. [CrossRef]

Cozzolino, D.; Roberts, J.J. Applications and developments on the use of vibrational spectroscopy imaging for the analysis,
monitoring and characterisation of crops and plants. Molecules 2016, 21, 755. [CrossRef]


http://doi.org/10.1590/S0042-96862005000200010
http://www.ncbi.nlm.nih.gov/pubmed/15744402
http://doi.org/10.1111/j.1753-4887.1999.tb01799.x
http://www.ncbi.nlm.nih.gov/pubmed/10568343
http://doi.org/10.12944/CRNFSJ.7.3.01
http://doi.org/10.3390/foods8050164
http://doi.org/10.3390/molecules25122948
http://doi.org/10.3389/fchem.2019.00048
http://doi.org/10.1177/0003702818809719
http://doi.org/10.3390/molecules21060755

Foods 2022, 11, 315 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

Cattaneo, TM.P,; Stellari, A. Review: NIR spectroscopy as a suitable tool for the investigation of the horticultural field. Agronomy
2019, 9, 503. [CrossRef]

Pasquini, C. Near infrared spectroscopy: A mature analytical technique with new perspectives—A review. Anal. Chim. Acta. 2018,
1026, 8-36. [CrossRef]

Cortes, V.; Blasco, J.; Aleixos, N.; Cubero, S.; Talensa, P. Monitoring strategies for quality control of agricultural products using
visible and near-infrared spectroscopy: A review. Trends Food Sci. Technol. 2019, 85, 138-148. [CrossRef]

Ryan, D.; Robards, K. Analytical chemistry considerations in plant metabolomics. Sep. Purif. Rev. 2006, 35, 319-356. [CrossRef]
Karoui, R.; Downey, G.; Blecker, C. Mid-Infrared spectroscopy coupled with chemometrics: A tool for the analysis of intact food
systems and the exploration of their molecular structure—quality relationships—A review. Chem. Rev. 2010, 110, 6144-6168.
[CrossRef] [PubMed]

Cozzolino, D. The sample, the spectra and the maths—The critical pillars in the development of robust and sound vibrational
spectroscopy applications. Molecules 2020, 25, 3674. [CrossRef]

Bureau, S.; Cozzolino, D.; Clark, C.J. Contributions of Fourier-transform mid infrared (FI-MIR) spectroscopy to the study of fruit
and vegetables: A review. Post. Biol. Technol. 2019, 148, 1-14. [CrossRef]

Agelet, L.; Hurburgh, C.R,, Jr. A Tutorial on near infrared spectroscopy and its” calibration. Crit. Rev. Anal. Chem. 2010, 40,
246-260. [CrossRef]

Saeys, W.; Do Trong, N.N.; Van Beers, R.; Nicolai, B.M. Multivariate calibration of spectroscopic sensors for postharvest quality
evaluation: A review. Post. Biol. Technol. 2019, 158, 110981. [CrossRef]

Talari, A.C.S.; Martinez, M.A.G.; Movasaghi, Z.; Rehman, S.; Rehman, I.U. Advances in Fourier transform infrared (FTIR)
spectroscopy of biological tissues. Appl. Spectrosc. Rev. 2017, 52, 456-506. [CrossRef]

Naseer, K; Ali, S.; Qazi, J. ATR-FTIR spectroscopy as the future of diagnostics: A systematic review of the approach using
bio-fluids. Appl. Spectrosc. Rev. 2021, 56, 85-97. [CrossRef]

Walsh, K.B.; McGlone, V.A.; Hanc, D.H. The uses of near infra-red spectroscopy in postharvest decision support: A review. Post.
Biol. Technol. 2020, 163, 111139. [CrossRef]

Nicolai, B.M.; Beullens, K.; Bobelyn, E.; Peirs, A.; Saeys, W.; Theron, K.I.; Lammertyn, ]. Non-destructive measurement of fruit
and vegetable quality by means of NIR spectroscopy: A review. Post. Biol. Technol. 2007, 46, 99-118. [CrossRef]

Rohman, A.; Windarsih, A.; Lukitaningsih, E.; Rafi, M.; Betania, K.; Fadzillah, N.A. The use of FTIR and Raman spectroscopy in
combination with chemometrics for analysis of biomolecules in biomedical fluids: A review. Biomed. Spectros. Imag. 2019, 8, 55-71.
[CrossRef]

Qu, J.H,; Liu, D.; Cheng, ].H. Applications of near infrared spectroscopy in food safety evaluation and control: A review of recent
research advances. Crit. Rev. Food Sci. Nutr. 2015, 55, 1939-1954. [CrossRef] [PubMed]

Amigo, ] M.; Marti, I.; Gowen, A. Hyperspectral imaging and chemometrics: A perfect combination for the analysis of food
structure, composition and quality. Data Hand. Sci. Technol. 2013, 28, 343-370. [CrossRef]

Rehman, A.U.; Qureshi, S.A. A review of the medical hyperspectral imaging systems and unmixing algorithms’ in biological
tissues. Photodiagnosis Photodyn. Ther. 2020, 33, 102165. [CrossRef]

Manley, M. Near-infrared spectroscopy and hyperspectral imaging: Non-destructive analysis of biological materials. Chem. Soc.
Rev. 2014, 43, 8200-8214. [CrossRef]

Wu, D.; Sun, D.W. Advanced applications of hyperspectral imaging technology for food quality and safety analysis and
assessment: A review—Part I: Fundamentals. Innov. Food Sci. Emerg. Technol. 2013, 19, 15-28. [CrossRef]

Afsah-Hejri, L.; Hajeb, P; Ara, P; Ehsan, R.J. A comprehensive review on food applications of Terahertz spectroscopy and
imaging. Comp. Rev. Food Sci. Food Safety. 2019, 18, 1563-1621. [CrossRef]

Szymanska, E.; Gerretzen, J.; Engel, J.; Geurts, B.; Blanchet, L.; Buydens, L.M. Chemometrics and qualitative analysis have a
vibrant relationship. TrAC Trends Anal. Chem. 2015, 69, 34-51. [CrossRef]

Szymanska, E. Modern data science for analytical chemical data—A comprehensive review. Anal. Chim. Acta. 2018, 1028, 1-10.
[CrossRef]

Callao, M.P,; Ruisanchez, I. An overview of multivariate qualitative methods for food fraud detection. Food Control. 2018, 86,
283-293. [CrossRef]

Esbensen, K.H. Multivariate Data Analysis in Practice; CAMO Process AS: Oslo, Norway, 2002.

Esbensen, K.H.; Wagner, C. Theory of sampling (TOS) versus measurement uncertainty (MU)—A call for integration. Trends Anal.
Chem. 2014, 57, 93-106. [CrossRef]

Esbensen, K.H.; Swarbrick, B. Sampling for spectroscopic analysis: Consequences for multivariate calibration. Spectrosc. Eur.
2019, 3, 22-28.

Wagner, C.; Esbensen, K.H. Theory of Sampling: Four Critical Success Factors Before Analysis. ]. AOAC Int. 2015, 98, 275-28]1.
[CrossRef]

Murray, I.; Cowe, I. Sample preparation. In Near Infrared Spectroscopy in Agriculture; Roberts, C.A., Workman, J., Reeves, ].B., Eds.;
American Society of Agronomy, Crop Science Society of America, Soil Science Society of America: Madison, WI, USA, 2004.
DiFoggio, R. Guidelines for Applying Chemometrics to Spectra: Feasibility and Error Propagation. Appl. Spectrosc. 2000, 54,
94A~-113A. [CrossRef]


http://doi.org/10.3390/agronomy9090503
http://doi.org/10.1016/j.aca.2018.04.004
http://doi.org/10.1016/j.tifs.2019.01.015
http://doi.org/10.1080/15422110601003523
http://doi.org/10.1021/cr100090k
http://www.ncbi.nlm.nih.gov/pubmed/20804166
http://doi.org/10.3390/molecules25163674
http://doi.org/10.1016/j.postharvbio.2018.10.003
http://doi.org/10.1080/10408347.2010.515468
http://doi.org/10.1016/j.postharvbio.2019.110981
http://doi.org/10.1080/05704928.2016.1230863
http://doi.org/10.1080/05704928.2020.1738453
http://doi.org/10.1016/j.postharvbio.2020.111139
http://doi.org/10.1016/j.postharvbio.2007.06.024
http://doi.org/10.3233/BSI-200189
http://doi.org/10.1080/10408398.2013.871693
http://www.ncbi.nlm.nih.gov/pubmed/24689758
http://doi.org/10.1016/B978-0-444-59528-7.00009-0
http://doi.org/10.1016/j.pdpdt.2020.102165
http://doi.org/10.1039/C4CS00062E
http://doi.org/10.1016/j.ifset.2013.04.016
http://doi.org/10.1111/1541-4337.12490
http://doi.org/10.1016/j.trac.2015.02.015
http://doi.org/10.1016/j.aca.2018.05.038
http://doi.org/10.1016/j.foodcont.2017.11.034
http://doi.org/10.1016/j.trac.2014.02.007
http://doi.org/10.5740/jaoacint.14-236
http://doi.org/10.1366/0003702001949546

Foods 2022, 11, 315 11 of 11

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Kriiger, H.; Schulz, H. Analytical techniques for medicinal and aromatic plants. Stewart Postharvest Rev. 2007, 3, 1241-1247.
[CrossRef]

Sinelli, N.; Spinardi, A.; Di-gidio, V.; Mignani, L; Casiraghi, E. valuation of quality and nutraceutical content of blueberries
(Vaccinium corymbosum L.) by near and mid-infrared spectroscopy. Post. Biol. Technol. 2008, 50, 31-36. [CrossRef]

Hall, M.N.; Robertson, A.; Scotter, C.N.G. Near-infrared reflectance prediction of quality, theaflavin content and moisture content
of black tea. Food Chem. 1988, 27, 61-75. [CrossRef]

Schulz, H.; Engelhardt, U.H.; Wengent, A.; Drews, H.H.; Lapczynski, S. Application of NIRS to the simultaneous prediction
alkaloids and phenolic substance in green tea leaves. . Agri. Food Chem. 1999, 475, 5064-5067. [CrossRef]

Sanaeifar, A.; Huang, X.; Chen, M.; Zhao, Z; Ji, Y.; Li, X;; He, Y;; Zhu, Y.; Chen, X.; Yu, X. Non-destructive monitoring of
polyphenols and caffeine during green tea processing using Vis-NIR spectroscopy. Food Sci. Nutr. 2020, 8, 5860-5874. [CrossRef]
Luypaert, J.; Zhang, M.H.; Massart, D.L. Feasibility study for the using near infrared spectroscopy in the qualitative and
quantitative of green tea (Camellia sinensis L.). Anal. Chim. Acta 2003, 487, 303-312. [CrossRef]

Chen, Q.; Zhao, J.; Chaitep, S.; Guo, Z. Simultaneous analysis of main catechins contents in green tea (Camellia sinensis L.) by
Fourier transform near infrared reflectance (FI-NIR) spectroscopy. Food Chem. 2008, 113, 1272-1277. [CrossRef]

Wang, L.; Weller, C.L. Recent advances in extraction of nutraceuticals from plants. Trends Food Sci. Technol. 2006, 17, 300-312.
[CrossRef]

Zhu, M.; Wen, B.; Wu, H.; Li, ].; Lin, H,; Li, Q.; Li, Y.; Huang, J.; Liu, Z. The Quality Control of Tea by Near-Infrared Reflectance
(NIR) Spectroscopy and Chemometrics. J. Spectros. 2019, 2019, 8129648. [CrossRef]

Johnson, ].; Mani, ].; Naiker, M. Potential for Fourier transform infrared (FTIR) spectroscopy toward predicting antioxidant and
phenolic contents in powdered plant matrices. Spectrochim. Acta A. 2020, 233, 118228. [CrossRef]

Johnson, J.B.; Collins, T.; Naiker, M. Nutritional quality and bioactive constituents of six Australian plum varieties. Int. . Fruit Sci.
2021, 21, 115-132. [CrossRef]

De Oliveira, LR.N.; Roque, J.V.; Maia, M.; Stringheta, P.C.; Tedfilo, R.F. New strategy for determination of anthocyanins,
polyphenols and antioxidant capacity of Brassica oleracea liquid extract using infrared spectroscopies and multivariate regression.
Spectrochim. Acta A 2018, 194, 172-180. [CrossRef]

Carbas, B.; Machado, N.; Oppolzer, D.; Ferreira, L.; Brites, C.; Rosa, E.A.S.; Barros, A.LLR.N. A Comparison of near-infrared (NIR)
and mid-infrared (MIR) spectroscopy for the determination of nutritional and antinutritional parameters in common beans. Food
Chem. 2020, 306, 125509. [CrossRef]

Carbas, B.; Machado, N.; Oppolzer, D.; Queiroz, M.; Brites, C.; Rosa, E.A.S.; Barros, ALR.N.A. Prediction of Phytochemical
Composition, In Vitro Antioxidant Activity and Individual Phenolic Compounds of Common Beans Using MIR and NIR
Spectroscopy. Food Biopro. Technol. 2020, 13, 962-977. [CrossRef]

Zareef, M.; Arslan, M.; Hassan, M.; Ali, S.; Ouyang, Q.; Li, H.; Wu, X.; Hashim, M.M.; Javaria, S.; Chen, Q. Application of benchtop
NIR spectroscopy coupled with multivariate analysis for rapid prediction of antioxidant properties of walnut (Juglans regia).
Food Chem. 2021, 359, 129928. [CrossRef]

Cozzolino, D. Infrared methods for high throughput screening of metabolites: Food and medical applications. Comb. Chem. High
Throughput Screen. 2011, 14, 125-131. [CrossRef] [PubMed]

Cozzolino, D. Near infrared spectroscopy in natural products analysis. Planta Med. 2009, 75, 746-757. [CrossRef] [PubMed]
McGoverin, C.M.; Weeranantanaphan, J.; Downey, G.; Manley, M. The application of near infrared spectroscopy to the measure-
ment of bioactive compounds in food commodities. J. Near Infrared Spectros. 2010, 18, 87-111. [CrossRef]

Cozzolino, D. Applications of Molecular Spectroscopy in Environmental and Agricultural Omics. In Applications in Biomedical,
Agricultural, and Environmental Sciences; Debmalya, B., Vasudeo, Z., Vasco, A., Eds.; CRC Press: Boca Raton, FL, USA, 2013.
Altemimi, A.; Lakhssassi, N.; Baharlouei, A.; Watson, D.; Lightfoot, D. Phytochemicals: Extraction, Isolation, and Identification of
Bioactive Compounds from Plant Extracts. Plants 2017, 6, 42. [CrossRef]

Ignat, I.; Volf, I.; Popa, V.I. A critical review of methods for characterisation of polyphenolic compounds in fruits and vegetables.
Food Chem. 2011, 126, 1821-1835. [CrossRef] [PubMed]

Sytar, O.; Brestic, M.; Rai, M.; Shao, H.B. Plant phenolic compounds for food, pharmaceutical and cosmetics production. J. Med.
Plants Res. 2012, 6, 2526-2539. [CrossRef]

Ferrer-Gallego, R.; Rodriguez-Pulido, FJ.; Toci, A.T.; Garcia-Estevez, I. Phenolic Composition, Quality and Authenticity of Grapes
and Wines by Vibrational Spectroscopy. Food Rev. Int. 2020, 36, 1-29. [CrossRef]

Sun, S.; Chen, J.; Zhou, Q.; Lu, G.; Chan, K. Application of mid-infrared spectroscopy in the quality control of traditional Chinese
medicines. Planta Med. 2010, 76, 1987-1996. [CrossRef]

Klein-Junior, L.C.; de Souza, M.R.; Viaene, |.; Bresolin, T.M.B.; de Gasper, A.L.; Henriques, A.T.; Vander Heyden, I. Quality control
of herbal medicines: From traditional techniques to state-of-the-art spproaches. Planta Med. 2021, 87, 964-988. [CrossRef]
Beghi, R; Buratti, S.; Giovenzana, V.; Benedetti, S.; Guidetti, R. Electronic nose and visible-near infrared spectroscopy in fruit and
vegetable monitoring. Rev. Anal. Chem. 2017, 36, 20160016. [CrossRef]

Muncan, ].; Kovacs, Z.; Tsenkova, R. Near infrared aquaphotomics study on common dietary fatty acids in cow’s liquid, thawed
milk. Food Control. 2021, 122, 107805. [CrossRef]


http://doi.org/10.2212/spr.2007.4.4
http://doi.org/10.1016/j.postharvbio.2008.03.013
http://doi.org/10.1016/0308-8146(88)90036-2
http://doi.org/10.1021/jf9813743
http://doi.org/10.1002/fsn3.1861
http://doi.org/10.1016/S0003-2670(02)01509-X
http://doi.org/10.1016/j.foodchem.2008.08.042
http://doi.org/10.1016/j.tifs.2005.12.004
http://doi.org/10.1155/2019/8129648
http://doi.org/10.1016/j.saa.2020.118228
http://doi.org/10.1080/15538362.2020.1860863
http://doi.org/10.1016/j.saa.2018.01.006
http://doi.org/10.1016/j.foodchem.2019.125509
http://doi.org/10.1007/s11947-020-02457-2
http://doi.org/10.1016/j.foodchem.2021.129928
http://doi.org/10.2174/138620711794474105
http://www.ncbi.nlm.nih.gov/pubmed/21118079
http://doi.org/10.1055/s-0028-1112220
http://www.ncbi.nlm.nih.gov/pubmed/19165716
http://doi.org/10.1255/jnirs.874
http://doi.org/10.3390/plants6040042
http://doi.org/10.1016/j.foodchem.2010.12.026
http://www.ncbi.nlm.nih.gov/pubmed/25213963
http://doi.org/10.5897/JMPR11.1695
http://doi.org/10.1080/87559129.2020.1752231
http://doi.org/10.1055/s-0030-1250520
http://doi.org/10.1055/a-1529-8339
http://doi.org/10.1515/revac-2016-0016
http://doi.org/10.1016/j.foodcont.2020.107805

	Introduction 
	A Brief Background in Vibrational Spectroscopy 
	Data Analytics, Algorithms and Calibration 
	Samples, Sampling and Error 
	Examples of Applications of Vibrational Spectroscopy to Quantify Nutraceuticals 
	Final Considerations and Conclusions 
	References

