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Infrared spectroscopy, including near-infrared (NIR) and
mid-infrared (MIR), is an example of a green, fast, and
environment-friendly technique. It is considered as an in-
novative and rapid analytical method for “fingerprinting” of
organic compounds.

Over the past few decades, the application of this
technique has opened up for new directions in analytical
science and technology. Its use in combination with che-
mometrics led to new approaches in quality control and
assurance, safety, and traceability as well as tackling chal-
lenges for analyzing innovative and established model sys-
tems in their totality.

"is special issue aims at providing an overview of the
latest developments in the field of mid- and near-infrared
spectroscopy using ATR and transmission modes. A par-
ticular focus lies on applications in the design and devel-
opment of new drugs, dietary supplements, botanicals, and
nutraceuticals as well as in process development for pro-
duction and quality assurance and in potential uses for
labelling.

All articles, which are part of this special issue, reflect
modern trends and outline new ideas for future applica-
tions of spectroscopic technologies combined with che-
mometric data analysis in the food and pharmaceutical
sectors.

"e special issue contains three review articles and three
regular papers. "e paper of M. Zhu et al. reviews the quality
control of tea by near-infrared (NIR) reflectance spectroscopy

and chemometrics. Tea is one of the most popular beverages
around the world. "e wide variety of tea quality, however,
calls for measures of control quality for commercialized tea
products. NIR reflectance spectroscopy is a rapid, noninvasive,
and nondestructive tool that required minimal sample
preparation. "e article gives an overview of recent advances
and applications in this field. "e review by C. Hernández-
Aguilar et al. addresses the application of the photoacustic
spectroscopy (PAS) to evaluate of the quality of food."e PAS
technique is based upon photothermal phenomena, which
allow spectroscopic studies. An overview is given on PAS
applications in the food industry, for example, to analyse fruit,
vegetables, condiments, grains, milk, water, eggs, and so on. It
was concluded that the method is capable of detecting
adulteration and contamination of food samples. "e third
review article by S.A. Mahesar et al. is concerned with the
applications of NIR andMIR spectroscopic techniques to olive
oils. A special focus of the paper is the detection and de-
termination of functional compounds such as fatty acids and
phenols. It is demonstrated that MIR spectroscopy is par-
ticularly well suited to distinguish olive oils from potential
adulterants."e contributed regular papers demonstrate cut-
ting-edge advancements of the field. G. Shi et al. described
real-time release testing of herbal extract powder by near-
infrared spectroscopy considering the uncertainty around
specification limits. For two active pharmaceutical ingredients
(APIs), they show that the reliable concentration ranges
covering the specification limits can be verified by the accuracy
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profile (AP) methodology. "e method was tested in the
estimation of the β-content and γ-confidence tolerance in-
tervals (β-CTIs) around the specification limits. H. Ouhad-
douch et al. applied FT-IR spectroscopy for the identification
of a mineral drug substance in drug products using a case
study on bentonite. For this purpose, they carefully charac-
terized purified bentonite, bentonite in organic mixtures and
organic excipients, and mineralized organic mixtures con-
taining bentonite. "ey observed distinct changes and vari-
ations in the spectra, which could be attributed to the
properties of the samples. H. Fu et al. reported the use of an
NIR-MIR data fusion technique and evaluated the spectra via a
moving window partial least-squares discriminant analysis for
authenticity and adulteration discrimination of herbs. "ey
concluded that their approach is a promising tool for the rapid
discrimination of geoherbalism and authenticity of Chinese
herbs. We hope that the readers will find this special issue
interesting and inspiring.
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Olive oil is a liquid fat obtained from the fruit ofOlea europaea, a plant belonging to theOleaceae family, which is widely cultivated
and diffused in theMediterranean area. It is largely produced and used since antiquity. It is mainly used and consumed as food but
also as key ingredient in a wide variety of cosmetic products, e.g., to moisturize and nourish dry skin. In the last few decades, olive
oil has received much attention as compared to the other seed-obtained oils as well as to the animal fats due to many functional
compounds with positive effects on health. To maintain the genuine picture of olive oil, it is essential to assure its authenticity and
quality. (e presence of bioactive compounds, which characterize the olive oil owing to their antioxidant properties, can be
assessed by spectroscopic and chromatographic methods. Currently, spectroscopic techniques combined with chemometric data
analysis represent one of themost promising detectionmethods in the food sector.(ey offer rapid, versatile, and inexpensive data
collection and analyses. (e main advantages include the limited and simple sample preparation and the possibility to get spectra
directly from the production line. Infrared spectroscopy (mid- and near-infrared) coupled to chemometrics is considered as
powerful, fast, accurate, and nondestructive analytical tool for rapid and precise determination of the bioactive compounds
content, as well of their bioactivities, i.e., antioxidant properties. (ese techniques represent a valid alternative to the existing
conventional methods of analysis, e.g., based on chromatography and mass spectrometry. Indeed, the present review focuses on
the application of infrared spectroscopy for functional compounds evaluation in olive oil.

1. Introduction

Olive oil is a high-quality natural product, typical from the
Mediterranean area, where it has been produced for mil-
lennia, and it is obtained from the fruits of Olea europaea L,
[1–4]. (e quality of the starting matrix, i.e., the olives, is a
crucial parameter to obtain a high-quality product [5]. (e
quality can be affected, for example, by fungal occurrence and
mycotoxin contamination. In particular, the contamination
with microfungi capable of producing secondary metabolites
(mycotoxins) that potentially affect health is a growing
source of concern [6–12]. Consequently, considerable re-
search interest towards more environmentally compatible,

field-deployable, and sustainable fungi control systems was
prompted over the last couple of years [13–15].

(e process of extracting the oil from the seeds is a
crucial step as well. (ere are various methods for this
purpose and they can give different yield and quality grades
[16]. As an example, extra-virgin olive oil (EVOO) is ob-
tained using mechanical pressure devices. (e lower-grade
products are typically obtained from a variety of extraction
methods including high-pressure extraction, solvent ex-
traction, heat treatment, esterification, and refining. (e
lower-grade olive oils (e.g., lampante olive oil, pomace oil,
refined pomace oil, and refined olive oil) are often char-
acterized by a comparatively high acidity. For instance,
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according to the current regulations, the acidity of extra-
virgin olive oil must not exceed 0.8%, while olive oil and
lampante olive oil contain 2% and >2%, respectively. Re-
fining processes lower the acidity to about 0.3%. In blends of
virgin and refined olive oils the free acidity is typically about
1%. Olive pomace oil obtained by extraction with a solvent
also has acidity around 1%, while the refined olive pomace
oil can have an acidity of only 0.3%.

EEC Regulation 29/2012 determines the compulsory and
optional information to include on olive oil labels, supple-
menting the general rules relating to foodstuffs and their
marketing in EEC Regulation 2000/2013. (e chemical com-
position of olive oil is characterized mainly by triacylglycerols,
monoacylglycerols, diacylglycerols, and free fatty acids [17, 18],
as well as fatty acid derivatives (i.e., phospholipids and waxes)
[19, 20]. Moreover, there is a diverse group of compounds such
as sterols, aliphatic alcohols, chlorophylls, carotenoids, and
hydrocarbons [21–23]. (e bioactive compounds in olive oil
play an imperative role in the authentication and genuineness,
quality and purity, traceability, and more importantly to the
health point of view [24–33].

Olive oil is a highly interesting product from the
nutraceutical perspective [34–42]. It exhibits sensory
properties due to the presence of substances with functional
activity, such as carotenoids, chlorophylls, tocopherols, and
phenolic compounds. (ese substances are often missing in
other common seed-based oils [43]. Moreover, olive oil is
characterized by high levels of natural antioxidants, which
are associated to potential beneficial properties to humans
[44–49]. Phenolic compounds are the main bioactive
compounds in olive oil and can be divided into lipophilic
and hydrophilic phenols. As reported by El Riachy et al. [50],
lipophilic phenols such as tocopherols [51] can be com-
monly found in other vegetable oils. On the contrary, most
hydrophilic phenols found in olive oil are exclusive and/or
characteristic of the Olea europaea species giving rise to a
chemotaxonomic peculiarity [52].

A recent work by Garcia and co-workers [53] divided the
phenolic compounds with biological activity into four groups:
simple phenols, secoiridoid derivatives, lignans, and flavones.
Oleuropein, hydroxytyrosol, tyrosol, and ligstroside are ex-
amples of specific phenols, which are usually present in olive
oil. In addition, caffeic acid, vanillic acid, and syringic acid are
characteristic components of olive oil [54, 55]. (e phenolic
composition and its total concentration in olive oil have an
impact on the characteristic taste, which is bitter and pungent.
It depends on different factors, mainly on the degree of
ripening of the fruit, the cultivar, the geographic origin
[56–61], and the processing [62, 63]. Phenolic compounds are
important antioxidants and act as radical scavengers in bi-
ological systems, consequently diminishing the lipid oxida-
tion rate [64]. Phenolic compounds are also responsible for
the olive oil stability during storage because of their anti-
oxidant activity. With reference to the tocopherols in olive oil,
α-tocopherol is the major constituent while β- and c-to-
copherols are present in minor quantities [65, 66]. Figure 1
shows the chemical structure of α-tocopherol.

(e greenish color of virgin olive oil is due to the
presence of chlorophyll pigments. Amongst the chlorophyll

compounds, pheophytin A is found in high amounts in olive
oils. On the contrary, lutein and β-carotene are the major
“yellow” coloring pigments responsible for the yellowish
color of virgin olive oil. Due to the antioxidant nature and
pro-oxidant activity of carotenoids and chlorophylls, re-
spectively, they both play a crucial role in the oxidative
stability during storage [67]. Moreover, phenols and to-
copherols, together with carotenoids, provide excellent
oxidative stability to olive oils and have a synergic anti-
carcinogenic and antioxidant activity.

(e main lipid components of olive oil are unsaturated
fatty acids such as mono-(oleic) and di-glycerides (linoleic
acid). Both are bioactive compounds and play a major role in
human health [68]. Besides this, triterpene squalene is also
considered as a functional compound in the unsaponifiable
fraction of olive oil. (e content of such functional com-
pounds is contributing to or even determining the quality and
positive sensory properties especially in extra-virgin olive oil.

Many instrumental analytical methods have been de-
veloped for the determination of functional compounds in
olive oil, mainly using mass spectrometry and chromatog-
raphy. However, most of these methods are expensive, time-
consuming, nonenvironmentally friendly and also may re-
quire highly qualified staff for the instrumental analyses. On
the contrary, spectroscopic methods such as ultraviolet,
visible, near-infrared, and mid-infrared spectroscopy have
been successfully employed as rapid, nondestructive, real-
time techniques capable of on/offline monitoring of various
quality parameters of olive oil. (eir benefits include
minimum sample preparation and good measurement ac-
curacy with less or no waste generation. (is review article
presents an updated overview of the infrared spectroscopic
methods in combination with chemometric data analysis to
determine the functional compounds in olive oil.

2. Basics of Infrared Spectroscopy (Theory
and Instrumentation)

2.1. 2eoretical Principles. Infrared (IR) and near-infrared
(NIR) spectroscopy are based on the absorption of photons
by molecules. Absorption can take place when the energy of
the photon to be absorbed matches the energy difference
between two molecular rotovibrational energy levels. (e
mid-infrared spectral range is normally specified as 2.5–
50 μm (200–4000 cm−1), where the fundamental vibrational
modes are located. On the contrary, the near-infrared covers
the range 0.75–2.5 μm (4000 to 13333 cm−1) containing
overtone and combination bands. A general requirement for
allowing the absorption of a photon is that an oscillating
dipole moment be produced during the vibrational motion
of the molecule. (is prerequisite can be expressed math-
ematically by the following equation:

zμ
zq

􏼠 􏼡≠ 0, (1)

where μ is the dipole moment and q is the normal co-
ordinate. When this equation is fulfilled, the molecule or a
specific vibrational mode is called IR-active.
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(e observed absorbance A, i.e., negative logarithmic
transmission (intensity I of the light transmitted divided by
the incident intensity I0) of a sample of thickness d is given
by the Beer–Lambert law:

A � −log
I

I0
􏼠 􏼡 � ελcd, (2)

with the extinction coefficient ε, which depends on the
wavelength λ, and the concentration c of absorbing
molecules. (e IR spectrum eventually comprises the
individual contributions from all the different vibrations
originating from all the molecules in the sample. Con-
sequently, it represents a true molecular fingerprint
[69–71].

2.2. Instrumentation. As mentioned above, IR and NIR
spectroscopy are absorption-based methods and hence the
radiation needs to match the energy difference of the
molecular transitions of interest. In other words, sources
and detectors in the mid- and near-infrared are required.
In the near-IR, Xenon and tungsten lamps are typically
used as light sources and the detectors are commonly
based on indium gallium arsenide (InGaAs) semi-
conductor materials. (is allows us to perform spectro-
scopic analysis at wavelengths up to about 2.5 μm. (e
common silicon-based detectors that can be found in
digital cameras are not suitable at wavelengths longer than
1.1 μm. Typical sources of mid-infrared radiation are
glowing black-body radiators. (ermal detectors as well as
semiconductors based onMCTand LiTaO3 are suitable for
detecting the radiation.

Spectral dispersion of the signal is normally achieved by
an interferometric analysis employing a Michelson in-
terferometer. (e obtained interferogram is then Fourier
transformed to yield the spectrum in the frequency domain
giving rise to the common name Fourier-transform infrared
(FTIR) spectroscopy. Most commercial instruments are
FTIR spectrometers.

(ere is a variety of approaches to achieve an interaction
between the radiation and the sample. (e most common
method is the transmission measurement. (e sample is
placed in-between two transmissive plates, and the trans-
mitted intensity in the infrared region is recorded as a
function of wavelength. Choosing the appropriate sample
thickness, however, is crucial in this approach. A very thick
sample will result in strong lines being saturated since almost
all the photons around the peak center wavelength are
absorbed. Such peaks manifest as broadened bands without

the typical Gaussian or Lorentzian shape. (is may affect
the data evaluation. For liquids, typical sample thicknesses
lie in the range 25–500 μm. (erefore, it is needless to say
that the preparation of the sample is crucial as even dust
particles may have significant influence. Common win-
dow materials include KBr, CaF2, ZnSe, and NaCl, which
are transmissive for the IR radiation. Conventional bo-
rosilicate or fused silica quartz glasses cannot be
employed.

(e method referred to as attenuated total reflection
(ATR) FTIR spectroscopy is easier to use. In such an ex-
periment, the IR radiation is propagating in a transmissive
high-refractive-index material (often ZnSe or a diamond
crystal), called the internal reflection element (IRE). (e
sample has a lower refractive index and is in contact with the
surface of the crystal. (e radiation undergoes total internal
reflection at the angle α at this surface, so that the evanescent
field can interact with the sample. As a consequence, the
reflected beam is attenuated and carries the spectroscopic
information.

Both approaches are illustrated schematically in Figure 2.
An advantage of the transmission arrangement lays in the
well-defined sample thickness, which is given simply by the
distance between the plates where the sample is placed. On
the opposite, in ATR experiments, the effective path length
depends on the penetration depth, dp, of the evanescent
wave.(is is a complex function of the wavelength and must
be taken into account when ATR FTIR spectra are inter-
preted quantitatively [72]. (e penetration depth is ap-
proximately 1/5 of the wavelength and thus consists on order
of a few micrometers in the mid-infrared wavelength
spectrum. (e resulting effective path length, deff, is usually
the actual parameter of interest. It represents the corre-
sponding sample thickness that would lead to the same
absorption in a transmission experiment [73]. It is not a
physical quantity and therefore it cannot be determined in a
straightforward manner [72–74].

In the analysis of food and food products like olive oil,
the ATR approach is highly beneficial since it does not
require sample preparation and hence the measurements
can be performed very quickly. (e measurement time per
sample is typically significantly below one minute. (e data
analysis depends on the information desired. Chemometric
approaches are the methods of choice when the aim is to
quantify constituents such as unsaturated fatty acids or other
bioactive compounds. Cross-correlation techniques can be
applied to compare the recorded spectrum with a library in
order to find out whether or not the sample is genuine. (is
is often sufficient in order to identify adulterated and
counterfeit products. Example applications will be discussed
in more detail in the following. In order to give an im-
pression, the FTIR spectra of 17 different olive oil samples
from a local supermarket in Bremen, Germany, are displayed
in Figure 3. (e individual spectra are very similar to each
other. (is highlights the potential of FTIR spectroscopy for
the authentication of olive oils. (e most prominent sig-
nature at 1745 cm−1 is the characteristic C�O stretching
vibration, which can be assigned to the fatty acids and ester
groups.

HO

OH3C

H3C

CH3

CH3

CH3CH3

CH3 CH3

Figure 1: (e structure of α-tocopherol.
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3. Application of Infrared Spectroscopy to
Olive Oil: Focus on Functional
Compounds Evaluation

For many years, analytical methods such as TLC, HPLC,
GC-MS, and LC-MS/MS were the gold standard to identify
and quantify the bioactive compounds (phenols, squalene,
tocopherol, and fatty acids) in olive oils [75, 76]. Nowadays,
as pointed out previously, the evaluation of bioactive
compounds should be integrated in a multidisciplinary
study approach for food research. (is calls for the com-
bination of advanced and innovative analytical techniques
and sophisticated statistical methods for the data analysis in
food science [77–79]. NIR and MIR techniques are rapidly
emerging in this field. (e bioactive compounds and anti-
oxidant properties can be predicted by the spectroscopic
methods. In particular, infrared spectroscopy coupled to
chemometrics is considered as a powerful, fast, accurate, and

nondestructive analytical tool for rapid and precise de-
termination of the content of bioactive compounds as well as
their bioactivities, i.e., antioxidant properties. It represents a
versatile alternative to the conventional methods. Further
advantages in the context of food analysis include the rapid
and inexpensive acquisition of data with nil or minimal
sample preparation and the possibility to record spectra at or
even in the production line. Besides a lot of studies on
adulteration and discrimination of olive oil as well as
monitoring contaminations, process or recovery by infrared
spectroscopy [80–90], the focus here is on the evaluation of
functional components.

3.1. Fatty Acids. Being the main constituents of olive oils,
fatty acids and their triglycerides dominate the spectra of
olive oils. Mailer [91] collected 216 olive oil samples
throughout the Australian olive-growing areas to develop a
NIR spectroscopy calibration for a range of quality pa-
rameters including the major fatty acids in olive oil. Multiple
correlation coefficients squared (R2) for minor fatty acids
such as stearic acid (0.86) and linolenic acid (0.85) were
reported relatively low because of the very narrow con-
centration range, while the major fatty acids oleic (0.99) and
linoleic (1.00) provided high levels of accuracy compared
with the reproducibility of the reference method.

It has been reported that authentication of virgin olive oil
is time-consuming and requires expertise in the use of so-
phisticated instruments. To overcome this issue, Galtier et al.
[92] evaluated the chemometric treatment of NIR spectra for
the assessment of fatty acids and triacylglycerols in French
virgin olive oil samples (n= 125) for their classification
(PLS1-DA) into geographically closed registered designa-
tions of origin (RDOs). (e chemometric treatments of NIR
spectra revealed that regression vectors of each RDO were
correlated to one or more specific components with similar
results obtained by conventional techniques according to
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their cultivar compositions. For the very first time, Maggio
et al. [93] reported a rapid method to determine the fatty
acid profile of olive oils using FTIR spectroscopy with the
ATR sampling technique as described in Section 2. Cali-
bration models were built using PLS regression. (e fatty
acid calibration models (oleic acid, linoleic acid, SFA,
MUFA, and PUFA) were constructed in the spectral range
from 3033 to 700 cm–1 using PLS.(e values obtained for the
correlation coefficient for all models were in the range of
0.96–0.99. (e LODs of the FTIR-chemometry methods
were reported for oleic acid 3.0%, linoleic acid 0.5%, satu-
rated fatty acids 1.3%, monounsaturated fatty acids 0.3%,
and polyunsaturated fatty acids 0.3%, with recovery rates in
the range 98–103%. (e proposed method showed results
comparable to the one obtainable by using the official
method, but with the advantage of being more rapid and less
expensive. Another study by Gurdeniz et al. described the
classification and quantification of Turkish extra-virgin olive
oil on the basis of fatty acids by using mid-infrared spec-
troscopy in combination with chemometric methods [94].
(e PCA successfully distinguished the southern olive oil
samples from the northern samples, while PLS detected a
correlation between the spectral data and the fatty acid
profile. (e values obtained for the correlation coefficient
were 0.83, 0.97, 0.97, 0.83, and 0.69 for stearic, oleic, linoleic,
arachidic, and linolenic acids, respectively. Dupuy et al. [95]
investigated the potential use of NIR and MIR spectroscopy
for the quantitative analysis of triacylglycerols and fatty acids
for the identification of the RDO of extra-virgin olive oils.
PLS and PLS-DA regressions were separately applied to the
two spectral ranges. MIR spectroscopy was found to perform
better. It was further reported that RDO identification by DA
using a multiblock method showed proficiency.

(e quantification of oxidized fatty acids in virgin olive
oil using mid-infrared spectroscopy coupled with multiple
linear regression has been described by Lerma-Garćıa et al.
[96]. For the prediction of oxidized fatty acid, the entire mid-
infrared region was divided into 25 subregions. (e sub-
regions affected by oxidation were identified using multiple
linear regression with a cube root data transformation that
successfully predicted oxidized fatty acids. (e value ob-
tained for correlation coefficient was 0.944 with a prediction
error of 17%. Uncu and Ozen [97] studied some important
quality parameters (oxidative stability, color pigments, fatty
acid profile, and phenolic composition) of olive oils by FTIR
spectroscopy as one of the vibrational spectroscopic
methods: it is possible to predict successfully the oxidative
stability, the major fatty acids (palmitic (0.87), oleic (0.94),
and linoleic acid (0.97), saturated (0.91), monounsaturated
(0.94), and polyunsaturarted fatty acids (0.97)), and the
chlorophyll content and some phenolic compounds of the
samples.

Casale et al. [98] authenticated the Italian protected
designation of origin (PDO) extra-virgin olive oil Chianti
Classico using UV-vis, NIR and MIR spectroscopy coupled
with a chemometric data analysis. Unequal class models
(UNEQ) and soft independent modelling of class analogy
(SIMCA) along with PLS were employed individually and
jointly on the fatty acid composition data. PLS successfully

predicted the oleic and linoleic acid content in the extra-
virgin olive oils. Similarly, Inarejos-Garcı́a et al. [99] in-
vestigated the degree of unsaturation of virgin olive oil by
NIR spectroscopy. (ey reported an excellent performance
of the multivariate algorithms in particular for the fatty acid
profile (r-multiple coefficient of determination� 0.84–0.96).
In a different approach, Valli et al. [100] pointed out new
parameters for the detection of low quality of extra-virgin
olive oil.(ese parameters were based on the total amount of
fatty acids methyl and ethyl esters Σ (FAMEs + FAEEs) and
their ratio (FAEEs/FAMEs) applying PLS to MIR spectra.
(e spectroscopic data showed a good agreement between
predicted and actual reference values of calibration data sets.
(e limit of detection and quantification was reported to be
8.8 and 29.3mg·kg−1 for Σ (FAMEs + FAEEs) with R2 (0.98).
On the contrary, the ratio of FAEEs/FAMEs showed R2

(0.83).
Recently, the European Union regulation for olive oil set

a value of fatty acids ethyl ester contents (35mg·kg−1) in
extra-virgin olive oils. To evaluate the fatty acid alkyl esters
in extra-virgin olive oil, Cayuela [101] recently developed
predictive models for the determination of total fatty acid
alkyl esters based on NIR spectroscopy. (e external vali-
dation exercise of FAAEs, FAEEs, and FAMEs using the NIR
spectrometer showed SEP values of 33.6 and 54.5, 25.6, and
67.2, 18.7 with r� 0.91 and 0.93, 0.89, and 0.88, 0.92, re-
spectively, for two validation sets.

3.2. Phenolic Compounds, Tocopherols, and Squalenes.
Several studies applied chemometrics to spectroscopic data
in order to develop models and predict the content of minor
components/functional compounds such as phenolic
compounds and tocopherols in olive oils [1, 102, 103]. (e
recent chapter of Lagouri et al. [102] summarizes the optical
UV-Vis-NIR-MIR spectroscopic tools and chemometrics
used for the monitoring of olive oil functional compounds.
Fatty acids, phenols, tocopherols, carotenoids, and squalene
were considered with a focus on the bioactivity, chemistry,
and processing. Inarejos-Garcı́a et al. [99] investigated
minor components, sensory characteristics, and quality
of virgin olive oil by NIR spectroscopy. (eir multivariate
algorithms allowed reasonably accurate measurements, in
particular of hydroxytyrosol derivatives (r-multi-
plecoefficient of determination = 0.86–0.88) and C6 alcohols
(r-multiple coefficient of determination = 0.69–0.80). FTIR
spectroscopy, on the contrary, was used by Gouvinhas et al.
[104]. (ey carried out a chemometric analysis of FTIR
spectra from extra-virgin olive oils of three cultivars from
Portugal (cultivars “Cobranco,” “Galega,” and “Picual”) at
different maturation stages. To create a model for the dis-
crimination of the olive oil samples, principal component
analysis and discriminant analysis were utilised.(e need for
such sophisticated data analysis can also be seen in Figure 3,
which shows that the spectra of olive oils are very similar.
For the quantification of individual compounds, Gouvinhas
et al. [104] developed regression-based calibration and
validation models. (is allowed the determination of the
total phenolic content, ortho-diphenols, flavonoids, and
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antioxidant activity during the ripening process. For ortho-
diphenols and flavonoids, the slope R2 and the RMSE were
higher than 0.98 and lower than 0.03, respectively, whereas
the phenolic content had the lowest multiple coefficient of
determination in the calibration model (R2 = 0.94).(e same
authors reported a slope R2 and the RMSE of 0.93 and 0.04,
respectively, for the determination of the antioxidant ac-
tivity. (eir quality measures became worse when data were
cross validated (R2 = 0.86, RMSECV= 0.05).

Mora-Ruiz et al. [105] applied NIR and MIR spectros-
copy to study polar phenolic compounds of virgin olive oil
and their impact on the oil quality. (ey obtained satis-
factory multivariate test set validation algorithms for total
polar phenolic (TPP) compounds (r-coefficient of deter-
mination = 0.91), hydroxytyrosol and tyrosol secoiridoid
derivatives (HtyrSec, TyrSec; r= 0.91 and 0.92, respectively)
by NIR spectroscopy. Moreover, the authors pointed out
that, in contrast to the NIR data, the chemometric analysis of
the MIR spectra gave no satisfactory validation models
(r= 0.43, 0.54, and 0.66 for HtyrSec, TyrSec, and TPP). (is
was unexpected as the calibration algorithms for MIR ac-
tually gave an even better correlation than NIR (r> 0.96 for
all the polar phenolics studied). On the contrary, the op-
timization of phenolic compounds extraction from EVOO
was achieved applying a response surface methodology as
proposed by Fratoddi et al. [106].

Also, very good MIR results for the quantification of
virgin olive oil phenolic compounds were reported by Hirri
et al. [107]. (ey obtained values for the correlation co-
efficient and the root mean square errors of prediction of
0.99 and 0.11, respectively. (is study underlined also that
the spectral region in the range 3050–600 cm–1 was useful
for predicting the total polyphenol content. Bellincontro
et al. [108] also focused on the total phenols.(ey developed
a portable NIR-AOTF tool for the on-field and non-
destructive measurement of specific and total phenols in
olives for oil production. Models were developed for the
main phenolic compounds (e.g., oleuropein, verbascoside,
and 3,4-DHPEA-EDA) and total phenols by PLS. (e re-
sults in terms of R2 for the calibration, prediction, and cross
validation ranged between 0.930 and 0.998, 0.874 and 0.942,
and 0.837 and 0.992, respectively. A recent preliminary
study of Trapani et al. [109] applied cost-saving NIR based
on a discrete filter system for the rapid measurement of total
phenolic content and oleuroperin of olive fruits, in addition
to the moisture, oil, and sugar. Although PLS models built
for the latter ones were satisfactory, the instrument did not
prove itself suitable for obtaining predictive models for
phenolic compound contents. (is is probably because the
necessary wavelengths in the section of absorbance from
1100 to 1400 nm were not covered. Further studies in this
direction are necessary and requested for enabling the
possible application and use.

Concerning tocopherols, Cayuela and Garćıa [110] re-
cently reported the classification of olive oils based on
α-tocopherol and total tocopherol content using NIR spec-
troscopy. Other studies utilised pigments such as carotenoids
and chlorophyll derivatives in extra-virgin olive oil as pa-
rameters/index of authenticity and quality. Pigments in oil

matrices can be identified and quantified by chromato-
graphic techniques after a pretreatment of the samples such
as extraction and/or saponification, or by spectroscopic
techniques without pretreatment of the samples [111]. An-
other work by the same authors quantified the main pig-
ments, i.e., ß-carotene, lutein, pheophytin A, and pheophytin
B, in several extra-virgin olive oils produced from a blend of
three cultivars (Moraiolo, Frantoio, and Leccino) typical of
Tuscany (Italy) in three different years. For this purpose, they
employed a method based on the mathematical analysis of
the near-ultraviolet-visible absorption spectra of the oils
[112]. Besides a good prediction of fatty acid ethyl ester and
wax, Uncu et al. [113] quantified lutein, pheophytin A, and
their derivatives and total xanthophylls by FTIR+UV/vis
with a range of R2

cv of 0.71–0.85, R2
pred of 0.70–0.84, and

RPD=1.5–2.5 values but the prediction of the rest of the
pigments were poor (R2

cv = 0.60–0.76, R2
pred: 0.42–0.62, and

RPD=1.2–1.5). Along the same line, Borello and Domenici
[114] compared two near-UV/vis spectroscopic techniques
for the determination of pigments, i.e., total carotenoids, and
total chlorophyll derivatives in virgin and extra-virgin olive
oils. Although UV/vis spectroscopy is very tempting for
analysing the pigments, NIR and MIR spectroscopy typically
gives amore specificmolecular fingerprint of oil. Cayuela and
Garćıa [115] developed rapid NIR techniques using PLS
analysis for measuring the squalene content of olive oil. (e
external validation exercise for estimating squalene was
performed with the squared validation regression coefficient
(r2) 0.83 and residual predictive deviation of 2.31.

3.3. Antioxidants. (e assessment of interactions between
natural active compounds and other food matrix compo-
nents represent the bioactivity of a food. (e first indicator
of potential health benefits is commonly given by the an-
tioxidant properties. (e comprehension of concerted and
synergistic actions, of antagonist interactions, or of no effect
of biologically active compounds should be considered in
this context. (e same is true for the factors influencing the
overall effects such as the peculiar combination of antiox-
idants and the structure of the food matrix [77]. Lu and
Rasco [116] reviewed and summarized the recent applica-
tions of infrared spectroscopy for the development of models
for the prediction of antioxidant properties in food, in
addition to qualitative and quantitative analysis of antiox-
idant compounds. It is also worthy of mentioning the review
article of Cozzolino [117], who concluded that infrared
spectroscopy is a versatile analytical tool for the quantitative
determination of antioxidant properties in agricultural
products, foods, and plants.

Cerretani et al. [118] reported the rapid FTIR de-
termination of phenolics and antioxidant activity of olive oil,
in addition to water. For total phenols, good results were
obtained considering the spectrum from 3610 to 816 cm−1,
while the range from 3707 to 1105 cm−1 was most suitable
for ABTS+. Satisfactory LOD values were achieved by the
FTIR-chemometry approach: 12.5 (mg gallic acid/kg oil) for
total phenols and 0.76 (mmol Trolox/kg oil) for ABTS+. (e
authors concluded that the results obtained with the
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chemometric data analysis are comparable to those obtained
using the official reference method. (is highlights the
potential of the spectroscopic technique as an alternative to
the standard procedure for routine analysis or control at-line
of production processes.

4. Conclusion

NIR and MIR spectroscopy coupled with chemometric data
analysis has shown considerable potential for the de-
termination of functional compounds present in olive oil.
Recent applications have demonstrated to perform the assay
of antioxidant activity (tocopherols, phenols, and squalene),
to allow the discrimination of geographical origins, to fa-
cilitate the assessment of sensory attributes, and to de-
termine the fatty acid profile, which is characteristic of the
oil matrix. IR spectroscopic methods represent an in-
teresting alternative to the conventional analytical methods
as they do not require a pretreatment of the samples.
Moreover, they offer a high sample throughput and sig-
nificant time saving. In addition, these techniques are
considerably more environmentally friendly since no sol-
vents or carrier gases are used. (ese new approaches based
on mid- and near-IR absorption spectroscopy are therefore
interesting alternatives, for example, for rapid screening
purposes.

In the future, IR spectroscopic methodology in combi-
nation with chemometric data evaluation will possibly
overtake the conventional methodologies. In some cases,
this may require the change of the regulatory frameworks,
which are currently naming only conventional analytical
tools for certain official purposes. However, the convincing
performance of the spectroscopic approaches with respect to
authentication and comprehensive quantitative analysis will
certainly make a strong case in the regulatory and political
processes. Without a doubt, the methods reviewed in this
paper will soon be extensively used in the oil processing
industries as a routine method to evaluate the characteristic
parameters of olive oil.
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and J. Pérez-Jiménez, Eds., p. 37, Royal Society of Chemistry,
London, UK, 2018.

[41] A. Durazzo, L. D’Addezio, E. Camilli et al., “From plant
compounds to botanicals and back: a current snapshot,”
Molecules, vol. 23, no. 8, p. 1844, 2018.

[42] A. Durazzo andM. Lucarini, “A Current shot and rethinking
of antioxidant research strategy,” Brazilian Journal of An-
alytical Chemistry, vol. 5, no. 20, pp. 9–11, 2018.

[43] F. Aouidi, N. Dupuy, J. Artaud et al., “Rapid quantitative
determination of oleuropein in olive leaves (Olea europaea)
using mid-infrared spectroscopy combined with chemo-
metric analyses,” Industrial Crops and Products, vol. 37, no. 1,
pp. 292–297, 2012.

[44] M. Jansen and J. Birch, “Composition and stability of olive oil
following partial crystallization,” Food Research In-
ternational, vol. 42, no. 7, pp. 826–831, 2009.

[45] E. N. Frankel, “Chemistry of extra virgin olive oil: adul-
teration, oxidative stability, and antioxidants,” Journal of
Agricultural and Food Chemistry, vol. 58, no. 10, pp. 5991–
6006, 2010.

[46] E. N. Frankel, “Nutritional and biological properties of extra
virgin olive oil,” Journal of Agricultural and Food Chemistry,
vol. 59, no. 3, pp. 785–792, 2009.

[47] M. Celano, V. Maggisano, S. M. Lepore, D. Russo, and
S. Bulotta, “Secoiridoids of olive and derivatives as potential
coadjuvant drugs in cancer: a critical analysis of experi-
mental studies,” Pharmacological Research, vol. 142,
pp. 77–86, 2019.

[48] J. M. Moran, O. Leal-Hernandez, R. Roncero-Martin, and
J. D. Pedrera-Zamorano, “Antitumor perspectives of oleur-
opein,” Journal of Food Science, vol. 84, no. 3, p. 384, 2019.

[49] P. Przychodzen, R. Wyszkowska, M. Gorzynik-Debicka,
T. Kostrzewa, A. Kuban-Jankowska, and M. Gorska-
Ponikowska, “Anticancer potential of oleuropein, the
polyphenol of olive oil, with 2-methoxyestradiol, separately
or in combination, in human osteosarcoma cells,” Anti-
cancer Research, vol. 39, no. 3, pp. 1243–1251, 2019.

[50] M. El Riachy, F. Priego-Capote, L. León, L. Rallo, and
M. D. Luque de Castro, “Hydrophilic antioxidants of virgin
olive oil. Part 1: hydrophilic phenols: a key factor for virgin
olive oil quality,” European Journal of Lipid Science and
Technology, vol. 113, no. 6, pp. 678–691, 2013.

[51] C. L. Huang and B. E. Sumpio, “Olive oil, the mediterranean
diet, and cardiovascular health,” Journal of the American
College of Surgeons, vol. 207, no. 3, pp. 407–416, 2008.

8 Journal of Spectroscopy



[52] J. Chandran, N. Nayana, and P. Nisha, “Phenolics in vegetable
oils,” in Compounds in Food: Characterization and Analysis
Food Analysis & Properties, Chapter 21, L. M. L. Nollet and
J. A. Gutierrez-Uribe, Eds., p. 407, Taylor & Francis Group,
Abingdon, UK, 2018.
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Fourier transform near-infrared (NIR) spectroscopy and mid-infrared (MIR) spectroscopy play important roles in all fingerprint
techniques because of their unique characteristics such as reliability, versatility, precision, and ease of measurement. In this paper,
a supervised pattern recognition method based on the PLSDA algorithm by NIR and the NIR-MIR fusion spectra has been
established to identify geoherbalism of Angelica dahurica from different regions and authenticity of Corydalis yanhusuo W. T.
Wang. Comparing principle component analysis (PCA) cannot successfully identify geographical origins of Angelica dahurica.
Linear discriminant analysis (LDA) also hardly distinguishes those origins. Furthermore, the PLSDA model based on the data
fusion of NIR and IR wasmore accurate and efficient. But, the identification of authenticity ofCorydalis yanhusuoW.T.Wang was
still inaccurate in the PLSDA model. Consequently, data fusion of NIR-MIR original spectra combined with moving window
partial least-squares discriminant analysis was firstly used and showed perfect properties on authenticity and adulteration
discrimination of Corydalis yanhusuoW. T. Wang. It indicated that data fusion of NIR-MIR spectra combined with MWPLSDA
could be considered as the promising tool for rapid discrimination of the geoherbalism and authenticity of more Chinese herbs in
the future.

1. Introduction

Herbal medicines are of effective pharmacological functions,
low toxicity, and less side effects to human body, so they have
been widely used all over the world [1–3]. However, herbal
medicines with different geographical origins have different
chemical compositions and pharmacological activities [4, 5].
In addition, the processing of herbal medicines often removes
morphological properties of species, and some herbal med-
icines at high cost are often the subject of fraudulent practices
by replacing themwith ones at low cost [6, 7], which may lead
to an unfair competition in the pharmaceutical and harm the
interest of consumers. .us, the quality analysis method of

herbal medicines to distinguish the origins is an important
concern for consumers [8–10]. Traditional methods such as
high-performance liquid chromatography and mass spec-
troscopy are time-consuming, expensive, and laborious and
have to be performed by highly trained technicians [11, 12].
.erefore, a rapid, more accurate, and sensitive identification
method is required to determine herbal medicines.

Most studies focused on specific pharmacological in-
gredients in herbal medicines; however, the pharmacological
activity of herbs is the result of the interaction of all in-
gredients rather than specific ingredients. .erefore, the
specific ingredients could not be used as a proper criterion
for characterization of the overall quality of the herbs
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[13, 14]. Fourier transform mid-infrared (MIR) [15]
and near-infrared (NIR) [16, 17] techniques are efficient
tools for studying food and pharmaceutical quality control
because of their fast and nondestructive analytical charac-
teristics. For example, Zhu et al. used FT-IR and 2DCOS-IR
methods to discriminate the cultivated Codonopsis lanceo-
lata in different ages [18], and in the research done by Gayo
and Hale, near-infrared spectroscopy was applied to detect
and quantify the species authenticity in Crabmeat [19]. By
studying the characteristic information of the spectra, dif-
ferent types of samples can be accurately distinguished.
Nonetheless, the information obtained from by NIR spectra
may be difficult to interpret directly because of the highly
overlapped spectra. Although MIR spectra provide some
significant differences of spectral peaks, they do not give
abundant chemical and structural information of samples
like NIR spectra. .erefore, establishing effective and robust
chemometric methods has been extensively concerned
[20, 21]. For example, Woo’s team used Mahalanobis dis-
tance and discriminant PLS2 combined with NIR spec-
troscopy to discriminate herbal medicines according to
geographical origins, but there are only two different classes
from different geographical origins [22]. Frizon et al. used
the PLS in determination of total phenolic compounds in
yerba mate and predicted total phenolics with associated
errors of 12% [23]. Liu et al. studied on the differentiation of
the root of various ginseng by FT-IR and two-dimensional
correlation IR spectroscopy, and the cluster analysis dem-
onstrated that the three kinds of ginseng can be distin-
guished clearly from each other but with an exception [24].
PCA is a multivariate statistical technique that reduces the
multidimensionality of data while minimizing information
loss [25]. LDA can establish linear transformations to find
the best boundary and achieve maximum separation be-
tween classes by constructing discriminant functions [26].
From another aspect, as a powerful pattern recognition
method, PLSDA has successfully been applied to solve
classification problems in many scientific fields [27, 28].
Furthermore, a global model with moving window partial
least-squares (MWPLS) [29, 30] like other variable selection
methods, MWPLSDA was successfully applied to spectra
interval selection for calibration problems, and desirable
results were obtained [31]. A subset of the whole wave-
lengths to develop the calibration model, the wavelengths
carrying serious heteroscedastic noises, and especially the
spectral ranges contaminated by external factors are ex-
cluded from the model, and wavelength ranges sensitive only
to the chemical compositions of the samples are selected to
develop a simplified yet stable calibration model.

Sometimes, it is difficult to discriminate the origins of
herbal medicines only through the pattern recognition
method by single NIR or MIR spectra [32] combined with
chemometrics, and it is necessary to extract from the data
fusion of NIR andMIR spectroscopy [33]..ere is abundant
information related to combinatory MIR and NIR spec-
troscopy coupled with chemometrics for quality control of
herbal medicines.

In this study, different supervised pattern recogni-
tion algorithms including principal component analysis

(PCA), linear discriminant analysis (LDA), and partial least
squares discriminant analysis (PLSDA) with raw NIR
spectra were used to discriminate five different geographical
origins of Angelica dahurica. Moreover, moving window
partial least-squares discriminant analysis (MWPLSDA)
and the fusion spectra variables evaluate authenticity
and adulteration of Corydalis yanhusuo W. T. Wang. .e
result shows that PLSDA model is of great performance
than PCA and LDA in identifying geographical origins of
herbal medicines. In addition, the full spectra information
fused by NIR and MIR combined with MWPLSDA showed
the best ability in determination of authenticity of herbal
medicines. .is method provides pattern recognition
models that can be applied in geographical origin dis-
crimination or authenticity and adulteration recognition at
the same time and can further be widely used in various
herbal medicines.

2. Material and Methods

2.1. Collection of Raw Materials. A total of 50 Angelica
dahurica samples from five geographical origins (Hebei,
Anhui, Yunnan, Zhejiang, and Sichuan) were purchased
from the Derentang pharmacy, and each region included
10 batches. Besides, two kinds of authentic Corydalis
yanhusuoW. T. Wang (Zhejiang) were purchased from the
Derentang pharmacy and the Kangderuiqi flagship store,
while three kinds of adulterations Corydalis decumbens
(.unb.) Pers., Typhonium flagelliforme (Lodd.) Blume,
and Dioscorea opposita (.unb.) were, respectively, col-
lected from Anhui, Jiangsu, and Fujian, and the afore-
mentioned five samples for identification of adulteration
were collected in 10 batches.

2.2. Apparatus. .e following apparatuses were used:
Nicolet 6700 FT-IR, OMNIC 8.2 spectral collecting software
(.ermo Fisher Scientific Inc., USA); Antaris II FT-NIR
spectrometer, RESULT 3.0 spectral collecting software
(.ermo Electron Co., USA); DZF-6021 vacuum oven
(Shanghai YIHENG Technical Co., Ltd); and FW135 herbal
grinder (Tianjin Taisite Instrument Co., LTD).

2.3. Methods of Sample Measurement and Data Preprocessing
by NIR and MIR. All samples used in NIR were crushed
with the grinder, sieved into fine powders by a 200 mesh
sieve, then vacuum-dried at 60°C for 24 hours, and stored in
a dryer spare. .e sample powder was placed directly into
the quartz cup, and the air background was subtracted.
Spectra were collected by integrating sphere diffuse re-
flectance with the collecting region at 4000–10000 cm−1 and
a resolution of 8 cm−1. Data processing was performed
using the average of the five measured spectra for each
sample. In total, 250 spectra from different geographic
origins (5 samples × 10 batched× 5 measurements) were
obtained. And 250 spectra were discriminated for the
authenticity and adulteration of Corydalis yanhusuo W. T.
Wang.
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2.4. Method of Chemometrics. PCA, LDA, PLSDA, and
MWPLSDAmethods were written and performed through a
Matlab 2010a (MathWorks, Natick, MA. USA). All pre-
processing in those chemometrics only used the original
spectra. PLSDA is based on the simultaneous decomposition
response matrix and the class matrix extraction factor. By
arranging the extraction factors in order of their correlation,
the virtual vectors are encoded to represent different classes,
wherein the virtual vector fj encoded for the jth element is 1.
.e other elements are 0 for the jth class, and then each
column of the response matrix is associated with the class
matrix. .e principle of moving window partial least-
squares discriminant analysis (MWPLSDA) is that a suit-
able windowmoves along the full spectral interval according
to our past study [34, 35]. In MWPLSDA, a suitable window
of width H is constructed and moved along the entire
spectrum to select useful wavelength intervals, and then the
selected spectral spacing is used to construct the PLSDA
model. .e principle of MWPLSDA is based on the virtual
setting of a window, which contains the number of variables
from the first wavelength to the end of (i+H− 1) wave-
length. A series of submatrices are obtained continuously by
moving the window. According to the variables in the
moving window, a series of PLS submodels are constructed.
.en, according to the principle of least residual square
(SSR), the interval of measurement matrix with smaller
classification error and latent variable is selected as the final
MWPLSDA model.

3. Results and Discussion

3.1. Geographical Origin Discrimination of Angelica dahurica
by NIR. In order to analyze the five different samples more
effectively, the classical quick data analysis, and non-
destructive analytical technique, NIR was used in the
measurement. .e average NIR spectra of each group are
displayed to reflect the overlay in Figure 1. .e peaks lo-
cated at 8319 cm−1 might be associated with the second
overtone of C-H, O-H, and N-H stretching modes and
those around 6780 cm−1 were caused by the C-H de-
formation vibration of CH3. Due to the second overtone of
the C�O stretching vibration, bands at 5164 cm−1 emerge
and the C-H combination and second overtone can be seen
at 4200–4300 cm−1. However, owing to the overlaps and the
systematic noise in NIR spectra, chemometric methods
were required to extract useful information for the rec-
ognition of Angelica dahurica samples. Herein, three
classical chemical pattern recognition methods using
principal component analysis (PCA), linear discriminant
analysis (LDA), and partial least squares discriminant
analysis (PLSDA) models were associated with virtual
coding of original NIR spectral variables of different sample
sets. .e 250 sample spectra of five different Angelica
dahurica samples were randomly divided into a training set
and a prediction set (Table 1)..emodel was built using the
training set, the number of latent variables (LVs) was
determined to be 5 by eightfold cross-validation using the
prediction set, and the discrimination results were analyzed
for comparison.

Firstly, as a common method in the chemical pattern
recognition which is mainly used for classification in the
analytical processes of Chinese herbal identification,
principal component analysis (PCA) is one of the most
classic high-dimensional methods, which reduces the high-
dimensional data of FTNIR and converts 1557 raw vari-
ables into fewer new principal components. PCA used
fewer principal component features to represent the
original features of the sample by decomposing the sample
matrix in the training set and prediction. Based on the PCA
technology, the vector scores of the training and prediction
sets of the aforementioned samples are reflected in
Figure 1(b), and all samples from five different geographic
origins in the training and prediction sets could not be
clearly distinguished, but these samples were with same
shape. .is phenomenon could be attributed to small
differences in the chemical properties reflected in its
geographical origin..e results demonstrated that the PCA
method can effectively reduce and extract fewer new
variables from the original high-dimensional data, but the
restoration process also leads to loss some information
useful for sample differentiation.

Other than looking for the vector space that can best
describe the original data like PCA, linear discriminant
analysis (LDA) is a linear discriminant function based on
input response variables for searching linear transformations
and dimensionality reduction. .e axes of interest for LDA
can maximize the distinction between classes, projecting
feature spaces (multidimensional samples in the dataset) into
smaller dimensional k-dimensional subspaces while main-
taining information that distinguishes categories. Figure 1(c)
shows the vector scores of the first two latent variables based
on the LDA model for the training and prediction sets of
samples. It clearly distinguished samples from different geo-
graphical origins in the training set, while those in the pre-
diction set were not clearly distinguished. .e result may be
due to some special requirements of the LDAmodel, of which
at least one of the needs to be nonsingular. In addition, when
the so-called outlier class dominates in estimating the scat-
tering matrix, the LDA model cannot guarantee that the
optimal subspace is found [36]. Furthermore, PLSDA can
reduce the effects of multicollinearity between variables, and it
can simultaneously decompose the extraction factors of the
prediction measurement matrix and the class matrix and
arrange them according to the correlation between them. Five
different geographical sources of Angelica dahurica are
identified based on the maximum virtual coding position of
the NIR spectral data. In order to optimize the predictive
power of the PLSDAmodel and simplify the complexity of the
PLSDAmodel, we selected the number of latent variables (LV)
as 5 by 8-fold cross-validation. Figure 1(d) shows the plots of
dummy codes of the training and prediction sets for five group
samples of different geographic origins. Table 1 shows the
virtual code attribution maps for the training and prediction
sets of the original spectra in the PLSDA model. We encode
five sets of samples into f1 (1, 0, 0, 0, 0), f2 (0, 1, 0, 0, 0), f3 (0, 0,
1, 0, 0), f4 (0, 0, 0, 1, 0), and f5 (0, 0, 0, 0, 1), respectively,
according to the position of the largest virtual code. As shown
in Figure 1(d), all training and prediction samples belonging to
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all groups of Angelica dahurica by original NIR spectra
combined with PLSDA were identified accurately with a
perfect recognition rate of 100%. .is demonstrated that the
PLSDA model successfully discriminates Angelica dahurica
samples of different geographic origins. .is further revealed
that NIR spectroscopy combined with PLSDA method can be
used to identify herbal medicines more rapidly, effectively, and
reliably than the traditional ones.

3.2. Authenticity and AdulterationDiscrimination of Corydalis
yanhusuo W. T. Wang by NIR and Combinatory of NIR.
Herbal medicine processing often removes morphological
properties of species, which leads to failure of distinguishing

one type from another. For this reason, NIR spectra were
used to discriminate the authenticity and adulteration of
Corydalis yanhusuo W. T. Wang. As is shown Figure 2(a),
the peaks around 6826 cm−1 were due to the C-H de-
formation vibration of CH3. Due to the C-H first overtone of
–CH2– groups, bands at 5800 and 5600 cm−1 were observed
and bands at 5172 cm−1 were the second overtone of the
C�O stretching vibration. Furthermore, the C-H combi-
nation and second overtone can be seen at 4200–4300 cm−1.
.e seriously overlapped raw spectra hardly reflect the
differences between samples. .us, PCA technology and
LDA and PLSDA models were used to relate the dummy
code for the full original and preprocessing spectral vari-
ables. 250 sample spectra of two kinds of authenticity,

Table 1: A detailed list for the training set and the prediction set of five different kinds of Angelica dahurica samples.

Groups code f1 f2 f3 f4 f5
Sample group 1 2 3 4 5
Symbol · ○ × ＋ ∗
PCA, LDA, or PLSDA training set 1st–37th 38th–73rd 74th–105th 106th–138th 139th–171st
PCA, LDA, or PLSDA prediction set 1st–13th 14th–27th 28th–45th 46th–62nd 63rd–79th
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Figure 1: .e raw NIR spectra of five different origins of Angelica dahurica (a) and the results by PCA (b), LDA (c), and PLSDA (d).
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Corydalis yanhusuoW. T. Wang 1 and 2, and three kinds of
adulteration, Corydalis decumbens (.unb.) Pers. (3),
Typhonium flagelliforme (Lodd.) Blume (4), and Dioscorea
opposita (.unb.) (5) were randomly divided into the
training set and the prediction set (Table 2). However, both
PCA technology and LDA model failed to show the correct
results in prediction sets for five different groups by NIR (not
shown here). .us, PLSDA was adopted for the identifi-
cation of authentic Corydalis yanhusuo W. T. Wang.

In our work, all training and prediction samples were
correctly identified except for the two samples in the training
set (34th and 88th) and the two samples in the prediction set
(35th and 82nd). .e 34th sample in the training set of f2 is
incorrectly discriminated as f1, and the 84th sample of f5 is
erroneously classified as f2. Furthermore, the 35th sample in
the prediction set of f2 is incorrectly assigned as f3, and the
82nd sample in the prediction set belonging to f5 is in-
correctly classified as f2. It may account for the useless
information of some spectral variables. .e total correction
rate was 97.94% on the test set in PLSDA models. On the
other hand, MIR spectroscopy provides more specific and
distinct absorption bands than NIR spectroscopy. As is
shown in Figure 2(b), the band centered at 2931 cm−1 is due
to a stretching vibration of aliphatic C-H in terminal CH3
groups. .e strong single peak of the C�O stretching vi-
bration of ketone groups is observed at about 1635 cm−1,

whereas the band centered at 1250 cm−1 is due to the an-
tisymmetric stretching vibrations of �C-O-C.

In order to better identify the origin of Chinese herbal
medicines, we combined the mid-infrared spectrumwith the
near-infrared spectrum to obtain fusion spectra with more
abundant sample information (Figure 3). .e PLSDA was
also applied to relate the dummy code for the full fused
spectral variables.

As is shown in Figure 3(a), only the 17th sample in the
prediction set of f1 was misclassified as f2 in fusion spectra
(Table 3). It suggested that fusion spectra of NIR and MIR
spectroscopy combined with PLSDA has better use in au-
thenticity and adulteration discrimination of Corydalis
yanhusuo W. T. Wang. But, it also failed to get 100% pre-
dictive accuracy.

In MWPLSDA, the appropriate window with H width is
constructed, and the useful wavelength range is selected by
moving the whole spectrum..en, all the selectedwindows are
constructed into the PLSDA model. Finally, according to the
minimum SSR principle of the MWPLSDA algorithm, the
feature differences among the five samples are extracted. As
shown in Figure 3(b), when the window size is 20, the op-
timumnumber of potential variables in theMWPLSDAmodel
is 12. Figure 3(b) shows that when the number of variables in
the fusion spectrum of NIR andMIR is 140-200, 750-930, and
1250-1380, the SSR is the smallest. At this time, MWPLS-DA

4000 5000 6000 7000 8000 9000 10000
Wavenumber (cm–1)

0.6

0.7

0.8

0.9

1.0

0.5

0.4

0.3

0.2

Ab
so

rb
an

ce

(a)

500 100 1500 2000 2500 3000 3500 4000
Wavenumber (cm–1)

80

100

60

40

20

0

Tr
an

sm
itt

an
ce

 (%
)

(b)

1000

12411427 1457
1520

16501151
1079

1026

100

80

60

40

20

0
1500 2000

Wavenumber (cm–1)

Tr
an

sm
itt

an
ce

 (%
)

Figure 2: Raw NIR (a) and MIR (b) spectra of two kinds of Corydalis yanhusuo W. T. Wang, Corydalis decumbens (.unb.) Pers,
Typhonium flagelliforme (Lodd.) Blume, and Dioscorea opposita (.unb.).
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Table 2: A detailed list of two kinds of Corydalis yanhusuo W. T. Wang, Corydalis decumbens (.unb.) Pers., Typhonium flagelliforme
(Lodd.) Blume, and Dioscorea opposita (.unb.)

Groups code f1 f2 f3 f4 f5
Sample group 1 2 3 4 5
NIR training set 1st–33rd 34th–66th 67th–89th 90th–121st 122nd–154th
NIR prediction set 1st–17th 18th–34th 35th–61st 62nd–79th 80th–96th
Fusion training set 1st–33rd 34th–66th 67th–89th 90th–121st 122nd–154th
Fusion prediction set 1st–17th 18th–34th 35th–61st 62nd–79th 80th–96th
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Figure 3: Data fusion of NIR and MIR spectroscopy for authenticity or adulteration discrimination of Corydalis yanhusuoW. T. Wang (a)
and the residue line obtained by MWPLSDA for the training sets (b).

Table 3: Forecasted results of NIR-MIR fusion spectra of two kinds of Corydalis yanhusuoW. TWang, Corydalis decumbens (.unb.) Pers.,
Typhonium flagelliforme (Lodd.) Blume, and Dioscorea opposita (.unb.) by PLSDA and MWPLSDA.

Sample sets Discrimination
Combinatory spectra

PLSDA MWPLSDA

Training Accuracy (%) 100 100
Error number 0 0

Prediction Accuracy (%) 98.97 100
Error number 1 0
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Figure 4: Continued.
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was benefited in the selection of combined informative fusion
spectral regions of 660–950 cm−1, 3550–4400 cm−1, and
5900–6600cm−1 for classification modeling of all samples and
yielded the results better than that obtained from a partial least
squares-discrimination analysis (PLS-DA) model built by
using the whole NIR spectral region. As shown in Figure 4(b)
and Table 3, all training and prediction set samples were
correctly predicted by 100%. MWPLSDA can improve sample
classification accuracy by eliminating useless information
variables and noncomponent-related factors.

4. Conclusions

Supervised pattern recognitionmethods based on PLSDA and
MWPLSDA algorithms by NIR and the data fusion of both
NIR andMIR has been established to study Angelica dahurica
and to identify the authenticity of Corydalis yanhusuo W. T.
Wang. In addition, it was clarified from the results that other
than PCA and LDA that can merely have well learning
performance and do well in the training sets, the PLSDA
model shows good performance in the area of identification of
Angelica dahurica orCorydalis yanhusuoW.T.Wang and can
be employed in the analysis of the geographical origins of
Angelica dahurica and the authenticity or adulteration of
Corydalis yanhusuo W. T. Wang. Furthermore, the full
spectrum information of NIR and MIR spectroscopy com-
bined with MWPLSDA performed much better than the
single NIR spectra or PLSDA model and demonstrated an
unparalleled ability of herbal medicine discrimination. .is
new recognition method provided a promising approach for
the identification of herbal medicines widely.
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2e concept of real-time release testing (RTRT) has recently been adopted by the production of pharmaceuticals in order to provide
high-level guarantee of product quality. Process analytical technology (PAT) is an attractive and efficient way for realizing RTRT. In
this paper, near-infrared (NIR) determination of cryptotanshinone and tanshinoneIIA content in tanshinone extract powders was
taken as the research object.2e aim of NIR analysis is to reliably declare the extract product as compliant with its specification limits
or not. First, the NIR quantificationmethod was developed and the parameters of the multivariate calibrationmodel were optimized.
2e reliable concentration ranges covering the specification limits of two APIs were successfully verified by the accuracy profile (AP)
methodology.2en, with the designed validation data fromAP, the unreliability graph as the decision tool was built. Innovatively, the
β-content, c-confidence tolerance intervals (β-CTIs) around the specification limits were estimated. During routine use, the
boundary of β-CTIs could help decide whether the NIR prediction results are acceptable. 2e proposed method quantified the
analysis risk near the specification limits and confirmed that the unreliable region was useful to release the product quality in a real-
time way. Such release strategy could be extended for other PAT applications to improve the reliability of results.

1. Introduction

Radix Salvia Miltiorrhizae is the dried root of Salvia mil-
tiorrhiza Bge [1]. It is widely used in several therapy systems
for the treatment of angina pectoris, coronary heart disease
and myocardial infarction, atherosclerosis, chronic renal
failure, and liver fibrosis [2]. Tanshinone extract, the im-
portant components in Radix SalviaMiltiorrhizae, is listed in
the Chinese Pharmacopoeia (ChP, 2015 edition). 2e tan-
shinone extract powders were generally manufactured using
a series of batch operations, including extracting, filtering,
concentrate, washing, drying, and milling.

Traditionally, the quality of tanshinone extract powder
was assured by laboratory testing after the manufacturing

was completed. And two active pharmaceutical ingredients
(APIs), i.e., the cryptotanshinone and the tanshinoneIIA,
were assayed by the HPLC method. However, the HPLC
analysis is time-consuming and requires labor-intensive
protocols including sample collection, sample pre-
treatment, sample analysis, and data processing procedures.
Besides, this conventional approach was conducted on
limited samples and had been at risk in providing qualified
products to the public.

Since the promulgation of the process analytical tech-
nology (PAT) guidance in September 2004 [3], the American
Food and Drug Administration (FDA) has encouraged the
pharmaceutical manufacturers to adopt new technologies in
pharmaceutical process, mainly for designing, analyzing,
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and controlling manufacturing through timely measure-
ments of critical quality and performance attributes of raw
and in-process materials and processes with goal of ensuring
final product quality. Real-time release testing (RTRT) [4],
which is advocated to substitute the end-point testing, is the
ability to evaluate and ensure the quality of in-process and/
or final product based on process data, which typically in-
clude a valid combination of measured material attributes
and process controls. Advances in quality by design (QbD)
have shown that the application of RTRT in any stage of the
manufacturing process and any type of finished product may
provide greater assurance of product quality than finished
product testing alone [5].

2e rapid spectroscopy techniques are important part of
RTRTplans. Near-infrared (NIR) spectroscopy has proven to
be effective for both qualitative [6–8] and quantitative analysis
[9–12] in the pharmaceutical industry due to its high effi-
ciency, nondestructive nature, and capacity to measure both
physical and chemical properties with minimal or no sample
preparation [13]. It is more and more considered as an at-
tractive and promising analytical tool for PAT. Recently, the
NIR spectroscopy has been introduced into the Chinese herbal
medicine production processes, such as the extraction process
of Epimedium brevicornum Maxim [14] and Qizhiweitong
granules [15], the alcohol precipitation process of Reduning
injection [16], the purification process of Aesculi semen ex-
tracts [17], the enrichment process of Danhong injection [18],
the fluidizing drying process of Poria cocos formula granules
[19], and the mixing process [20]. By summarizing the NIR
analysis results of Chinese medicine materials from the re-
ported literatures, it was found that the relative standard errors
of prediction (RSEP) were in the range of 1.51% to 10.41%
[13–19] and the prediction error of some herbal samples
exceeded the general target acceptance criteria for bulk drug
(2%) or dosage form (10%) [21].2erefore, the operable region
and unreliability region of these analytical methods should be
judged to confirm their scope of application.

Conventionally, the performance of the NIR analytical
method was evaluated by chemometric indicators [22–25],
such as the root-mean-square error (RMSE) [26], the corre-
lation coefficient (r), the ratio of performance to deviation
(RPD) [27], which only gave the average level of information
about errors and bias of NIR method and did not provide the
uncertainty of each individual prediction over the range of
measurement [28]. 2erefore, more and more researchers
adopted the accuracy profile (AP) approach to evaluate the risk
or confidence of the NIR method [29–32]. 2e core of the AP
methodology, in agreement with the ICH Q2A guidance, is to
use the β-expectation tolerance interval (β-ETI) to integrate the
trueness, the intermediate precision coefficient variation, as
well as the β chance for future results [33]. Based on the
validation results from the AP approach, Rozet et al. [34]
further identified the unreliable region around the specification
limit by intersection of the upper and lower β-ETIs with the
specification limit. Such methods were successfully applied for
HPLC-UV quantification of (R)-timolol impurity in (S)-
timolol drug substance and for NIRS quantification of
acetaminophen in the uniformity of dosage units (UDU)
test [34, 35].

As reported by Saffaj et al., the β-content, c-confidence
tolerance interval (β-CTI) could provide a better estimate of
measurement risk than β-expectation tolerance interval and
gave the best guarantee concerning the decision of declaring
a method as valid and reliable [36–38]. Our previous work
also revealed that the overall uncertainty estimated by the
β-CTI from the total error (bias and standard deviation) was
similar to the overall uncertainty assessed from validation
data according to the trueness, precision, and robustness
experiments [39]. In this work, NIR was used as a rapid
detective tool to assay the APIs content of tanshinone extract
powder. 2e traditional figures of merit were used to op-
timize the multivariate calibration model. A full factorial
design generating the validation data was used to calculate
statistical intervals. 2e β-content, c-confidence tolerance
interval was for the first time used to develop the unreliable
region around the specification limit of tanshinone extract
powder, in order to increase the confidence when releasing
the multicomponents natural product in a real-time way.

2. Experimental

2.1. Reagents andMaterials. 2e tanshinone extract powders
were purchased from Xi’an Changyue Phytochemistry Co.,
Ltd (Xi’an, China, lot: 140420), Xi’an Honson Biotechnology
Co., Ltd. (Xi’an, China, Lot: 141029.) and Shanxi Undersun
Bimedtech Co., Ltd (Shanxi, China, Lot: Udst130507). 2e
cryptotanshinone reference standard (lot number: 110852–
200806) and tanshinoneIIA reference standard (lot number:
110776–200619) were purchased from the National In-
stitutes for Food and Drug Control (Beijing, China). 2e
acetonitrile and phosphoric acid of HPLC grade were
purchased from the 2ermo Fisher Scientific Inc. (Massa-
chusetts, USA), and pure water was purchased fromWahaha
Co., Ltd. (Hangzhou, China).

2.2. Acquisition of Spectroscopic Data. 2e sample was held
in a circular sample cuvette with a solid cap, and the NIR
spectra were collected in the integrating sphere diffuse re-
flectance mode with the Antaris Nicolet FT-NIR system
(2ermo Fisher Scientific Inc., USA) at ambient tempera-
ture. Each spectrum was the average of 64 scans with 8 cm−1
resolution. 2e range of spectra was from 10000 to
4000 cm−1. 2e background spectrum was taken daily in air.

2.3. Reference Method. 2e reference method used for
cryptotanshinone and tanshinoneIIA determination was
HPLC assay recommended by the Chinese Pharmacopoeia
(2015 Edition) for the extract of Salvia miltiorrhiza Bge.
Firstly, samples were dissolved by methanol properly after
NIR scanning. 2en, the solution was filtered through a
Millipore membrane filter with an average pore diameter of
0.45 μm. Finally, 10 μL of filtrate was injected into the HPLC
system for analysis.

An Agilent 1100 series HPLC apparatus, equipped with a
quaternary solvent delivery system, an auto sampler, a DAD
detector, and HP workstation for data processing were used.
2e concentration of cryptotanshinone and tanshinoneIIA
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were analyzed by reverse-phase chromatography on an
Agilent XDB C18 column (4.6× 250mm, 5 μm) with gra-
dient. 2e mobile phase A is acetonitrile, and the mobile
phase B is phosphoric acid water (0.026%). 2e elution
procedures are as follows: 0∼25min, 60%∼90% A;
25∼30min, maintaining 90% A; 30∼31min, 90%∼60% A;
31∼40min, 60%∼60% A.2e column temperature was 25°C,
the flow rate was 1.2mL·min−1, and the detection wave-
length at 270 nm was set.

2.4. Calibration and Validation Protocols. 2e experimental
protocols were created for both calibration and validation
sets in order to obtain a robust model. A total of 103 samples
were collected in the calibration set. Four grams of tan-
shinone extract powder sample was weighed and then di-
rectly measured by NIR under the conditions specified in
Section 2.2.

2e external validation set was built with the same
method as the calibration set. 2e validation protocol used
the “8× 5× 3” full factorial experimental design. Eight dif-
ferent concentration levels of cryptotanshinone, i.e., 0.20%,
0.31% 0.50%, 1.18%, 2.05%, 2.26%, 5.29%, and 9.68%, were
investigated. Eight different concentration levels of tan-
shinoneIIA, i.e., 0.10%, 0.15%, 0.36%, 0.54%, 2.04%, 6.03%,
18.76%, and 27.64%, were investigated. Each concentration
level was performed in 5 replicates on 3 different days,
resulting in 120 samples in the validation set for both two
components. Moreover, all validation samples were from
different batches of tanshinone extract powders to test the
robustness of the NIR model.

2.5. NIR Method Development. To perform the quantitative
determination of cryptotanshinone and tanshinoneIIA con-
tent in tanshinone extract powders, the partial least squares
(PLS) regression was applied for the sake of linking the NIR
spectra with the reference values analyzed by the HPLC
method [39]. In order to improve the performance of the
PLS model, a variety of spectroscopic data pretreatment
methods were investigated to extract the useful information.
For example, the first-order derivatives (1std) [40], the
second-order derivatives (2ndd) [41] could be used to
remove the baseline drift and decrease the overlapping. 2e
multiplicative scatter correction (MSC) [42, 43] and the
standard normal variate transformation (SNV) [44] could
reduce the light scattering effects. 2e wavelet denosing of
spectra (WDS) [45] and the Savitzky–Golay (SG) smoothing
[46] can effectively eliminate the noise.

During the NIR method development process, correla-
tion coefficients r for both the calibration and validation sets,
the root-mean-square error of calibration (RMSEC), the
root-mean-square error of cross-validation (RMSECV), the
root–mean-square error of prediction (RMSEP), and RPD
were used to evaluate and select the best NIR calibration
model. 2e optimal latent variables (LVs) used to build PLS
model were selected according to comprehensive consid-
eration of RMSEC, RMSECV, RMSEP, and cumulative
prediction error sum of square (PRESS) values.

2.6. :e Unreliability Graph. 2e unreliability graph as a
decision making tool is a 2D-graphical representation of
tolerance intervals aiming at helping the analyst to decide
whether an analytical result is reliable or not. For details
about the theory, the authors are recommended to refer to
the published literatures [36, 47].

2.6.1. Estimation of the β-Content, c-Confidence Tolerance
Interval. 2e “I × J × K” full factorial validation protocol was
designed to obtain the validation dataset, where the effect of
three aspects, i.e., conditions (I, i � 1, 2, . . . , m), the number
of repetitions (J, j � 1, 2, . . . , n), and the level of concen-
trations (K, k� 1, 2, . . . , a), were taken into account [48].2e
β-content, c-confidence tolerance interval can be expressed
by the following formula:

P
Y,􏽢σ 2

b
,􏽢σ

2
e

PY Y− k􏽢σM <Y<Y + k􏽢σM ∣ Y, 􏽢σM􏼂 􏼃≥ β( 􏼁 � c.

(1)

In equation (1), Y is the average value of the results at
each concentration level K; 􏽢σM, 􏽢σ 2

b , and 􏽢σ2
e , respectively

means the intermediate precision, the interseries, and the
intraseries variances; k denotes the coverage factor and is
related to β and c.

Mee’s approach is used for estimating the β-content,
c-confidence tolerance interval as follows [36, 49]:
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where the lower (L) and upper (U) limits denote a specified
proportion β of measured results that will fall within the
interval [L, U] at specified confidence level. kC is an ap-
proximation to k. χ21;β(τ) denotes the β quantile of a non-
central chi-square distribution under the freedom degree of
1. τ means the noncentral parameter. χ2

v′;1−c with degrees of
freedom v′ denotes the 1− c quantile of a noncentral chi-
square distribution. And, F denotes the mean square ratio
MSB/MSE. MSB and MSE, respectively, denote the mean
square of the interseries and the intraseries variances. Under
degree freedom v1 � m(n− 1) and v1 � m− 1, Fη is the 100η
percentile of an F distribution. 2e recommended values of
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η are 0.85, 0.905, and 0.975, which are corresponding to 0.90,
0.95, and 0.99 for c, respectively [47].

2e β-content, c-confidence tolerance interval could also
be written in a relative form:
[L(%), U(%)] � bias(%)− kCRSD(%), bias(%) + kCRSD(%)􏼂 􏼃,

RSD(%) �
􏽢σM

Xr
× 100,

(8)

where Xr is the theoretical value.

2.6.2. Establishment of the Accuracy Profile. In order to
globally validate accuracy and robustness of the NIR quanti-
tative method, the accuracy profile is developed as follows [50]:

(1) Set acceptance limits± 20% for natural product in
this paper

(2) Calculate the β-content, c-confidence relative tol-
erance intervals [L (%), U (%)] for each concen-
tration level based on equation (8) at a desired
confidence level c

(3) Construct a 2D-accuracy graph with the horizontal
axis for the validation standards concentration and
vertical axis for the relative tolerance interval limits
[L (%), U (%)] and accuracy

(4) If [L (%), U (%)] at given concentration levels are
within acceptance limits (±20%), it demonstrates
that the developed method is accuracy and robust-
ness; otherwise, the method cannot be accepted

2.6.3. Establishment of the Unreliability Graph. 2e un-
reliability graph was used as a decision making tool to in-
crease the confidence of real-time release testing at the
specification limit. 2e procedures for developing the un-
reliability graph are as follows [35, 39]:

(1) Set the specification limit (λ) according to the
requirement.

(2) Calculate the [L,U] for each concentration level based
on equation (2) at the desired confidence level c.

(3) Develop a 2D graph with the horizontal axis for the
validation standards concentrations and vertical axis
for the observed concentrations.

(4) Locate the tolerance limits L and U for each vali-
dation concentration on the 2D graph. 2e tolerance
limit L at each concentration level was connected
into a broken line in turn. 2e same procedures were
also performed on tolerance limits U.

(5) Make a straight line perpendicular to the horizontal axis
at the specification limit (λ). 2e intersections of the
lower and upper tolerance interval with the specifica-
tion limit line are defined as LAPI andUAPI, respectively.

(6) Make two straight lines parallel to horizontal axis
through the intersections. 2e area between the two
parallel straight lines is the unreliability region
around the specification limits.

(7) If the analytical results exceed the UAPI, the target
product can be immediately released; otherwise, it
cannot be directly released.

2.7. Software. 2e SIMCA-P 11.5 (Umetrics, US) and Un-
scrambler 7.0 (CAMO, Norway) software were used to
perform spectral pretreatments. 2e Matlab 7.0 (Mathwork,
USA) with PLS Toolbox 2.1 (Eigenvector Research Inc.,
USA) was used to carry out the PLS regression. For cal-
culation of the β-content, c-confidence tolerance intervals,
the Matlab codes were referred to [47].

3. Results and Discussion

3.1. NIR Method Development. In this study, raw spectra of
103 samples were obtained by NIR scanning of the extract
powders, as shown in. Figure 1. It was difficult to observe the
differences from the original spectra because the wave bands
were seriously overlapped. Partial least square, one of the
most commonly used chemometric methods, was applied to
handle the overdetermined problem in the calibration
process. And, the PLS1 algorithm was used predict the
concentrations of each API in tanshinone extract. Before
ascertaining the structure and finetuning the coefficients of
PLS model, the Kennard–Stone (K-S) algorithm [51] was
used to split the original data set into a calibration set (75
samples) and a test set (28 samples).

2en, various data preprocessing methods in Section 2.5
were used to extract useful information from the noisy
spectral data. Tables 1 and 2 show the PLS modeling results
in both calibration and prediction of cryptotanshinone and
tanshinoneIIA content, respectively.2e PLS model based on
the second-order derivative NIR absorption spectrum has
the optimal results, where the RMSECV and RMSEP values
were smallest and the RPD values were highest.2is revealed
that the robustness of the quantitative models with 2ndd
pretreatment was satisfactory and the models had excellent
predictive ability. Figure 2 shows the full spectra of all
samples through 2ndd preprocessing method. It can be seen
that this method can obviously eliminate the baseline drift,
remove the background interference, and distinguish the
absorption peaks. 2e characteristic absorption waveband
was from 6400 cm−1 to 4000 cm−1. 2ereby, 2ndd was
chosen as the preprocessing method.

2e number of latent variables (LVs) was an important
parameter and could directly affect the accuracy of the
model. LVs listed in Tables 1 and 2 are optimized by the
leave-one-out cross-validation. As can be seen from Fig-
ure 3, the RMSE and cumulative PRESS values gradually
decreased and eventually did not change as the number of
latent variables increased. Consequently, 10 LVs and 8 LVs
were, respectively, used to establish the PLS models for
cryptotanshinone and tanshinoneIIA, respectively. 2e
RPD value in prediction of tanshinoneIIA was 15.6, which
was larger than that in prediction of cryptotanshinone
(RPD� 5.3). 2e reason may be that the standard deviation
of tanshinoneIIA content in the test set was higher than that
of cryptotanshinone.
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3.2. NIRMethod Validation. According to the ICH Points to
consider (R2) document [52], the PLS quantitativemodel could
be classi�ed into high impact model, since the APIs content of
tanshinone extract powder predicted by the multivariate cali-
bration models were key indicators for quality control. Con-
sequently, it is necessary to implement method validation to
ensure the accuracy and robustness of the quantitative model.
After 120 validation samples were prepared according to
validation protocols illustrated in Section 2.4, the concentra-
tions of cryptotanshinone and tanshinoneIIA were predicted by
the developedNIR calibrationmodel and are listed in appendix
Tables S1 and S2, respectively.

�e validation statistics for NIR quantitative method are
shown in Tables 3 and 4 for cryptotanshinone and tan-
shinoneIIA, respectively. Taking the validation results of
cryptotanshinone for example, the range of concentration
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Figure 1: Raw NIR spectra of 103 samples.

Table 1: PLS model characteristics for cryptotanshinone.

Pretreatment LVs
Calibration set Validation set

rcal RMSEC RMSECV BIAScal rval RMSEP RPD BIASval
Origin 11 0.9821 0.470 0.640 0.380 0.9712 0.5835 4.3 0.440
1std 10 0.990 0.344 0.557 0.261 0.9737 0.528 4.7 0.376
2ndd 10 0.9992 0.102 0.422 0.084 0.9818 0.466 5.3 0.341
S–G 11 0.9819 0.472 0.642 0.381 0.9709 0.587 4.2 0.441
MSC 12 0.9872 0.397 0.708 0.305 0.9761 0.536 4.6 0.399
SNV 12 0.9860 0.386 0.664 0.325 0.9713 0.583 4.3 0.420
WDS 11 0.9960 0.644 0.912 0.535 0.9516 0.755 3.3 0.623

Table 2: PLS model characteristics for tanshinoneIIA.

Pretreatment LVs
Calibration set Validation set

rcal RMSEC RMSECV BIAScal rval RMSEP RPD BIASval
Origin 12 0.9840 1.322 2.012 0.999 0.9966 1.288 11.4 1.035
1std 10 0.9969 0.947 1.849 0.696 0.9970 1.141 12.8 0.807
2ndd 8 0.9991 0.512 1.775 0.376 0.9981 0.934 15.6 0.744
S-G 12 0.9938 1.338 2.040 1.012 0.9965 1.312 11.2 1.052
MSC 12 0.9970 0.938 2.023 0.739 0.9974 1.087 13.5 0.849
SNV 11 0.9973 0.891 1.674 0.622 0.9979 1.009 14.5 0.553
WDS 12 0.9896 1.736 2.478 1.292 0.9925 1.947 7.5 1.494
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studied in Table 3 can be divided into two parts. Part 1 and
part 2 were the concentration range of [0.20–1.18]% and
[2.05–9.68]%, respectively. In the �rst part, variances of
trueness and precision were exceptionally severe, indicating
that the precision and the accuracy of analytical method
were anomalous. In part 2, it can be seen that the recovery
was closed to 100% and the relative bias was small, indicating
that the precision and accuracy of the quantitative model
were acceptable within this range. With the same analysis
procedures for tanshinoneIIA, it was easy to draw a con-
clusion that the contents of tanshinoneIIA within [0.10–
2.04]% cannot be accurately detected since the precision and
accuracy were anomalous. By contrast, the analytical method

can accurately determine the tanshinoneIIA in the range
[6.03–27.64]%. In conclusion, the NIR method can be used
for the determination of cryptotanshinone and tanshinoneIIA
both in the second parts of the concentration range.

According to Section 2.6.2, the accuracy pro�le (AP) was
used to globally assess the NIR quantitative analysis method,
as shown in Figure 4. �e β� 66.7% and c� 90% suggested
by Sa¡aj’s were applied to estimate the β-content, c-con�-
dence tolerance interval [36], and the results were listed in
Tables 5 and 6. It was clearly seen from Figure 4(a) that the
relative tolerance intervals for the �rst 4 concentrations
visibly came out of the two acceptance limits, revealing that
the contents within [0.20–1.18]% cannot be accurately
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Figure 3: Calibration characteristics vs. number of latent factors. (a) �e cryptotanshinone model; (b) the tanshinoneIIA model.

Table 3: �e validation results for NIR determination of cryptotanshinone.

�eoretical
concentration (%)

Mean calculated
content (%)

Trueness Precision
Relative bias (%) Recovery (%) Repeatability (%) Intermediate precision (%)

0.20 0.40 100.00 200.00 73.58 92.85
0.31 0.46 46.88 146.88 46.34 52.73
0.50 0.69 38.93 138.93 29.16 35.68
1.18 0.86 −26.89 73.11 26.98 26.98
2.05 2.06 0.33 100.33 7.67 7.97
2.26 2.48 9.72 109.72 9.24 9.97
5.29 4.92 −6.99 93.01 3.48 4.28
9.68 9.51 −1.72 98.28 2.99 3.06

Table 4: �e validation results of NIR determination of tanshinoneIIA.

�eoretical
concentration (%)

Mean calculated
content (%)

Trueness Precision
Relative bias (%) Recovery (%) Repeatability (%) Intermediate precision (%)

0.10 −0.20 −294.70 −194.70 390.80 390.80
0.15 −0.13 −184.44 −84.44 250.76 250.76
0.36 0.24 −32.96 67.04 87.85 93.70
0.54 0.85 58.02 158.02 47.40 47.40
2.04 1.60 −21.67 78.33 16.04 17.95
6.03 5.95 −1.34 98.66 6.37 6.37
18.76 18.34 −2.26 97.74 3.31 3.36
27.64 26.45 −4.30 95.70 1.63 1.91
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measured. Although at content of 2.26% the relative toler-
ance intervals slightly exceeded upper acceptance limit, the
most contents measured by calibration model were ac-
ceptable and the recovery in this concentration was no more
than 110%. It indicated that the PLS model could determine
the contents of cryptotanshinone in this concentration level.
However, the tolerance intervals of the last 4 concentration
levels fell within the acceptance limits. Consequently, the
method was considered to be valid in the concentration
range within [2.05–9.68]%. By using the same analysis
method, a conclusion can be clearly drawn that the NIR
method was valid only for the last 3 concentration levels in
detecting the tanshinoneIIA, as shown in Figure 4(b). �ese
�ndings are consistent with the validation results above.

3.3. Real-TimeRelease Testing for Tanshinone Extract Powders

3.3.1. �e Speci�cation Limit. According to the ChP (2015
Edition) [1], the minimummass content of cryptotanshinone
and tanshinoneIIA in tanshinone extract powders are 2.1%
and 9.8%, respectively. �e speci�cation limits were well
located within the reliable concentration regions in Section
3.2, indicating that the developed NIR analysis method can
be used to release the tanshinone extract powders in real
time.

3.3.2. Unreliability Graph Development. By, respectively,
connecting the tolerance limits L andU listed in Tables 5 and
6 at each concentration level, the unreliability graph could be
drawn. Figures 5(a) and 6(a) show the unreliability graphs
for cryptotanshinone and tanshinoneIIA at full concentration
ranges, respectively. �e β-content, c-con�dence tolerance
interval at the speci�cation limit was then estimated. Taking
cryptotanshinone for instance, a line passing through two
points, i.e., the upper tolerance limits at 2.39% and 2.98%,
was dropped, and the linear function was regressed as y �
2.810 × x− 3.370 (x and y mean validation and observed
concentration, respectively). �e speci�cation limit of
cryptotanshinone was substituted into this function, and
UAPI of cryptotanshinone were calculated to be 2.53%. �en,

another line passing through the lower tolerance limits at
1.72% and 1.98% was regressed as y � 1.238 × x− 0.818.
2.1% was substituted into this function, and LAPI of cryp-
totanshinone were calculated to be 1.78%. Similarly, as for
tanshinoneIIA, the tolerance interval around 9.8% was es-
timated to be from 8.86% to 10.37%. Figures 5(b) and 6(b)
show the unreliable regions for cryptotanshinone and tan-
shinoneIIA around the speci�cation limits, respectively.

3.3.3. Real-Time Release Testing. �e unreliable region
around the speci�cation limit can be seen as risk region or
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Figure 4: Accuracy pro�le for NIR quantitativemethods. (a) Quanti�cation of cryptotanshinone content; (b) quanti�cation of tanshinoneIIA
content. �e medium blue dashed lines are the 66.7% β-content, 90% c-con�dence tolerance intervals and the red lines are the acceptance
limits (±20%); the black point at each concentration level represents the relative bias for each predictive value.

Table 5: �e β-content, c-con�dence tolerance intervals estimated
for di¡erent concentration levels of cryptotanshinone.

Concentration
level (%) L U L (%) U (%)

0.20 −0.097 0.895 −149.64 348.98
0.31 0.062 0.847 −79.99 173.75
0.50 0.23 1.15 −54.29 132.15
1.18 0.45 1.40 −61.29 18.81
2.05 1.72 2.39 −16.10 16.75
2.26 1.98 2.98 −12.33 31.68
5.29 4.33 5.51 −18.21 4.23
9.68 8.93 10.10 −7.80 4.35

Table 6: �e β-content, c-con�dence tolerance intervals estimated
for di¡erent concentration levels of tanshinoneIIA.

Concentration
level (%) L U L (%) U (%)

0.10 −0.76 0.38 −864.48 275.14
0.15 −1.15 0.79 −864.79 423.90
0.36 −0.49 0.98 −236.06 170.13
0.54 0.45 1.26 −16.77 132.82
2.04 0.74 2.46 −63.86 20.52
6.03 5.39 6.50 −10.51 7.84
18.76 17.11 19.56 −8.80 4.27
27.64 25.14 27.77 −9.06 0.46
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guard-banding, since there was a certain risk in the results of
NIR quantitative analysis. During routine use, if the NIR
analysis result is larger than the upper limit of the built
unreliable region, it is assured that the content would satisfy
the speci�cation. And, for the analysis result within the
unreliable region, it cannot accurately determine whether
the content meets the speci�cation or not. If the NIR analysis
result is located under the lower limit of the unreliable
region, it absolutely does not meet the target requirements.

For real-time release testing of tanshinone extract
powders by NIR analytical method, the release standard was
that the contents of cryptotanshinone and tanshinoneIIA
must be no less than 2.53% and 10.37%, respectively. Only in
this way, the tanshinone extract powder can be directly
released to the next pharmaceutical manufacture units or to
markets. Otherwise, the tanshinone extract powders cannot
be released. �e NIR spectroscopy combined with the un-
reliability graph signi�cantly increases the con�dence about
the compliance of the product in a real-time way.

4. Conclusions

In this paper, a new release strategy based on the un-
reliability graph methodology which incorporated the
β-content, c-con�dence tolerance intervals, has successfully
been achieved. Firstly, the cryptotanshinone and tan-
shinoneIIA content in tanshinone extract powders were
rapidly detected by NIR using the PLS quantitative model.
And secondly, this quantitative model was validated by the
accuracy pro�le. �e NIR methods can accurately determine
the cryptotanshinone in the range [2.05–9.68]% and the
tanshinoneIIA in the range [6.03–27.64]%. Finally, the re-
lease strategy with NIR quantitative model based on the
unreliability graph was applied to real-time release test of
tanshinone extract powders. �e proposed approach o¡ered
a formal statistical framework to show when the analytical
methods will provide daily results that can be used e§ciently
to make adequate decisions. Besides, the release strategy
proposed can be applied to any quantitative analytical
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Figure 5: (a) �e unreliability graph of cryptotanshinone. (b) �e unreliable region estimated around the speci�cation limit of crypto-
tanshinone in tanshinone extract. Blue dashed lines are the 66.7% β-content, 90% c-con�dence tolerance intervals; the diagonal continuous
line is the identity line y� x; the red vertical straight line and the black horizontal dashed line are the API speci�cation limits; the shaded
region corresponds to the unreliable region.
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Figure 6: (a)�e unreliability graph of tanshinoneIIA. (b)�e unreliable region estimated around the speci�cation limit of tanshinoneIIA in
tanshinone extract. Blue dashed lines are the 66.7% β-content, 90% c-con�dence tolerance intervals; the diagonal continuous line is the
identity line y� x; the red vertical straight line and the black horizontal dashed line are the API speci�cation limits; the shaded region
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method and provide greater assurance for the quality of the
final products, to achieve the purpose of real-time release.

Data Availability

2e data used to support the findings of this study are
available from the corresponding author upon request.

Additional Points

(1) A release strategy was proposed to determine whether the
analytical results were reliable in real-time release testing
(RTRT). (2) 2e β-content, c-confidence tolerance intervals
were applied to establish the unreliability graph as the de-
cision tool. (3) 2e new release strategy can be used for
quality control of the complex system of Chinese medicine
product.
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+e aim of this study is to prove the effectiveness of IR spectroscopy as an identification test able to discriminate between mineral
compounds in mixtures. +is work is concerned with the physical characterisation of purified bentonite, bentonite in organic
mixtures and organic excipients, and mineralized organic mixture containing bentonite using FT-IR spectroscopy. +e different
spectra were compared with each other in order to determine fingerprints of bentonite represented by bands located at 3632 cm−1

and 3437 cm−1. +e analysis of the spectra of the nonmineralized mixture demonstrates the presence of two bands at 1454 and
2928 cm−1, superimposed on those of the excipients and which disappear after 2 hours of mineralization at 500°C. Finally, we
notice a displacement of the stretching band of H2O to the right with increasing the proportion of the excipients.

1. Introduction

Over the last decade, infrared (IR) spectroscopy had proved to
be a powerful analytical method widely applied in quality
control in the field of agricultural, environment, food, and
especially pharmaceutical. It is the best technique used in the
investigation and identification of clays and clay minerals,
especially bentonite, by a combination of spectroscopic and
spatial information [1, 2]. Using this method, selected sample
areas can be analyzed with reference to the identification and
localization of chemical species by Fourier-transform infrared
spectroscopy (FT-IR) in the transmission or attenuated total
reflection (ATR) mode [3].

On the other hand, FT-IR is an excellent technique for
pharmaceutical analysis which offersmany advantages since it
is easy to use, sensitive, selective, green, and fast (the total
analysis time including making the pellets, measurement,
identification, and report generation is lower than
10minutes) and helps ensure regulatory compliance through
validation protocols. Contrary to high-performance liquid
chromatography (HPLC) which is less fast, requires the
preliminary preparation of the mobile phase, and is not

applied in the field of mineral chemistry, this spectroscopic
method is the reference for identification of organic drug
substances in pharmacopeia. +e IR spectroscopy is mainly
complementary to X-ray diffraction (XRD) and other
methods used to study clays.

+e interpretation of the different IR spectra remains
empirical and consists most often in comparing the results
obtained with previously recorded reference spectra or to
put in evidence important structural parts of the mole-
cules with intense vibration bands [4–6], even if the
substance is in mixtures or complexes [7]. It is based
mainly on the analysis of IR spectra of isolated molecules.
However, since these spectra can serve as fingerprints for
identification, we are interested in proving the effec-
tiveness of this spectral method in the identification of a
mineral product that cannot be detected by HPLC in a
mixture.

+e aim of this study is to develop a new method for
identification of the drug substance as purified bentonite in a
drug product, using FT-IR spectroscopy in order to apply it
in several fields such as industrial pharmacy to analyze
mineral intestinal adsorbents [8].
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2. Materials and Methods

2.1. Preparation of Mixture. +e starting material is ben-
tonite clay, which belongs to the family of crystalloids. Five
mixtures of drug products were prepared of each pro-
portion of bentonite (Sigma-Aldrich, analytical grade),
pure glucose monohydrate (Riedel-de Haën, analytical
grade), and menthol (BASF, pharmaceutical grade) (Ta-
ble 1). +e mixtures thus formed are triturated in a por-
celain mortar to reduce the average particle size to 1-2 μm
in order to promote the homogeneity of the samples [9]. In
effect, the size of the particles influences the amount of
absorption of the sample and the intensity of the absorption
peaks of its spectrum. +e difference in particle size be-
tween the different constituents of the mixture then
complicates the analysis of the mixture spectra in which the
coarsest compound becomes predominant [10].

+e aim is to have mixtures sufficiently simple to acquire
a knowledge of the interaction spectra related to the su-
perposition of the absorption spectra of the different species,
knowing that the additivity of the absorbances is an ideal
case. +e mixtures thus prepared will be read after by IR
spectroscopy.

2.2. Mineralization of the Mixture. +e determination of the
time required for the complete mineralization of glucose and
menthol (excipients) led us to prepare six samples of mixture
80% (M80) and one sample of purified bentonite (B). Each
100mg sample was placed in a porcelain crucible at a tem-
perature of 500°C in a temperature-controlled oven of the
Conacom Italia type. +e crucibles of the mixture were re-
covered one after the other every 30minutes for 3 hours, in
order to be analyzed by FT-IR spectroscopy using the
transmission mode.

2.3.MeasurementbyFourier-TransformInfraredSpectroscopy
(FT-IR). +e FT-IR spectroscopy using the transmission
mode is an intuitive method which does not require so-
phisticated sampling accessories. +e sample can be placed
directly into the path of the infrared beam (with the help of a
sample holder), and 128 scans were collected with a reso-
lution of 4 cm−1 for each measurement over the spectral
range of 500–4000 cm−1.

FT-IR spectroscopy using KBr-pressed disk technique was
conducted on a JASCO FT-IR 460 PLUS spectrometer (Pike
Technologies, Madison, USA) equipped with a pyroelectric
DLATGS detector. 2.5mg of each mineralized sample and
100mg of potassium bromide (Honeywell Fluka, infrared
grade) were weighted, ground in an agate mortar, and pressed
for 2minutes at 10 tones/cm2 to form a semitransparent pellet
which lets light to be transmitted to the detector [11, 12]. +e
pellet was placed in the IR beam using the sample trans-
mission holder. +e samples analyzed were nonmineralized
glucose (G), purified bentonite (B), mineralized bentonite
(MB), nonmineralized mixture 80% (M80), mineralized
mixture 80% (MM80), nonmineralized mixture 60% (M60),
and nonmineralized mixture 40% (M40). +ree measure-
ments were carried out in the transmission mode for each

sample. Spectra Manager II spectroscopy software developed
by JASCO ensures spectral acquisition and processing.

+e first part of this work was reserved to record the
spectra of mineralized mixture MM80 for different dura-
tions in the aim to determine the time required for the
complete mineralization of glucose and menthol (excipi-
ents). +e second part of this work is to identify functional
groups of nonmineralized mixture by measuring the ab-
sorption at specific wavelengths of bonds that vibrate in-
dependently of one another in order to confirm that the FT-
IR spectroscopy is the most efficient method able to dis-
criminate between different compounds of drug product.

3. Results and Discussion

3.1. Mineralization of the Mixture. Disappearance of func-
tional groups during the process of mineralization can be
successfully monitored by transmission FT-IR spectrometry.
+e focus was on the band located at 2928 cm−1 corre-
sponding to C-H stretching which is specific to organic
compounds: glucose and menthol. +e IR spectra of the
mixture M80 mineralized at 500°C for 30, 60, 90, and
120min (Figures 1 and 2) show a gradual decrease in the
intensity of this band, until disappearance from the second
hour (crucibles 4, 5, and 6). +e disappearance of this peak
testifies to a complete mineralization of the organic matter
used in the preparation of the mixture (glucose and men-
thol). Consequently, the MM80 mixture used in our study
represents a M80 mixture mineralized at 500°C for 2 hours.

3.2. Data Processing of the Infrared Spectrometry. IR spec-
troscopy analysis of the different mixtures studied requires
an understanding of the absorption bands attributable to the
different physical and chemical properties of the material
and which are used to assist in the identification of the
various compounds that make up the mixture.

It is well known that molecule analyzed by IR spec-
troscopy absorbs only the frequencies of IR light that
match vibrations that cause a change in the dipole moment
of the molecule. Every molecule, with the exception of
enantiomers, has a unique infrared spectrum.+is is due to
the fact symmetrical structures and identical groups at
each end of one bond will not absorb in the IR range [13].
+e spectrum has two regions. +e fingerprint region is
unique for a molecule, and the functional group region is
identical for molecules with the same functional groups
[13].

+e FT-IR spectral examination of purified bentonite
revealed different bands (Table 2) comparable to those

Table 1: Composition of the studied mixtures.

Code Mixtures Bentonite
(mg)

Glucose
(mg)

Menthol
(mg)

M80 Mixture 80% 80 19 1
M60 Mixture 60% 60 39 1
M40 Mixture 40% 40 59 1
B Bentonite 100 — —
G Glucose — 100 —
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defined by the literature [14–18]. Two bands of different
intensities, located at 3632 cm−1 and 3437 cm−1, also
defined by Jeddi et al. [19], constitute the spectral sig-
nature specific to bentonite which allows its identification
in a mixture of species. +ese bands correspond, re-
spectively, to the vibrational modes of hydroxyl groups
and water molecules absorbed in the interstitial spaces of
the bentonite.

According to the spectra of the mineralized bentonite
and purified bentonite obtained (Figure 3), the general
appearance is similar, but we can see a significant decrease
in the intensity of the band at 3437 and 1638 cm−1 related
to H2O absorbed on the samples, and a well-resolved band
at 3632 cm−1 assigned to OH− stretching vibrations of
structural hydroxyls remained [20]. +is change of in-
tensity means that the hydrophilicity of the bentonite
decreased.

Figure 4 shows FT-IR spectra of the mineralized ben-
tonite and the excipients as well as those of themixturesM80
and MM80. +e different spectra were compared with each
other in order to obtain information on the differences
between the mineralized bentonite and the mixtures M80
and MM80. +e spectra of the mixture MM80 are com-
pletely confused with those of the mineralized bentonite.
However, those of the mixture M80, unlike the mixture
MM80, have in the field ranging from 1300 to 4000 cm−1 and
in addition to the bands characteristic of the hydroxyl group
(3632 cm−1) and water (3437, 1638 cm−1), a small band at
1454 cm−1 and a sharper band at 2928 cm−1. +is supports
the additivity of absorbances of the excipients and the
bentonite.

+e FT-IR spectroscopy of the mixtures M80, M60,
M40, and excipients shown in Figure 5 was carried out for a
comparative purpose in order to obtain information about
the modification of the mixture spectra while increasing the
proportion of the excipients. +e position, the shape, and
the intensity of the stretching band of H2O at 3437 cm−1
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Figure 1: FT-IR spectra of nonmineralized mixture 80% (M80) mineralized at 500°C for different durations.
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Figure 2: Spectral band characteristic of nonmineralized mixture
80% (M80) after mineralization at 500°C for 30, 60, 90, and
120minutes.

Table 2: IR bands characteristic of the purified bentonite spectrum.

Transmission vibrational
frequency (cm−1) Strength Functional groups

3632 Medium OH stretching
3437 Medium H2O stretching
1638 Weak H2O bending
1042 Broad Si-O stretching
915 Broad Al-OH-Al bending
884 Medium Al-OH-Fe bending
842 Medium Al-OH-Mg bending

795 Weak Si-O stretching of
quartz and silica

622 Weak Al-O+ Si-O out-of-plane
vibration

522 Broad Al-O-Si bending
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Figure 3: FT-IR spectra of purified bentonite (B) and mineralized bentonite (MB).

0

3

1

2

4000 500100020003000

A
bs

.

Wavenumber (cm–1)

M80

MM80
MB

Excipient

Figure 4: FT-IR spectra of mineralized bentonite (MB) andmineralized mixture 80% (MM80) versus those of nonmineralized mixture 80%
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nonmineralized mixture 40% (M40), and excipients.
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were influenced by the addition of the excipients. Indeed,
we notice a displacement of this band to the right with
increase in its intensity while going from the mixture M80
to the mixture M40.+e absorption bands observed at 1454
and 2928 cm−1 in the FT-IR spectra of the M80 mixture
increase their intensity with increasing concentration of the
excipients.

Unlike to FT-IR spectroscopy which is a simple, fast,
cheaper, and extremely useful for the characterisation of
both organic products and inorganic products, the HPLC is
a method which represents some limitations rarely discussed
that promotes the utilisation of FT-IR spectroscopy.

+e HPLC requires a sophisticated instrumentation with
bewildering number of modules, columns, and mobile
phases, operating parameters render HPLC difficult for the
novice, and it is relatively expensive [21]. It can also be time-
consuming, tedious, arduous, involve extensive chemical
use, need regular maintenance requirements, and sometime,
require pretreatment of samples [21, 22]. But, the main
drawbacks of HPLC are the lack of a high-sensitivity uni-
versal detector and the insufficient chromatographic effi-
ciency to separate many complexes like the inorganic
products [22–24].

+erefore, we can confirm that the FT-IR spectroscopy,
applied to study drug product, is a very sensitive technique
that provides a relatively easy and fast way to determine an
unknown mineral drug substance, by giving detailed
qualitative information on chemical composition of the
analyzed material along with a unique fingerprint that
often enables confirmation of its identity [25]. +is iden-
tification and recognition of its presence in mixtures are
more certain when its absorption bands are numerous and
sharply defined and if there appears a distinctive region of
the spectrum.

4. Conclusions

+e present study clearly demonstrates that FT-IR spec-
troscopy is an efficient method for the characterisation of the
purified bentonite in an organic mixture. +is technique
remains economical, rapid, and specific. +e spectrum can
be obtained in a few minutes using the inexpensive in-
struments, which can be available in many analytical lab-
oratories and can be served as a fingerprint for new drugs of
mineral origin as an alternative to chromatographic re-
tention time in HPLC.

Indeed, the FT-IR spectroscopy can be combined with
other spectral methods such as X-ray diffraction in order to
increase the specificity of the technique.
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In this review, the application of the photoacustic spectroscopy (PAS) is presented as an option to evaluate the quality of
food. .is technique is a type of spectroscopy based on photothermal phenomena, which allow spectroscopic studies.
According to the literature review, it was found that its application is increasing in several countries. Spectroscopic studies
carried out by employing PAS in the food industry include, among others, fruit, vegetables, condiments, grains, legumes,
flours, “tortillas,” milk, water, eggs, etc. Additionally, this technique has been used to evaluate adulterated, irradiated, and
contaminated food and so on. .e literature review has shown the applicability of PAS to one of the problems of the real
world, i.e., food quality assessment. .erefore, PAS can contribute in the future with a wide potential for new applications in
the food agroindustry.

1. Introduction

One of the problems worldwide is the quality and quantity of
food. In developing countries, this is even more evident,
causing several chronic diseases such as cancer and mal-
nutrition, according to Hernández et al. [1]. .erefore, the
development of technologies to improve global food pro-
duction is necessary since one of the main challenges of our
time is to feed a growing worldwide population [2–6]. In this
order of ideas, it is also mandatory to develop technologies
that evaluate food quality, before the direct impact that they
have on population’s health and consequently on their
quality of life. Several authors and public health pro-
fessionals indicate a relationship between dietary behaviour
and the food quality associated with the risk of some cancers
and other existing chronic diseases [7, 8]. In this sense, the
quality of the food is very important; in the case of cancer
diseases, a close relationship between the diet and the

different types of cancers has been reported [9–11]. Cancer,
among other factors, could be due to the intake of com-
pounds in food that initiate or promote it. .e food and its
substances which are consumed provide the nutritional
support for an organism and help for the disease prevention.
However, sometimes they increase chemical substances, and
instead of helping, they damage the organism [8]. .is
highlights the need for a greater level of food control: equal
in quantity and quality (i.e., sometimes foodstuff contains
both substances that harm and benefit human health. .at is
to say, to evaluate food in order to avoid consuming con-
taminated or degraded food (chemically or biologically) and
to promote the consumption of food rich in phytonutrients
(increasing the proposals for food integrated with superfood
and/or fibre), etc. .is, among other aspects, is relevant to
the prevention of diseases [12]. In food production chain, it
is known that contamination and/or degradation can occur
at any stage due to contaminants: environmental,
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agricultural, or incorporated during some agroindustrial
process or storage [13]. On the one hand, it is essential to be
aware of not consuming food that exceeds allowed limits of
mycotoxins, nitrates, and nitrites, harmful fats, addition of
preservatives, dyes, or sugar solutions. On the other hand, it
is essential to consume food that provides health benefits,
such as super-food, cholesterol free, rich source of proteins,
minerals, iron, etc. Food rich in phytochemical may play an
important role in the reduction of mortality. For the
aforementioned facts, the need of a rapid and reliable
quantification of compounds in food that contains disease-
preventing constituents or food constituents that cause them
is urgent, as it is recognized by the food processing industry
[14].

.en, the development of technologies that support the
evaluation of food quality every day becomes more relevant,
due to the increase of diseases. Among the technologies for
food analysis and determination of compounds, the pho-
tothermal techniques stand out. In particular, photoacoustic
spectroscopy (PAS) is considered by some authors as a
“green” technology for the food analysis [15], i.e., a method
with less chemical waste and a minimal sample amount and
a nondestructive technique [16]. PAS has some additional
characteristics such as the fact that it does not require ex-
traction or sample preparation and it does not use solvents,
among others [17]..e reduction or elimination of the use of
solvents is very important. For example, in the process of
manufacturing, the use and disposal of chemical products
and many toxic materials that are dangerous to humans and
to the environment are frequent. In fact, these techniques are
promising because they can be carried out by nondestructive
analysis and without the use of solvents [15].

Currently, PAS technique, thanks to the technological
advances, could be a convenient option to be incorporated
in the agrofood industry, for example, in food quality
assessment systems, with diverse specific applications
(according to production systems and specific food of
each case). PAS technique allows to obtain optical qual-
ities of food, depending on its colour, which is the most
useful parameter in the agrofood industry since quality
and food flavours are closely associated with its colour
[18]. .erefore, our objective is to perform a literature
review of PAS applications in the food characterization
from its origin to recent advances. In this way, it will be
possible to know the current state, what has been done and
what still needs to be done to reach the application of it in
the real world. .e PAS experimental setup continues to
be optimized and focused on the specific problems of the
real world where it could serve as a supportive technique,
in order to improve and have attainable techniques for the
evaluation of food quality and their respective control in
the production process. It is one of the great worries of
humanity, both to increase the food production and to
take care of its quality, being this a key element in the
development and life quality of societies.

1.1. Era before Photoacoustic Spectroscopy in Agriculture and
Food. Isaac Newton in 1666, using a prism, observed and

recorded the dispersion of white (visible) light into its
constituent colours [19] to describe the colours of the
rainbow. He used the word “spectrum” for the first time in
history. More than 100 years later, in 1802, Hyde Wollaston
expanded Newton’s earlier observation by showing that
sunlight possesses discrete bands of light, rather than a
continuous spectrum. Wollaston became one of the most
famous scientists for his observations of dark lines in the
solar spectrum, which eventually led to the discovery of the
Sun elements. In 1814, Fraunhofer discovered over 500
bands of sunlight, afterward called “Fraunhofer lines.” In
1859, Kirchoff and Bunsen invented the spectroscope [20],
and they were the ones who developed the chemical analysis
by using spectral lines [21, 22].

1.2. Photoacoustic Spectroscopy History. .e photoacoustic
(PA) effect was discovered, according to Rosencwaig [23,
24], by Tyndall, Röntgen, and Alexander Graham Bell, in
1881. Bell was working together with Charles Summer
Tainter in the photophone. Bell discovered that selenium
(and other solid materials) emits a sound when illuminated
by a modulated light, which was achieved by passing it
through a rotating disk with holes. Bell, using the spec-
trophotometer, discovered that the emitted sound intensity
depends on the wavelength or colour of the incident light
and that therefore the effect should be attributed to an
optical absorption process [25].

Fifty years after its discovery, the PA effect was used in
gas studies. It has ever since become a well-established
technique for gas analysis and was well understood [26]
with some applications also in environmental and food
areas. However, the PA’s effect in solids was apparently
ignored for 90 years until 1973, when Rosencwaig began his
study of the PA effect in solids. Probably, this delay was due
to the lack of sensitive sound detectors and high-power light
sources [27].

.e first photoacoustic spectra obtained by Rosencwaig
were specifically of carbon-black, powder of Cr2O3 (nor-
malized), a Cr2O3 crystal, rhodamine-B in a glycerol solu-
tion, and rhodamine-B powder [24]. Photoacoustic
spectroscopy as a new tool for solid research was presented
by Rosencwaig [27]. Since that time, he pointed out the main
advantages of photoacoustic spectroscopy, paraphrasing
him: “.e principal advantage of photoacoustic spectros-
copy is that it enables to obtain similar spectra on any type of
solid or semisolid material, whether it be crystalline, powder,
amorphous, smear, gel, etc. Furthermore, since only the
absorbed light is converted to sound, light scattering (a very
serious problem when dealing with many solid materials by
conventional spectroscopic techniques) presents no diffi-
culties in PAS.” In this sense, the PAS applications were
divided under three main headings: bulk, surface, and de-
excitation studies.

Also, pioneer applications of PAS in biology were made
by Rosencwaig [27]. He obtained the photoacoustic spectra
of smears of whole blood, of red blood cells freed from
plasma, and of haemoglobin extracted from red blood cells,
using the spectral region from 200 to 800 nm. Also, PAS
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spectra of guinea pig epidermis (250–650 nm) in different
conditions were obtained. He also reported a block diagram
of single-beam photoacoustic spectrometer with digital
data acquisition, integrated by: Xe Lamp, monochromator,
chopper, photoacoustic cell, lock-in amplifier, voltage
frequency converter, and multichannel analyzer. .e first
commercial spectrometer (Model 6001) was manufactured
in 1980 by Princeton Applied Research Corporation
[26, 28].

Other results were obtained with dried solids containing
several other hemoproteins, including both soluble ones,
such as cytochrome c and insoluble or membrane-bound
ones such as cytochrome P-450. Further experiments
showed that it is possible to identify absorbing substances
(including some drugs) in dried urine samples (e.g., drops of
urine over the filter paper)[28].

Regarding the area of the agrofood industry, the first
photoacoustic spectra in plants were obtained in flowers by
Harshbarger and Robin [29] among others.

1.3. Applications of PAS. Spectroscopy is the study of the
interaction of electromagnetic radiation with atoms and
molecules to provide qualitative and quantitative chemical
and physical (structural) information, that is contained
within the wavelength or frequency spectrum of energy that
is either absorbed or emitted [30]. According to Sunandana
[31]; Photoacoustic spectroscopy (PAS), the oldest form of
photothermal techniques, is a type of spectroscopy and its
name “photoacoustic” (PA) generally implies a particular
technique or mechanism of detecting and measuring the
optical absorption of opaque and diffuse materials, among
others. .e basic principle of photothermal spectroscopy is
the detection of heat produced in a sample due to non-
radiative de-excitation processes resulting from the ab-
sorption of intensity-modulated light (wave of pulsed light)
by the sample..us, according to its basic principle, the PAS
has been applied in Biology, Biophysics, Physics, Medicine,
and in the Agrofood areas [32], rescuing an old technology
for today’s needs.

Bicanic [14] mentioned that PAS is a sort of spectroscopy,
nondestructive based on photothermal phenomena, which
allows spectroscopic studies. .e basic configuration uses Xe
lamps, mainly in the UV-VIS range. .is conventional con-
figuration has been applied to the foodstuff analysis (obtaining
PA spectra, as a function of wavelength) including plants,
seeds, etc. Among the foodstuff that have been investigated by
using PAS are grains and legumes (Zea mays L., Triticum,
Hordeum vulgare, Phaseolus vulgaris L., and coffee), vegetables
(spinach, lettuce, Raphanus sativus L., Solanum lycopersicum
L., and Capsicum annuum), marine vegetables (algae and
phytoplankton), fruit (açai, cupuaçu, Brazil nut, persimmon,
mango, and strawberries), other liquids or semiliquid food
(e.g., milk, water, juice, mustard, and ketchup), flours (maize,
wheat, soybeans, peas, white bread flour, and rye), “tortillas”
(maize (white and blue), wheat flour (integral or not integral),
maize and “nopal,” linseed and “nopal,” etc.), condiments
(turmeric and “chile pasilla”), powder (gelatins, curry, and
cacao), food with coloring additives, etc. Furthermore,

adulterated food and fortified food, among others, have been
analysed by using PAS technique.

.e first PA spectra (in plants or food) were obtained in
black-eyed susan petals, red rose petals, green leaf, and
chloroplast of lettuce, marine algae, and spinach
[27, 28, 29, 33, 34], among others. Harshbarger and Robin
[30] reported photoacoustic spectra (PA or optoacoustic) of
flower petals. With regard to susan blackeyed petals, the
authors obtained an optical absorbance spectral band cor-
responding to carotenoids and another band in the ultra-
violet region, related to the content of flavonol glucosides.
.e photoacoustic spectrum of a rose petal had two max-
imums, at 530 and 340 nm; the first maxima is due to cyanine
absorbance in the flower, and the second one must be due to
some other ultraviolet-absorbing compound in the petal.

Meanwhile, Rosencwaig showed photoacoustic spec-
trum of an intact green leaf with all the optical charac-
teristics of leaf chloroplasts, including Soret’s peak
(420 nm), carotenoids (450–550 nm), and chlorophylls
(600–700 nm) bands. He points out that PAS can be used
to observe secondary metabolites. Species of air-dried
marine algae were also evaluated by Rosencwaig and
Hall [32]. .e authors showed that PAS can be used to
estimate the amount of certain metabolites, and they also
suggested that PAS could reduce the amount of material
required for the screening of such substances (since ex-
traction procedures generally require more material) and
that it can greatly reduce the time required for the
identification of plant components. Adams et al. [34]
studied spinach leaf, where he demonstrated that the
major absorbing components in the spinach were the
chlorophylls. .e chlorophylls are similar to the hemo-
proteins; they contain a porphyrin ring, this being che-
lated to magnesium at the ring centre. .en, the technique
allowed it to be useful to determine quickly and easily the
spinach components, directly and only using a small piece
of spinach (10mm), in the spectral region from 250 to
700 nm, finding spectral peaks at 450 and 650 nm. Other
photoacoustic spectra were also obtained, in the initial era
of photoacoustic applications for this purpose, in coty-
ledons, Raphanus pigments, Tradescantia leaves, etc.
[35–37].

Since the initial PAS applications in agriculture and
food until now, different spectral regions have been used,
from ultraviolet to far infrared, including UV (200–
400 nm), visible light (400–700 nm), and near infrared
radiation (750–1100 nm). Also, it is important to take into
account the lamp power, and there are several studies that
indicate that the optimal Xe lamp power ranges from 300
to 1600W.

According to the present review on PAS applications in
food and plants, from the PA spectrum obtained by PAS, it is
possible to determine concentrations or presence of com-
pounds: rutin, red beet (in case of adulterated food), fla-
vonoids and flavonols, carotenoids (lycopene, capsanthin,
capsorubin, carotene, zeaxanthin, cryptoxanthin, lutein,
etc.), basic amino acids (tryptophan, lysine, leucine, phe-
nylalanine, etc.), anthocyanins, peroxide, and lead tetra-
oxide, among others. Also, by using PAS, it is possible to
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detect changes in seeds due to induced radiation effects, use
of dyes, differences in sanitary qualities, adulterated food,
etc. In this sense, for some researchers, PAS is considered as
an analytical method.

1.4. PAS Applications in Food and Agrofood Industry.
One of the industries which could be benefited by the use of
PAS technology would be the milk industry. Martel et al.
[30] carried out measurements by PAS of milk products.
.ey analysed whole milk, 3.25% fat, skim milk, part skim,
milk 2% fat, mild cheddar cheese, aged cheddar cheese, plain
yogurt, and strawberry-flavoured yogurt drink. .eir ob-
tained spectra were in the ultraviolet region. .ey found a
strong absorption peak at 280 nm for all products. For cheese
samples, they observed in the spectra a tail, corresponding to
fat presence, from 250 to 260 nm. Photoacoustic signal in-
creases when protein concentration increases; the authors
relate the UV absorbance band with aromatic amino acids
(tryptophan, tyrosine, and phenylalanine), as a measure of
protein content. .ey demonstrated the applicability of PAS
to study different milk products, highlighting their utility for
the milk industry.

PA spectra of tablets, made out of lyophilized raw milk,
showed an absorption peak at 280 nm, corresponding to the
absorption of proteins and a smaller absorbance band in the
visible (400–500 nm) that might be assigned to milk ca-
rotenoids. When the tablets were heated, they gradually turn
brown, which contributed to the changes in the PA spectra,
appearing to a new band around 335 nm as a consequence of
the Maillard reactions. .e spectra became broader, to the
red side of the spectrum. .is could be the sign of many
other reactions occurring in the sample according to
Nsoukpog-Kossi et al. [38], demonstrating another possible
utility of the photoacoustic technique.

Another use of PAS in the milk industry has been the
possibility to measure different powdered milk protein
concentrates, enriched with Fe in the form of ferrogluconate
at different concentrations. Dóka et al. [39] obtained PA
spectra, in these powdered samples, as a function of fer-
rogluconate concentration, obtaining an increase in the
photoacoustic signal in the UV spectral region. .e peaks, at
348, 380, and 552 nm, varied depending on the Fe con-
centration, resulting in a nonlinear relationship between the
ferrogluconate content and the PA signal. In this way, the
authors demonstrated that PAS measurements (in the UV-
visible range) on milk protein concentrates are capable of
determining the Fe content in ferrogluconate form. .is
demonstrates another possible application of PAS. As with
the other applications to detect adulterated milk, it has been
proven useful, for example, to detect skimmed milk adul-
terated with whey powder, when analyzing PA spectra at
370 nm wavelength [40].

PAS application in milk analysis was also reported in
other studies, for example, milk (fresh and oxidized) was
evaluated by using PAS. In these investigations, Dóka et al.
[41] used fresh whole milk exposed to UV-C radiation and
heat. .e PA spectra, obtained by PAS, encompassed the
spectral region from 200 to 500 nm. It was reported,

absorption peaks at 290 nm (for all evaluated cases), which is
associated with the presence of aromatic amino acids in the
milk powders. Spectral changes, induced by the accelerated
oxidative treatment, were detectable in the 320–360 nm
absorbance band (absorbance changes in this range are due
to the reaction of aldehydes with a variety of amino com-
pounds). .e oxidation of whole milk powder and browning
processes were mutually interrelated (i.e., if the oxidation
took place, then the color of the powder would turn brown).
.e authors recommended PAS as a method for routine and
rapid assessment of peroxide values in oxidized whole milk
powder.

Another PAS application, useful in foodstuff area, is in
the assessing of induced radiation effects. For example, ir-
radiated egg powders were evaluated by PAS, finding two
peaks, corresponding to the absorbance maxima, in the
optical spectrum. One centered at 275 nm, which is related
with the aromatic amino acids content in the sample. While
the other peak, centered at 480 nm, is related to the presence
of carotenoids. It is interesting that PA signal at 480 nm
suggests a carotenoid decomposition due to the irradiation
[42]. In summary, the foodstuff irradiation processes is
another potential area for PAS applications.

On the other hand, the usefulness of PAS has been
demonstrated to identify adulterated samples with lead
tetraoxide (also called minium or red lead). Dóka et al. [43]
obtained the PA spectra of pure paprika, red lead, and all
adulterated samples, in the wavelength range from 320 to
700 nm. .e normalised PA signal in a wavelength range
from 600 to 700 nm was generally lower; a weak signal was
observed at 670 nm. .e PA signal from pure red lead was
substantially larger than those obtained from adulterated
samples. .e PA spectra of the four adulterated samples
show a peak at 545 nm. In this case, the potential of PAS, as a
candidate method for rapid detection of gross amounts of
red lead (Pb304) adulterant, in a ground sweet red paprika,
was demonstrated. Although the authors recognize that the
performance of this method was undoubtedly inferior to that
of advanced methods, the PAS method is very practical and
rapid in routine situations.

Other food sample types studied by PAS have been
reported by Bicanic et al. [44], who mentioned that PAS
technique could be used to detect red beet, added as a
colorant to tomato ketchup. .e associated changes of
colour, resulting in changes of optical absorbance, were
monitored in the 500 nm region, corresponding to the ab-
sorbance maxima of lycopene. Also, Bicanic [14] indicates
that the argon laser line at 514 nm has been used for lycopene
measurements because there is a high absorbance of lyco-
pene and low interference of betacarotene. It is noteworthy
that Bicanic (1943–2018) made a notable contribution to
photoacoustic and photothermal science with numerous
applications in agriculture, environmental science, and food
quality, among other issues [45].

1.5. Grains and Legumes. PA spectra, as a function of
wavelength, allow to obtain information about the sample.
Also, it is possible to characterize samples regarding its
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atomic or molecular composition according to De Oliveira
et al. [17]. In the case of corn grains, Dominguez et al. [46]
obtained the PA spectrum of maize, in the 300–800 nm
wavelength range. .ey found absorbance bands associated
with different natural pigments. .is group used white,
yellow, and blue maize; in the case of white maize seed, a
broad absorbance band was observed in the UV region, from
300 to 400 nm, with a signal peak around 360 nm. While for
the yellow and blue maize seeds, the band of PA signal
decays around 435 nm. .is band could be due to the
presence of flavonoids and flavonols. In the case of yellow
and blue maize seeds, they have an absorbance band ranging
from 470 to 540 nm, being this band associated with the
presence of carotenoids. Specifically, for blue maize seed, an
absorbance spectrum ranging from 500–690 nm was ob-
served, which is due to the presence of anthocyanins.

Another characteristic of corn seed is its structure type,
crystalline or floury. From the photoacoustic signal,
Hernández-Aguilar et al. [47] found the optical absorption
coefficient (β) and optical penetration length (lβ), as a
function of wavelength. .e floury seed variety had a higher
β value at 650 nm. In this sense, the authors showed that by
means of the optical absorption coefficient, differences be-
tween maize varieties of different structures are observed.
.e PA signal amplitude is higher for floury seeds. Similarly,
significant statistical differences were found in the optical
absorption coefficient spectra of white maize seeds (of dif-
ferent white), with an absorbance band ranging from 325 to
425 nm wavelength. Also, other authors found differences
between the spectra of the first derivative obtained from the
β values [48]. Other researches, such as De Oliveira et al.
[17], have indicated that the PA signal amplitude is directly
proportional to the concentration of absorbing analytes,
where analyte is a component (element, compound, or ion)
of analytical interest on a sample. According to Dóka et al.
[49], PAS could be an analytic technique and also a fast and
relatively cheap technique.

Other authors have used mathematical analysis on the
PA signals, such as the first and second derivatives or mobile
standard deviation..is has allowed to distinguish better the
maximum peaks of maize grains with different pigmenta-
tions, identifying differences of the corn seeds [50]. .e use
of derivatives in spectra enhances the identification of dif-
ferences among spectra, resolves overlapping bands, and
especially improves the detectability of weaker spectral
shoulders. In this sense, PAS could be used in quantitative
analyses of compounds [16]. Also, photoacoustic spectros-
copy is useful to study dyed samples, not only with natural
pigments.

Other studies have pointed out the role of PAS: by using
different light modulation frequencies, it is possible to ex-
plore different seed depths, e.g., Hernández-Aguilar et al.
[47] obtained the PA spectra of maize seeds (Zea mays L.) at
different frequencies (17, 30, and 50Hz). .ey compared
these spectra with the ones obtained from the phase-resolved
method, used to separate the spectra of the seed pericarp and
endosperm. Also, photoacoustic spectra, of separate struc-
tural components of the seed, were obtained (pericarp,
aleuronal layer, and endosperm) and compared with those

obtained by the phase-resolved method. .e authors in-
dicated that the absorbance band from 550 to 750 nm is due
to the anthocyanins in the aleurone layer. So, the PAS
technique has a potential for depth profile analysis on
complex specimens with different structural components
and also, through the absorbance bands, to determine the
associated components.

Moreover, PAS has been applied to study wheat, barley,
and beans among other grains and legumes, where from PA
spectra, it is possible to analyse the differences of the
characteristic spectra obtained among the evaluated mate-
rials. For example, Dóka et al. [49] by using PAS in buck-
wheat found PA spectra, as a function of wavelength and
observed two absorbance peaks, at 275 and 378 nm, related
to the protein content and rutin, respectively. PA signal
appears to be proportional to the rutin content of the
samples across the entire wavelength range. .us, the au-
thors reported that UV-PAS could be an analytical tool for
rapid and simple quantification of rutin in buckwheat, and
they found a decrease of the time required for the analysis of
buckwheat samples when a calibrated curve, of known rutin
content, is used.

Photoacoustic spectrum decreases as a function of the
frequency, and differences are obtained in the spectra of the
deteriorated and nondeteriorated grains. .e authors re-
ported lower PA signal in the young seeds when compared
with the older ones, due to deterioration in the older seeds
because of the presence of fungi or bacteria during storage.
.is fact produces dark regions and, as a consequence, a
higher signal, pointing out another possibility of PAS use, to
evaluate sanitary quality of grains [51].

1.6. Flours and “Tortilla”. Other potential applications that
some authors have proposed for PAS are for quality control
in the food processing industry. For example, Favier et al.
[52] determined the PA spectra (350–700 nm) of white bread
flours, dried pea flour, rye flour, and bread flour. PAS
technique appears to be capable of producing reproducible
spectra of powdered food samples. .e PA spectra of white
bread flours have absorbance bands around 370, 385, and
410 nm. For wavelengths above 410 nm, the PA signal de-
creases rapidly and drops to a nearly zero amplitude at
700 nm. Unlike this, the dried pea flour is the only sort that
has a maximum signal at 410 nm. Soya flour exhibits a
broader spectrum, whereas rye flour resembles that of the
bread flour and also produced the highest signal of all the
samples. On this basis, the researchers propose PAS as a
viable method for the determination of basic amino acids
present in biological samples.

Dóka et al. [53] obtained PA spectra, in the range from
250 to 550 nm, of sorghum (Sorghum bicolor L.) grain flour.
.ey related the PA spectrum with the presence of aromatic
amino acids, flavonoids, and phenolic compounds due to the
absorbance peaks located at 285 and 335 nm; they also found
that the PA signal decreases when the wavelength is in-
creased. .e authors indicated that the main advantage of
PAS technique, with respect to a conventional analysis
method, is that it is possible to study directly powdered
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samples, i.e., as they are, without sample preparation. .is
fact greatly reduces the time needed for its analysis. On the
other hand, determination of water contents in the wheat
flour (soft and hard), corn starch, and potato starch by PAS
also have been evaluated [54].

Different types of “tortillas” elaborately corn (white and
blue) and wheat flour (integral and not integral)—manually
processed or not, fortified, and/or supplemented with “no-
pal,” linseed, “epazote,” and spinach—among others, were
analysed by PAS. From the photoacoustic signal, it was
possible to obtain the optical absorption coefficient, which
was decreasing with the increase in wavelength [55]. In
general, photoacoustic spectroscopy is a sensitive technique to
characterize inhomogeneous materials.

1.7. Fruit, Vegetables, and Condiments. In Brazilian tropical
fruit and vegetables, carotenoids and flavonoids were
identified by PAS. Biomolecules of β-carotenes and flavo-
noids were identified in acerola, pumpkin, broccoli, cabbage,
cauliflower, spinach, purple-cabbage, orange tangerine,
mango, rucula, and cuité. In addition to the biomolecules of
beta-carotene and flavonoids, chlorophyll was also found in
watercress and lettuce. Regarding β-carotene, lycopene,
lutein, lutein 5, and 6 epoxide were identified in carrots.
β-carotene and lycopene were determined at tomato;
β-carotene, chlorophyll, and zeaxanthin were found inmaize
leaves; and β-carotene, lycopene, and possible capsanthin
were found in red pepper [56]. Finally, PAS technique can
contribute to select and classify fruit, leaves, and other
vegetables according to their phytotherapeutic and nutritive
properties. Lima and Filho [57] reported that PAS is a rapid,
direct, and efficient analytical method in biomaterials,
particularly in the promising field of photochemistry and
photobiology.

Other authors have shown the potential of photo-
acoustic spectroscopy in the assessment of stages of
maturity of strawberries using the spectral ratio of an-
thocyanin and protein bands. Characteristic bands were
found: a major one at 278 nm, related to proteins, and a
second band around 510 nm attributed to anthocyanin
pigments. .e authors highlight that PAS is a non-
destructive technique that might be extended to other
horticultural crops [57].

In this way, PAS is a type of absorption spectroscopy,
which allows to obtain optical absorbance spectra, as a
function of wavelength, which provides information about
the optical absorbance processes that occur in the sample. It
is also possible to characterize samples regarding its atomic
or molecular composition according to De Oliveira et al.
[17]. Over the years, different methods have been used for
the analysis of signals by PAS (Table 1): methods of sub-
traction, statistical analysis, correlation, variance analysis,
derivatives (1 and 2), Gaussian deconvolutions, regression
model, multivariable analysis, etc. Using these methods, the
extraction of information of the PA signal has been im-
proved. Some researchers have validated this by the use of
other conventional techniques such as the UV-Vis spec-
trophotometer with an integrating sphere.

In general, according to Dóka et al. [53], PAS offers
several advantages over other analytical techniques: it is
nondestructive, requires no pre-preparation of the sample,
and is applicable to specimens such as powders as well as
optically opaque and gelatinous samples.

Table 1 summarizes the reached progress regarding the
applications of PAS, according to the literature review
carried out, from its origin to the last years, as a result of
several scientific activities around the world in this area. It is
possible to observe different food types and agricultural
material, which have been evaluated by PAS, using con-
ventional instrumentation, to obtain its optical spectra. .e
meaning of the different columns is as follows: (0) type of
sample, (1) some characteristics of the experimental con-
dition and/or sample preparation, (2) the spectral region
used for the sample investigation, (3) the applied lamp
power and/or light modulation frequency, (4) wavelengths
of the absorbance peaks or spectral region, (5) applied
mathematical methods, and finally (6) significant results
reported in the literature.

Photoacoustic spectroscopy can be said to have been
applied successfully in foodstuff analysis. Figure 1 shows the
regions or absorbance peaks related to compounds
(e.g., Figure 1) by photoacoustic spectroscopy, which have
served to relate the absorbance spectra with these com-
pounds. Even for some compounds, through calibration
curves and mathematical analysis, the concentration of the
compound has been obtained.

PAS using the conventional configuration, xenon lamp,
lock-in, photoacoustic cell, chopper, etc. It has been used,
since its first applications and up to date, among other
purposes, to obtain photoacoustic spectra of plants and then
of foodstuff. .ere is evidence of a potential application in
the future, since its use has increased as can be seen in
Figure 2. It is possible to observe that, at the beginning of the
application of PAS in foodstuff and plants, there were fewer
scientific reports than those that exist now. According to the
present literature review, it was found that, in the decade of
the 70’s, there were only four articles (in this area and in
order to obtain only absorption spectra, the motive of the
present review), in comparison of the recent included period
(2010–2018), where there were 24 articles (considering only
those analyzed in the summary of applications of photo-
acoustic spectroscopy in foodstuff and plants in this review).

It is possible to observe a positive tendency of PAS
applications in the foodstuff area, in this particular case, to
characterize foodstuff through optical absorbance spectra,
making calibrations and mathematical analysis of data. It is
known that different photoacoustic configurations have
diverse applications in several areas of the knowledge and
with the possibility of being used for the obtaining of spectra
not only as a function of wavelength, but as well as a function
of light modulation frequency. It is worth mentioning that
not only amplitude spectra but also phase ones and signals
depending on the frequency can be obtained, which would
lead to the application of other methods and mathematical
analysis to obtain nonradiative relaxation times and sample
depth analysis [95–100], among other optical and thermal
parameters.
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It has been proven that PAS is a kind of “green tech-
nology,” in the sense that it is possible to use it minimizing
the use of solvents, as well as without the need for sample
preparation and using only a small amount thereof. In re-
lation to the state of the sample, it is possible to evaluate it in
solid, liquid, or powder forms. �e current trend is to
continue exploring di�erent applications, de�ning the
concentration of foodstu� components, di�erentiating them
and evaluating the quality of them in relation to the added
chemicals (harmful) or phytochemicals (favourable to hu-
man health) identi�ed at certain wavelengths, depending on
the absorbance centres of the substances contained therein.
Application PAS portable systems in the sanitary quality
(fungi, mycotoxins, etc.) and safety of foodstu� will be
relevant in the coming years.

On the other hand, thanks to technological advances, it is
possible to replace xenon lamps with white light LEDs, RGB,
or arrangements of switched LEDs or only LEDs at speci�c
wavelengths. Also, the use of laser diodes allows an im-
proved function in di�erent PAS applications.

Regarding photoacoustic cells, on the other hand, one
would expect and is already venturing into the creation of
photoacoustic cells with methodologies for rapid proto-
typing as 3D printing. �is will reduce the time of con-
struction and particularized designs for di�erent speci�c
applications. An important trend, in which some research

groups are already working, is in the replacement of the
lock-in through controller cards and a laptop for the ac-
quisition of data.

According to the aforementioned, this would lead to the
portability of photoacoustic spectroscopy systems and to the
cost reduction, making the technique available to interested
people, who could have a support system in the evaluation of
foodstu� quality, resulting in a better decision for the
consumption of food and impacting people’s quality life,
without forgetting the possible incursion of PAS, in the
internet of things, with the advancement in technology.
�erefore, PAS can be technologically updated, and in this
way it can be applied to speci�c needs and continue its use,
rescuing an old proposal to the new necessities of our time in
the real world. In this sense, it is necessary to be aware of the
need to generate knowledge in this area in a transdisciplinary
perspective, among institutions, researchers, and society, to
produce results in improving the quality of people’s life.

2. Conclusions

According to the present review of the scienti�c literature, it
is possible to glimpse the technology of photoacoustic
spectroscopy, an old technology with ample potential for
new applications in food agroindustry. PAS is an alternative
technology to face the problem of evaluating food to
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consume better quality of foodstu�. Among the main fea-
tures of the photoacoustic spectroscopy are the size of
sample required is very small, due to the small volume of the
cell; no special sample preparation is required; it reduces the
number of analysis steps; it is a green method with less use of
chemical substances, and it is nondestructive. Over the time,
it has been observed that the applications of photoacoustic
spectroscopy are increasing in the food area.
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alimentaria. Murcia: consejeŕıa de Sanidad. Dirección Gen-
eral de Salud Pública, Servicio de Seguridad Alimentaria y
Zoonosis. RIMBLAS C prevención de riesgos, Murcia: con-
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fototérmicas,” Superficies y Vaćıo, vol. 8, pp. 80–85, 1999a.

[84] R. A. M. Hernández, A. Calderón, A. Cruz-Orea,
S. A. Tomas, F. S. Sinencio, and G. P. Rodriguez,
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Tea is known to be one of themost popular beverages enjoyed by two-thirds of the world’s population. Concern of variability in tea
quality is increasing among consumers. It is of great significance to control quality for commercialized tea products. As a rapid,
noninvasive, and nondestructive instrumental technique with simplicity in sample preparation, near-infrared reflectance (NIR)
spectroscopy has been proved to be one of the most advanced and efficient tools for the control quality of tea products in recent
years. In this article, we review the most recent advances and applications of NIR spectroscopy and chemometrics for the quality
control of tea, including the measurement of chemical compositions, the evaluation of sensory attributes, the identification of
categories and varieties, and the discrimination of geographical origins. Besides, challenges and future trends of tea quality control
by NIR spectroscopy are also presented.

1. Introduction

Tea is known to be one of the most popular beverages
enjoyed by two-thirds of the world’s population [1]. In 2017,
5.68 million tons of tea were produced all over the world, in
which 2.55 million tons were produced in China. 5e tea
quality is influenced by various factors, such as cultivars,
picking standard, tea processing technology, storage con-
dition, and time. Concern of variability in tea quality is
increasing among consumers. It is of great significance to
control quality for commercialized tea products [2].

5e tea quality is determined by its major active
components, including polyphenols, caffeine, and free
amino acids. 5ese compounds not only endow tea with

unique qualities of color, aroma, and taste but also con-
tribute various health benefits for the human body [3]. Tea
polyphenols account for 18∼36% of dry weight in tea leaves,
and the astringent and bitter taste of tea is mainly con-
tributed by tea polyphenols. Tea catechins (flavan-3-ols) are
the major ingredients in tea polyphenols. Tea catechins in-
clude (−)-epigallocatechin gallate (EGCG), (−)-epicatechin
gallate (ECG), (−)-epigallocatechin (EGC), (−)-epicatechin
(EC), (−)-gallocatechin gallate (GCG), (−)-gallocatechin
(GC), and (+)-catechin (C), among which EGCG is the most
abundant component [4]. 5e consumption of EGCG has
been proved to have therapeutic effects for multiple diseases,
such as cancer, metabolic syndrome, obesity, and cardio-
vascular and neurodegenerative diseases [5, 6].5e anticancer
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property of EGCG appears to involve the suppression of
angiogenesis, induction of apoptosis, altered expression of
cell-cycle regulatory proteins, and activation of killer caspases
[7, 8]. 5e suppression of angiogenesis by EGCG is associated
with the change in various miRNA expressions, the inhibition
of the VEGF (vascular endothelial growth factor) family, etc.
[9]. 5e beneficial health effects of EGCG are presumed to be
related with its antioxidative property. Another possible
mechanism is through the direct binding of EGCG to target
proteins, leading to the regulation of signal transduction
pathways, transcription factors, DNA methylation, mito-
chondrial function, and autophagy [10]. Caffeine is another
major functional component in tea and provides the bitter
taste for tea [11, 12]. Caffeine has the therapeutic effects for
various diseases, including metabolic syndrome, type 2 di-
abetes, liver diseases, and cardiovascular and cerebrovascular
diseases [13, 14]. Free amino acids provide umami taste for
the tea infusion. Among free amino acids, theanine accounts
for approximately 50% of the total free amino acids in tea
leaves [15]. 5eanine not only offers a brisk flavor and an
attractive aroma but also alleviates the astringency and bit-
terness caused by polyphenols and caffeine. Several studies
have proved that theanine has significant health and cognitive
benefits by influencing stress levels and learning efficiency
[16].

Besides the chemical components, tea quality is influ-
enced by various factors, including the sensory attributes,
classification, and geographical origins [17–19]. Multiple
analytical approaches have been used for the quality control,
such as colorimetric measurements, high-performance liq-
uid chromatography (HPLC), high-performance liquid
chromatography coupled with mass spectrometry (HPLC-
MS), gas chromatography (GC), and gas chromatography
coupled with mass spectrometry (GC-MS) [20–30]. How-
ever, these methods not only are expensive, time-
consuming, and destructive but also need specialists for
the operation and cannot be applied for online applications.
5erefore, near-infrared reflectance (NIR) spectroscopy, a
rapid, noninvasive, and nondestructive instrumental tech-
nique with simplicity in sample preparation, has been de-
veloped and applied for the quality control of tea in recent
years [19]. NIR spectroscopy is a spectroscopic method using
the near-infrared region of the electromagnetic spectrum
ranging from 750 nm to 2500 nm (14,300∼4000 cm−1). An
NIR spectrometer is usually composed of a light source, a
monochromator, a sample presentation interface, and a
detector. 5e NIR radiation can be absorbed, transmitted, or
reflected after interaction with samples. 5e feedback of
spectral stretching and bending of the chemical bonds
(O–H, N–H, and C–H) can be captured by utilizing different
measurement modes of NIR equipment. 5erefore, the
specific absorption of organic compounds in the NIR region
can represent their chemical composition [31, 32]. Anhar-
monicity and Fermi resonance determine the occurrence and
spectral properties, such as the frequency and intensity of
NIR absorption bands. However, NIR absorption bands are
typically broad and overlapping, which severely restricts the
sensitivity in the classical spectroscopic sense. 5e original
spectral data of NIR spectroscopy usually require pattern

recognition methods for accurate analysis by removing the
disturbance of the noise, variability, uncertainties, and
unrecognized features. Nevertheless, NIR spectroscopy is
characterized by high penetration depth. 5is property al-
lows direct analysis of strongly absorbing or even highly
scattering samples, such as turbid liquids or solids, without
further pretreatments [32].

Generally, the whole procedures of NIR spectroscopy
include spectral data acquisition, data preprocessing, spec-
tral data preprocessing, calibration models building with a
set of samples, and models validating using a set of in-
dependent samples [33]. A typical NIR spectrum of tea is
shown in Figure 1 [34]. 5e preprocessing of spectral data
should be used for eliminating the noise and baseline shift
from the background and instrument [33]. 5e commonly
used preprocessing methods in tea analysis include standard
normal variate (SNV), multiplicative scatter correction
(MSC), and Savitzky–Golay (SG) smoothing [35, 36].
Various variables selectionmethods, such as synergy interval
partial least squares (Si-PLS) and successive projections
algorithm (SPA), are used for the screen of useful variables
[37]. Multiple unsupervised and supervised pattern recog-
nition methods have been used for the qualitative analysis
(the discrimination of tea categories, varieties, and geo-
graphical origins) and quantitative analysis (the de-
termination of chemical components in tea and
optimization of processing conditions). 5ese pattern rec-
ognition methods include principal component analysis
(PCA), artificial neural network (ANN), linear discriminant
analysis (LDA), support vector machine (SVM), soft in-
dependent modeling of class analogy (SIMCA), partial least
squares (PLS), and backpropagation artificial neural network
(BP-ANN) (Table 1) [33].

In this article, we review the most recent advances and
applications of NIR spectroscopy and chemometrics for the
quality control of tea, including the measurement of
chemical compositions, the evaluation of sensory attributes,
the identification of categories and varieties, and the dis-
crimination of geographical origins.

2. The Application of NIR Spectroscopy in Tea

2.1. Chemical Composition. 5e major compositions in tea
include polyphenols, catechins, caffeine, free amino acids,
and moisture. 5ese compositions are closely relevant to the
overall quality of tea, and they thus are the key indexes of tea
quality. 5e monitoring of these compositions contents in
tea is critical for the quality control [54]. NIR spectroscopy
has been successfully used for the prediction of major
compositions contents in tea in recent years. Nonetheless,
only one or several components were simultaneously
measured by NIR spectroscopy in previous studies [55, 56].
Lee et al. firstly determined the contents of nine individual
catechins and caffeine by NIR spectroscopy. 5ese nine
catechins include EGCG, (−)-epigallocatechin-3-(3″-O-
methyl) gallate (EGCG-3Me), EGC, ECG, EC, C, GCG, GC,
and gallic acid. 5e calibration models for EGCG, EGC,
ECG, EC, C, total catechins, and caffeine exhibited accurate
prediction, with high r2 (coefficient of determination in the
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prediction set, >0.9) and RSP (the ratio of standard deviation
of reference data to SEP (C) in the external validation set,
>4.1) values [38]. In addition, Zareef et al. used Fourier
transform near-infrared re�ectance (FT-NIR) spectroscopy
for the simultaneous prediction of four compositions in
black tea including amino acids, ca�eine, thea�avins, and
water extract. For quantitative analysis of these components,
four kinds of chemometrics algorithms including PLS, Si-
PLS, genetic algorithm PLS (GA-PLS), and backward in-
terval PLS (Bi-PLS) were used for the establishment of
prediction models. �e results showed that GA-PLS was
suitable for the quantitative analysis of amino acids and
water extract and Bi-PLS was the best method for the
quanti�cation of ca�eine and thea�avins (TFs) [39].

Tea usually can be divided into six categories in China,
and more than 100 famous tea varieties or brands exist in
China. However, a common model is lacking for simul-
taneously evaluating various quality parameters of various
teas. Recently, Wang et al. developed a common across-
category FT-NIR model for simultaneous determination of
polyphenols, ca�eine, and free amino acids in various
Chinese teas, including green tea, black tea, oolong tea, and
dark tea. Baseline o�sets, random noise, and biases were
removed, and characteristic signals were enhanced by a
hybrid method, which combines MSC and �rst-order
derivative and SG. Two variable selection methods, ran-
dom frog (RF) and competitive adaptive reweighted
sampling (CARS), were used for selecting key variables for
PLS calculation. Both enhanced RF-PLS and CARS-PLS
models simpli�ed the model complexity, enhanced the
model performance, and gave satisfactory prediction
precision. NIR coupled with enhanced cross-category
models thus has the potential for the simultaneous pre-
diction of the major ingredients in various Chinese teas
[35].

�e determination of total polyphenols in tea by using
NIR spectroscopy has been studied in detail. However, most
of these research studies were performed in research labo-
ratories. Furthermore, these research studies mainly used
commercial NIR instruments, which are nonspeci�c, ex-
pensive, and sensitive to environmental variation, and they
are thus not suitable for online detection in tea industrial
usage. �e new trend of tea quality monitoring is to su-
pervise the whole production line so as to ensure the high
quality and consistency of tea products [40, 41]. Qi et al.

developed a portable and low-cost optical visible and near-
infrared re�ectance (VIS-NIR) spectroscopy system, in-
cluding a light source, a backscattering �ber probe, a grating
system equipped with a slit, a detector, and a computer
supported with data acquisition and control software. �e
genetic algorithm-synergy interval partial least squares (GA-
Si-PLS) algorithm was used for monitoring the total poly-
phenols content in tea, and coe�cients of variation (CVs)
were <5% for most of the samples. �is optical sensors
system thus possessed great potential for the real-time and
online monitoring of tea quality in processing enterprises
[40]. In addition, summer-autumn tea leaves are the raw
material of instant black tea products. �e oxidation of the
summer-autumn tea extract is a critical treatment for the
production of instant black tea products, and the total
polyphenols content is the key index for the oxidation de-
gree. Pan et al. developed an in situ monitoring installation,
including an oxidation system of the tea extract and VIS-
NIR spectroscopy system, to monitor the total polyphenols
content during tea oxidation. �e ACO-PLS (ant colony
optimization-partial least squares) algorithm was extremely
suitable for the modeling of this monitoring installation, and
CVs for most of the samples were less than 10%. �is
monitoring installation thus was a promising tool for in situ
monitoring of tea oxidation [41].

NIR hyperspectral imaging has also been used for the
prediction of chemical compositions in tea. Compared with
NIR spectroscopy, NIR hyperspectral imaging could si-
multaneously obtain spectral and spatial information by the
integration of spectroscopy and digital imaging. �e com-
ponential and constructional characteristics of a sample
could be acquired by the spectrum for each pixel and the
gray scale image for each narrow band. Texture information
is another signi�cant image feature. It is more similar to
human visual perception, which facilitates the direct iden-
ti�cation of complex features in the sample [42, 57]. Deng
et al. predicted the moisture content in Longjing tea leaves
with NIR hyperspectral imaging.�e property of continuous
texture near the veins was validated according to the variable
rates of water loss in the mesophylls and vein cells. �en, the
three-dimensional Gabor �lter (TDGF) algorithm and its
corresponding �lter bank were used for describing the
textures of tea leaves. �e overall metrics showed that the
combination of spectrum and TDGF textures facilitated PLS
regression modeling to predict the moisture content of
Longjing tea [42].

2.2. Sensory Attributes. Sensory attributes of tea include
color, taste, aroma, and appearance, which are the key
factors of tea quality as well as indicators of commercial
values. Traditional methods for evaluating the sensory at-
tributes rely basically on experienced panels, also known as
tea tasters. However, the results of traditional sensory
evaluation are purely subjective, which are easily a�ected by
experience, gender, mental state, physical condition, and
other factors. �erefore, objective methods are the principal
concern for the evaluation of tea sensory attributes. �e NIR
spectroscopy is an ideal solution for the rapid, accurate, and
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Figure 1: A typical absorbance (log(1/R)) spectrum of tea in the
wavenumbers from 12,000 to 3800 cm−1 [34].
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noninvasive sensory evaluation of tea [18]. Jiang and Chen
used FT-NIR spectroscopy for predicting the sensory
properties of green tea infusion. 5e Si-PLS algorithm was
applied for the selection of significant spectral regions, and
the modified BP-AdaBoost algorithm was used for cali-
brating the models. 5e BP-AdaBoost algorithm showed its
superiority in modeling, with the Rp (the correlation co-
efficient in the prediction set) of 0.7717, RPD (the ratio
performance deviation in the prediction set) of 1.59, Rc (the
correlation coefficient in the calibration set) of 0.8554, and
RMSECV (the root mean square error of cross-validation) of
5.0305. 5us, the FT-NIR spectroscopy technique proved to
be a rapid, accurate, and noninvasive analytical method for
the evaluation of sensory quality in green tea. Nonetheless,
tea sensory properties should be individually characterized
by NIR spectroscopy [37].

Qin et al. investigated the feasibility for predicting the
color sensory attribute in black tea by using VIS-NIR
spectroscopy. 5e spectra information and color in-
formation were acquired for the modeling. Spectra in-
formation-based models obtained better performance than
color parameters-based models. 5e excellent performance
for predicting the color sensory quality was acquired by
genetic algorithm-backpropagation artificial neural net-
work (GA-BPANN) models, with the R of 0.8935 and the
root mean square error of 0.392 in the prediction set [18].
Furthermore, TFs and thearubigins (TRs) are the major
pigments that determine the color and brightness of black
tea infusion. During the fermentation process, the color of
black tea leaves changes remarkably from green to red and
then to brown. When the TRs/TFs ratio is approximately
equal to 10 : 1, the fermentation process of black tea reaches
the optimum point, and the most beautiful color was
produced in tea infusion. 5e TRs/TFs ratio thus is a
critical parameter for evaluating the fermentation degree
and sensory quality characteristics of black tea. Dong et al.
used NIR spectroscopy for the prediction of the TRs/TFs
ratio value during the Congou black tea fermentation
process. 5e combination of Si-PLS and CARS could ef-
fectively select the characteristic wavelength variables re-
lated to the TRs/TFs ratio, with a variable compression
ratio up to 98.6%. Based on these characteristic variables,
an extreme learning machine (ELM) combined with an
adaptive boosting (AdaBoost) algorithm (ELM-AdaBoost)
was used for constructing the prediction model. 5e pre-
diction performance of the SI-CARS-ELM-AdaBoost
model was higher than that of other nonlinear models
including extreme learning machine (ELM), SVM, linear
models, and full-spectrum PLS model. 5e rapid and ac-
curate prediction of the TRs/TFs value was acquired during
fermentation, with a determinate coefficient (R2

p) of 0.893,
relative standard deviation (RSD) below 10%, RPD above 3,
and root mean square error of prediction (RMSEP) of
0.0044 [43]. Similarly, Li et al. found that color of green tea
had close correlations with the contents of six lipid-soluble
pigments, including chlorophyll a, chlorophyll b, lutein,
β-carotene, pheophytin a, and pheophytin b. VIS-NIR
spectroscopy was used for rapid and simultaneous de-
termination of six lipid-soluble pigments in green tea.

Based on multiple linear regression (MLR) with the
characteristic wavelengths, the quantitative models of the
six pigments showed excellent performance, with R2

p of
0.975, 0.973, 0.993, 0.919, 0.962, and 0.965, respectively
[44]. 5e color sensory quality of tea thus could be eval-
uated or controlled by the rapid determination of pigments
with NIR spectroscopy [43, 44].

By conducting Pearson’s correlation analysis between
chemical components and taste score, Chen et al. found that
eight ingredients (water extracts, total polyphenols, total
catechins, caffeine, free amino acids, TFs, theaflavin-3-
gallate, and theaflavin-3′-gallate) in the black tea were the
main contributors to the taste quality, while gallic acid,
EGCG, EC, and theaflavin-3,3′-digallate had weak correla-
tions with taste quality. 5en, the FT-NIR spectroscopy
system coupled with the backpropagation-AdaBoost (BP-
AdaBoost) algorithm was used for simultaneous prediction
of taste quality and these eight taste-related compounds
content in black tea. BP-AdaBoost models showed superior
predictions for taste quality and taste-related compounds
content in black tea, with the Rp > 0.76, and the RMSEP
<1.7% for all models [45].

2.3. Classification and Authentication. Tea usually can be
divided into six categories, including green tea (un-
fermented), white tea (slightly fermented), yellow tea (partly
fermented), oolong tea (semifermented), black tea (fully
fermented), and dark tea (postfermented). Rapid and fea-
sible classification of two or three tea categories has been
achieved by NIR spectroscopy [58, 59]. Recently, NIR
hyperspectral imaging has also been used for the tea clas-
sification. Ning et al. used VIS-NIR hyperspectral imaging
for the classification of five Chinese tea categories, including
green, black, oolong, yellow, and white teas. Hyperspectral
data were extracted within the range of 400∼1000 nm
wavelength from a total of 206 tea samples. Four dominant
wavelengths (589, 635, 670, and 783 nm) were selected as
spectral features, and textural features were extracted by the
gray-level cooccurrence matrix (GLCM) at these four
dominant wavelengths. 5e classification models of library
support vector machine (Lib-SVM), LDA, and ELM were
constructed based on spectral features, full spectra, textural
features, and data fusion. 5e model of Lib-SVM based on
data fusion or full spectra was the best model, with the
correct classification rate of 98.39% [46]. Nonetheless, the
applications of VIS-NIR hyperspectral imaging described
above only cover five types of teas. Furthermore, tea char-
acteristics measured by VIS-NIR spectral imaging
(400∼1000 nm) dominated by physical characteristics and
the pigments. Compared with VIS-NIR spectral imaging, the
NIR spectral imaging provides more detailed chemical in-
formation, which offers a better classification system. NIR
hyperspectral imaging (950∼1760 nm) has also been used for
the classification of six different commercial tea products,
including green, black, oolong, yellow, white, and pu-erh
teas. Before data modeling, the NIR imaging data should be
preprocessed to reduce the disturbances of light scattering
caused by the uneven and inhomogeneous leaf surface. By
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using the data visualization method of t-distributed sto-
chastic neighbor embedding (t-SNE), the six commercial tea
products could be effectively divided into three categories
based on the extent of processing: minimal processing,
oxidation, and fermentation. A multiclass error-correcting
output code (ECOC) model containing SVM binary learners
was further constructed for the tea classification according to
the product type.5e ECOC-SVMmodel provided excellent
classification accuracy up to 97.41% for the six commercial
tea products [19].

5e NIR technology has also been used for the au-
thentication of tea storage periods. Xiong et al. used the VIS-
NIR imaging system (405∼970 nm) to classify the Iron
Buddha tea based on the storage period (years of 2004, 2007,
2011, 2012, and 2013). 5e classification accuracies of 97.5%
and 95.0% were acquired by using backpropagation neural
network (BPNN) and least squares-support vector machine
(LS-SVM) models [47]. Similarly, Wang et al. used NIR
spectroscopy for the storage period classification of pu-erh
raw tea, which has been stored for 1∼10 years. Obvious
difference between new and aged pu-erh raw teas was found,
and 85% of the samples could be identified without any false-
positive result. However, the remaining 15% samples could
not be successfully clustered into the right year of pro-
duction, and they also could not be clustered into the wrong
year either [48].

2.4. Geographical Origins. 5e tea qualities of different
geographical origins are somewhat jagged, due to the dis-
parity of geographical and natural conditions (altitude,
climate, soil, microelement, etc.), tea cultivars, cultivation
traditions, and processing procedures. 5e same kind of tea
from different geographical origins might vary dramatically
in prices and quality [17].5erefore, almost all of the famous
teas are labeled with their origins, such as Anji-white tea,
Anxi-Tieguanyin tea, and Yingde-black tea [36, 53]. How-
ever, some merchants fraudulently falsify the geographical
origins of tea for illegal profits. It is urgent to enforce quality
control against various counterfeits [53]. NIR spectroscopy
has been successfully used for determining the geographical
origin of various teas in recent years. Anji-white tea, one of
the most famous green teas, has been documented as a
protected geographical indication product in China. 167
representative Anji-white tea samples were gathered from
the original producing areas, and non-Anji-white tea
samples with similar appearances were collected from un-
protected producing areas in China. NIR spectroscopy
coupled with SIMCA or one-class partial least squares
(OCPLS) was used for the geographical origin discrimina-
tion of these samples. Based on the SNV preprocessing, the
sensitivity and specificity were 0.886 and 0.938 for SIMCA
and 0.886 and 0.951 for OCPLS, respectively. Although it is
hard to achieve the exhaustive analysis of all types of po-
tential counterfeits, NIR spectrometry coupled with SNV-
OCPLS and SNV-OCPLS models could rapidly detect most
of the non-Anji-white teas in the Chinese market [36].
Besides, Zhuang et al. used the NIR spectroscopy to classify
the green tea from two geographical origins. 100%

identification accuracies in training and testing were ac-
quired by the classificationmodel of PLS [49]. Although NIR
spectroscopy coupled with chemometrics algorithms has
been used for the discrimination of tea geographical origins,
the discrimination is usually limited to small scale [49, 60].
However, the class number of teas has increased significantly
in recent years. For instance, Longjing tea, a top-quality
green tea in China, has more than 20 geographical origins. A
substantial difference in price exists among these geo-
graphical origins. More complex large-class-number clas-
sification would pose new challenges to the traditional
pattern recognition, due to increasing data complexity and
class overlapping, and degraded model generalization per-
formance. Fu et al. proposed a novel ensemble strategy (ES)
to solve the problem of large-class-number classification. ES
combined the one-versus-one (OVO) and one-versus-rest
(OVR) strategies to design a set of classifiers with reduced
class numbers. 5e pattern recognition of ES, OVO, OVR,
and softmax function was compared to discriminate the
geographical origins of 25 Longjing tea samples by using
NIR spectroscopy and partial least squares discriminant
analysis (PLSDA). 5e highest total accuracy was acquired
by ES-PLSDA with the value of 0.9377, while the total ac-
curacies of OVO-PLSDA, OVR-PLSDA, and PLSDA-
softmax were 0.8494, 0.6468, and 0.9299, respectively. ES
pattern recognition thus achieved improved performance in
large-class-number classification [50].

5e geographical origins of black teas have been dis-
criminated by NIR spectroscopy. Ren et al. constructed an
NIR spectroscopy for rapidly determining the geographical
origins of black tea. Different geographical origins including
Anhui, Hubei, and Yunnan in China, India, Kenya, Sri
Lanka, and Burma were remarkably recognized by a fac-
torization method, with an accuracy rate of 94.3%. Mean-
while, the contents of major constituents in black tea
including water extracts, caffeine, total polyphenols, and free
amino acids were predicted well by the PLS algorithm, with
the correlation coefficient (R) values of 0.962, 0.955, 0.954,
and 0.927, respectively, in the calibration set [51]. Fur-
thermore, Diniz et al. used NIR spectroscopy for simulta-
neous classification of tea samples according to their
geographical origins (Brazil, Argentina, or Sri Lanka) and
varieties (green or black). 5e successive projections algo-
rithm associated with the linear discriminant analysis (SPA-
LDA) was used for the variable selection, and its recognition
accuracy was compared with that of SIMCA and partial least
squares-discriminant analysis (PLS-DA). Argentinean green
tea, Brazilian green tea, Argentinean black tea, Brazilian
black tea, and Sri Lankan black tea were successfully dis-
criminated by the SPA-LDA model with 100% classification
accuracy, while SIMCA and PLS-DAmodels were not able to
achieve 100% classification accuracy. Although simulta-
neous classification of teas according to their geographical
origins and varieties was successfully realized by the SPA-
LDA model, a larger testing of tea samples must be
implemented to guarantee any generalization of the pro-
posed methodology [52].

Tieguanyin tea is one of the most famous oolong teas. It
is a protected geographical indication product in China. 5e

8 Journal of Spectroscopy



geographical origin of Tieguanyin tea is restricted to Anxi
County, a small town in Fujian Province of China. 450
representative samples of Tieguanyin tea were collected from
Anxi County, which is the original production area of
Tieguanyin tea. Another 120 counterfeits with a similar
appearance were gathered from nonprotective areas in
China. NIR spectroscopy coupled with PLSDA was used for
the geographical origin discrimination of these samples. 5e
sensitivity and specificity of the PLSDAmodel based on SNV
transformation reached 0.93 and 1.00, respectively. NIR
spectrometry combined with the SNV-PLSDA model thus
could discriminate the geographical origins of Tieguanyin
tea rapidly [53]. Recently, the combinational analysis of NIR
spectroscopy and proton nuclear magnetic resonance (1H
NMR) has been used for distinguishing 90 Tieguanyin tea
samples, which were collected from three different growing
places (Xiandu, Xianghua, and Xiping towns) in the Fujian
Province of China. 1H NMR spectroscopy could offer the
structure and content information of compounds in sam-
ples, which is complementary to the NIR data [61, 62]. 5e
1H NMR spectroscopy provided accurately qualitative in-
formation of 26 components (polyphenols, amino acids, and
saccharides) in Tieguanyin tea. Compared with NIR
(80.0∼89.3% of accuracy) or NMR (68.2∼78.7% of accuracy)
analysis alone, a better discrimination accuracy of geo-
graphical origins of oolong tea could be achieved by com-
bining the NIR and NMR data (86.2∼95.8% of accuracy).
5e combination of NIR and NMR approaches could be
used as an effective way to identify the geographical origin of
tea. More Tieguanyin tea collected from more original
producing areas or even different tea varieties could be
included to validate the effectiveness of this combined
method in the future works [17].

3. Conclusion and Prospects

As a rapid, nondestructive, and inexpensive technique, NIR
spectroscopy has been extensively applied for analyzing
multiple aspects of tea quality control in recent years, such as
chemical compositions, sensory attributes, classification,
authentication, and geographical origins. It is anticipated
that NIR spectroscopy may progressively become a routine
method for the tea quality control and expand to the food
safety field of tea [63]. However, some challenges still impede
the pervasive application of NIR spectroscopy for the quality
control of tea. Although the performance of the NIR
spectrometer has been significantly improved in recent years
by increasing the sensitivity and reducing the background
noise, improving accuracy and ensuring stability of the NIR
spectrometer are still required. Innovative calibrations and
prediction models with higher accuracy should be de-
veloped. More robust calibrations should be constructed for
the simultaneous analysis of various teas and multiple
quality attributes by using larger sample sets. Moreover, it is
difficult for beginners and nonresearchers to select and
optimize the appropriate algorithms and models. Intelligent
software packs, which could select the optimal algorithms
and models automatically from various algorithms and
models, should be developed for the more widespread

commercial application of NIR spectroscopy. In addition,
NIR spectroscopy offers the exciting prospect potentially for
real-time and online monitoring of the whole progress of tea
production.5e whole monitoring of tea production by NIR
spectroscopy could objectively measure the chemical com-
positions and sensory attributes, detect unwanted problems
immediately, and assure the quality of the final products.
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