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Teaser Chemometrics offers an important complementary tool to enhance the searching and
isolation of bioactive natural products from natural sources.
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Natural products (NPs) are specialized metabolites from natural sources,
such as plants, animals, fungi, and bacteria, that have had an important
role in the discovery and development of new drugs. For many years,
bioassay-guided isolation has been the most used strategy for the isolation
of bioactive NPs. Chemometrics is the science of relating the
measurements made in a system or chemical process to the application of
mathematical and statistical methods. Recently, chemometric techniques
have been widely used in NP studies, including the detection of bioactive
NPs from medicinal plants, chemotaxonomy, determination of
geographical origin of medicinal plants and herbal products, and for
quality control purposes. In this review, we propose a chemometric-
enhanced strategy as a new approach for speeding up the isolation of
bioactive NPs while reducing the quantities of biological material and
organic solvents used.

Introduction
The development of new drugs is a complex, slow, and expensive process. The time from the

discovery of a potential drug until it reaches the market can be "12 years or more, with an

investment of " US$2870 million [1]. Discovery of a new lead compound involves the identifi-

cation of new chemical entities (NCEs) that have the characteristics required for a drug. These

entities can be obtained by chemical synthesis or by an isolation process of NPs. NPs are
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specialized metabolites from natural sources, such as plants, animals, fungi, and bacteria, that

have had an important role in the discovery and development of new drugs [2,3]. It is estimated

that more than half of pharmaceutical products in clinical use today are derived from NPs [4,5].

The number of NCEs derived from NPs and approved for selling from 1981 to 2014 was 1328, the

majority of which were in the anticancer, antibacterial, and antiviral areas. In addition, in 2014,

ten of the 44 approved small-molecule drugs were from NPs or directly derived from them,

representing 25% of the NCEs approved that year [6].

The WHO defines traditional medicine as the sum total of the knowledge, skill, and practices

based on the theories, beliefs, and experiences indigenous to different cultures, whether explica-

ble or not, used in the maintenance of health as well as in the prevention, diagnosis, improve-

ment, or treatment of physical and mental illness [7]. Given the biological activity of medicinal

plants, they have been used in traditional medicine for many years, and the active ingredients are

currently used to develop medicines, dyes, preservatives, and cosmetics, among others [8]. Unlike

synthetic drugs, medicinal plants contain a complex mixture of substances. The therapeutic

mechanisms of medicinal plant are not well defined; therefore, it is important to identify as many

chemical components as possible in medicinal plants to understand and explain their bioactivity

[8,9]. Different strategies have been developed to isolate and identify the metabolites responsible

for biological activity; one of the most used strategy is bioassay-guided isolation. In this review,

we discuss the applications of chemometrics techniques and how they can be used as a

complementary tool to enhance the isolation of bioactive NPs and reduce the amount of

biological material and organic solvents required, while speeding up the process [10,11].

Bioassay-guided isolation as a classical tool for NP studies
For many years, the most used strategy for the isolation of bioactive natural products has been

bioassay-guided isolation (Fig. 1) [12]. This strategy involves repetitive fractionation at a prepar-

ative scale and the evaluation of biological activity until the isolation of the active compounds is

achieved [13].

Using this strategy, numerous bioactive chemical compounds have been isolated from plants,

fungi, bacteria, and marine organisms. Recent compounds studied using this strategy include:

antibacterial compounds, such as lupeol-3b-O-cinnamate, lupeol-3b-O-dihydrocinnamate, and

phyllacanthon (MIC =  0.5, 0.25 mg ml#1, and 5.0 mg ml#1, respectively); and antioxidants, such

as a, g, and d-tocopherols and the phytosterol, b-sitosterol, isolated from extracts of Cnidoscolus

quercifolius Pohl [14,15]. It also includes compounds with antituberculous activity, such as

decarin and N-isobutyl-(2E,4E)-2,4-tetradecadienamide (MIC =  1.6 mg/ml) isolated from

Zanthoxylum capense [16], and the chloroform fraction against Mycobacterium tuberculosis, Myco-

bacterium smegmatis, and Mycobacterium avium (MIC ranging from 156.25 to 625 mg/ml) obtained

from Chenopodium ambrosioides [17]; compounds with antiplasmodial activity, such as lamalbide

6,7,8-triacetate (IC50 =  16.39 $ 0.43 mg/ml) and its aglycone lamiridosin 6,7,8-triacetate (IC50

=  0.44.56 $ 1.12 mg/ml) [18]. Furthermore, compounds with cytotoxic activity, such as 5,7,4´-

trihydroxy-3´-methoxyflavone-4´-O-b-D-glucoside, 5,7,4´-trihydroxy-3´-methoxy flavone-4´-O-

(6˝-acetyl)-b-D-glucoside, and 5,7,4´-trihydroxy-3´-methoxy flavone from the ethanolic extract

of Coronopus didymus (IC50 =  43.50, 0.63, and 3.67 mM, respectively) [19], and an essential oil

from Chenopodium ambrosioides also showing cytotoxic activity [20]. Two iridoids with anti-

proliferative activity were obtained from the dichloromethane fraction of Euphrasia pectinata:

euphrasin and campsinol (IC50 =  0.2 and 1.9 mM, respectively) [21]. This strategy has proved to be

successful for guiding the isolation of bioactive compounds from plant extracts. However, this

can be enhanced when combined with chemometrics.

Analysis of chemical data using multivariate analysis
For many years, multivariate analysis has been used in many areas, such as informatics,

engineering, pharmacy, chemistry, among others, for the reduction of a set of data of interest.

Multivariate analysis has also been used to study the taxonomic relationships and allocations of

animal species [22]; in pharmacology, it has contributed to the development of new drugs, their

pharmaceutical forms, and the manufacture thereof [23,24]. Another area in which multivariate

analysis is applied is in chemistry, such as by Dos Santos et al., who evaluated the effect of storage

temperature on methane carbon stable isotope analysis [25]. Multivariate analysis when per-

formed using chemical data is called ‘chemometrics’.
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The term ‘chemometrics’ was introduced by Svante Wold in

1971. Later, in 1974, together with Bruce Kowalski, he launched

the International Chemometrics Society [26], which defined che-

mometrics as the science of relating the measurements made in a

system or chemical process to the state of the system through the

application of mathematical and statistical methods [27]. The first

paper using the term ‘chemometrics’ was published by Wold in

1972, and during the 1980s, the first dedicated journals, Chemo-

metrics and Intelligent Laboratory Systems and Journal of Chemo-

metrics, and specialized software (Arthur, SIMCA, and

Unscrambler) appeared. Since then, chemometrics has rapidly

developed and has been widely applied in the chemistry and

chemical engineering fields [26,28]. Currently, several commercial

software programs for multivariate analysis and chemometrics are

available, such as AM IX-TOOLS (Bruker BioSpin, GmbH, MA,

USA), Matlab with statistics tool x (MathWorks, Natick, MA,

USA), Minitab (Minitab, State College, PA, USA), Pirouette (Info-

metrix, Bothell, WA, USA), SIMCA-P (Umetrics, Umeå, Sweden),

SPSS (SPSS, Chicago, IL, USA) or Unscrambler (CAMO software,

Woodbridge, NJ, USA) [29]. Additionally, there are many freeware

programs for multivariate analysis, such as Chemostat, Metaboa-

nalyst, R (cran) among others, although the latter requires prior

programming knowledge [30–32].

In recent articles, the term ‘biochemometrics’ has been used,

which incorporates in a statistical model the chemical data and the

biological or pharmacological activity data [33–35]. However,

here, we use ‘chemometrics’, given that, in chemometric tools

such as OPLS and other discriminant analysis, a variable Y is

required and this can also correspond to any given biological

activity. Hence, biochemometrics is encompassed within chemo-

metrics.

Chemometrics provides us with methods to reduce a large

amount of data produced by automated instruments, such as

high-performance liquid chromatography (HPLC), Gas Chroma-

tography (CG), nuclear magnetic resonance (NMR), and mass

spectrometry (MS), among others, and allows us to extract infor-

mation and identify certain patterns and characteristics of interest.

Currently, this discipline has gained importance because of the

need to analyze large amounts of information obtained through

instrumental equipment and by the increasing capacity of com-

puters [36]. Therefore, to handle the large data set obtained during

the chemical analysis of samples and each chromatogram or

spectrum obtained comprising hundreds of signals, suitable che-

mometric methods are required. All the information provided by

statistical software should be interpreted with a critical eye, which

makes human participation indispensable in the multivariate

optimization process [28,37].

There are several techniques that are commonly used for che-

mometric studies. Emphasis is placed here on principal compo-

nent analysis (PCA), partial least squares (PLS), and orthogonal

projections to latent structures (O-PLS) because these are tools that

have shown us the best results in the determination of active

compounds. However, we also describe other commonly used

chemometrics techniques.

Principal component analysis
PCA is a statistical technique of nonsupervised multivariate anal-

ysis that allows the information contained in a set of p loadings of
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FIGURE 1

Steps involved in a typical bioassay-guided fractionation process. Adapted from Ref. [12].
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interest to be sectioned into new independent loadings. The

variables are also called ‘loadings’. Each explains a specific part

of the information and, through a linear combination of the

original loadings, it is possible to summarize the information in

a few components that reduce the dimension of the problem

[38,39]. PCA is used for the investigation of chemical profile

analysis in complex mixtures, such as plant extracts. The data

analysis procedure requires the preprocessing of the raw data to

generate a data matrix, the columns of which represent loadings,

whereas the rows contain the samples that are included for analy-

sis [40]. PCA aims to find and interpret complex and casually

determined relationships (similarities and differences) between

samples. The key to PCA is that it quantifies the importance of

the loadings that explain the observed group and the patterns of

the inherent properties of individual samples [41].

The spatial distribution of the samples can be observed in a score

plot, where similar samples are grouped together and different

samples fall further apart [42]. The data for the PCA must be

collected in a two-way matrix or matrix, called X, in which the

column vectors represent loadings (e.g., absorbances, wave-

lengths, retention times, chemical shifts, peaks, area under the

peaks, toxicity values, or biological responses) and row vectors

represent ‘objects’ for which these loadings are measured, often

also called cases, samples, measurements, and so on [42,43].

PCA reduces the number of loadings and allows the visualiza-

tion of the information included in the matrix. By linear combi-

nations of the original loadings, PCA produces the so-called latent

variables or principal components (PC) in a way that they describe

the greatest possible variation in X. The score plot gives informa-

tion regarding the (dis) similarity of the objects, for example, on

their tendency to group, whereas the loading plot provides infor-

mation on the contribution of the original loadings [44].

Projections of partial least squares and orthogonal projections
to latent structures
Partial least squares (PLS) projections are a widely used technique

with great predictive power, but the interpretation of the regres-

sion coefficients of the model can be complicated for complex

biological samples because of the modeling of small orthogonal

variations in the data matrix X [45]. PLS is a regression technique

to model the relationship between a descriptor (X) and a response

(Y) (X and Y) that maximizes the square covariance X-Y. PLS is

useful not only for the interpretation model, but also for predict-

ing Y of X [46].

Orthogonal projections to latent structures (O-PLS) is an exten-

sion of PLS, the objective is to split the systematic variation in the

X block into two parts, one that models the correlation between X

and Y (predictive) and another that shows the systematic X

variation not related (orthogonal) to Y [47,48]. In O-PLS, these

orthogonal variations are removed from the data matrix before the

construction of a PLS model of a component. This improves the

interpretability of the model while preserving its predictive power

[45,48]. Both methods include the construction of a regression

model maximizing the covariance between the descriptor loadings

and the response. The loads of the descriptor loadings in those

components specify the origin of this noncorrelation, also called

orthogonal variation. The variation correlated with the response

can be interpreted by the loads in the predictive component of the

O-PLS model. The R2X values of the prediction and orthogonal

components are measures of the structured fraction of the original

data variation that describes the response and the fraction uncor-

related with the response. The quality of an O-PLS model is

described by the value R2Y, that is, the correlation between the

observed and predicted values for the studied response, and the Q2

value, that is, the correlation between the observed and the cross-

validation of the predicted answer. The higher the value of R2Y and

Q2, the better the response that can be described and predicted as a

function of the descriptor loadings, respectively [49–51]. In addi-

tion, O-PLS provides a superior model interpretation by separating

the systematic variation contained in the X data matrix into two

parts, a predictive part that correlates to Y and an orthogonal part

that is not correlated to Y [46].

Other commonly used chemometric tools
Among other commonly used chemometric tools are the linear

unsupervised classification methods, such as cluster analysis (CA),

an unsupervised pattern detection method that partitions all cases

into smaller groups or clusters of relatively similar cases that are

dissimilar to other groups. The analysis is based on the correct

evaluation of the number of samples in each cluster, cluster

location, ranking the variables that best describe the clusters,

similarities and dissimilarities among the clusters, and the most

significant variables of the clusters. Each cluster is mathematically

represented by a component distribution, such as a Gaussian

(continuous) or a Poissonian (discrete) distribution, and the entire

data set is modeled by a mixture of these distributions [52,53].

Another technique commonly used is hierarchical cluster analysis

(HCA), also known as hierarchical clustering. This is a popular

method for cluster analysis in big data research and data mining

aiming to establish a hierarchy of clusters. HCA uses an algorithm

to produce a dendrogram that assembles variables or objects into a

single tree. It is usually used as a clustering tool to evaluate intra-

and intergroup similarities and differences and, thus, is similar to

PCA. There are two types of strategy used in HCA: the agglom-

erative and the divisive strategies. In the agglomerative strategy,

clustering goes from ‘the leaves’ to ‘the roots’ of a cluster tree, and

this is called a ‘bottom-up’ approach. Divisive clustering is consid-

ered a ‘top-down’ approach, going from ‘the roots’ to ‘the leaves’.

All observations are initially considered as one cluster, and then

splits are performed recursively as one moves down the hierarchy

[54–56].

One of the most widely used statistical techniques is the multi-

ple linear regression analysis (MLRA), which models the best

combination of two or more independent variables to predict or

estimate the dependent variable (Y) by fitting a linear equation. A

MLRA model is built with descriptive variables using the least

squares methods to minimize the residuals, and it shows the

contribution of each independent variable to the dependent vari-

able [57–59]. Discriminant data analysis (DA) is a method for

analyzing dependence that is a special case of correlation; one

of its objectives is to discriminate between two or more groups in

terms of the means of the discriminating variables. DA is per-

formed on original data without affecting the results and compa-

rability with other chemometrics methods and constructs a

discriminant function for each group [53]. In addition, least

discriminant analysis (LDA) is a method of pattern recognition.
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It produces a linear classification structure that is able to separate

series of the sample within different classes on the basis of their

spectral features [60]. Likewise, the discriminant analysis (DA)

model can be aligned with PLS and O-PLS; PLS-DA provides an

avenue for predicting group membership based on a set of high-

dimensional measurements. It tends to construct overly complex

models when variation exists in the measurements that do not

correlate with membership to an experimental group. In studies of

complex mixtures, such as chemometrics, spectral signals having

high variability that does not relate to group membership are

almost unavoidable. For this reason, O-PLS-DA is often used in

lieu of PLS-DA to disentangle group-predictive and group-unrelat-

ed variation in the measured data. O-PLS-DA is the preferable

model because it has better interpretability compared with PLS-

DA. [61,62]. Finally, artificial neural networks (ANNs) are a tool for

nonparametric data-based modeling that learn nonlinear relations

and make a connection between input and output variables. ANN

is constructed from neural layers and imitates the learning pro-

cesses of the human brain. Neurons in neural networks receive

inputs and generate outputs through nonlinear operations. By

training a network to match a certain set of input data with the

desired set of corresponding output data, the process that gener-

ated data is modeled [51,63].

Chemometrics applied to NP studies
WHO established fingerprints analysis using chemometrics as a

methodology for assessing the chemical variation of commercial

medicinal plants. A fingerprint can be defined as a characteristic

profile that reflects the complex chemical composition of any

analyzed sample, which can be obtained by spectroscopic, chro-

matographic, or electrophoretic techniques [64]. Several techni-

ques have been proposed for this purpose, including high-

performance liquid chromatography (HPLC) combined with mass

spectrometry (MS) and/or ultraviolet (UV)-Vis detection spectro-

photometry, gas chromatography (GC), nuclear magnetic reso-

nance spectroscopic (NMR), spectrophotometry, near-infrared

spectroscopy (NIRS), ultra-HPLC (UHPLC), ion mobility (MS),

capillary electrophoresis (CE), paper-based colorimetric assays,

and infrared and fluorescence spectroscopy. The HPLC analytical

technique is the most popular for the analysis of herbal products

and extracts from natural sources. It is an easy-to-use, fully auto-

mated technique with high resolution, selectivity, and sensitivity.

One of the main advantages of HPLC is the ability to couple the

technique to different detectors, the most used of which in HPLC

are the UV detector and diode array detection (DAD) for UV

absorbent compounds [9,65,66]. By contrast, NMR allows the

simultaneous detection of different groups of primary and special-

ized metabolites. In an NMR spectrum, the signals are proportional

to the molar concentration, allowing the comparison of the con-

centrations of all the compounds in the sample, without needing

calibration curves for each individual compound [67,68].

Chemometric techniques have also been applied in the standard-

ization and quality control of herbal medicines [69–71]. Diverse

analytical methods are available for the quality standardization and

identification of adulterants in herbal and food materials [72]. Given

that herbal extracts are complex and often include hundreds or

Drug Discovery Today !Volume 25, Number 1 ! January 2020 REVIEWS
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FIGURE 2

Principal component analysis (PCA) of extracts and fractions from a plant. The formation of two clusters can be observed, grouped according to the polarity. This
also reflects their similar biological activities [115].
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thousands of compounds, chemometrics provides a means for un-

derstandingtheir chemical composition,whichis essential for safety

risk assessments [73]. Chemometric techniques are also used to

evaluate the authenticity of plant materials in herbal remedies

and other extracts [74]. They have also been shown to be useful

for the production and standardization of plant extracts when a

certain concentration of a metabolite of interest is required. Chemo-

metrics is widely used in the taxonomic classification of plants and

their different varieties and in their classification according to their

geographical origin [27,75,76].

REVIEWS Drug Discovery Today !Volume 25, Number 1 ! January 2020

TABLE 1

Frequently chemometric and analytical techniques used in NP studies

Natural product Chemometric
techniques used

Outcome Analytical approach Refs

Romanian medicinal plant extracts HCA, PCA, LDA Classified medicinal herbs according to their
therapeutic effects and usage (asthma, nervous
system, digestive system, skin problems and digestive
system)

HPTLC [81]

Extracts from 42 medicinal plants
produced by
Dacia Plant Manufacturer
(Fares Or!aṣtie, Hunedoara,
România)

HCA, PCA-LDA Classification of medicinal plants according to phylum
(Pteridophyte, Magnoliophyte, and Spermatophyte)

Spectrophotometer
(UV–Vis, 200 and 430
nm)

[82]

Coffee PCA, PLS-DA Discrimination of espresso coffees with different
sensory characteristics

ATR-FTIR [83]

Cultivars of grapes PCA, DA Phenolic content and antioxidant properties. UHPLC [84]
Material plants and herbal
supplements

PCA, PLS Detect adulteration of herbal suplements IR, HPLC-DAD,
UHPLC-MS

[85]

Material plants and herbal
supplements

PCA, PLS-DA Detection of regulated or toxic plants in plant food
supplements.

IR (FT-Mid-IR and
near-IR)

[86]

Sarcandra glabra HCA, PCA Evaluation of similarity and differences of S. glabra
from different regions

FT-IR, HPSEC,
PCD-HPLC

[87]

Natural aged white tea and fresh
white tea

HCA, PCA Effects of rapid aging technology on aroma
compounds and characteristic of white tea
investigated compared with natural aged white tea
and fresh white tea

GC–MS [88]

White tea PCA Characterization of white tea metabolome and
comparison with green and black tea

UHPLC-QTOF/MS [89]

Camellia oil (extracted from seeds of
Camellia oleifera Abel)

LDA, PLS-DA Identification and quantification of camellia oil
adulteration with other cheaper vegetable oils

Excitation-emission
matrix fluorescence
spectroscopy

[90]

Myrtus communis L. PCA Variability in essential oil composition and
antibacterial activity of a population of samples of M.
communis

GC and GC/MS [91]

Corydalis yanhusuo W.T. Wang MLRA Cardioprotection efficiency of C. yanhusuo extracts
evaluated

UPLC-UV, Q-TOF MS [92]

Alchemilla vulgaris OPLS Collagenase inhibitory activity 1H NMR [93]
Eugenia uniflora HCA, PCA Evaluation of composition, antioxidant capacity, and

cytotoxic activity
GC, GC–MS [94]

Extracts from 28 Thai plants PCA, PLS Antioxidant activity and composition of organic
solvent extracts

Spectrophotometer
(UV–Vis, 765 nm).

[95]

Extracts from 20 indigenous plants PCA, OPLS Antiplasmodial activity 1H NMR [96]
Andrographis paniculate (Burm. f.)
Wall.ex Nees

PCA Ovicidal and larvicidal activity of extracts from leaves
of A. paniculate agains tfield isolates of human
hookworm

HPLC-MS [97]

Magnolia biondii Pamp PCA, PLS-DA Anti-inflammatory mechanisms of volatile oil in M.
biondii Pamp on rats

GS-MS [98]

Glycyrrhetinic acid obtained from
Glycyrrhizae Radix et Rhizoma

PCA, PLS-DA Hepatoprotective effect of glycyrrhetinic acid on
realgar-induced subchronic hepatotoxicity in mice

1H NMR [99]

Agrimonia eupatoria L., Arctium
minus (Hill) Bernh. and Potentilla
reptans L.

PCA Evaluation of antimicrobial activity HPLC [100]

Annona squamosa Linn PCA, PLS-DA, OPLS-DA Evaluation of toxicity UHPLC-MS [101]
Gardenia jasminoides fruit HCA Evaluation of antioxidant and anti-influenza

properties
UFLC-MS [102]

Bidens pilosa PCA, OPLS Modulation of renin–angiotensin system HPLC-MS [103]
aAbbreviations: ATR-FTIR, attenuated total reflectance Fourier transform spectroscopy; HPSEC, high-performance size-exclusion chromatography; HPTLC, high-performance thin-layer
chromatography; ICP-MS, inductively coupled plasma MS; ICP OES, inductively coupled plasma optical emission spectrometry; LC-ESI/LTQOrbitrap/MS, HPLC coupled with an hybrid mass
spectrometer, which combines the linear trap quadrupole and OrbiTrap mass analyzer; PCD-HPLC, postcolumn derivatization HPLC; UFLC, ultra-flow liquid chromatography; UHPLC-
QTOF/MS, UHPLC coupled with quadrupole time-of-flight MS.
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In the analysis of plant extracts, PCA reveals clusters based on

the chemical characteristics of each sample, so that chemically

different samples appear separated and those chemically similar

are grouped together. Given that their biological activities are

influenced by the chemical compounds present in them, it is

expected that those grouped together will have similar activities

(Fig. 2).

Chemometrics has been used to evaluate the variability of the

chemical composition of propolis and corn from different regions

to determine the main classes of chemical compound and the

variability of these in different species of the same genus

[41,77,78]. It has also been used in the comparison and classifica-

tion of essential oils from different plants based on their chemical

composition and biological activities [79] and for the authentica-

tion of plants [80]. Several studies using a diversity of analytical

instruments and chemometrics tools have been reported (Table 1).

Chemometrics as a complementary tool guide the
isolation of NPs
Chemometric techniques can be used as a complementary strategy

to bioassay-guided isolation and can help reduce the amount of

biological material and solvents used for extraction, because they

require grams of biological material to carry out a whole study

[100]. This can be helpful in contributing to the knowledge and

documentation of some plants species with limited geographical

distribution or that are endangered. At the same time, they reduce

working time and associated costs.

In 2009, Nguyen et al. analyzed the fingerprints of several

Mallotus species by means of HPLC and evaluated their antioxidant

capacity using 1,1-diphenyl-2-picrylhydrazyl radical (DPPH) scav-

enger activity. Using chemometric techniques, such as PCA and

PLS, the observed antioxidant activity was correlated with the

peaks given in the HPLC fingerprints, revealing the peaks respon-

sible for the antioxidant activity [104]. Tistaert and collaborators

then applied and evaluated several multivariate calibration tech-

niques to Mallotus fingerprints to search for the best technique that

indicates the peaks responsible for antioxidant activity. A data set

containing HPLC fingerprints of 39 samples from Mallotus was

developed and its antioxidant activity evaluated. The authors

concluded that the O-PLS was the best-performing technique to

indicate the antioxidant compounds in Mallotus extracts because

of its simplicity and reproducibility [44,105].

By contrast, Gao et al. evaluated the antiproliferative activity of

extracts from roots of Scutellaria baicalensis on the human lung cell

line SK-MES-1. From the HPLC and 1H-NMR chemical profiles of the

extracts combined with the use of PCA and PLS, the authors identi-

fied baicalin, baicalein, and wogonin as the compounds responsible

for the cell growth inhibition activity of the extracts [106].

An important concept to consider is the metabolomics, which is

used to identify and quantify low-molecular-weight metabolites

and to produce profiles of metabolites that reflect the state of a

biological system of interest [107,108]. This approach measures

changes in the relative concentrations of metabolites as a result of

internal or external factors and, thus, can identify complex inter-

actions between biological systems, drugs, and diseases [109,110].

However, metabolomics is based on chemometric techniques,

because it makes use of these to understand the variability in

biological systems. Overall, the role of ‘omics tools is now fully

recognized as a powerful strategy for the prioritization of bioactive

NPs [111].

An example of this methodology was developed by Yuliana

et al., who studied the correlation of signals obtained by NMR of
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FIGURE 3

Predictive vector plot of the orthogonal projections to latent structures (O-PLS) obtained by high-performance liquid chromatography-ultraviolet (HPLC-UV)
analysis of active fractions. The plot indicates the potential bioactive nanoparticles based on their retention time [115].
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metabolites present in the Boesenbergia rotunda extracts with the

aim of quickly identifying compounds that correlated with the

activity of A1 receptor binding. It was predicted by O-PLS that two

previously reported compounds in this plant, pinocembrin and

hydroxypanduratin, were responsible for the A1 adenosine bind-

ing activity. In addition, the authors stated that the identification

of active compounds from plant extracts using chemometric

techniques from 1H-NMR was more efficient than using fraction-

ation guided by bioassays [112].

In 2012, Sharma et al. compared the 1H-NMR metabolic profiles

of different extracts from Galphimia glauca. Following a chemo-

metrics analysis using PLS-DA and data from the evaluation of

the anxiolytic, sedative and anti-inflammatory activities of the

extracts, they were able to correlate galphimines with the sedative

activity of the plant. The results supported the efficacy of 1H-NMR

and chemometrics for the determination of bioactive NPs [113]. In

addition, Bapela and collaborators evaluated the antiplasmodial

activity of extracts from 20 plant species, followed by PCA analysis

of the 1H-NMR spectra. The PCA did not show a clustering pattern

of the samples according to their biological activity. However, the

application of O-PLS to the 1H-NMR profiles resulted in a pattern of

discrimination that correlated with biological activity. From these

results, two indole alkaloids, tabernaemontanin and dregamine,

with antiplasmodial activity (IC50 =  12.0 $ 0.8 mM and

62.0 $ 2.4 mM respectively) were identified from Tabernaemontana

elegans. Furthermore, friedelin (IC50 =  7.20 $ 0.5 mM) and morin-

dolide (IC50 =  107.1 $ 0.6 mM) were isolated from Vangueria

infausta subsp. infausta. This showed that chemometrics can be

used to globally identify the classes of specialized metabolites

responsible for the biological activity of plant species [114].

In addition to the use of chemometric techniques for the

detection of NPs responsible for the biological activity of extracts

from plants, and the construction of predictive models for their

biological activity, another interesting, but rarely used application

of chemometrics is guiding the isolation of NPs from plants for

which no phytochemicals reports are available.

For example, the leishmanicidal activity of the extracts and

fractions of Colubrina greggii were evaluated, and their chemical

fingerprints were acquired using HPLC-UV. The data were ana-

lyzed using PCA and O-PLS and the results showed the loadings

and retention times (tR) of the chemical compounds responsible

for th leishmanicidal activity. These data were used to guide the

final purification by semipreparative HPLC of two components

(tR =  48.7 and 49.5 min, respectively). Further in vitro evaluation of

these confirmed that those were the compounds responsible for

the biological activity. Additionally, these peaks were minor

REVIEWS Drug Discovery Today !Volume 25, Number 1 ! January 2020
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FIGURE 4

Proposed steps for the isolation of active nanoparticles with biological activity based on chemometric techniques.
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components present in the plant extracts. Hence, the authors

showed evidence of the applicability of chemometrics for enhanc-

ing and guiding the isolation of bioactive NPs, even when they are

minor components [115] (Fig. 3). Based on this evidence, we

propose an experimental design for the isolation of NPs using a

chemometric-enhanced strategy. In Fig. 4, we show the steps to

follow in a chemometrics-guided isolation of NPs. Additionally, in

our experience, we have found that a minimum of 8–10 samples is

required to obtain a reliable model. We also recommend to per-

forming the analytical analysis of each sample in duplicate or

triplicate. Finally, this experimental design can also be adapted to

include fractions from an early chromatographic column of a

crude extract.

Concluding remarks
With the ever-increasing impact of humans on the natural

environment, it is more important than ever before to collect

information and document in detail the chemical constituents

of medicinal plants, especially those that are endangered or of

limited geographical distribution. These can result in lead mole-

cules for the development of new drugs with different types of

biological activity. Chemometric techniques provide the neces-

sary tools to enhance the isolation of bioactive NPs from plants

or any other source of NPs. In addition, the isolation of che-

mometrically enhanced bioactive NPs reduces the quantity of

plant material and solvents required, saving both time and

resources. When correctly applied, chemometrics can also help

to detect bioactive NPs even if they are found in small quanti-

ties. Thus, the use of chemometric techniques can become a

powerful tool to enhance the detection and isolation of bioac-

tive NPs.
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71 Ró _za"nska, A. et al. (2018) Novel analytical method for detection of orange juice

adulteration based on ultra-fast gas chromatography. Monatshefte fur Chemie 149,

1615–1621

72 Moon, B.C. et al. (2018) Establishment of a PCR assay for the detection and

discrimination of authentic Cordyceps and adulterant species in food and herbal

medicines. Molecules 23, 1–16

73 Mukherjee, P.K. (2019) Qualitative analysis for evaluation of herbal drugs. In

Quality Control and Evaluation of Herbal Drugs (Mukherjee, P.K., ed.), pp. 79–149,

Elsevier

74 Lucio-Gutiérrez, J.R. et al. (2019) Selective 1D-TOCSY and chemometrics to

evaluate authenticity of Turnera diffusa and related botanical extracts. Phytochem.

Lett. 30, 62–68

75 Schulze, A.E. et al. (2014) Chemometric analysis of chromatographic fingerprints

shows potential of Cyclopia maculata (Andrews) Kies for production of

standardized extracts with high xanthone content. J. Agric. Food Chem. 62 (3),

10542–10551

76 Hu, L. et al. (2019) Quality evaluation and traceability of Bletilla striata by

fluorescence fingerprint coupled with multiway chemometrics analysis. J. Sci. Food

Agric. 99, 1413–1424

77 Deconinck, E. et al. (2017) Chemometrics and chromatographic fingerprints to

classify plant food supplements according to the content of regulated plants. J.

Pharm. Biomed. Anal. 143, 48–55

78 Kuhnen, S. et al. (2010) Metabolic fingerprint of Brazilian maize landraces silk

(stigma/styles) using NMR spectroscopy and chemometric methods. J. Agric. Food

Chem. 58, 2194–2200

79 Semeniuc, C.A. et al. (2018) Chemometric comparison and classification of some

essential oils extracted from plants belonging to Apiaceae and Lamiaceae families

based on their chemical composition and biological activities. Molecules 23, 2261–

2273

80 Hidalgo, M.J. et al. (2018) Classification of organic olives based on chemometric

analysis of elemental data. Microchem. J. 142, 30–35

81 Simion, I.M. et al. (2019) Classification of Romanian medicinal plant extracts

according to the therapeutic effects using thin layer chromatography and robust

chemometrics. J. Pharm. Biomed. Anal. 163, 137–143
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