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1 Analytical Techniques in Natural 
Product Research

1.1 Introduction

Nature represents an extraordinary reservoir of novel molecules. Natural 
products have provided the inspiration for most of the active ingredients 
in medicines. Their high chemical diversity and the effects of evolutionary 
pressure to create biologically active molecules could be attributed to the 
success in drug discovery. Medicinal plants have played a key role in 
world health. Plants are rich sources of fine chemicals, largely unknown 
and explored, yet they still make an important contribution to health care 
in spite of the great advances in the field of modern medicine. Plants are 
a treasure trove of interesting and valuable compounds since they must 
glean everything from the spot on the earth where they are rooted. Also, 
they cannot escape when threatened; therefore, they have evolved a most 
impressive panoply of products to thrive in ever-changing environments 
despite these limitations (Newell-McGloughlin, 2008). There are about 
400,000 higher plant species in the world (Hostettmann and Terreaux, 
2000). It is estimated that plants produce up to 200,000 phytochemicals 
across their many and diverse members (Oksman-Caldentey and Inze, 
2004). It is estimated that about 25% of all modern medicines are directly 
or indirectly derived from higher plants (Fransworth and Morris, 1976; 
Cragg et al., 1997; De Smet, 1997; Shu, 1998). Many of these pharmaceut-
icals are still in use today and often no useful synthetic substitutes have 
been found that possess the same efficacy and pharmacological specificity 
to a particular disease. In some cases, such as for antitumoral and anti-
microbial drugs, about 60% of the current available medicines and others 
in the late stages of clinical trials have been derived from natural prod-
ucts, mainly from higher plants (Cragg et al., 1997). Plant-based drugs and 
formulations have been used since ancient times as a remedy for a range 
of diseases. About 65–80% of the world’s population from developing 
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countries essentially depends on plants for primary health care (Akerele, 
1993). Besides plants, marine natural products and microorganisms are 
also a major source for new drugs (Planes and Caballero-George, 2015). 
Oceans encompass a stressful and competitive habitat with unique con-
ditions of pH, temperature, pressure, oxygen, light, nutrients and salinity. 
These factors force organisms to adapt both chemically and physiologic-
ally to survive (Tsurumi et al., 1995; Skropeta and Wei, 2014).

Marine natural products are potential sources for pharmaceuticals 
such as antimicrobial, antiviral, antiparasitic, anticancer, anti-inflammatory, 
neuroprotective and immunomodulatory agents (Konig and Wright, 1996; 
Mayer and Hamann, 2002; Abad et al., 2008; Mayer et al., 2013; Blunt et al., 
2014; Skropeta and Wei, 2014). More than 50,000 microbial natural prod-
ucts also have an important role in drug discovery (Xiong et al., 2013). 
A renewed interest in investigating higher plants as sources for new lead 
structures and also for the development of standardized phytotherapeu-
tic agents with proven efficacy, safety and quality has been demonstrated 
(Brevoort, 1995; De Smet, 1997; Blumenthal, 1999a,b). More than 20 new 
drugs that were launched globally between 2000 and 2005 originated from 
natural products (Tasduq et al., 2008).

1.2 Role of Secondary Metabolites

Natural product chemistry has evolved into an interdisciplinary area 
of science concerned with the isolation, characterization and determin-
ation of biological activity of pure phytochemicals, as well as extracts 
or enriched fractions. Phytochemicals, the active components for bio-
logical activity, are generally referred to as secondary metabolites. Plant 
 secondary metabolites are low molecular weight compounds and can be 
defined as compounds that have no recognized role in the maintenance 
of fundamental life processes in the plants that synthesize them, but they 
do have an important role in the interaction of the plant with its envir-
onment (Oksman-Caldentey and Inze, 2004). They are characterized by 
structural diversity and are synthesized from a limited pool of biosyn-
thetic precursors: phosphoenolpyruvate, pyruvate, acetate, amino acids, 
acetyl CoA and malonyl CoA. Although various hypotheses have been 
proposed to account for the production of secondary metabolites, none 
is entirely satisfactory. However, information on their biosynthesis is es-
sential to understand the interaction between plants and the environment 
(Robards et al., 1999).

The production of these compounds is often low (less than 1% of dry 
weight) and depends on the physiological and developmental stage of the 
plant. Secondary metabolites are characterized by wide chemical diver-
sity, and every plant has its own characteristic set of secondary metabol-
ites. Based on their biosynthetic origins, plant secondary metabolites can 
be divided structurally into five major groups: polyketides, isoprenoids, 
alkaloids, phenylpropanoids and flavonoids. It is generally accepted that 
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plant secondary metabolites are important for the survival of the plant, 
and in its ecosystem their antimicrobial and anti-insect activities deter 
potential predators, discourage competing plant species and attract pol-
linators or symbionts (Dixon, 2001). Secondary metabolites have for cen-
turies been of interest to humans as flavours, fragrances, dyes, pesticides 
and pharmaceuticals, as well as being important for plant itself.

1.3 Natural Product Research and Analytical Techniques

Traditional medicine and herbal products are generally plant derived 
and consist of hundreds of unknown components rather than a single 
component or a simple combination of several components. Also, many 
of the components are low in quantity. Usually, the active principles re-
sponsible for the pharmacological action are unknown. Multiple active 
components, including macro and micro components, are frequently 
considered to be responsible for the therapeutic effects, and thus the 
analysis of multiple components is more reasonable for quality control. 
Furthermore, herbal drugs, individually and in combination, contain a 
myriad of compounds in complex matrices in which no single active 
constituent is responsible for overall efficacy. Consequently, simultan-
eous quantitative analysis of various kinds of active components is the 
most direct and important method for quality control. Despite the avail-
ability of modern analytical instrumentation techniques (Fig. 1.1), rarely 
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Fig. 1.1. Schematic diagram of analytical techniques used in natural  product 
 research. IR = infrared; NMR = nuclear magnetic resonance; HPTLC = high- 
performance thin- layer chromatography; MPLC = medium-pressure  liquid 
 chromatography; HSCCC = high- speed countercurrent chromatography; 
HPLC = high-performance liquid chromatography; GC = gas chromatography; 
SFC =  supercritical fluid chromatography; GC-MS = gas chromatography–mass 
spectrometry; LC–MS = liquid chromatography–mass spectrometry;  LC-NMR = 
liquid chromatography– nuclear magnetic resonance; LC-CE = liquid chromatography–
capillary electrophoresis; LC-IR =  liquid chromatography –infrared.
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do phytochemical investigations succeed in isolating and characterizing 
all secondary metabolites present in the plant extract (Calixto, 2000). 
Furthermore, only about 10% of higher plant species have been char-
acterized chemically to some extent. Chemical complexity makes the 
quality control process much more complicated. However, it has become 
inherent to determine the chemical profile of plant-based products for 
better scientific and clinical acceptability, as well as for proper global 
positioning. Despite their existence and continued use over many cen-
turies and their popularity and extensive use during the past decades, 
traditional medicines have not been officially recognized in most coun-
tries. The quantity and quality of safety and efficacy data on traditional 
medicines are far from sufficient to meet the criteria needed to support 
their use worldwide (WHO, 2000). Furthermore, the chemical constitu-
ents in component plants may vary depending on harvest seasons, plant 
origin and other postharvest processes. To ensure the reliability and re-
peatability of pharmacological and clinical research, as well as also to 
understand their bioactivities and possible side effects, it is essential to 
determine most of the phytochemical constituents of traditional medi-
cines (Bauer, 1998; Raven et al., 1999; Yan et al., 1999). It is also well 
known that the efficacy of traditional medicines has a characteristic of 
a complex mixture of chemical compounds present in the crude drug; 
reasonable evaluation of their relationship is not a trivial task. A chem-
ical fingerprint can be linked to biological assays to provide assurance 
of efficacy and consistency. However, the research work on this aspect is 
far from sufficient to meet the criteria needed.

Isolation of the ingredients of plant extracts in adequate quantities 
for spectral and biological assays is the basis of phytochemical research. 
Rapid identification and quantification of biologically active natural prod-
ucts plays a strategic role in phytochemical investigations of crude plant 
extracts. Also, the dereplication of crude extracts prior to isolation work 
is crucial to avoid the tedious isolation of known constituents. Recent ad-
vances in the area of the purification process, isolation and structure elu-
cidation have made it possible to establish appropriate strategies for the 
quality control and standardization of herbal products in order to main-
tain as much as possible the homogeneity of the plant extract, and there-
fore the derived product or formulation. A wide spectrum of analytical 
methods has been developed for application in phytochemical research, 
pharmacological studies or quality control. The analytical approaches can 
be classified as: (i) the analysis of targeted compounds, i.e. specifically one 
compound; or (ii) group-specific analysis, i.e. the analysis of a number of 
(preferably all) compounds belonging to that particular group, and me-
tabolite profiling aimed at a large number of primary and secondary me-
tabolites from the extract, including carbohydrates, lipids, amino acids, 
etc. Metabolomics involves the analysis of the entire metabolome as the 
sum of all detectable low and intermediate molecular mass compounds 
in place of individual (target) metabolites. Different approaches such as 
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metabolite profile and metabolic fingerprinting are followed in the field 
of metabolomics (Goodacre et al., 2004). Metabolic profiling covers the 
identification of a selected group of metabolites, whereas metabolic fin-
gerprinting comprises the classification of samples on the basis of prov-
enance of either biological relevance or origin (Angelova et al., 2008). 
Metabolomics has developed into an important tool for applications in 
natural product studies and quality control, as well as in studies on dis-
eases and toxicity (Verpoorte et al., 2007).

Traditionally, histological and morphological inspections have been 
the usual methods of authentication. But these methods cannot be 
applied to the final forms of modern herbal products such as herbal 
extracts and dosage forms. Chemical and chromatographic techniques 
are currently used for the identification and assessment of components 
(Angelova et al., 2008). Phytochemical analysis is commonly performed 
using standard techniques such as thin-layer chromatography (TLC), 
high-performance thin-layer chromatography (HPTLC), high-performance 
liquid chromatography (HPLC), gas chromatography (GC) and, more re-
cently, mass spectrometry (MS) and nuclear magnetic resonance (NMR) 
spectrometry. Significant improvements have been made in the separ-
ation and resolution of analytical techniques. High-resolution instru-
ments are now becoming available to a broader group of researchers. 
Furthermore, with the developments in biostatics with the aid of multi-
variate analysis (pattern recognition), it is possible to compare the me-
tabolite profile, and the differences between a group of samples can be 
identified rapidly, thereby rendering the identification and quantifica-
tion of all individual metabolites present in the profiles superfluous. 
The holistic approach requires a quite different procedure than trad-
itional analysis, as instead of focusing on a few selected compounds, it is 
imperative to generate a profile of a large number of constituents, aiming 
at the identification of novel biomarkers and drug targets. NMR and li-
quid chromatography–mass spectrometry (LC-MS) are the most popular 
techniques for metabolite profiling and fingerprinting. NMR spectra of 
unpurified solvent plant extracts have the potential to provide relatively 
unbiased fingerprints, comprising overlapping signals of the majority 
of the metabolites present in the solution (Ward et al., 2002). An NMR-
based study on the influence of the composition of the extraction solvent 
in relation to the quality of the metabolite profile has also been reported 
(Angelova et al., 2008). Two-dimensional J-resolved NMR spectra and 
multivariate data analysis techniques were applied in order to avoid low 
resolution and overlapping signals hampering the identification of the 
individual components of ginseng roots (Yang et al., 2006). The elemental 
composition of metabolites is one of the most valuable pieces of infor-
mation for identification purposes. Accurate mass measurements, which 
means by definition that the measured mass should be within 5 ppm 
of the theoretical mass, can be obtained from the latest generation Fourier 
transform ion cyclotron resonance (FT-ICR), thereby  allowing  unequivocal 
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determination of the elemental composition. These accurate mass data 
are obtainable on a chromatographic timescale and without the need for 
internal calibration (Van der Greef et al., 2004).

For a detailed analysis of the metabolome, chromatographic proced-
ures are often preferred. Although there are many chromatographic tech-
niques including hyphenated chromatography available for instrumental 
analysis of natural products, TLC was the common method of choice be-
fore instrumental chromatography methods like GC and HPLC were es-
tablished. Even nowadays, TLC is still frequently used for the analysis 
of herbal products as an easier method of preliminary screening with a 
semi-quantitative evaluation together with other chromatographic tech-
niques. Simplicity, versatility, high velocity, specific sensitivity and simple 
sample preparation are the advantages of using TLC for constructing 
fingerprints. Various pharmacopoeias such as the American Herbal 
Pharmacopoeia, Chinese Drug Monographs and Analysis, Pharmacopoeia 
of the People’s Republic of China, etc., still permit the use of TLC for pro-
viding the first characteristic fingerprints of herbs. TLC has advantages 
of manyfold possibilities of detection in the analysis of herbal products. 
Further, with the help of a video store system, it is possible to gather useful 
qualitative and quantitative information from the developed TLC plate 
(Chau et al., 1998). TLC is also in the process of being updated. Forced-
flow planar chromatography (FFPC) uses hydrostatic pressure to increase 
the velocity of the mobile phase. Rotation planar chromatography (RPC), 
overpressured layer chromatography (OPLC) and electro planar chroma-
tography (EPC) are the other innovations. Parallel and serially coupled 
layers open up new avenues for the analysis of a large number of samples 
(up to 216) for high-throughput screening and for the analysis of very 
complex matrices (Nyiredy, 2003).

The methods of extraction and sample preparation are also of great 
importance in preparing good fingerprints. The main goal of extraction is 
to obtain the maximum number of metabolites or, ideally, all the metab-
olites present in the samples. Different kinds of extraction methods are 
usually used applying different solvent combinations. Soxhlet extraction 
is one of the oldest methods for solid–liquid extraction. It has been re-
garded as the reference for the optimization of new extraction techniques 
and has been the most cited among the other extraction techniques used. 
Ultrasound-assisted solvent extraction, microwave-assisted extraction and 
supercritical fluid extraction methods have emerged as modern extraction 
techniques. Solid-phase extractions, besides being used for sample clean 
up or concentration of metabolites from a liquid matrix, are also utilized 
for extraction purposes. This technique has been automated and coupled 
with online extraction and analytical instruments such as GC or LC-MS 
(Louter et al., 1999; Lopez-Blanco et al., 2002).

The concept of phytoequivalence was developed in Germany to en-
sure the consistency of herbal products (Tyler, 1999). According to this 
concept, a chemical profile such as a chromatographic fingerprint for a 
herbal product should be constructed and compared with the profile of 
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a clinically proven reference product, as it is almost impossible to de-
velop an appropriate analytical method (including sample preparation 
and chromatographic procedures) to represent all the constituents of the 
chemical characteristics in a chromatogram (Fan et al., 2006). Therefore, 
the development of multiple chromatographic fingerprints has been sug-
gested. Advances in hyphenation techniques in chromatographic instru-
ments can make the quality control of natural products, both in qualitative 
and quantitative regards, stronger and stronger. High-throughput analysis 
and miniaturization that provide high resolution in a short analysis time 
with low operational costs are desirable. The introduction of sub-2-μm 
columns for HPLC and the development of ultra-high pressure liquid 
chromatography (UHPLC) represent important steps forward for crude ex-
tract profiling. The speed of separation provided by these new separation 
methods challenges the liquid chromatography detectors that have to pro-
vide faster responses. The strong development of ‘-omics’ (metabolomics, 
genomics, etc.) over the last decade also challenges the analytical methods 
as they aim to detect and quantify all metabolites in a given organism. For 
these types of studies, both separative and non-separative methods must be 
complementary because none of them alone can fulfil all the ideal needs 
of sensitivity and throughput (Wolfender, 2008).

1.4 Forms of Natural Products and Good  
Manufacturing Practices

There are several common forms of natural products, including phyto-
chemicals, nutraceuticals, cosmeceuticals, oleoresins, essential oils, etc. 
Phytochemicals refers to the chemicals present in plants. Nutraceuticals 
are any substance that may be considered as a food or a part of food pro-
viding health benefits, including the prevention and treatment of diseases. 
Oleoresins are pure extractives derived from spices containing concen-
trated natural flavouring components both volatile and non-volatile. 
Cosmeceuticals is a term to describe cosmetic-containing ingredients. The 
volatile part of the plant largely responsible for its characteristic aroma 
comes under the category of essential oil.

Good manufacturing practice (GMP) is a code of practice used for 
maintaining the highest standard of quality in the process of the produc-
tion and control of natural products, in particular in herbal products.

1.5 Conclusion

The fingerprinting technique has been widely accepted as a useful method 
for the evaluation and quality control of raw materials and their finished 
products from natural sources. Analysing chemical markers that are 
known to be present in the natural product is one of the common quality 
control methods used in research laboratories in industry. Variances due 
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to geographical source, cultivation and processing methods affect chem-
ical composition and clinical efficacy. Therefore, it is necessary to estab-
lish a method to control the quality. Furthermore, multi-sourcing has been 
a major cause of clinical accidents in phytotherapies. Physically similar 
plants from the same or even different genera are used as the same herb. 
The differences in the chemical compositions of various species may lead 
to different biological activities (Ye et al., 2007). HPLC is efficient in sep-
arating the chemical compounds in a mixture and, using mass spectrom-
etry, sufficient information for structural elucidation of the compounds 
could be generated when tandem mass spectrometry (MSn) is applied. 
Therefore, the combination of HPLC and MS facilitates the rapid and 
accurate identification of chemical compounds, especially when a pure 
standard is unavailable. The identification of the compound is confirmed 
using ultraviolet spectroscopy (UV), infrared spectroscopy (IR), nuclear 
magnetic resonance spectroscopy (NMR) and mass spectroscopy (MS).
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