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Abstract

v

Progress in natural product chemistry has always
been strongly linked to innovations in analytical
technology. The characterisation of metabolites
in complex mixtures requires sophisticated tech-
niques, which should provide good sensitivity
and selectivity as well as structural information
on the constituents of interest. This review out-

lines the most important chromatographic and
spectral techniques which have been introduced
in the field of natural products. Although there
has been a very rapid evolution of methods over
the last 50 years, the introduction of high-
throughput screening programmes require even
more efficient and sensitive methodologies which
yield adequate on-line information for metabolite
structure determination.

Introduction

v

Ever since antiquity, Man has strived to be able to
study and analyse the products of the natural
world around him. Up to the twentieth century,
when plants were the source of most therapeuti-
cals, observation of characteristic structural ele-
ments of plants under the microscope was the
main method used for their quality control, while
chemical analysis of constituents played a minor
role. As the importance of the contribution of the
individual natural products to the pharmacologi-
cal and biological activities of the organism was
realised, so did the demand increase for more
suitable qualitative and quantitative analytical
methods. At first, adequate methods did not exist
for the analysis of the very complex mixtures pro-
vided, for example, by plant extracts. It was not
until the 1950s that the breakthrough in the anal-
ysis of natural products was provided by the ap-
plication of chromatographic separation methods
and spectroscopic identification and structure
elucidation techniques. These have been progres-
sively improved over the last few decades, with
the result that very efficient chemical, physical,
biological and, most importantly, physicochemi-
cal, methods are now available [1]. The other in-
novation has been the progressive reduction in
sample size necessary for analysis.

The general term “separation techniques” refers
to various forms of chromatography and also elec-
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trophoresis but within the context of this review,
electrophoresis will not be included (apart from
some reference to capillary electrophoresis).
“Separation techniques” also envelope the notion
of preparative-scale operations and these are also
out of the scope of this article.

The choice of analytical methods depends on the
chemical class of the analytes in question. An ex-
ample is given by the flavonoids, for which a re-
cent review article has been published [2]. The
different techniques which can be used for their
analysis are shown in ©Fig.1 and these can be
applied to many classes of natural products. Ex-
traction and sample preparation are also neces-
sary (© Fig. 1) but this review will concentrate on
chromatographic and spectroscopic methods.

Chromatography

v

History

Chromatography has developed from a rudimen-
tary tool, introduced at the beginning of the 20th
century for the separation of pigments into an ar-
ray of techniques capable of dealing with the
most complex analytical and purification prob-
lems of natural products [3]. The developments
can basically be divided into three important
landmarks: the first introduction of chromatogra-
phy; the contribution played by Martin in the
1950s; and the introduction of commercially-
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Fig. 1 Strategies for the analysis of flavonoids in biological fluids, bever-
ages, plants and food. Abbreviations: LLE, liquid-liquid extraction; SE, sol-
vent extraction; MSPD, matrix solid-phase extraction; SPME, solid-phase
micro-extraction; SPE, solid-phase extraction; GC, gas chromatography; LC,
liquid chromatography; MS, mass spectrometry; MS/MS, tandem mass
spectrometry; CE, capillary electrophoresis; TLC, thin layer chromatogra-
phy; FID, flame ionisation detection; ECD, electron capture detection; Q,
quadrupole; QqQ, triple-quadrupole; IT, ion-trap, FLU, fluorescence; NMR,
nuclear magnetic resonance; TOF, time-of-flight and ED, electrochemical
detection (reprinted with permission from ref. [1]).

available high-performance liquid chromatography (HPLC)
equipment in the 1970s.

Tswett introduced column adsorption chromatography at the be-
ginning of the 20th century, initially for the separation of plant
pigments. The first printed description of the method came with
a lecture in 1903 at the Warsaw Society of Natural Sciences enti-
tled “On a new category of adsorption phenomena and their ap-
plication to biochemical analysis”. This was the starting point of
liquid chromatography and, in a paper published in 1906, Tswett
took the subject further with the notion of the “chromatogram”
and its development by using different eluents [4]. By the end of

Chromatographic method
Liquid-solid chromatography

adsorption

Review

the 1930s, column adsorption chromatography (nowadays
known as normal phase chromatography) had become a widely
used separation technique for plant extracts and natural prod-
ucts

Although the method provided access to numerous compounds,
resolution was low and difficulties were experienced with water-
soluble samples. It was not until the work of Martin and cowork-
ers that further significant advances were made in the chroma-
tography of natural products, with the invention of partition
chromatography (liquid-liquid chromatography, LLC) [5]. Martin
described partition chromatography, in which a liquid stationary
phase is immobilised on a solid support, as a marriage between
Tswett’s adsorption-based chromatography and countercurrent
solvent extraction. In the 1941 paper, gas-liquid chromatography
(GLC) is also anticipated: “the mobile phase need not to be a
liquid but may be a vapour. Very refined separations of volatile
substances should therefore be possible in a column in which a
permanent gas is made to flow over a gel impregnated with a
non-volatile solvent”. The development of partition chromatog-
raphy earned Martin and Synge the 1952 Nobel Prize in chemis-
try.

Martin and coworkers also introduced paper chromatography
using filter paper sheets impregnated with water or other
liquids; this became the first chromatographic microanalytical
technique [6]. However, the slow migration rates of paper chro-
matography have resulted in this technique being overtaken by
thin-layer chromatography (TLC), in which the application of thin
layers of adsorbent on glass plates originated in Russia [7].
Finally, GLC was introduced in 1952 [8] and became widely avail-
able in the 1960s. It is suitable for small, volatile compounds. Sen-
sitive universal detection was provided by flame ionisation (FID).
GLC (or GC) is ideal for the analysis of complex mixtures such as
those found in essential oils. In one run, it is possible to separate
hundreds of constituents and identify them by comparison with
a data base. Quantitation is performed using the FID or by GC-MS,
although many operators prefer FID data to total ion current (TIC)
response data, since MS response factors for different analytes
often vary. An example is given in © Fig. 2, in which a Japanese
mugwort essential oil of the leaves was analysed by GC and 192
components were identified.

The general term “chromatography” has evolved to include an
amazing array of techniques and variants of these techniques.
Some of the most frequently employed chromatographic meth-
ods are given in © Table 1.

Separation mechanism Table 1 The major chromato-

graphic methods.

Paper (adsorption), partition

Gas liquid chromatography (GLC)

Thin-layer chromatography (TLC)
High-performance liquid chromatography (HPLC)
Ultra-performance liquid chromatography (UPLC)
Supercritical fluid chromatography (SFC)
Liquid-liquid chromatography (LLC)
Countercurrent chromatography (CCC)
lon-exchange chromatography (IEC)

Capillary electrophoresis (CE) charge
lon-pair chromatography

Hydrophobic interaction chromatography (HIC, HILIC)
Size exclusion chromatography (SEC)

Affinity chromatography

Marston A, Hostettmann K. Natural Product Analysis...

adsorption, partition
adsorption, partition
adsorption, partition
adsorption, partition
adsorption, partition
partition

partition

ion exchange

ion pair formation, ion interaction
(adsorption), partition

size of analyte

biological affinity

Planta Med 2009; 75: 672-682

This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.



Review

125
u 1785085 94 95 121 126 187 1

13

5

Fig.2 Gas chromatogram of an extract from the
leaves of Japanese mugwort (Artemisia princeps, As-
teraceae) obtained by steam distillation under re-
duced pressure. Column: HP 6890 equipped with
DB-Wax bonded-phase fused silica capillary column
and a flame ionisation detector (FID) (Reprinted
with permission from ref. [9]).

RT [min]

Planar chromatographic techniques

TLC: Thin layer chromatography (TLC) is the only chromato-
graphic method offering the option of presenting the result as
an image. Furthermore, TLC is the sole technique in which all the
components of the sample are included in the chromatogram. In
contrast, HPLC and GC are selective and not all of the compounds
in the sample are included in the display.

The real breakthrough in TLC came through the work of Stahl,
who introduced the use of calcium sulphate as binder, and stan-
dardised layer thickness and chromatographic development [10].
Not only does the technique give visual results but it excels in its
simplicity and is low in cost. Parallel analysis of samples is possi-
ble, sample capacity is high and results are obtained rapidly. TLC
is flexible and multiple detection is possible. It is an ideal screen-
ing method in biological and chemical analysis, providing identi-
fication and qualitative results, determination of adulteration, to-
gether with quantitative and semiquantitative determination. In
conjunction with microorganisms and other biological agents,
TLC bioautography can be used to screen for bioactivities (see be-
low) [11]. The disadvantages of TLC are a lack of automation, the
problems of reproducibility which sometimes occur and the lack
of accuracy in quantitation. Nevertheless, TLC will remain a fast
and simple micro-technique of chromatography [12].

In HPTLGC, the plates are precoated with a stationary phase with a
typical mean particle size of 5 um. The plates give better separa-
tions and reproducibility than normal precoated TLC plates
(mean particle size 12 pm) and they also allow more sensitive de-
tection. Shorter developing distances are required. The number
of theoretical plates is in the 5000 range [13], while for HPLC
the range is 6-10000. The separation power of HPTLC is still low-
er than that of HPLC and the latter is preferred for quantitative
determination. Merck also offers HPTLC plates with spherical
particles, which gives faster chromatography and better separa-
tion power. A water-resistant layer is available from Merck and
for RP-18 plates, 100% water can be used with these plates.

For herbal extracts, regulatory agencies often recommend finger-
print chromatography for proper identification purposes. HPTLC
is ideal in this instance and excellent examples can be found in

the literature [13, 14]. HPTLC is also ideally suited for the prelimi-
nary screening of plant extracts before HPLC analysis.

A recent review gives an in-depth summary of TLC and HPTLC
[15] and the subject is amply treated elsewhere in this Special Is-
sue.

Other planar chromatographic techniques

None of the other planar techniques have had the impact of TLC.
In overpressured layer chromatography (OPLC), a horizontal
thin-layer chromatography plate is covered by an elastic cushion.
Pressure is applied to the cushion so that separations are per-
formed on the TLC plate in the absence of a vapour phase. Sample
development is rapid and high efficiencies can be achieved [16].
Automated multiple development (AMD) allows a gradient-driv-
en separation in TLC and can produce remarkable separations of
complex mixtures [17].

Column chromatographic techniques

High performance liquid chromatography (HPLC): The most re-
markable advances in chromatography have occurred in the do-
main of HPLC, despite the fact that the technique itself has only
been in existence for about 40 years. The year 1967 was a land-
mark in the introduction of HPLC (© Fig. 3), with papers from
Horvath, Huber and Scott (see, for example, [18]), but the first au-
tomatic liquid chromatograph with gradient elution was an ami-
no acid analyser described by Moore and coworkers in 1958 [19].
Until the advent of HPLC, most natural product separations were
performed by open-column, paper or thin-layer chromatography.
Open-column chromatography was time-consuming and tedi-
ous, often requiring a large amount of sample. With paper chro-
matography and TLC, very small samples could be analysed and
the resolution and reproducibility improved. However, quantita-
tion was still inadequate and resolution of similar compounds
difficult. Gas chromatography provided excellent resolution but
the restriction to volatile samples (less than 20% of organic com-
pounds can be separated by gas chromatography) meant that de-
rivatisation was often necessary. A technique was needed which
could separate water-soluble, thermally-labile, nonvolatile com-
pounds with speed, precision and high resolution. HPLC fulfilled
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Fig.3 The first liquid chromatographs for HPLC,
used for the separation of nucleotides (flow-rate:
12 mL/h; pressure 50 atm). 1) reservoir for eluent;
2) pump; 3) mixing chamber with heater; 4) mag-
netic stirrer; 5) pump; 6) filter; 7) pressure gauge; 8)
sample injection port; 9) column; 10) air thermo-
stat; 11) spectrophotometer with micro flow cell;

13 12) flow meter; 13) scale expander; 14) recorder

(reprinted with permission from ref. [18]).

these criteria and is now one of the most powerful tools in ana-
lytical chemistry, with the ability to separate, identify and quan-
titate the compounds present in any sample that can be dissolved
in a liquid. The viscosity of liquids is higher than that of gases by a
factor of 100 - hence the need for pressure in the columns and
the original name “high-pressure liquid chromatography”. But
“pressure” was replaced by “performance” as particles got small-
er and columns became shorter.

The wide variety of stationary and mobile phases should give a
large potential for finding suitable separation conditions. How-
ever, at first only relatively large particles were available. The in-
troduction of small porous silica particles with a diameter of ap-
proximately 10 um radically changed the situation, as did the
production of chemically-bonded phases, notably the reversed-
phase (RP) octadecyl (RP-18) and octyl (RP-8) materials. Stan-
dardisation of silica surfaces by defined hydroxylation, applica-
tion of very pure silica, improvement in bonding and end-cap-
ping procedures now give very versatile reversed-phase systems,
with high selectivity, high separation power, robustness, high
stability and efficiency. Reviews on equipment and instrumenta-
tion are published periodically in journals such as Analytical
Chemistry - for example, by LaCourse [20]. An excellent early
comprehensive review on the analysis of natural products was
provided by Kingston in 1979 [21]. Since then, there have been
numerous developments but the same basic conditions predom-
inate, i.e., octadecylsilyl columns and methanol-water or acetoni-
trile-water as eluent.

High-performance liquid chromatography has become by far the
most widely used chromatographic technique. In fact, the seg-
ments liquid chromatography, mass spectrometry and thermal
analysis account for US $ 4.4 billion of the global US $ 20 billion
analytical instrumentation market.

Analytical HPLC: Applications of HPLC are found in hundreds of
areas. One of the most important of these is the area of quality
control in the pharmaceutical industry.

In the last decade, high-performance liquid chromatography
(HPLC) has been one of the most frequently used techniques for
the separation of natural products in complex biological matrices
such as crude plant extracts. For chemotaxonomic purposes, the

botanical relationships between different species can be shown
by chromatographic comparison of their chemical composition.
Chromatograms, which are used as fingerprints, are compared
with authentic samples and unknown substances to permit iden-
tification of drugs and/or search for adulteration. HPLC is thus the
best suited technique for an efficient separation of the crude ex-
tracts, as shown by Sakakibara et al. [22] who claim to have found
a method capable of quantifying every polyphenol in vegetables,
fruits and teas. For this purpose they used a Capcell pak C18
UG120 (250 x4.6 mm, S-5, 5um) column and gradient elution
with sodium phosphate (pH3.3) and 10% methanol, and 70%
methanol. The method allowed the determination of aglycones
separately from glycosides. Information could also be obtained
about simple polyphenols in the presence of more complex poly-
cyclic polyphenols. Quantitative determination was achieved for
a total of 63 different food samples.

High-performance liquid chromatography (HPLC) is used rou-
tinely in phytochemistry to “pilot” the preparative isolation of
natural products (optimisation of the experimental conditions,
checking of the different fractions throughout the separation)
and to control the final purity of the isolated compounds.

The level of structural information that can be obtained has been,
however, limited by the available LC detectors. Detectors based
on UV, fluorescence, refractive index, light scattering or electro-
chemistry provide good detection and sensitivity but without
the possibility of detailed structural information. The introduc-
tion of hyphenated techniques such as LC/UV with photodiode
array detection (LC/UV-DAD) and LC coupled with mass spec-
trometry (LC/MS) has provided real advances in on-line metabo-
lite structure determination [23]. These coupled techniques are
discussed below.

Ultra-high-pressure liquid chromatography (UHPLC): The intro-
duction of spherical particles has led to a reduction in the size of
the phase particles to 3um in 1978 and 1.5um in 1990. This
means that column efficiency is improved and shorter columns
are possible, leading to shorter separation times [24]. Column
lengths of 10 to 25cm (8000 to 10000 plates/m) have now
dropped to around 6 cm for 3 pm particles in order to attain the
same plates/m. The analysis time correspondingly drops by a fac-
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tor of around 4. At the same time, obviously there is a corre-
sponding increase in the pressure necessary to perform the sepa-
ration, giving rise to the term “ultra-high-pressure liquid chro-
matography (UHPLC)”. The trend is now towards columns with
1 pm particles, which would give pressures of around 7000 bar.
In ultra-performance liquid chromatography (UPLC), the trade
mark of Waters Acquity systems, introduced in 2004, particle
sizes of around 1.7pum are used, at a pressure of 15000 psi
(1000 bar). Applications in the separation of natural products
are beginning to appear, as in the investigation of the constitu-
ents of raw and steamed ginseng root, Panax notoginseng, Aralia-
ceae. UPLC was performed on a Waters Acquity system with a
100x% 2.1 mm Cqg 1.7 um column and a mobile phase gradient
consisting of (A) 0.1% formic acid in water and (B) acetonitrile
containing 0.1% formic acid. The UPLC system was connected to
an orthogonal acceleration TOF mass spectrometer and was com-
pared to a classical LC/UV analysis. Identification of peaks was
achieved by comparison with an in-house database containing
96 protopanaxadiol-type ginsenosides. The ultra-fast chroma-
tography displayed higher reproducibility when compared with
traditional HPLC (© Fig. 4) [25].

Capillary electrophoresis (CE): Capillary electrophoresis is an ana-
lytical technique which provides high separation efficiency and
short run times. Several modes of CE are available: (1) capillary
zone electrophoresis (CZE), (2) micellar electrokinetic chroma-
tography (MEKC), (3) capillary gel electrophoresis (CGE), (4)
capillary isoelectric focusing, (5) capillary isotachophoresis, (6)
capillary electrochromatography (CEC) and (7) nonaqueous CE.
The simplest and most versatile CE mode is CZE, in which the
separation is based on differences in the charge-to-mass ratio
and analytes migrate into discrete zones at different velocities.
Anions and cations are separated in CZE by electrophoretic mi-
gration and electro-osmotic flow (EOF), while neutral species
co-elute with the EOF. Applications of CE for the analysis of natu-
ral products have been well documented [26-28]. CE is especially
suitable for the separation of flavonoids as they are negatively
charged at higher pH values [28].

Thin-layer chromatography, HPLC, GC and capillary electropho-
resis (CE) are all useful methods for fingerprinting and analysing
plant drugs. While HPLC has high precision, sensitivity and re-
producibility, it requires lengthy pretreatment of samples to re-
move residual solid material and eliminate irreversible adsorp-
tive losses on the solid support matrix. Capillary electrophoresis
is becoming increasingly recognised as a fast and efficient analyt-
ical separation technique but the reproducibility and selectivity
are inferior to HPLC.

Countercurrent chromatography: The technique of countercur-
rent chromatography (CCC) basically involves the separation of a
sample between two non-miscible liquid phases. One of these
phases is kept stationary in a coiled column or a chamber by a
centrifugal force, while the other phase (mobile phase) is
pumped from one extremity of the column to the other. As a sam-
ple is passed through the system, it partitions between the two
phases. Solute retention depends only on the partition coeffi-
cient: adsorption is precluded by the absence of a solid phase. In-
struments with rotating coiled columns are often constructed in
such a way that they produce a planetary motion [29], accompa-
nied by a hydrodynamic equilibrium between the two solvent
phases. This aids the partition of the sample between the two
phases. With CCC, the stationary phase occupies 50-80% of the
total volume, whereas in HPLC, this figure is around 5%. This im-
plies that the capacity of CCC is higher. Another advantage over
HPLC is that fewer theoretical plates are necessary in CCC to
achieve a given resolution. Although HPLC is generally considered
to be faster than CCGC, this is offset by the time required for HPLC
column clean-up and the rapid deterioration of the HPLC col-
umns, which necessitates expensive replacement.
Countercurrent chromatography is another advance of the 20th
century. It is basically a development of countercurrent distribu-
tion (CCD), a method developed in the 1940s and 1950s for the
batchwise (Craig distribution) or continuous (O’Keefe distribu-
tion) fractionation of mixtures. Modern countercurrent chroma-
tography finds its origins in pioneering work by Y. Ito at the NIH
in the USA [30].
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Efficiencies reported in analytical-scale CCC clearly indicate that
this method will not compete with the ubiquitous technique of
analytical HPLC but it has some important uses in methods devel-
opment, in micro-scale separations and in the screening for new
bioactive compounds in crude extracts. Analytical HSCCC is also
an attractive method for interfacing with mass spectrometers be-
cause of the reduced flow-rates.

Spectroscopic Techniques

v

Ultraviolet (UV)

Structure elucidation by ultraviolet spectroscopy is of great im-
portance because this is the most sensitive of all spectroscopic
techniques. And since the introduction of derivative spectro-
scopy, the sensitivity has improved even further, so that UV spec-
troscopy is perfect for trace analysis.

Infrared (IR)

Fourrier-transform infrared spectroscopy (FT-IR) has a far greater
sensitivity than classical IR and allows far more rapid measure-
ments. With complete scans available in 0.1 to 1 second, it has
been possible to couple FT-IR with GC (even capillary columns).
In combination with spectral databanks, the method is very
powerful for the identification of unknowns in mixtures.

Mass spectrometry (MS)

In this field, developments have been exceptionally numerous.
Starting with electron impact (EI) spectra, a whole series of ion-
isation techniques has been developed, starting with chemical
ionisation (CI) and passing through field desorption (FD), fast-
atom bombardment (FAB) and thermospray (TSP), to the atmos-
pheric-pressure ionisation (API) techniques electrospray ionisa-
tion (ESI) and atmospheric pressure chemical ionisation (APCI).
In the matrix-assisted laser desorption/ionisation (MALDI) tech-
nique, sample ions are usually analysed by a time-of-flight (TOF)
mass analyser. MALDI-TOF-MS has advantages over other meth-
ods, including high speed of analysis, good sensitivity (with an
ability to determine mass with an accuracy better than 1 part
per million) and good tolerance towards contaminants.

Nuclear magnetic resonance (NMR)

The most powerful method for the structural analysis of natural
products comes from the observation of nuclear magnetic reso-
nance (NMR) in 1945 by Felix Bloch at Stanford University [31]
and Edward Purcell at Harvard University [32]. Bloch and Purcell
received the first Nobel Prize in NMR. Initial manipulation of the
nuclear spin carried out by Hahn was essential for further devel-
opment of experiments such as “insensitive nuclei enhanced by
polarisation transfer” (INEPT) [33], which is the basis of many
modern pulse sequence experiments. Ernst and colleagues in
the 1970s had the idea of acquiring a two-dimensional (2D) spec-
trum by applying two separate radiofrequency pulses with differ-
ent increments between the pulses [34]. Ernst was subsequently
awarded the Nobel Prize in 1991 for his work. A whole series of
2D correlation experiments, such as COSY, HMBC, HSQC are now
widely employed in structure elucidation by NMR.

Quantitative NMR (qNMR) has a long history, dating almost from
the discovery of NMR. gHNMR has enormous potential in the
identification, characterisation and discovery of bioactive natural
products [35] and in the area of metabolome analysis. It is treated
in another part of this Special Issue.

Review

Capillary NMR (CapNMR): New probe technologies have in-
creased NMR sensitivity. With a capillary probe (5 pL total vol-
ume and 1.5 pL active volume) and an RF coil wound into a sole-
noid configuration, shimming is easier and minute amounts of
deuterated solvents are consumed. With samples of 10ng, 1D
proton spectra can be acquired in 5 minutes and 2D gradient
COSY NMR spectra within 1.5 hours. HSQC and HMQC experi-
ments are acquired on 30 ug samples within 5 hours and HMBC
experiments with 70 pug in 10 to 15 hours [36].

Hyphenated Techniques

v

Hyphenated techniques are defined as methods combining two
or more analytical techniques (usually a separation and a spec-
troscopic technique) into one integrated technique [37]. The first
to be used was HPLC coupled with UV spectroscopy (LC-UV) and
GC was combined with MS, to be followed later by HPLC coupled
with MS. However, GC is restricted to volatile constituents and
the ionisation techniques used in LC-MS generally only give infor-
mation about the molecular ion and the basic fragments. NMR
alone, with the array of experiments it includes, goes the furthest
towards determination of structures and, thus with HPLC, is a
very powerful combination.

LC-UV

A computer-controlled photodiode array (PDA) detector for liquid
chromatography was reported in 1976 [38] but it took several
years until the first commercial photodiode array detector be-
came available in the early 1980s [39] (© Fig.5). This allowed
the running of a chromatographic separation with simultaneous
detection at different wavelengths. The potential of PDA in the
field of natural product analysis was rapidly recognised. Notable
early examples include the identification of phenolic compounds
by the concomitant use of on-line UV-vis shift reagents enhanc-
ing the spectral information content [40]. However, the structur-
al information provided by electronic spectra is quite limited.

LC-MS

HPLC coupled with mass spectrometry is the analytical technique
which has had the most impact of all the hyphenated methods.
Even laboratory personnel without a spectroscopic background
are now making everyday use of LC-MS instrumentation.

The idea of interfacing mass spectrometry with liquid chroma-
tography had been around ever since the successful implementa-
tion of GC-MS. Due to inherent incompatibilities of a liquid mo-
bile phase and a high vacuum mass analyser, LC-MS was initially
exploited by very few groups. In LC-MS, there are three general
problems: the amount of column effluent that has to be intro-
duced in the MS vacuum system, the composition of the eluent
and the type of compounds to be analysed. Many interfaces have
been developed in order to cope with these factors [41]. The in-
terfaces must accomplish nebulisation and vaporisation of the
liquid, ionisation of the sample, removal of excess solvent vapour
and extraction of the ions into the mass analyser. To date, no real
universal interface has been constructed; each interface has char-
acteristics that are strongly dependent on the nature of the com-
pounds for which they are used.

However, with the introduction of atmospheric pressure ionisa-
tion (API), ions could be generated outside the high vacuum part
of the mass spectrometer. The atmospheric pressure chemical
ionisation (APCI) interface was first reported in 1983 [42], soon
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followed by the electrospray interface in 1985 [43]. The potential
of API-MS for the dereplication of natural products has been ex-
tensively studied [44]. Today, LC-MS is a powerful routine tool in
numerous natural products laboratories around the world.

LC-NMR

Nuclear magnetic resonance (NMR) spectroscopy is the most
powerful and versatile technique for the structure elucidation of
natural products. The idea of using NMR as an LC detection device
was put forward at the end of the 1970s [45]. The inherently low
sensitivity of NMR and the state of probe design hampered its
practical implementation. A first generation of sensitive NMR
flow-probes was developed in the early 1990s [46]. First applica-
tions of LC-NMR to natural products analysis were soon to follow
[47], and the potential of the concerted use of on-line spectro-
scopy involving LC-NMR was subsequently described [48]. It is a
breakthrough in the sense that a comprehensive NMR structural
analysis of individual compounds in an extract has become feasi-
ble on the HPLC scale. In conjunction with other on-line detec-
tors, structure elucidation with just the effluents of an analytical
HPLC separation has become a reality.

The technique of LC-NMR is well illustrated by the structure de-
termination of two isomeric meroterpenoid naphthoquinones
from Cordia linnaei (Boraginaceae). These were in a fraction ob-
tained from the dichloromethane extract of the roots but could
not be separated by semi-preparative HPLC. On-flow LC-"H-NMR
(©Fig. 6), combined with a TOCSY selective pulse experiment
and a COSY experiment, allowed attribution of the signals at C-
21 to G-24 in the side chain and hence differentiation of the two
isomers [49].

Small-volume (30-120uL) flow-probes offer a mass sensitivity
(signal-to-noise ratio per mass unit) that is much greater than
that of traditional NMR probes. Using a 600 MHz magnet, the
limit of 'H detection of a compound with MW 500 is roughly
100 ng [50].

Continuous-flow LC-NMR: Continuous-flow (or on-flow) experi-
ments were the first LC-NMR experiments to be introduced.
Their disadvantage is the limited residence time of the analyte
in the NMR flow-cell and consequently the detectable amount of
analyte is restricted to about 10 pg [50].

Stopped-flow LC-NMR: In this variant of LC-NMR, the analyte of
interest (observed in the HPLC chromatogram) is kept in the

Fig.5 The principle of a photodiode array detec
tor.

flow-cell by stopping eluent pumping. The longer residence time
in the flow-cell allows longer acquisition times and consequently
2D NMR spectra can be run [51].

LC-SPE-NMR

In LC-SPE-NMR, chromatographic peaks eluted from a reversed-
phase HPLC column are passed one by one through small solid-
phase extraction columns (SPE cartridges) in order to remove
the analyte from the HPLC mobile phase. The SPE cartridges are
subsequently dried with nitrogen gas and the analytes desorbed
with a deuterated solvent for NMR spectroscopy [52].
LC-SPE-NMR is the latest step in a long series of developments in
LC-based on-line spectroscopy. Predecessors employing off-line
LC-NMR were to be found in the late 1980s [53] but these early
approaches were of limited use due to the low sensitivity of the
NMR probes at this time. The concept was revived with the ad-
vent of newer NMR flow cells [54,55], and now cryogenically-
cooled flow probes and peak collection with a sophisticated SPE
interface are used [50].

Another alternative is to use the off-line combination of
HPLC-SPE with CapNMR for the analysis of complex mixtures
such as natural product extracts, as reported for the rapid identi-
fication of sesquiterpene lactones and esterified phenylpropa-
noids from Thapsia garganica (Apiaceae) fruits [56].

HPLC-CD

Natural products frequently contain stereocentres which can be
studied by chiroptical methods such as circular dichroism (CD).
Chiroptical stereoanalysis of individual compounds in an extract
has become feasible with the introduction of an LC-CD detector
[57].

Other hyphenated techniques [51]

These include SFC-NMR, chiral LC-NMR, ion-exchange chroma-
tography-NMR, CCC-NMR, gel permeation chromatography-
NMR.

Marston A, Hostettmann K. Natural Product Analysis... Planta Med 2009; 75: 672-682
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Fig.6 Two-dimensional LGC'H-NMR chromato-
gram of a fraction from the dichloromethane ex-
tract of the roots of Cordia linnaei (Boraginaceae),
including the on-flow "H-NMR spectra of the naph-
thoquinones 6 and 7 in acetonitrile-water (reprinted
with permission from ref. [49]).
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In the search for bioactive constituents from plants or from other
natural sources, the approach adopted often consists only of bio-
activity-guided fractionation of crude extracts [58]. By following
this procedure alone, there is a risk of unnecessarily isolating
known natural products. Furthermore, potential lead compounds
which are not active in the given bioassays will simply be missed.
The rediscovery of known compounds poses a significant chal-
lenge in natural product research and calls for ingenious derepli-
cation strategies, i.e., ways of avoiding the time-consuming isola-
tion of known constituents. This can be achieved by the applica-
tion of hyphenated techniques such as LC-MS or LC-UV and
LC-NMR at the earliest stage of separation [59]. These analyses
are valuable to detect compounds with interesting structural fea-
tures and to target their isolation.

Bioanalysis

v

Despite the fact that a large number of the drugs in clinical use
are of natural origin, little is known about their mechanism of ac-
tion and their pharmacokinetic properties. Suitable bioanalytical
methods for the detection of natural products in biological matri-
ces, for their structural characterisation and the quantitative
analysis of their metabolites are needed. Of the techniques de-
scribed in this review, LC-MS is one of the most powerful for bio-
analysis. An excellent review has been published which looks at
all aspects of LC coupled to tandem MS for the determination of
bioactive natural products and their metabolites in biological flu-
ids: their extraction, their analysis, optimisation of MS conditions
and applications of LC-MS [60].

Marston A, Hostettmann K. Natural Product Analysis...
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No review of analytical methods for natural products should be
without a mention of biological or pharmacological tests. These
biological screening methods are an essential complement to
the chemical screening methods mentioned above. The domain
of biological analysis is vast and just one or two aspects will be
mentioned here.

In order to obtain results fast and with the minimum of outlay in
terms of expense and material, simple so-called “benchtop bioas-
says” can be used. Some of these are listed in © Table 2.

A certain number of the simple bioassays involve the use of thin-
layer chromatography since this is an inexpensive, reproducible
and simple means of rapidly screening plant extracts and frac-
tions [11,61,62]. TLC has several attractive features: parallel sam-
ple processing for high sample throughput; accessibility of the
samples for post-chromatographic evaluation free of time con-
straints; minimal sample clean-up [62]. Bioautography combines

Table 2 Some simple benchtop bioassays.

Antifungal (Cladosporium cucumerinum, Candida albicans)
Antibacterial (Escherichia coli, Staphylococcus aureus, Bacillus subtilis)
Molluscicide (Biomphalaria glabrata, Bulinus globosus)

Piscicide (Oryza latipes, Tilapia sp.)

Larvicide (Aedes aegypti, Anopheles sp., Culex sp.)

Spermicide (human spermatozoids)

Insecticide (Diabrotica sp., Aphis sp.)

Antifeedant (Spodoptera sp., Epilachna varivestis)

Antioxidant and free-radical scavengers

Germination inhibition

Planta Med 2009; 75: 672-682
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thin-layer chromatography with a bioassay in situ and allows lo-
calisation of active constituents in a complex matrix. It can be
employed for the target-directed isolation of these constituents.
Common methods of bioassay for thin-layer separations are
based on the inhibition of growth or activity of a test organism,
such as mould spores, yeast cells, bacteria, cell organelles or en-
zymes.

One of the first TLC-based tests was developed by Homans and
Fuchs in 1970 [63]. It is applicable to microorganisms that can
grow directly on the TLC plate and uses the spore-producing fun-
gus Cladosporium cucumerinum. Growth of the fungus is seen as
a grey colouration on the plate, while inhibition zones are white.
A TLC bioautographic assay has been introduced to screen plant
extracts and other samples for inhibition of acetylcholinesterase
activity and to aid in the search for new potential anti-Alzheimer
drugs. The test relies on the cleavage reaction of acetylcholines-
terase on 1-naphthyl acetate, to form 1-naphthol, which in turn
reacts with Fast Blue B Salt to give a purple-coloured diazonium
dye (©Fig. 7) [64], except in regions containing acetylcholines-
terase inhibitors which show up as white spots. The plant-de-
rived alkaloids galanthamine and physostigmine are used as
reference compounds (© Fig. 8).

Fig.7 Reaction of a-naphthyl acetate with acetyl-
cholinesterase and formation of a diazo dye with o-
naphthol.

Fig.8 TLC bioautography for acetylcholinesterase
inhibitors. Active compounds appear as white spots
against a purple background.

For a rapid screening of plant extracts, coupling HPLC with a bio-
assay is possible. An example is the coupling of HPLC with the
DPPH screening for radical scavengers [65]. The sample is sepa-
rated over an HPLC column and the separated components de-
tected by UV. At the same time, a part of the eluent is split off
and reacted with a DPPH solution. Radical scavengers are ob-
served as negative peaks at 517 nm (© Fig. 9). It is thus possible
to correlate a peak in the chromatogram with an activity and to
quantitate the activity.

Hyphenation of bioassays with HPLC-SPE-NMR is another excit-
ing possibility [66].

Outlook

v

What does the future have in store for the analysis of natural
products? The tendency will be to follow analytical methods for
environmental and biological problems, where the emphasis is
principally on the search for smaller and smaller quantities and
the use of more sensitive detection methods.

The trend is towards higher information content, faster analyses
(one manufacturer of chromatography systems now advertises

Marston A, Hostettmann K. Natural Product Analysis... Planta Med 2009; 75: 672-682
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Fig.9 HPLC coupled to an on-line assay with DPPH
for radical scavengers (reprinted with permission

oPPH from ref. [65]).

Reaction

the ability to analyse 10 peaks in 10 seconds!), improved mass ac-
curacy and separations of more complex mixtures using a combi-
nation of techniques. Increasing use will be made of UHPLC to for
faster separation times and capillary NMR to accommodate
smaller sample quantities.

In LC-MS, Q-TOFs and Trap-TOFs are presently very popular be-
cause they maximise the advantages of different mass analysers
while minimising the disadvantages. Novel fragmentation tech-
nologies, such electron capture dissociation (ECD), electron
transfer dissociation (ETD), and infrared multiphoton dissocia-
tion (IRMPD) are becoming progressively more accessible. Both
nanoscale and multidimensional liquid chromatography technol-
ogies are working their way into stable commercial platforms. In
proteomics, there is a movement away from the peptide-centred
approach towards intact protein analysis. Sensitivity and resolu-
tion will always be areas that can be improved on for the analysis
of complex peptide mixtures. In fact, “omics” applications, such
as proteomics, glycomics, lipidomics and cellomics are pushing
the boundaries of what can be done with different technologies
- in particular LC-MS. And LC-MS is becoming important in the
areas of fermentation monitoring, toxicology and the distribu-
tion of biologically active compounds in the environment (eco-
toxicology). Single quadrupole mass spectrometry systems will
most probably be a generic detector for an LC or UHPLC inlet. On
the downside, very little has been done to reduce the losses be-
tween the atmospheric pressure area and the first vacuum stage
of an LC-MS instrument. The speed and quantity of data analysis
continues to be insufficient.

Finally, the ever-improving chromatographic tools combined
with spectral techniques will make possible not only the investi-
gation of the rapidly disappearing flora around us but will also
allow study of precious items such as herbarium collections,
unique specimens and microscopic organisms. The analysis of
minute amounts of toxins will be within range of the scientist,
giving a greater surveillance of the environment around him.
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