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Abstract

Different chromatographic and electrophoretic techniques commonly used in the instrumental inspection of herbal medicines (HM) are
first comprehensively reviewed. Chemical fingerprints obtained by chromatographic and electrophoretic techniques, especially by hyphenated
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chromatographies, are strongly recommended for the purpose of quality control of herbal medicines, since they might represent app
the “chemical integrities” of the herbal medicines and therefore be used for authentication and identification of the herbal products. Bas
conception of phytoequivalence, the chromatographic fingerprints of herbal medicines could be utilized for addressing the problem o
control of herbal medicines. Several novel chemometric methods for evaluating the fingerprints of herbal products, such as the meth
on information theory, similarity estimation, chemical pattern recognition, spectral correlative chromatogram (SCC), multivariate res,
etc. are discussed in detail with examples, which showed that the combination of chromatographic fingerprints of herbal medicine
chemometric evaluation might be a powerful tool for quality control of herbal products.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The traditional herbal medicines (HM) and their prepara-
tions have been widely used for thousands of years in many
oriental countries, such as in China, Korea, Japan, etc. How-
ever, one of the characteristics of oriental herbal medicine
preparations is that all the herbal medicines, either present-
ing as single herbs or as collections of herbs in composite
formulae, are extracted with boiling water during the decoc-
tion process. This may be the main reason why quality control
of oriental herbal drugs is more difficult than that of western
drug. As pointed in “General Guidelines for Methodologies
on Research and Evaluation of Traditional Medicines (World
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such as high-performance liquid chromatography (HPLC),
gas chromatography (GC), capillary electrophoresis (CE) and
thin layer chromatography (TLC), can be applied for this kind
of documentation. In this way, the full herbal product could
be regarded as the active ‘compound’. The concept of phy-
toequivalence was developed in Germany in order to ensure
consistency of herbal products[5]. 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 a clinically proven reference product.

In 2004, the Chinese State Food and Drug Administra-
tion (SFDA) will regulate the compositions of liquid injec-
tion with HM ingredients using stringent quality procedures
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In general, one or two markers or pharmacologically
ive components in herbs and or herbal mixtures were
ently employed for evaluating the quality and authent
f herbal medicines, in the identification of the single h
r HM preparations, and in assessing the quantitative h
omposition of an herbal product. This kind of the dete
ation, however, does not give a complete picture of a h
roduct, because multiple constituents are usually res
ible for its therapeutic effects. These multiple constitu
ay work ‘synergistically’ and could hardly be separated
ctive parts. Moreover, the chemical constituents in com
ent herbs in the HM products may vary depending on
est seasons, plant origins, drying processes and other fa
hus, it seems to be necessary to determine most of the p
hemical constituents of herbal products in order to ensu
eliability and repeatability of pharmacological and clin
esearch, to understand their bioactivities and possible
ffects of active compounds and to enhance product

ty control [2–4]. Thus, several chromatographic techniq
Health Organization, 2000)”[1], “Despite its existence and
continued use over many centuries, and its popularity and
extensive use during the last decade, traditional medicine
has not been officially recognized in most countries. Conse-
quently, education, training and research in this area have not
been accorded due attention and support. The quantity and
quality of the safety and efficacy data on traditional medicine
are far from sufficient to meet the criteria needed to support
its use world-wide. The reasons for the lack of research data
are due to not only to health care policies, but also to a lack
of adequate or accepted research methodology for evaluating

such as chemical assay and standardization. Fingerprin
HM liquid injections are compulsorily carried out for thi
purpose. In addition, among the various experimental te
niques, chromatographic methods are highly recommen
for finding out the fingerprints of these products[6–12].

By definition, a chromatographic fingerprint of a HM
is, in practice, a chromatographic pattern of the extract
some common chemical components of pharmacologic
active and or chemically characteristics[6–7,11]. This chro-
matographic profile should be featured by the fundamen
attributions of “integrity” and “fuzziness” or “sameness
l
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investigated[11,13]. It is suggested that with the help o
chromatographic fingerprints obtained, the authentica
and identification of herbal medicines can be accura
conducted (“integrity”) even if the amount and/or conce
tration of the chemically characteristic constituents are
exactly the same for different samples of this HM (hen
“fuzziness”) or, the chromatographic fingerprints cou
demonstrate both the “sameness” and “differences” betw
various samples successfully[11,14]. Thus, we should
globally consider multiple constituents in the HM extrac
and not individually consider only one and/or two mark
components for evaluating the quality of the HM product

However, in any HM and its extract, there are hundred
unknown components and many of them are in low amo
Moreover, there usually exists variability within the sam
herbal materials[4,15]. Consequently, to obtain reliabl
chromatographic fingerprints that represent pharmacol
cally active and chemically characteristic components is
an easy or trivial work. Fortunately, chromatography off
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very powerful separation ability, such that the complex
chemical components in HM extracts can be separated
into many relatively simple sub-fractions. Furthermore,
the recent approaches of applying hyphenated chromatog-
raphy and spectrometry such as high-performance liquid
chromatography–diode array detection (HPLC–DAD),
gas chromatography–mass spectroscopy (GC–MS), cap-
illary electrophoresis-diode array detection (CE-DAD),
HPLC–MS and HPLC–NMR, could provide the additional
spectral information, which will be very helpful for the
qualitative analysis and even for the on-line structural
elucidation. With the help of the spectral information the hy-
phenated instruments show greatly improved performances
in terms of the elimination of instrumental interferences,
retention time shift correction, selectivity, chromatographic
separation abilities, measurement precision[16–18]. If
hyphenated chromatography is further combined with
chemometric approaches, clear pictures might be developed
for chromatographic fingerprints obtained. These excellent
properties are the so-called dimension advantages proposed
by Booksh and Kowalski[19]. A chemical fingerprint
obtained by hyphenated chromatography, out of question,
will become the primary tool for quality control of herbal
medicines[13–15,20–37].
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copoeia (AHP) (Upton, Santa Cruz, US, 2002), Chinese drug
monographs and analysis (Wagner, Kötzting/Bayer, Wald,
Germany, 1997), Pharmacopoeia of the People’s Republic
of China (Chemical Industry Press, Beijing, 1997), etc. still
use TLC to provide first characteristic fingerprints of herbs.
Rather, TLC is used as an easier method of initial screening
with a semiquantitative evaluation together with other chro-
matographic techniques. As there is relatively less change
in the simple TLC separation of herbal medicines than with
instrumental chromatography, only a brief summary is given
here, and for further details about TLC the readers could con-
sult references[39–40].

TLC has the advantages of many-fold possibilities of
detection in analyzing herbal medicines. In addition, TLC
is rather simple and can be employed for multiple sample
analysis. For each plate, more than 30 spots of samples
can be studied simultaneously in one time. Thus, the use
of TLC to analyze the herbal medicines is still popular
[41–50,221–224]. With the help of the CAMAG video
store system (CAMAG, Switerland) and TLCQA-UV
methods[51], it is possible to get useful qualitative and quan-
titative information from the developed TLC plate. One can
observe that, in reference[51], the four samples ofCordyceps
sinensisfrom the joint products of China and Japan cooper-
ation have more valuable medical effect compared to others
a epin.
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. Chromatography and chemical fingerprints of
erbal medicines

In general, the methods for quality control of her
edicines involve sensory inspection (macroscopic and

roscopic examinations) and analytical inspection usin
trumental techniques such as thin layer chromatogr
PLC, GC–MS, LC–MS, near infrared (NIR), and sp

rophotometer, etc.[38]. On the other hand, the methods
xtraction and sample preparation are also of great im
ance in preparing good fingerprints of herbal medicine
his review article, however, we shall only focus our atten
n how to construct reasonably the chromatographic fin
rints and their reasonable and efficient evaluation fo
urpose of quality control. As a single herbal medicine
ontain a great many natural constituents, and a combin
f several herbs might give rise to interactions with hund
f natural constituents during the preparation of extracts
ngerprints produced by the chromatographic instrum
hich may present a relatively good integral representati
arious chemical components of herbal medicines, are m
oncerned in this review.

.1. Thin layer chromatography

TLC was the common method of choice for herbal a
sis before instrumental chromatography methods like
nd HPLC were established. Even nowadays, TLC is

requently used for the analysis of herbal medicines s
arious pharmacopoeias such as American Herbal Pha
s they contained the most effective component cordyc
oreover, with the help of image analysis and digiti

echnique developed in computer science, the evaluati
imilarity between different samples is also possible.

In summary, the advantages of using TLC to construc
ngerprints of herbal medicines are its simplicity, versati
igh velocity, specific sensitivity and simple sample pre
ation. Thus, TLC is a convenient method of determining
uality and possible adulteration of herbal products.

It is worth noting that the technique of TLC are also
ng updated in progress. A recent paper[52] gave a very
ood review on this respect. It summarized the prog

n forced-flow planar chromatography (FFPC) and dem
trated the importance of the different techniques like
ation planar chromatography (RPC), overpressured-
hromatography (OPLC), and electroplanar chromatogr
EPC). A simple, but powerful preparative forced-flow te
ique was also reported; in this technique hydrostatic p
ure is used to increase mobile-phase velocity. Parallel
erially-coupled layers open up new vistas for the ana
f a large number of samples (up to 216) for high throu
ut screening and for the analysis of very complex matr
ome applications, relating to different classes of substa
ere given to demonstrate the versatility of the various F

echniques[52].

.2. Gas chromatography and volatile components in
erbal medicines

It is well-known that many pharmacologically active co
onents in herbal medicines are volatile chemical c
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pounds. Thus, the analysis of volatile compounds by gas
chromatography is very important in the analysis of herbal
medicines. The GC analysis of the volatile oils has a number
of advantages. Firstly, the GC of the volatile oil gives a rea-
sonable “fingerprint” which can be used to identify the plant.
The composition and relative concentration of the organic
compounds in the volatile oil are characteristic of the partic-
ular plant and the presence of impurities in the volatile oil can
be readily detected. Secondly, the extraction of the volatile oil
is relatively straightforward and can be standardized and the
components can be readily identified using GC–MS analysis.
The relative quantities of the components can be used to mon-
itor or assess certain characteristics of the herbal medicines.
Changes in composition of the volatile oil may also be used
as indicators of oxidation, enzymatic changes or microbial
fermentation.

The advantages of GC clearly lie in its high sensitiv-
ity of detection for almost all the volatile chemical com-
pounds. This is especially true for the usual FID detection
and GC–MS. Furthermore, the high selectivity of capillary
columns enables separation of many volatile compounds si-
multaneously within comparatively short times. Thus, over
the past decades, GC is a popular and useful analytical tool
in the research field of herbal medicines[53–62]. Especially,
with the use of hyphenated GC–MS instrument, reliable in-
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HPLC (RP-IPC-HPLC)[79,80], and strong anion-exchange
HPLC (SAX-HPLC) [81]. They will provide new oppor-
tunities for good separation for some specific extracts of
some herbal medicines. On the other hand, the advantages
of HPLC lie in its versatility for the analysis of the chemical
compounds in herbal medicines, However, the commonly
used detector in HPLC, say single wavelength UV detector,
seems to be unable to fulfill the task, since lots of chemical
compounds in herbal medicines are non-chromophoric
compounds. Consequently, a marked increase in the use of
HPLC analysis coupled with evaporative light scattering
detection (ELSD) in a recent decade demonstrated that
ELSD is an excellent detection method for the analysis of
non-chromophoric compounds[82–84]. This new detector
provides a possibility for the direct HPLC analysis of many
pharmacologically active components in herbal medicines,
since the response of ELSD depends only on the size, shape,
and number of eluate particles rather than the analysis struc-
ture and/or chromophore of analytes as UV detector does.
Especially, this technique is quite suitable for the construc-
tion of the fingerprints of the herbal medicines. Moreover, the
qualitative analysis or structure elucidation of the chemical
components in HM by simple HPLC is not possible, as
they rely on the application of techniques using hyphenated
HPLC, such as HPLC–MS, HPLC-NMR, for the analysis of
h r on.
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ormation on the identity of the compounds is available
ell (see next section for more detail). However, the m
erious disadvantage of GC is that it is not convenient fo
nalysis of the samples of polar and non-volatile compou
or this, it is necessary to use tedious sample work-up w
ay include derivatization. Therefore, the liquid chroma

aphy becomes an another necessary tool for us to app
omprehensive analysis of the herbal medicines.

.3. High-performance liquid chromatography

HPLC is a popular method for the analysis of he
edicines because it is easy to learn and use and is not li
y the volatility or stability of the sample compound. In g
ral, HPLC can be used to analyze almost all the compo

n the herbal medicines. Thus, over the past decades, H
as received the most extensive application in the ana
f herbal medicines[63–76]. Reversed-phase (RP) colum
ay be the most popular columns used in the analytical
ration of herbal medicines.

It is necessary to notice that the optimal separation co
ion for the HPLC involves many factors, such as the diffe
ompositions of the mobile phases, their pH adjustm
ump pressures, etc. Thus, a good experimental desig

he optimal separation seems in general necessary[73,76].
n order to obtain better separation, some new techn
ave been recently developed in research field of li
hromatography. These are micellar electrokinetic capi
hromatography (MECC)[77], high-speed counter-curre
hromatography (HSCCC), low-pressure size-exclu
hromatography (SEC)[78], reversed-phase ion-pairi
erbal medicines. This topic will be further discussed late

.4. Electrophoretic methods

Capillary electrophoresis was introduced in early 19
s a powerful analytical and separation technique[85] and
as since been developed almost explosively. It allows a
cient way to document the purity/complexity of a sam
nd can handle virtually every kind of charged sample c
onents ranging from simple inorganic ions to DNA. Th

here was an obvious increase of electrophoretic met
specially capillary electrophoresis, used in the analys
erbal medicines[86–108]in last decades. The more or le
xplosive development of capillary electrophoresis sinc

ntroduction has to a great extent paralleled that of liquid c
atography. Most of the used techniques are capillary
lectrophoresis (CZE), capillary gel electrophoresis (C
nd capillary isoelectric focusing (cIEF). CE is promis

or the separation and analysis of active ingredients in h
edicines, since it needs only small amounts of stand
nd can analyze samples rapidly with a very good se

ion ability. Also, it is a good tool for producing the chem
al fingerprints of the herbal medicines, since it has sim
echnical characteristics of liquid chromatography. Rece
everal studies dealing with herbal medicines, have bee
orted and two kinds of medicinal compounds, i.e. alkal

95–102]and flavonoids[103–108], have been studied e
ensively.

In general, CE is a versatile and powerful separa
ool with a high separation efficiency and selectivity w
nalyzing mixtures of low-molecular-mass compone
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However, as Shibabi and Hinsdale[109] pointed out that the
fast development in capillary electrophoresis has so far been
focused on the improvement of resolution and throughput
rather than reproducibility and absolute precision. One
successful approach to improve the reproducibility of
both mobility and integral data has been based on internal
standards[110]. Many papers were published on the
subject over the last years but unfortunately they often
only give a limited image on the real possibilities of CE
in the field of fingerprinting herbal medicines. On the
stony road to consistent results, not only the complexity,
heterogeneity and polydispersity of herbal medicines may
limit straightforward conclusions, but also many artifacts
can result from the chosen separation buffer chemistry
with hidden instrumental constraints. However, we believe
that CE and capillary electrochromatography approaches
would contribute to a better understanding of the solution
behavior of herbal medicines, especially when additionally
combined (offline or online) with the powerful spectrometric
detectors.

3. Hyphenation procedures

In the past two decades, combining a chromatographic
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3.1. GC–MS and herbal medicines

Mass spectrometry is the most sensitive and selective
method for molecular analysis and can yield information on
the molecular weight as well as the structure of the molecule.
Combining chromatography with mass spectrometry pro-
vides the advantage of both chromatography as a separation
method and mass spectrometry as an identification method.
In mass spectrometry, there is a range of methods to ionize
compounds and then separate the ions. Common methods
of ionization used in conjunction with gas chromatography
are electron impact (EI) and electron capture ionization
(ECI). EI is primarily configured to select positive ions,
whereas ECI is usually configured for negative ions (ECNI).
EI is particularly useful for routine analysis and provides
reproducible mass spectra with structural information which
allows library searching. GC–MS was the first successful
online combination of chromatography with mass spectrom-
etry, and is widely used in the analysis of essential oil in
herbal medicines[111–125].

With the GC–MS, people could produce not only
a chromatographic fingerprint of the essential oil of
the herbal medicine but also the information related to
its most qualitative and relative quantitative composition
[116–120,126,127]. Used in the analysis of the herbal
m s for
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eparation system on-line with a spectroscopic detect
rder to obtain structural information on the analytes pre

n a sample has become the most important approach f
dentification and/or confirmation of the identity of target a
nknown chemical compounds. For most (trace-level)

ytical problems in the research field of herbal medicines
ombination of column liquid chromatography or capill
as chromatography with a UV–vis or a mass spectrom
HPLC–DAD, CE-DAD, GC–MS and LC–MS, respective
ecomes the preferred approach for the analysis of h
edicines.
It is also true that additional and/or complemen

nformation is, in quite a number of cases, urgently requ
his can be provided by, for example, atomic emiss
ourier-transform infrared (FTIR), fluorescence emis
FE), or nuclear magnetic resonance (NMR) spectrom
t is demonstrated that, from a practical point of vi
ewarding results can be obtained, since we need m
ore information to deal with the most complex analyt

ystems such as those samples from herbal medicines
Furthermore, the data obtained from such hyphenate

truments are the so-called two-way data, say one wa
hromatogram and the other way for spectrum, which c
rovide much more information than the classic one-
hromatography. With the help of chemometrics, a ra
ew discipline developed both in chemistry and statistic

he later part of the 1970s, we will definitely get more cha
o deal with the difficult problems in the analysis of her
edicines and also the problems in quality control of he
edicines, which will be discussed in some detail in this

iew.
edicines, there are at least two significant advantage
C–MS, that is: (1) with the capillary column, GC–MS h

n general very good separation ability, which can prod
chemical fingerprint of high quality; (2) with the co

led mass spectroscopy and the corresponding mass sp
atabase, the qualitative and relatively quantitative com

ion information of the herb investigated could be provi
y GC–MS, which will be extremely useful for the furth
esearch for elucidating the relationship between chem
onstituents in herbal medicine and its pharmacology in
her research. Thus, in our opinion, GC–MS should be
ost preferable tool for the analysis of the volatile chem

ompounds in herbal medicines.

.2. HPLC–DAD, HPLC–MS and others

HPLC–DAD has become a common technique in m
nalytical laboratories in the world now. With the additio
V spectral information, the qualitative analysis of comp
amples in herbal medicines turns out to be much easie
efore. For instance, checking peak purity and compa
ith the available standard spectrum of the known compo

o the one in the investigated sample. Especially, with th
roduction of electrospray mass spectrometry, the cou
f liquid chromatography and mass spectrometry has op

he new way to widely and routinely applied to the an
is of herbal medicines. HPLC chromatographic fingerp
an be then applied for documentation of complete herba
racts with more information and on-line qualitative anal
ecomes possible. Several valuable review articles de
ith LC–MS and its application in the analysis of botan
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extracts have been published[128–135], In last decades, the
increasing usage of LC–MS and HPLC–DAD in the analysis
of herbal medicines is quite obvious[136–146]. Several good
reviews have been published for the analysis of the bioactive
chemical compounds in plants and herbal medicines, in which
the technique used most is HPLC, especially the hyphenated
HPLC techniques[147,148]

Moreover, combined HPLC–DAD–MS techniques take
advantage of chromatography as a separation method and
both DAD and MS as an identification method. DAD and MS
can provide on-line UV and MS information for each indi-
vidual peak in a chromatogram. With the help of this hyphen-
ation, in most cases, one could identify the chromatographic
peaks directly on-line by comparison with literature data or
with standard compounds, which made the LC–DAD–MS
becomes a powerful approach for the rapid identification of
phytochemical constituents in botanical extracts, and it can
be used to avoid the time-consuming isolation of all com-
pounds to be identified[149]. Recently, the hyphenation be-
tween HPLC and NMR are also available[150–154], which
might become a vital and an attractive analytical tool for the
analysis of drugs in biological fluids and for the analysis of
herbal medicines[155]. In fact the tendency of the hyphen-
ation or multi-hyphenation of the chromatography with the
common used four spectroscopic detectors, say UV, Fourier-
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methods developed in chemometrics, since one could use
with the additional information from spectra to correct the
artifacts from the chosen separation buffer chemistry or from
hidden instrumental constraints (see later for more details).

In sum, as the hyphenated techniques in chromatographic
and electrophoretic instruments develop, our ability of anal-
ysis of herbal medicines, both in qualitative and quantitative
respects, and our ability of quality control of herbal medicines
will become stronger and stronger. We are quite sure that
we will have a very prospective future for quality control of
herbal medicines.

4. Information features of chromatographic
fingerprints of herbal medicines

From the discussion above, we can see clear that there are
many chromatographic techniques, including the hyphenated
chromatographies, available for us to do the instrumental
analysis of herbal medicines, and to construct further their
fingerprinting. The problem here is that how could we effi-
ciently and reasonably evaluate such-obtained analytical re-
sults and/or the fingerprints of the herbal medicines and how
could we use the information obtained from chromatographic
analysis to address further the problem of quality control for
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ransformation infrared spectrum, MS and NMR, for str
ure elucidation of chemical compounds, is in progres
ecent paper[156] gave a good review on this. A “total an
sis device” has been recently demonstrated in the ca
n-line HPLC–UV(DAD)–FT–IR–NMR–MS analyses.

It may be worth noting that the electrode array hyph
ted with HPLC is also in progress[157]. As electrochem

cal detection was described to be superior to UV–vis
uorescence spectroscopy for determination of some c
cal compound, like polyphenols in trace levels[158–160],
ery sensitive determination was achieved by using a m
hannel electrochemical detector (CoulArray). A two-w
hromatogram is obtained, since the detector has 1
ore) electrodes in series set incrementally to differen

entials. Thus, similar to the UV–vis spectra, the hydro
amic voltammogram can be used for peak purity chec
nd peak identification.

.3. Hyphenation of CE

The situation of the CE analysis in hyphenation de
pment is somewhat like HPLC analysis. The hyphen
E instruments, such as CE-DAD, CE-MS and CE-NM
ll appeared in the past decades. The techniques hav
uickly been used for the analysis of the samples from h
edicines[161–167]. On-line coupling of capillary elec

rophoresis to mass spectrometry and other spectrome
ows both the efficient separation of CE and the specific
ensitive detection to be achieved. Furthermore, the art
appened in CE measurements might be overcome wi
elp of some information handling technique, such as s
erbal medicines, which are just the topic we will discus
he following sections.

.1. Phytoequivalence and chromatographic
ngerprints of herbal medicines

In general, one could use the chromatographic techn
o obtain a relatively complete picture of an herbal, wh
s in common called chromatographic fingerprints of he

edicines to represent the so-called phytoequivalence
ollowing results shows some examples.

Fig. 1 shows the total ionic chromatograms (TIC) of
ential oils inCortex cinnamomifrom four producing area
ay: (a) Zhaoqing, Guangdong province, China; (b) Yu
uangxi province, China; (c) Yunnan province, China;

d) Vietnam, by GC–MS[17]. There are, of course, some d
erences in the profiles. However, seen from these pro
hytoequivalence is obvious forC. cinnamomi. The other ex
mple is shown inFig. 2, in which there are chromatograms
ethanol extracts ofErigeron breviscapusfrom 32 differen
roducing places in the same province by HPLC detect
avelength 280 nm. The integrated feature of the chrom
raphic fingerprints of herbal medicines can be clearly

rom these examples.
Obtaining a good chromatographic fingerprint repres

ng the phytoequivalence of a herb depends several fa
uch as the extracting methods, measurement instrum
easurement conditions, etc. In fact, if we want to obtai

nformative fingerprint of a herbal medicine, we need to h
good extracting method, with which we could fortuna

btain almost all the pharmaceutically active compound
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Fig. 1. Total ionic chromatograms of essential oils inCortex cinnamomi
from four different producing areas: (a) Zhaoqing, Guangdong province,
China; (b) Yulin, Guangxi province, China; (c) Yunnan province, China;
and (d) Vietnam.

represent the integrity of the herbal medicine. Furthermore,
a chromatogram with good separation and a representative
concentration profile of the bioactive components detected
by a proper detector are also required. Thus, how to ob-
tain a high quality chromatographic fingerprint of as more
as possible information of the herbal medicines is an impor-
tant task for chemists and pharmacologists. Some researches
have been done along with this direction[168–172]. In order
to understand bioactivities and possible side effects of active
compounds of the herbal medicines and to enhance product
quality control, it seems that one needs to determine most
of the phytochemical constituents of herbal products so as
to ensure the reliability and repeatability of pharmacological
and clinical research. Suppose that we have obtained some
fingerprints, how to evaluate the information contents of the
chromatographic fingerprints of herbal medicines reasonably
and efficiently is the second step for the quality control pur-
pose.

4.2. Information contents of fingerprints of herbal
medicines

It is obvious that a chromatographic fingerprint of a herbal
medicine is a multivariate system, since in general it embraces
most of the phytochemical constituents of herbal products.
From a point of view of multivariate, the information content
of a chromatogram with lots of peaks might be calculated
by means of various approaches[168–172]. However, as for
these methods, the signal intensity, retention time, peak area
and/or peak height of each independent peak without over-
lapping should be all taken into consideration, the calculation
burden is also rather heavy. Moreover, if a chromatographic
peak is overlapped with its adjacent peak(s), the calculation of
the information content will become complex. Vertical split-
ting is conventionally used for this situation and both peaks
on two sides of an overlapping peak cluster are taken as pure
ones. Out of question, this approximate treatment on a chro-
matogram with some overlapping peak clusters will cause
some errors on calculation of information content.

In fact, a chromatographic fingerprint, which is a concen-
tration distribution curve of several chromatographic peaks,
could be regarded as a continuous signal determined by
its chromatographic shape. According to information theory
[173], the information content of a continuous signal might
b
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herepi is the positive real numbers of probability prope
ay

∑
pi = 1. Based on this idea, we proposed recently a

le method[173] to calculate the information content (Φ) for
hromatographic fingerprints of herbal medicines as sh
n the following equation, that is

= −
∑ (

xi∑
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log

(
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(2)

here xi is the real chromatographic response of
hemical components involved in the chromatogra
ngerprint under study. Here, the normalization ofxi divided
y their sum is to make the chromatogram investigate
f probability property. In theory, if and only ifxi with un-
hangeable variance is characterized by normal distrib
an its information contentΦ reach its maximum[174].
nder an ideal situation, all the chromatographic peaks
chromatogram can be separated completely and each

onfined to a narrow zone might correspond to a norma
ribution profile [175]. A chromatographic fingerprint wi
ll of peaks just completely separated should be feature
aximal information content. Further separation cannot

ide any more information and becomes unnecessary. O
ontrary, if any of chromatographic peaks is overlapped
ts adjacent one(s), this peak will surely show non-Gaus
ormal distribution and therefore undoubtedly cause a
f the information content. There might be, at least,
dvantages of the calculation of the information con
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Fig. 2. Original HPLC chromatograms of 33 herbal samples ofErigeron breviscapusat wavelengthλ = 280 nm.

of complex chromatograms over the available approaches
[168–172]. First, the method uses the whole chromatogram
with a simple normalization, thus it is not necessary to
identify the retention time, peak intensity, peak width, peak
area and/or peak height for all the peaks identified. The
calculation burden is reduced significantly. Moreover, the
theoretic background of the method is simple and reasonable.
For more details, the readers can consult the reference[173].

4.3. Correction of retention time shift of fingerprints of
herbal medicines

When one deals with several chromatographic fingerprints
obtained from the same herbal medicine or from different
sources, the first step of our task might be to evaluate their
similarity and difference between them. However, correction
of retention time shift of the fingerprint of herbal medicines
should be taken into consideration first, since some types of
variation sources are inevitably encountered from one chro-
matogram to another[7–13,166–182]. Under this situation,
some unacceptable results, one of which is imposed by the
retention time shifts, will be produced. Unfortunately, how
the retention time shifts are caused by the variation sources
is very complex. It might be due to (1) the degradation of
the stationary phase, especially, the low stability of silica and
s of C-
1 e; (2)
m tem-
p e and
g etec-
t eter,
a nt of

the monochromator; (4) the column overloading on account
of the great injected amount or some components with high
concentration; (5) the possible interaction between analytes;
(6) other unknown shifts in the instrument. If these disadvan-
tageous cases are in existence during the chromatographic
runs, the retention times will be subsequently shifted.

When such retention time shifts occur in chromatographic
fingerprints, it is great difficult to conduct data processing,
for example, the construction of common chromatographic
models of all samples investigated, the similarity comparison
between chromatographic fingerprints and pattern recog-
nition based on principal component analysis (PCA) since
multivariate analysis with entire chromatographic profiles as
input data is very sensitive to even minute variations[49]. As
a result, in order to make up a consistent data, it is necessary
to detect the retention time shifts of chromatographic
fingerprints and then the chromatographic profiles should
be adjusted along the retention time direction by means of
synchronizing the retention times of the chromatographic
peaks from the same components.

During the past decades, several kinds of useful ap-
proaches have been developed for peak synchronization in
chromatographic profiles[176–182]. Some of them corrected
the retention time shifts by making internal standards added
or marker peaks coincide in all chromatograms under study
[
c eaks
w of
t f their
r t the
m the
w re-
ilica-based supports at high pH values and the collapse
8 bonded phase because of a highly polar mobile phas
inor changes in mobile phase composition caused by
erature and pressure fluctuations, variations in flow-rat
radient dispersion; (3) some problems involved in the d

ors, for example, a wavelength shift in the UV spectrom
spectroscopic intensity variation and the misalignme
177–179]. Among them, the technique in ref.[179] was re-
ently developed. At its first step, chromatographic p
ere identified by setting a retention time window in both

he sample and target chromatograms, and then a list o
etention times was generated. Here, the window mean
aximum shift to be considered. Clearly, the choice of
indow size was critical to this technique. However, if the
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tention time shifts are very serious for complex systems like
herbal medicines, the selection of the optimal peak-matching
windows might not be a trivial task. In refs.[176,180–182],
some objective functions on the correlation between the tar-
get and sample chromatograms were optimized and then the
sample chromatographic profiles were aligned with the tar-
get. In general, the methods must be very efficient and elegant
if the samples investigated are quite similar in the concentra-
tion profiles of the chemical components. However, if the
concentration profiles change greatly for the complex sam-
ples such as herbal medicines from the different producing
places and/or from the various harvest seasons, wrong results
might be obtained by simply seeking the optimal correlation
coefficient between the chromatograms. It is because that the
correlation coefficient is influenced greatly by the big peaks
in the chromatographic profiles. In this case, the maximal
correlation coefficient does not certainly represent the best
correction for the retention time shifts[183]. However, if the
data from the hyphenated chromatographic instruments, such
as HPLC–DAD, GC–MS, etc. the correction of retention time
shift of the fingerprint of herbal medicines will become much
clear and easy, which we will discuss later on.

5. Evaluation of chemical fingerprints of herbal
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course, the chromatographic profiles should properly aligned
to compensate for minor drifts in retention times before one
does the fingerprint evaluation and chemoemtric analysis for
the purpose of quality control.

5.1. Fingerprints and quality control in herbal medicines

As stated above, one or two markers or pharmacologically
active components were currently employed for evaluating
the quality and authenticity of a herbal medicine. This kind of
the determination, however, does not give a complete picture
of an herbal product and therefore it will definitely fail to
do the identification of false and true plant extraction. In the
following an example will be given to illustrate the situation.

Fig. 3 shows 18 fingerprints ofGinkgo bilobaextrac-
tions, which were purchased from several pharmaceutical
stores, vendors/companies and collected from various pro-
ducing areas in the mainland of PR China. All of these sam-
ples were supposed to meet the standard measured by UV
spectroscopy at wavelength of 318 nm with satisfactory ab-
sorbance (old standard method for quality control ofG.biloba
extraction in China), among which standard extract EGb761
was friendly donated to one of authors from Guangzhou In-
stitute for Drug Control, PR China by a Frenchman from
Beaufour-Ipsen Company in France with a satisfactory fin-
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In the early chemometric research, chromatographic
ere commonly first transformed to retention time–peak
ata matrices including only selected peaks, whether the

ity of the peaks are known or not. The data such obta
ere then used to do the processing, that is, the calcu
f similarity or dissimilarity between the fingerprints and
nalysis of principal component analysis[184–186].

However, as pointed by Nielsen[176], “The quality of the
ata (including only retention time–peak area data) relie
eak detection (integration) and on how the peaks are se

or the data analysis. It can be very difficult to select an
imal set integration parameters for chromatograms obta
rom analysis of complex samples which easily contain m
han 100 peaks. Furthermore, the selection and extract
eaks to include in data analysis is difficult, partly subjec
nd a large amount of the data in the chromatograms ar
arded. The disadvantages of peak detection and integr
nd of the introduction of a subjective peak selection ca
voided by using all collected data points in the chemom
nalysis.” Thus, following the suggestion of Nielsen, the

ire chromatographic profiles were utilized to perform di
hemometric analysis. The analysis can be easily done
he help of proper techniques of data compression, such
echnique of wavelet or Fourier transformation[187–189], if
ecessary. Furthermore, another advantage of taking th

ire chromatographic profile to perform direct chemome
nalysis is that the peak shape can be included in data
sis, which will make the pretreatment of overlapping pe
uch easier when one does evaluation of the fingerprint
erprint pattern. Analytical grade methanol and phosph
cid use for mobile phase were purchased from chem
eagents factory of Guangzhou, Guangdong, PR China
ther involved reagents were also of analytical grade. U
ure water (18.2 M
) was obtained by means of a Milli-
pparatus by Millipore Corporation (France) and was u

or mobile phase preparation. The mobile phase was va
ltered through a filter of 0.45�m pore size.

From the plot, it is difficult to find some false one. B
f we simply do the PCA upon the fingerprints, the res
re shown inFig. 4. It can be easily seen from the plot t
amples marked by numbers 1–3 are clearly outliers. T
f we pick up the fingerprints of samples 2 and 3 (seeFig. 5C
nd D) and comparing them with the fingerprints (seeFig. 5A
nd B) of the standard extract EGb761 (number 17 inFig. 4)
nd the other sample (number 8 inFig. 4), we can easily fin

he difference between them. The peak in the fingerp
f samples 2 and 3 around the retention time of 10 m
uch higher than the one in the standard extract EGb76

ample 8. This peak is rutin. In fact, rutin was added in
hree outlier samples, say samples 1–3, in order to me
ld standard of enough absorbance. They are quite diff

rom the realG. bilobaextractions as shown inFig. 5A. From
his example, we can see that the technique of finger
ould really identify the false herbal products.

.2. Similarity of fingerprints

The construction of chromatographic fingerprints aim
valuating the quality of HMs. As discussed above, the fu
ental reason of quality control of herbal medicines is b
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Fig. 3. Ginkgo bilobaextractions were purchased from several pharmaceutical stores, vendors/companies and collected from various producing areas in the
mainland, PR China. Standard extract EGb761 (No.18) was friendly donated to one of authors from Guangzhou Institute for Drug Control, PR China by a
Frenchman from Beaufour-Ipsen Company in France.

on the concept of phytoequivalence of herbs, and then to use
this conception to identify the real herbal medicine and the
false one, and further to do quality control. Thus, the intu-
itive evaluation method is to compare the similarities and/or
differences of the chromatographic fingerprints’ shape. As a
result, both the separation degrees and concentration distribu-
tion of components involved in a chromatographic fingerprint
is also taken into consideration for this evaluation. The most
commonly used standards for evaluation of similarity of the
multivariate systems are correlation coefficient and congru-

F e PC1
m ones of
p

ence coefficient as expressed by the following two formulae

correlation coefficient :

r1 =
∑

(xi − x̄)(yi − ȳ)(∑
(xi − x̄)2

)2(∑
(yi − ȳ)2

)2 (i = 1, 2, . . . , n) (3)

congruence coefficient :

r2

∑
xiyi(∑

(xi)2
)1/2(∑

(yi)2
)1/2 (i = 1, 2, . . . , n) (4)

wherexi, yi are theith elements in two different fingerprints,
sayxandy, respectively andn is the number of the elements in
the fingerprints. ¯x andȳ are the mean values of thenelements
in fingerprintsx andy, respectively, that is,

x̄ =
∑

xi

n
(5)

ȳ =
∑

yi

n
(6)

The relationship within a set of chromatographic fingerprints
could be currently analyzed through comparison in terms of
similarity or dissimilarity of the objects with a certain refer-
ence, presented as correlation coefficient or congruence co-
efficient. In order to illustrate the situation, the example used
i prob-
l nce
c pec-
t e that
t lues,
ig. 4. The score plot obtained by principal components analysis wher
eans the scores coordinates of principal component 1 and PC2 the
rincipal component 2.
n the above subsection is now applied to address such a
em.Table 1list the correlation coefficients and congrue
oefficients of the samples compared with the median s
rum of the whole 17 samples. From the table, we can se
he three false extractions have the smallest similarity va
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Fig. 5. The relationship between the projection points of score plot of PCA and the corresponding original fingerprints for samples 17, 8, 2 and 3, respectively.

Table 1
Correlation coefficients and congruence coefficients of the samples com-
pared with the median spectrum of the whole 17 samples

Sample no. Correlation coefficients Congruence coefficients

1 0.8795 0.8939
2 0.8795 0.8899
3 0.8935 0.9051
4 0.9349 0.9474
5 0.9511 0.9604
6 0.9469 0.9574
7 0.9552 0.9637
8 0.9779 0.9821
9 0.9524 0.9568

10 0.9158 0.9269
11 0.9869 0.9895
12 0.9506 0.9593
13 0.9753 0.9801
14 0.9479 0.9581
15 0.9590 0.9640
16 0.8979 0.9187
17 0.9436 0.9547

which seems to suggest that the similarity estimation may be
used as a standard together with the original fingerprint, even
this is very simple.

5.3. Chemical pattern recognition and classification
evaluation

As discussed above, the relationship within a set of chro-
matographic fingerprints could be currently analyzed through
comparison in terms of similarity or dissimilarity of the ob-
jects with a certain reference, presented as correlation coeffi-
cient or congruence coefficient, etc. But, it has been aware that
there are two problems for this comparison: how to achieve
the reasonable reference (comparing standard) and to what
extent the investigated object is similar with the reference.
Popularly, the reference may be derived either from stan-
dard extract of herbal medicine or proportioned mixture of
herbal medicine (e.g. EGb761) or from computation by some
mathematical methods (for the example above, the median
chromatographic fingerprint of whole samples is taken, since
there are three outliers in the samples investigated). How-
ever, it is well known that natural products derived from
herbal medicines with inherent “uncertainty” feature of its
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secondary metabolic substances, to define an absolute refer-
ence fingerprint by simply calculating their mean or median
for one kind of herbal medicine seems somewhat subjective.
From this point of view, the conception of class of one herbal
medicine seems to be more reasonable. Thus, the chemical
pattern recognition methods, such as K-nearest neighbors
(KNN) [190,192] and soft independent modeling of class
analogy (SIMCA)[193], etc. should be taken into consid-
eration for reasonable definition of the class of the herbal
medicine[194–196]. In fact, several researchers in China
had worked on the concepts of using chemical analytical and
chromatographical fingerprinting to measure the consistency
of raw Chinese medicinal herbs and composite formula with
the application of fuzzy clustering analysis of HPLC pattern
in the early 1990s[225].

On the other hand, the (dis)similarities of herbal objects
with the reference often undertake themselves to a qualified
threshold[191], which is not so easy to define. Although
such a comparison attaches importance to the integral rela-
tionship of the fingerprints, sometimes masking and swamp-
ing effects might occur either explicitly or implicitly. The
masking effect is that an unexpected sample is undecided be-
cause of high similar value (e.g. the identification of three
species ofCoptis chinensis, C. teet-Oides C. Y. Cheng, and
C. deltoidea C. Y. Cheng et Hsiaofrom herbRhizoma cop-
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Fig. 6. Illustration of two-dimensional data from hyphenated instruments.

matrix such-obtained is rather big, sometimes it can be more
than 40 megabytes. Thus, this is a really a new challenge
for modern analytical chemistry to deal with the chemical
information embedded in it.

However, data derived from hyphenated analytical
techniques have several advantages over the classic one-way
chromatograms. Firstly, the two-way data matrix contains
both information from spectra and chromatograms, which
will make on-line structure identification of some interested
compounds possible; secondly, the two-way data has
so-called dimension advantages proposed by Booksh and
Kowalski [19], which will make on-line comparison of
overlapping chromatographic peaks possible; finally, the
hyphenated technique might enhance the chromatographic
separation ability by the additional spectral information,
since one could easily find some useful component selectivity
with the help of chemometric local rank analysis methods,
which can only be used for two-way chromatographic data
but never for one-way chromatographic data. For more
detail, the readers can consult reference[218].

How to use these advantages from the two-way data to
address the problems in evaluation of the fingerprints of
herbal medicines and the problems in quality control of herbal
medicines, which is just the topic we want to discuss in the
following subsections. There are, to our best knowledge, still
m re-
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s iver-
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t their
b rod-
idis). The swamping effect encompasses wrongly discr
ating a desirable sample illegal on account of low simila
ith the reference influenced by the diversity of chrom
raphic compositional distribution (e.g. the determinatio
erbHouttuynia cordataThunb. from different sources). T
void these effects as much as possible, a method bas
CA after necessary data transformations[219]. The method
as been demonstrated that PCA with standard normal
te transformation of data led to meaningful classificatio
3 differentE. breviscapusherbal samples (seeFig. 2). The
esult was also corroborated by variance squares discrim
ethod. The quality of herbal objects was further evalua
nd the causes of this fact have been explained from a c
al point of view. The other method[220] is based on secure
rincipal component regression (sPCR) that was origin
eveloped for detecting and correcting uncalibrated spe

eatures newly emerging in spectra after the PCR calibr
196,197]. It can detect and consider unexpected chrom
raphic features for quality evaluation of herbal samples

he point of view of analyzing fingerprint residual.

. Qualityfication and validation of two-way data
rom hyphenated chromatographies by chemometrics

In general, the data generated by the hyphenated in
ents are matrices with every row being a spectrum and

olumn a chromatogram at some wavelength, wavenu
r m/e unit as illustrated inFig. 6. The data obtained by su
yphenated instruments in chemistry is generally called
ay or two-dimensional data. In common, the size of the
any different kinds of difficult problems unsolved in the
earch field of herbal medicines. For instance, there m
o big problem for evaluating the fingerprints from the s

nstruments and/or with the same batch of the herbal pro
s shown above in this review. However, if we get some fin
rints from different laboratories and/or from the same
f column, say C-18 for example, but from different co
anies. Could we still evaluate them reasonably? More
ould we do the on-line comparison among the fingerprin
ome overlapping chromatographic peaks and/or of big d
ity? For instance, if we get some fingerprints from diffe
xtraction methods and/or from different herbal medici

s it possible for us to see whether we have got the same
ochemical constituents or not in order to understand
ioactivities and possible side effects of these herbal p
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ucts and consequently to enhance product quality control?
With the help of the two-way data from the hyphenated chro-
matographies and chemometric methods[198] recently de-
veloped, the answer is positive.

6.1. Spectral correlative chromatogram and its
applications

As stated above, it is very important for assessment of
the quality of various samples to determine the presence or
absence of interested components among the different chro-
matographic fingerprints. They may be obtained either from
same herbs or from different ones under the same or simi-
lar chromatographic separated conditions. Moreover, another
problem is the shift of retention time of some interested peaks
of various fingerprints due to inevitable possibility in quality
control, such as the fingerprints from different laboratories
and the experimental columns from different vendors despite
the same type stationary-phase characteristics. This maybe
lead to erroneous assess of quality of medical samples. Let
us see an example shown inFig. 6.

x1 andx2 shown inFig. 7A are the chromatograms of two-
dimensional data sets ofX1 (of theG.bilobasamples obtained

F
o
t
2
m
l

from HPLC–DAD through the column made in Angilent Inc.)
andX2 (through the column made in Waters Inc.) at wave-
length 260 nm, respectively. It can be intuitively seen that the
retention time of eluting components of them shift rather se-
riously, which trouble right identification of them by directly
comparing their chromatographic fingerprints.

In order to deal with such a kind of problem a technique
named spectral correlative chromatogram (SCC) was devel-
oped [199]. The idea of SCC is quite simple, that is, the
same chemical component should be of the same spectrum no
matter what they are eluted through diverse chromatographic
columns. Thus, one could use the spectral information to pick
up the interested compound from the other two-way chro-
matograms. The whole procedure goes in the following steps:
(1) assess peak purity of an interested compound and then ac-
quire its spectrum; (2) identify correlative components in the
other fingerprint by series correlation coefficients between
the spectrum obtained above and the spectra at every scan
point for the other two-way chromatogram; (3) get a curve
(named SCC) of correlation coefficients at every scan point
in the direction of retention time and further validate the re-
sult from the second step combining the information of local
chromatographic cluster where targets exist; (4) eventually
assess the similarity and/or difference of the chromatographic
fingerprints after correcting the time shift of correlative com-
p
s
X ate
t
c ts
r
b
a
a and
t ore,
s nce
d e
s -
t
a po-
n
c can
b t
r n in
F tion
t tion,
t nts’
c

ig. 7. Comparison of chromatogramsX1 andX2 measure by the same kind
f column but from different companies:X1 (Angilent Inc.) andX2 (Wa-

ers Inc.). (A) Original chromatograms of samplesX1 andX2 at wavelength
60 nm, respectively. (B) Original chromatograms of samplesX1 and chro-
atogramX′′

2 of sampleX2 after correction of retention time shifting by
ocal least-squares technique.

6

side
e ance
p di-
r hyto-
c nce,
onents in a piecewise way by using local least squares.Fig. 8
hows an example of this procedure. Pure componenta1 in
1 indicated inFig. 8 was taken as an example to illustr

his procedure. The obtained SCC is shown inFig. 8B. As
ould be seen fromFig. 8, both the correlation coefficien
(a1, a2) andr(a1, b2) corresponding to componentsa2 and
2 of X2 were larger than others and quite close to 1, sayr(a1,
2)= 0.9998 andr(a1, b2)= 0.9940. Thus, componentsa1 and
2 were correlative, even though they were unknown
here were some shift of their retention time. Furtherm
pectrum-dependent principle of identification of substa
ecided the result.Fig. 7C and D (lower part) exhibits th
pectrasa1, sa2 andsb2. It is obvious thatsa1 andsa2 are en
irely consistent and factually identical, whereassa1 andsb2

re something different. Similarly, other correlative com
ents could also be obtained, as listed inTable 2. With the
orrelative information available, the retention time shift
e easily corrected by local least squares takingx1 as a targe
eference[199], The results after shift correction are show
ig. 7B. From this plot, we can see that the shift of reten

ime can be corrected reasonably. Along with this direc
he spectral correlative chromatogram for multi-compone
omparing could be also possible and conducted[200].

.2. On-line comparison by chemometric methods

In order to understand the bioactivities and possible
ffects of some herbal products and consequently to enh
roduct quality control one might be asked to compare
ectly some samples to see whether there are same p
hemical constituents in the different samples. For insta
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Fig. 8. Illustration of the procedure of spectral correlative chromatogram.
(A) Two original samples, sayX1 andX2, involved in comparison, in which
a peak indicated bya1 is the component spectrum to be searched by SCC.
(B) The spectral correlative chromatogram obtained for componenta1. (C)
Enlarged part of spectral correlative chromatogram around retention time
range of 14–18.5 min. (D) Spectral comparison of spectrasa, sa and sa,
respectively.

if the extraction method is changed the chemical composi-
tions of the products will also change?Fig. 9shows such an
example, in which the total ion current chromatograms of the
volatile fractions ofS. chinensisderived from six different
extraction methods are presented. It may be observed that
the major section (retention time region from 15 to 35 min)
is quite similar in each of the six chromatograms. In order to
carry out a more detailed analysis, however, it is necessary
to compare qualitatively the results from the six methods.
There are three difficulties in comparing such results: (1) it
is difficult to conclude if the same compounds are present in
overlapping chromatographic peaks; (2) it is difficult to con-
firm whether a peak with a given retention time represents the

Table 2
Comparison of correlative components and their chromatographic eluting time (min) ofGinkgo bilobasampleX1 with those ofX2

Correlation
component no.

Retention time
(t1,k) of X1

Retention time
(t2,k) of X2

�t = t1,k −t2,k

(min)
Correlation
component no.

Retention time
(t1,k) of X1

Retention time
(t2,k) of X2

�t = t1,k −t2,k

(min)

1 2.0820 1.7020 0.3800 7 9.4220 8.3353 1.0867
2 2.5287 2.1153 0.4134 8 10.3487 9.2553 1.0934
3 2.9953 2.4753 0.5200 9 10.8887 9.7287 1.1600
4 5.5287 4.7153 0.8134 10 11.2820 10.0287 1.2533
5 6.9953 6.1020 0.8933
6 8.2620 7.2087 1.0533

Fig. 9. Total ion current chromatograms of the volatile fractions ofSchisan-
dra chinensisobtained by the six different extraction methods (1–6, from
top to bottom): (1) use of the Chinese Pharmacopoeia Committee (1995)
method for extracting essential oils from traditional Chinese medicines em-
ploying a standard essential oil extractor; (2) steam distillation; (3) solvent
extraction with petroleum ether using an ultrasonic extractor; (4) Soxhlet
extraction with petroleum ether; (5) solvent extraction with diethyl ether
using an ultrasonic extractor; and (6) Soxhlet extraction with diethyl ether.

same compound in different extractions or whether there is
significant chromatographic drift between runs (see top part
in Fig. 10 for details); and (3) the chromatographic back-
ground makes MS matching difficult. In order to overcome
these problems, the mass spectral information together with
chemometric methods seems to be necessary to introduced.

Subwindow factor analysis (SFA) is just such a chemo-
metric resolution method[201], which focus its attention of
comparing the spectra of two overlapping peak clusters to
obtain the pure spectrum of the common component in the
two overlapping peaks and further to resolve the whole over-
lapping peak cluster. With the help of SFA, six common com-
ponents were extracted from the two peak clusters, assigned
B1–B6 in the sample from extraction method 1 and b1–b6 in
the sample from extraction method II (Fig. 10(medium part)
and (bottom part), respectively). For more detail, the reader
can consult reference[202].
11 15.7020 14.6420 1.0600
12 18.7620 17.6020 1.1600
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Fig. 10. Total ion current chromatograms of (top part) peak clusters B (bold
dotted line) and b (thin continuous line) as marked in Fig. 9 and (medium part)
and (bottom part) their corresponding resolved chromatograms, respectively.

In fact, there are lots of chemometric methods[203–215]
developed recently to deal with the overlapping chromato-
graphic peaks with the help of the two-way data from hy-
phenated chromatography. For more detail, the readers can
refer to a review paper by one of authors of this review and
the references therein[198].

7. Further comments on quality control of herbal
medicines

Western and traditional Chinese medical practices repre-
sent totally different philosophies[227,228]. Thus, this is not
a simple exercise of applying modern technologies to quality
control of the products that have been in constant use for cen-
turies. The progress on quality control of herbal medicines
discussed in this review is just at its beginning stage of a long
journey.

Of course, the proposal of the use of chromatographic
fingerprints of herbal medicines for quality control of herbal
medicines is definitely a progress. However, using the chem-
ical fingerprints for the purpose of quality control of herbal
medicines can only address to the problem of comparing
the integrated sameness and/or difference and controlling
their stability of the available herbal products. The complex
r and
e into
a spect
f ell
k as a
c nds
p their
r nt a
m ility
o the
f is
i

is where biochemistry, molecular biology, and cell biology
are invaluable in establishing quantifiable and reproducible
assays[216]. Chemical fingerprints might be linked to
these biological assays to provide assurance of efficacy and
consistency. But the research work on this aspect, to our best
knowledge, is far from sufficient to meet the criteria needed.

Thus, the researches concerning the relationship between
the chromatographic fingerprints and efficacy of the herbal
medicines are urgent requirements for the quality control
of herbal medicines. On the other hand, the works on pos-
sible contaminations in herbal products, such as excessive
or banned pesticides, microbial contaminants, heavy met-
als, chemical toxins, should be also conducted concurrently
[217]. In fact, the research field of quality control of herbal
medicines is really an interdisciplinary research. It needs
crossover of chemistry, pharmacology, medicine and even
statistics to provide a platform for the quality control of tra-
ditional herbal medicines and further to discover the novel
therapeutics composed of multiple chemical compounds.
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