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The use of herbal medicine in Asian countries has a long history, but the concern for
quality and efficacy of herbal medicine in the light of modern science has just been
started in the last few decades. Quality control of Chinese Herbal Medicine (CHM)
aims to ensure their consistency, safety and efficacy. As the active ingredient(s) of the
herbs are usually not known, current quality control practices focus on consistency of
chemical compositions and identification of the herbs. Microscopic identification and
chromatography analysis are the conventional methods used, but these methods are
time demanding, and sometimes, the information obtained is not sufficient for
identification beyond doubt. Near-infrared Spectroscopy (NIRS) may be an advantage
as it is quick, simple and non-destructive. Validity of the NIR based method is
established from statistical correlation extracted from the results of many samples.
Moreover, NIR can be used for online monitoring during the manufacturing of herbal
products to improve the quality control strategy.

The aim of this work is to examine the feasibility of using NIRS in analysing
chemical composition of CHM and develop appropriate procedures and data analysis
algorithms for quality control of CHM. In this work, NIRS was used to evaluate the
quality of three CHM, Purariae Radix, Coptidis Rhizoma and Ganoderma, in terms of
differentiation of the species, prediction of markers contents and biological effect. A
systematic procedure for building up quantitative and classification models is
proposed in the study of establishing NIR quantitation models for Puerariae Radix

using conventional PLS. This improves the validity of the quantitation model being
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built.

A major drawback for the application of NIRS in the analysis of CHM is that usually
only those components of content higher than 1% can be detected. However, in many
herbs, the content of the marker could be lower than this. In order to extend the
applicability of the NIR to different CHM, a better algorithm, Genetic Algorithm —
Partial Least Square regression (GA-PLS), is developed by selecting appropriate
wavelength regions which correlate more with the parameters to be predicted. The
case of Ganoderma shows the algorithm is capable to develop model for prediction of
markers with low content (< 0.1%). The models developed for Rhizoma Coptidis are

more robust when the sample size is small.

Generally speaking, people concerns more on the efficacy of CHM, while the current
quality control practices focuses on consistency. To examine the possibility of
predicting biological activity from the NIR spectra (which is, of course affected by
components inside the herbs or herbal products), experiments were conducted to exam
the possibility of predicting the anti-oxidant effect of Ganoderma methanolic extracts
from the NIR spectra of the raw herbs. A good correlation model was established
using GA-PLS.

This study clearly demonstrated that NIR spectroscopy with suitable chemometric
techniques could be used for identification of the CHM, quantitative analysis of the
selected chemical compounds in the CHM as well as evaluation of related biological
effects. The GA-PLS modeling algorithm developed widens the scope of the
application as more subtle correlations in the data can be extracted. As a conclusion,
NIR spectroscopy could be an effective tool for better quality control of CHM.
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1.1 Introduction

Chinese Herbal Medicine (CHM) has been used in Traditional Chinese Medicine
(TCM) to prevent and cure disease in China for centuries, and becoming popular
around the world during the last decades. However, safety events of CHM and the
lack of scientific data supporting their efficacy are still the major factors hindering the
globalization of CHM. The major focus of research studies on CHM are identification
methods of CHM, separation and chemical analysis of chemical components, and
pharmaceutical activities. Quality control of CHM is still an important challenge and
more works have to be done to ensure safe consumption and to form a solid
background for further scientific studies on biological activities, pharmaceutical

effects and mechanisms leading to understanding of their efficacy.

Conventionally, identification of CHM is based on morphological examination. Thin
Layer Chromatography (TLC) identification and quantitation of one or two selected
markers by modern analytical instruments like High Performance Liquid
Chromatography (HPLC), Gas Chromatography (GC) are the conventional analytical
methods for identification level on chemical composition. However, these
conventional analytical methods are time-consuming, labor-intensive, expensive, and
require large amount of organic solvents. Furthermore, the current approaches usually
examine only one or two selected markers and usually ignore the chemical profile of
the herbs. However, the marker compounds may not be specific, and most of the time,
may not be responsible for the pharmaceutical actions of the herb. The characteristics
of multi-target and synergistic action of CHM because of complex chemical
composition are not addressed in the conventional quality control practice.

Spectroscopic methods present a rapid and comprehensive assessment of the samples
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which would complement the chromatographic techniques.

Near-Infrared Spectroscopy (NIRS) is a rapid and nondestructive technique which
could be used to determine different quality parameters such as identity and chemical
composition. The spectra contain information of all chemical consituents which align
with the integrated or holistic philosophy of traditional Chinese medicine *. However,
application of NIRS in quality control of CHM is limited because the technique is not
very sensitive; hence, it is usually used to detect major compounds of content higher
than 30% in the sample. However, the content of markers in a CHM is far lower than
that level. The challenge here is to improve the sensitivity of the technique with
proper data processing so that it could be used to detect or predict the naturally

occurring compounds as well as other parameters in CHM.

Chemometrics is always a core component in NIRS analysis. It is a discipline
studying the application of mathematical and statistical methods in chemical analysis
including topics such as optimization, data preprocessing to remove noises and
backgrounds, pattern recognition techniques and correlation models, data treatment of
chemical analyses. Chemometrics include topics like experimental designs and

information extraction methods (Modelling, classification and test of assumptions).

In our study, we tried to use NIRS in quality control of three multi-species CHM
Puerariae Radix, Coptidis Rhizoma, and Ganoderma. Chromatographic methods are
developed and validated to determine the corresponding markers in these three herbs
to provide accurate information to establish classification and quantition models. We

developed systematic procedures for developing NIR analytical methods and new
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chemometrics procedures to establish more reliable models to assess different quality

parameters (chemical contents, biological activities) in different CHM.

Puerariae Radix was selected as the fist subject of study because more than one
species are involved and the markers are abundant (2-7%). This study suggested the
application of NIR technique in classification and quantitation of CHM is feasible.
However, the results also suggested for compound less than 1%, the prediction error
of the NIR technique increases significantly. We assumed that the spectra did contain
the information, yet, the presence of other signals affected the performance of the
quatitation models. If only the spectra regions that correlate well with the parameters
being modeled are used, then the sensitivity of the technique will be improved. A
variable selection algorithm is being developed in this work and applied to study
Coptidis Rhizoma. Finally, the ultimate goal of quality control is to make sure the
biological activities of the CHM are actually there. Thus, the possibility of using the
NIR spectroscopy to predict biological activities of the herb was examined. The

testing case selected is the anti-oxidant power of Ganoderma.

A review of the conventional practices and approaches of quality control of CHM is
given in Chapter 2. Then chemometrics methods that commonly used in NIR analysis
are described in Chapter 3. The results on Puerariae Radix, Coptidis Rhizoma, and
Ganoderma are presented in Chapter 4, 5 and 6 respectively. Our results strongly
suggested that NIR is a powerful technique that could supplement other analytical

techniques for chemical analysis and quality control.
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2.1 Introduction

Traditional Chinese Medicine (TCM) is an empirical healthcare system based on
experiences dating back to several thousand years ago. Chinese Herbal Medicine
(CHM) was an important part of it, and they have been used in China for prevention
and treatment of diseases. Each herb contains many chemical compounds that possess
concerted actions # 3. The herbs are usually prescribed in formulae. A formula is
designed to organize these concerted actions derived from different herbs to create
holistic, multi-targets, multi-dimensional pharmacological actions to achieve

personalized therapy.

The prevalent use of herbal medicines has raised concerns over their quality, efficacy
and safety due to their easy availability. The practice of CHM is popular in China and
some Asian countries; and getting more available in western world. It was estimated
that more than 1.5 billion people all over the world trust in the efficacy and safety of
Chinese medicine *. As the increasing popularity of Chinese medicine, the reports on
the adverse reactions of CHM were also increased °. Therefore, the public concern on
the quality, safety and efficacy of the CHM and herbal remedies have grown

extremely.

Quality control is crucial to ensure the safety, and hopefully, the efficacy of herbal
medicines. Species authentication and quality consistency of the CHM material used
is of the utmost importance because therapeutic actions based on unauthenticated or
inconsistent materials are not reproducible, rendering the manufactured products
ineffective. Herb, although the same drug from the same plant species, may contain

different amount of the constituents or even different chemical profiles ®, the variation
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depends on various factors such as often cited geographic location, season and time of

harvest, post-harvest handling, processing and storage (Fig. 2.1).
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Fig. 2.1 a) Typical flavonoids fingerprint pattern of Herba E. Sagittati, cf. ; b) the
main characteristic ingredients disappeared in this sample °.

The exact part of the plant used and post-harvest processing could lead to totally
different drugs with distinctly different chemical profiles as discovered in the recent
decades by the scientific community. Because of the natural variations and inherent
complexities of CHM, traditional identification techniques such as microscopic
identification and morphological exmanination are far from satisfactory for

identifying its safety and/or efficacy to safeguard consistent biological effects and
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research results. The same hold true for the use of identification techniques using one
or two marker compounds with chromatographic methods such as TLC "*°, HPLC,
LC/MS etc. A multi-technique approach is necessary, which not only define the

components comprehensively in CHM but also identify it from its confusable variety.

CHM consists of hundreds of unknown components and many methods do not
provide a complete chemical profile of the drug, and it might be difficult to
distinguish herbs with similar appearance or chemical markers. The characteristic of
multi-target and synergistic actions of CHM are one of the major characteristic that
distinguishes them from modern chemical drugs. This comes from their complicated
constituents. Thus, in recent years, systematic research on CHM has begun to
emphasize more on the integral and holistic property of the CHM . Many
comprehensive methods, such as fingerprint and multi-component quantification have
been used for the quality control of CHM in recent years. The challenge is to
combine the appropriate techniques so that the quality of CHM could be fully
evaluated. Chromatographic techniques (especially HPLC and HPTLC) are the most
commonly used techniques, as they can separate and identify chemical components of
the broadest range (from non-polar to polar), thus contributing to the maximum
assurance of matrial equivalence. Currently, pursuing stringent quality control
measure to safeguard consistency in CHM should be of highest priority. The common
sample preparation methods, analytical methods and different approaches:
multi-components, pattern and multi-pattern approach used in quality assessments of

CHM will be discussed in this chapter.
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2.2 Sample preparation methods

Sample preparation is one of the key steps which greatly influences the repeatability
and accuracy of the analysis of CHM. It is reported that 70-80% of analysis time is
spent on sample preparation and more than 60% of analysis error derived from
non-standard sample pretreatment ‘2. Therefore, a proper sample preparation approach

is vital for quality control of CHM.

Basic extraction methods such as sonication, reflux, liquid-liquid extraction,
distillation and others were commonly used. However, these methods are time
consuming and require large amount of organic solvents. Recent years, considerable
efforts have been made to develop more efficient and faster extraction methods. The
technological development for sample preparation of CHM has been reviewed %%

and some resent development like Ultrasound-Assisted Extraction (UAE),

Microwave-Assisted Extraction (MAE) , Solid-Phase Extraction (SPE) are discussed.

2.2.1 Ultrasound-Assisted Extraction (UAE)

Ultrasound-Assisted Extraction (UAE) is a fast, inexpensive and efficient alternative
to liquid-solid extraction methods. UAE has been reported for extraction of

1 and isoflavonoids from Radix

chlorogenic acid from Eucommia ulmodies Oliv.
puerariae '°. Under optimal conditions, UAE was highly efficient and performed much
better than Heat-Reflux Extraction (HRE) and Pressurized Liquid Extraction (PLE).

These studies proved that using UAE should be the most economic way.
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2.2.2 Microwave-Assisted Extraction (MAE)

Microwave-Assisted Extraction (MAE) use microwave radiation to heat the sample in
a very short time and accelerate the extraction. MAE has been widely used in
extracting volatile compounds from CHM " 8. MAE with an adsorption-wave

technique was used to extract trace-metal elements *° in medicine plants.

2.2.3 Pressurized Liquid Extraction (PLE)

Pressurized Liquid Extraction (PLE) combines elevated temperature and higher
pressure to achieve fast, efficient extraction of the analytes from the solid matrix.
Elevated pressure allows solvents to be heated above their normal atmospheric boiling
points to improve their dissolution capacity and the rate of mass transport. Recently,
Chen and co-workers determined 15 flavonoids in different species of Epimedium
using PLE coupled to HPLC and UPLC ?> 2!, PLE followed by GC-MS # or
HPLC-DAD-MS % was applied to quantitative determination of active components in

Curcuma longa, Folium Ginseng and Radix Ginseng.

2.2.4 Solid-Phase Extraction (SPE)

Solid-Phase Extraction (SPE) is considered a well-established, widely-accepted and
increasingly-used sample-preparation technique based on solid-phase adsorption.
Many commercial SPE cartridges are routinely used for clean up and
pre-concentration of CHM samples. Clarkson and co-workers proposed a post-column,
online SPE device to concentrate flavonol glycosides in medicinal plants for

HPLC-NMR. This hyphenation technique dramatically enhanced the sensitivity of

10
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HPLC-NMR and speed up the structural determination of complex natural products *.

2.2.5 Supercritical Fluid Extraction (SFE)

Supercritical Fluid Extraction (SFE) is an environmentally-benign, efficient extraction
technique that has been introduced and extensively studied for extracting organic
compounds from medicinal plants. It can perform rapid extraction, and reduce or
avoid the use of hazardous organic solvents by using carbon dioxide as the extraction
solvent. The dissolving power of the supercritical fluid could be varied by adjusting
experimental condition such as pressure and temperature. Furthermore, using SFE
could avoid the potential degradation of chemical components in CHM resulted from
long exposure to elevated temperature and atmospheric oxygen. Because of these
advantages, SFE has been employed to extract volatile components from Angelica

species ?°, ginsenosides from North American Ginseng %, and paeonol from Ji Sheng

Shen Qi Wan (54 B 5 H) 2.

Five methods, Ultrasound-Assisted Extraction (UAE), Pressurized Liquid Extraction
(PLE), Supercritical Fuid Extraction (SFE), Hydrodistillation (HD) and Decoction
(DC), were applied in the extraction of coniferyl ferulate, ferulic acid, Z/E-ligustilide
and Z/E-butylidenephthalide, from Angelica sinensis Radix and compared 2 %,
The results showed that the order of extraction efficiency was PLE~RUAE >
SFE > >HD, DC. The compositions of the UAE, PLE and SFE extracts, which had a
high ratio of coniferyl ferulate, were very similar, while coniferyl ferulate was not

obtained by HD and DC. However, HD and DC had higher selectivity for the

extraction of ligustilide and ferulic acid.

11
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2.3 Analytical techniques

In the last decades, there are many attempts in developing methods and techniques for
analysis and quality control of herbal medicines. Chromatography techniques such as
as Thin Layer Chromatography (TLC), Gas Chromatography (GC)/GC-MS, High
Performance Liquid Chromatography (HPLC)/LC-MS, and Capillary Electrophoresis
(CE) have been extensively applied for quality control of CHM, some of the
developed methods are novel which coupled the more advanced instrucments such as
such as LC-DAD-ESI-MSn, LC-UV-SPE-NMR, Capillary HPLC-1H NMR, 2D

GC_TOFMSG 7,9-11, 30, 31.

2.3.1 Thin Layer Chromatography (TLC)

TLC is a simple, low-cost, versatile and specific method for the identification of
herbal medicines. The unique feature of picture like image of TLC supplies an
intuitive visible profiling of CHM. Especially after combination with digital scanning
and documentation software, TLC and HPTLC provide much more information and
parameters for comprehensive identification and assessment of CHM. With this
technique, authentications of many CHM are possible, and it can be used to evaluate
the stability and consistency of their preparations from different manufacturers 3% .
HPTLC is mainly used to study the compounds with low or moderate polarities, but

Di et al. established a TLC method of fungal polysaccharide acid hydrolyzates by

using automated multiple developments (AMD) **.

12
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2.3.2 Gas Chromatography (GC)

GC and GC-MS are well known methods for the analysis of volatile constituents in
CHM, due to higher sensitivity, stability and efficiency than other instrucments. The
use of MSD provides reliable information for the qualitative identification of the
compounds present in the complex compositions. With the help of the sample
extraction methods (SPE, PLE, MAE) * % developed in recent years, the analysis of

GC became the more rapid, low-cost, and environmental-friendly.

A novel technique — Comprehensive Two-dimensional Gas Chromatography (GCxGC)
is considered to be the most powerful and versatile separation tool for volatile
components. This technique couples two columns with different separation
mechanisms via a modulator, so it has the advantages of enhanced sensitivity and
superior resolution, capacity and separation. These facilitate the identification of

unknown compounds *’

. With this technique, a total of 769 compounds were
tentatively identified by TOFMS and quantified by FID in Notopterygii Rhizome et
Radix, which provide useful information to distinguish plants from different
geographical sources *. The development and application of the comprehensive
two-dimensional Gas Chromatography (GCxGC) during 2003-2005 were
summarized in a review *°. It could be used for the detection of constituents at trace
level, establishment of the comprehensive fingerprint, and exploration of unknown

volatile compounds in CHM or TCM preparation, etc. However, up to now, this

powerful tool has not yet been widely used for the analysis of CHM.

13
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2.3.3 High Performance Liquid Chromatography (HPLC)

HPLC is the most popular analytical methods among all, due to its easy operation,
wide suitability and high accuracy for the qualitative and quantitative analyses of
CHM. It is widely used in analyzing and quantifying compounds, very often with
similar structures, in CHM “**®. One of the main advantages of HPLC is that many
detectors can be employed, such as Ulta-Violet Detector (UV), Diode-Arraye Detector
(DAD), Evaporative Light Scattering Detector (ELSD), Flourecence Detector (FLD),
Mass Spectrometry (MS), and Nuclear Magnetic Resonance Spectrometry (NMR),

etc., which extends the possibilities for detecting different classes of constituents.

The UV detector is most frequently used. It is very convenient and sensitive for
determining components with chromophore groups such as flavonoids, phenolic acids
and alkaloids in CHM *. Compounds like saponins, which have very few
chromophore groups, have a poor response with the UV detector. ELSD is an
alternative detector for determination of non-chromophoric compounds in CHM # %
*_For example, Chai et al. determined seven major saponins in Lonicerae Japonicae
Caulis * . Recently, UV combined with ELSD in series has been successfully used for
simultaneous determination of multi-components with different structures in a single
chromatographic run. Li and coworkers determined six major active isoflavonoids and
four main saponins in Astragali Radix by HPLC using UV and ELSD *%. The
combination of UV and ELSD can extend classes of components that could be
detected in an optimal condition to obtain higher sensitivity for each analyte target.
The general implementation of ELSD for quantitative analysis is hampered by several
factors, such a poor reproducibility and mobile phase-dependent characteristic of the
detector. A new method, post-column mobile phase compensation, has been developed

14
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to eliminate the strong dependence of detector response on the mobile phase

composition during gradient elution .

Fluorescence Detection (FD) is uaually more sensitive and can meet the sensitivity

M ° %2 Cai and

requirement for the limit testings of toxic compounds in CH
coworkers determined nephrotoxic and carcinogenic aristolochic acid (AA) in six
CHM with FD by using pre-column derivatization with zinc powder *%. This method
provides a significant increase in sensitivity compared with other common analytical
methods for AA. The limits of detection were 0.39 ng/mL for AA-I, and 0.52 ng/mL
for AA-11, which were two orders of magnitude lower than those obtained from MS or
Electron Capture Detector (ECD), and three-to-four orders of magnitude lower than
the detection limits of UV detector. FD is sensitive, but its application is restricted

because not many compounds in CHM show fluorescence, and derivatization

procedure is usually time-consuming and less reproducible.

MS is becoming more and more popular as a detector for LC >*®. HPLC-MS
provides higher selectivity and sensitivity for assaying minor components, isomeric
compounds, or compounds without chromophore groups. A HPLC-ESI/Time of Flight
TOF-MS was developed to identify and quantify 32 bioactive compounds in the
flowers of Lonicerae Japonicae Caulis simultaneously (Fig. 2.2), with high selectivity,
sensitivity and accuracy “°. Chen and coworkers developed a quantitative method,
using SFE followed by Liquid Chromatography—Atmospheric Pressure Chemical
lonization—mass spectrometry (LC-APCI-MS) analysis for identifying isomeric
compounds, oleanolic acid (OA) and ursolic acid (UA), in Anoectochilus roxburghii

(wall) Lindl®. When MS is used for quantitative analysis, the experimental

15
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conditions have to be optimized, such as ionization methods (ESI or APCI), detection
mode (positive or negative ion mode) and composition of the mobile phase, in order
to get stable and maximal signal to noise ratio. Tolonen et al. compared ESI and APCI
techniques in the analysis of the main constituents from Rhodiola rosea L. extracts by
LC-MS. The positive ion ESI mode was found to be the most sensitive ionization
method for the analyte compounds studied, resulting two-five times higher
signal-to-noise ratios for the extracted ion chromatograms than positive ion mode in
APCI. Totally ten compounds were determined by Selected lon Monitoring (SIM)
mode using ESI in both negative and positive ion mode without mobile phase

additives, while only seven were detected in negative ion mode using APCI .

Except availability of more sensible detectors for HPLC, the appearance of capillary
HPLC and Ultra Performance (UPLC) have increased the analysis efficiency, so that
shorter analytical time and better separation can be achieved ®" ®8. More and more
applications of UPLC in analysis of CHM have been reported % ° 7°. Another
promising development in HPLC technique is the introduction of comprehensive
two-dimensional LC (2D HPLC), resulting is much higher capacities, resolution and

separation efficiency .

Liquid Chromatography-Nuclear Magnetic Resonance (LC-NMR) can produce
comprehensive information for the structure elucidation of novel compounds.
LC-NMR skips the laborious and time-consuming isolation process, and therefore, it
is particularly suitable for the identification of isomeric pairs and unstable compounds.
In most LC-NMR protocols, Solid-Phase Extraction (SPE) is used to trap target

compounds, deuterated reagents are used, and the stoped-flow mode is used to give a

16
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longer scan time to record NMR spectra. In recent years, online LC-NMR combined
with LC-UV/MS has attracted attention due to more qualitative information are
obtained in a single run, including UV spectra, molecular weight, mass fragments, and
NMR spectra ">™. If a suitable bio assay is combined with LC-NMR-MS analysis in
parallel, biological screening and structure identification of the components can be

done simultaneously .

2.3.4 Capillary Electrophoresis (CE)

Compared to HPLC, CE requires lower consumption of solvent and sample. Capillary
Electrophoresis (CE) coupled with Mass Spectrometry (MS), is also very powerful in
separating of characterizing compounds in CHM “> 4679 't js a valuable alternative
to LC-MS methods for the analysis of some special secondary plant metabolites (such
as, alkaloids). There are different separation modes in the CE technique: Capillary
Zone Electrophoresis (CZE), Micellar Electrokinetic Chromatography (MEKC),
Non-Agueous CE (NACE). CZE is suitable for neutral compounds. CZE uses an
uncoated capillary column and requires less maintenance. This is the usual and
simplest separation mode within CE which makes optimization of the experimental
conditions easy. Li and coworkers successfully established a CZE method for
simultaneous determination of four flavonoids, including icariin, epimedin A,
epimedin B and epimedin C in Herbra Epimedii ’. Alkaloids are easy to be charged
and separated by CZE, as described by Zhu and coworkers, who determined tropane
alkaloids in Daturae metel L. ®. Wang et al. determined four alkaloids in <7 min, and
this method was successfully applied to determine the amounts of opium alkaloids in

Papaver somniferum L. samples "°. Analysis of alkaloids by CE avoids the peak
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tailing problem usually occur in the HPLC method, while MEKC can separate
charged and neutral analytes. A simple and rapid MEKC method was developed to
separate and determine four toxic pyrrolizidine alkaloids in Senecionis scandentis

Buch. Ham. and Tussilago farfara L. by Yu et al. ®.

In recent years, NACE, which is based on electrolyte solutions prepared from pure
organic solvents, has become the current interest because many target analytes have
good solubility in organic solvent. Chen and coworkers simultaneously separated
three bioactive triterpenes in six CHM extractions by NACE . NACE also offers
additional advantages, such as better selectivity, smaller electrophoretic currents, and

improved compatibility with mass spectrscopy detection.

2.3.5 Spectroscopic methods

In addition to the above-mentioned chromatographic methods, there are also many
spectroscopic methods used widely in the quality control of CHM, such as FT-IR, NIR
and NMR. In comparison with traditional chromatographic methods, spectroscopic
methods emphasize more on the integrative and holistic characteristics of CHM.
Moreover, these techniques are simple, rapid with little or even no pre-preparation of

sample.

Fourier Transform Infrared Spectroscopy (FT-IR) is originally a spectroscopic
technique to identify the functional groups of the chemical constituents, now it has
been used widely for the identification, quality control and manufacturing process of

CHM in recent years. The techniques included conventional FT-IR, second derivative
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spectroscopy (SD-IR), and Two-Dimensional Infrared (2D-IR) correlation
spectroscopy % 8. Among them, 2D-IR Spectroscopy was proposed by Noda in 1986.
The technique was then introduced to the quality control of CHM by Sun . The 2D
correlation analysis simplified the complex spectra consisting of overlapped peaks, by
enhancing the resolution for interpretation in second dimension . CHM powder
samples are milled with potassium bromide (KBr) and then compressed into a thin
pellet for analysis. Sun et al. had demonstrated the characterization of the chemical
constituents in Herba Epimedii, Angelica and their extracts by using FT-IR and 2D-IR
8.86 Based on these techniques, discriminations of Chrysanthemums ', Licorice %
and Danshen ® from different geographic sources, as well as different species of
Fritillaria °, Puerariae Radix ** and animal drugs  have been reported by this group
of researchers. They have also used the same technique for injections from different

manufacturers®* %

. FTIR was used to distinguish whether the cellular wall of
Ganoderma lucidum spores samples have been broken *. FTIR were used to identify
the different origins or species of CHM, while quantitation of chemical markers in

herbal samples is difficult.

Compared with FT-IR, Near-Infrared Spectroscopy (NIR) has a higher precision and
easier sample preparation. As a result, in recent years, there has been an increasing
trend on the use of NIR for the qualitative and quantitative analysis of CHM .
However, the limitation of NIR is that the classification and quantitation models have
to be established with a reference method like HPLC or GC before analysis of test
samples, and the time required for model development is long. So, in recent years,
different multivariate calibration regression methods have been compared in order to

establish a rapid and reliable NIR method . Through NIR method, the
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identification of Puerariae Radix *°, Paeoniae Radix %, Pseudostellariae Radix %,

10 102

Scutellariae Radix %, Lonicerae Japonicae ', and Corydalis Rhizoma ' from
different geographical sources, and the representative compounds in these plants have
been quantified by the partial least squares (PLS) regression ** 1°1%2 Moreover, based
on the properties of allowing rapid analysis of solid samples, NIR was applied as a

104, 105

tool for real-time and online monitoring of extraction process , pharmaceutical

blending process *®° and intermediates of a TCM injection .

Although NIR is impossible to replace the chromatographic LC method, our work
reported in later part had demonstrated that the major component(s) (>0.1%) in CHM

can be analyzed quickly and simultaneously by NIR .

Nuclear Magnetic Resonance (NMR) spectroscopy is a conventional structural
identification technique of natural products, but recently, it is developed into an
important tool for the qualitative and quantitative analysis of traditional herbal

medicines, especially for the metabolomics and metabonomics studies of plants 10"2%°,

2.4 Fingerprint analysis for quality control of CHM

Fingerprint method emphasizes the integrated chromatographic or spectroscopic
characteristics of samples. It addresses the systematic and comprehensive nature of
CHM, so it has been internationally accepted as one of the efficient methods to control
the quality of CHM ™. Today, The Chinese State Food and Drug Administration

(SFDA) tried to standardize CHM injections and their corresponding raw materials
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made from the CHM, by developing chromatographic fingerprinting for formulation
from different manufactures. In Hong Kong, the Department of Health has published
the “Hong Kong Chinese Materia Medica Standards” as a guideline to the quality
requirement of the common CHM prescribed in Hong Kong and fingerprints are used
as a mean to describe the quality of the herbs. These promote the use of the fingerprint
techniques. There are several approaches in the fingerprint studies of CHM, the
“multi-components approach”, the “pattern approach” and the “multi-pattern

approach”.

2.4.1 Multi-components approach

The conventional analysis of herbs by identifying one or two markers in CHM can be
considered as the simplest kind of fingerprint. If the bioactivity of the compounds
were not known, a marker which is specific to the CHM could be selected for the
analysis. Conventionally, the content of the marker is used as a reference to ensure the
concentration of other compounds presented in the herbal mixture assuming that the
ratio between the content of marker and other components are about the same. This
approach is used in the quality control of the raw materials, intermediates as well as
finished products. Marker approach is commonly applied to determine the
batch-to-batch consistency of herbal products in manufacturing process, but in fact,

only little chemical information was considered and monitored.

The multi-component approach is a natural extension of the marker approach, which
assay as many bioactive markers as possible. Chemical constituents of CHM comprise

of different classes of compounds (e.g., saponins, flavonoids, alkaloids and
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anthraquinones). Many analytical methods have been developed for the simultaneous
determination of compounds of certain class or different classes. Twelve polar and
non-polar ginsenosides in red ginseng were analyzed using the RP-HPLC-PAD

method simultaneously by Lee .

However, the chemical compositions of CHM and the bioactive compounds are
usually of low content. This made the isolation and identification of pure compounds
difficult, and most reference components are not commercially available or very
expensive. These disadvantages limit the multi-component approach to laboratory

research.

2.4.2 Pattern approach

The basic concept of the fingerprint pattern is to consider the whole chromatographic
profile or the whole spectrum as a feature for identification. It uses the relative
compositions of many or even all identified components, i.e. the chemical profile of
the sample, for identification or quality control purposes. Although the compounds
present are not known, this approach appears to be more logical for evaluating the

consistancy of CHM and products.

Chromatographic fingerprinting characterizes the chemical composition of the CHM
by a set of peaks. The samples with similar chemical patterns are likely to have
similar compositions leading to similar biological activities. The similarity between
profiles could be quantified or evaluated in terms of Euclidean distance, Pearson

correlation coefficient, the cosine of the angle between the two patterns in the

22



Chapter 2

multi-dimentional space, similarity ratio and etc. The similarity of the whole
chromatogram serves as a measure to verify the composition of CHM herbal extracts
or preparations. The chromatographic fingerprint is considered to be practical way to
monitor CHM extracts and preparations as the consistency of the CHM products can

be guaranteed **2.

There are enormous examples in the literature reporting fingerprints for complex
systems. The use of spectroscopic techniques coupled with chromatographic methods
(e.g., high-performance thin layer chromatography (HPTLC), LC, GC or CE coupled
with UV, DAD, ELSD, MS or MS2) provides spectral information which would be
very helpful for the qualitative analysis and even structural elucidation of constituents
of CHM ™3, For example, Cai et al. developed the chemical fingerprint for Rhizoma
Gymnadenia by HPLC-DAD-MSn ™. The fingerprint was constructed from UV
chromatograms; similarity between cheomatograms was evaluated with the
Computer-Aided Similarity Evaluation System (CASES). Seven main peaks in the
fingerprint were identified from their mass spectrum. We have illustrated the use of
fingerprinting in the similarity and classification studies of Puerariae Radix in Chapter

4.

2.4.3 Multi-pattern approach

Some CHM, especially for complex prescriptions with many herbs, might have many
different classes of compounds as active components. It is therefore almost impossible
to use a single detector to reveal all chemical constituents in the CHM. It would be

better to develop a fingerprint by combining various chromatographic approaches

23



Chapter 2

with different detections to provide comprehensive information about the quality of
CHM. This approach is referred as multi-pattern. Li and coworkers *** successfully
developed a multi-pattern fingerprint of the total alkaloids from Caulophyllum
robustum based on various chromatographic analysis using HPLC/DAD and
HPLC/GS/MS. Van Nederkassel et al. established a Ginkgo biloba fingerprint

chromatogram based on UV and ELSD detections *°.

Another way to include more information is to include all spectroscopic data in the
fingerprint. Chen developed a 2D fingerprint to analyze various Qingkailing injections
by analyzing HPLC/DAD data with PCA ™. This fingerprint compiled of
chromatographic data at all wavelengths, much more data was used. In addition to 2D
HPLC fingerprint, some other binary chromatographic fingerprints were developed by
combination of two different separation principles, such as HPLC/DAD for
aporphinoid alkaloids and GC/MS for quinolizidine alkaloids in Caulophyllum
robustum, both fingerprints were combined to represent the total alkaloids contained

in the herb *°,

2.4.4 Chemometrics techniques for fingerprint analysis

Fingerprint, no matter the multi-component approach, pattern approach or the
multi-pattern approach, is a way to represent the chemical information of the CHM
extract or preparation. However, development of the chromatographic fingerprint
could be difficult for some CHM which contain a large number of chemical
components. Also, natural variations in the CHM and instrumental variations in the

data are also unpredictable factors. Therefore, extracting useful chemical information
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from the chromatographic data is important in defining the fingerprint.

Chemometrics is the application of mathematical and statistical techniques to retrieve
information from the data. Thus, the application of chemometrics techniques could
greatly improve the quality of the fingerprint obtained. The chromatographic profile
of a complex mixture such as CHM extracts or preparations almost always contained
overlapped peaks. These overlapped peaks hinder the identification of chemical
components present as pure spectra of the corresponding components cannot be
obtained. The Heuristic Evolving Latent Projections (HELP) technique, sometimes
being referred as the Chemometrics Resolution Method (CRM) developed by our

118, 119

collaborator Liang and co-workers is particularly useful in resolving overlapping

peaks and extract chemical information in chromatographic fingerprint of CHM.

Chemometrics techniques are also very useful in building pattern fingerprint. First of
all, as we have mentioned previously, a measure for similarity between
chromatograms is essential for objective comparison. The similarity could be
measured in terms of Euclidean distance, the Pearson correlation coefficient, or the
cosine of the angle and similarity ratio. For more advanced comparison, pattern
recognition, classification or clustering techniques such as Principal Component
Analysis (PCA), Soft Independent Modeling of Class Analogy (SIMCA) and Atrtificial
Neural Networks (ANN) can be used 2% 2!, Details of the chemometrics techniques
will be discussed in next chapter, and the application of the classification techniques is

discussed in the study of Radix puerariae in Chapter 4.
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2.5 Summary

Quality control plays an important role in the researches and developments of CHM.
Different modern extraction methods for CHM, as well as chromatographic and
spectroscopic methods for separation and characterization used in the quality control
of CHM are reviewed. The different approaches of the chemical fingerprint analysis
are also described, which include ‘multi-components approach’, ‘pattern approach’
and ‘multi-pattern approach’. Pattern approach was widely accepted by Chinese
authorities in last decade, which served an important step towards standardization and
modernization of CHM. We believe that including all chemical information in data
analysis is very important to the quality control of CHM. This presents the
characteristic of multi-target and synergistic action of CHM as different constituents
are represented by the pattern. In the development of fingerprint analysis, data
acquired from hyphenated instruments analyzing with chemometrics techniques
provide the most powerful tools at the moment for establishing chromatographic
fingerprint of CHM and serve as important foundation to examine their

pharmacological activity.
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Chapter 3: Principles and
Applications of Near-Infrared

Spectroscopy in Quality Control
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3.1 Introduction

Near-Infrared Reflectance Spectroscopy (NIRS) is relatively speaking, a new
spectroscopic technique that offers many advantages with a broad range of
applications. The near infrared bands are severely overlapping and difficult to
interpret by inspection. However, by using suitable mathematical and chemometric

techniques, NIRS could be a powerful analytical tool for chemical analysis and

122,123 124 125
, food |

quality control in agriculture , chemical **® and oil industry *?®. In the
last decade, NIRS together with chemometrics techniques have proven their

effectiveness for both qualitative and quantitative analyses in different fields.

NIRS examines transitions between the visible and mid-infrared spectral regions
(800-2500 nm or 12821-4000 cm' ) The transitions involved are mainly
vibrations of —-CH, —OH, —SH and —NH bonds. All the absorption bands are the results
of overtones or combinations of the fundamental vibrational transitions **’. There are

many references and papers which describe the theory of NIRS %1%

NIRS is generally recognized for its speed, low cost and non-destructive characteristic.
Thanks to the improvements in the instrumentation, and the advancement in the
computer power, the development of fiber optics that allow chemometric methods and
the applications of NIRS increased expontancially. Chemometrics plays a very crucial

role in the data interpretation in NIR. Chemometrics *3°*%

is a discipline developing
suitable mathematical and statistical methods for optimization of the experimental
procedures and data treatments of chemical analysis. Major topics in chemometrics

include experiments design, and information extraction methods (modeling,

classification and test of assumptions). In this chapter, commonly used chemometric
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techniques relevant to the analysis of NIR spectra are discussed. The three main
classes of techniques are the following:

e Mathematical pretreatments

e Classification methods

e Regression methods
A summary on the previous studies on the application of the NIRS in CHM are

discussed in this chapter.

3.2 Theory and features of NIR spectra

NIRS examines spectral features in the range from 780 to 2500 nm (12,500 - 4,000
cm™) which provides information related to the complex vibrational behavior of the
molecules. Transitions in the NIR region mainly involve the vibrations of the O-H,
C-H, C-O and N-H bonds of a molecule. These bonds are subjected to vibrational

energy changes when irradiated with NIR radiations.

For diatomic molecule, the vibrational frequency f can be determined assuming the
harmonic oscillator behaviour in which the force on an atom is proportional to the
128

shift from the equilibrium position of the atom in the molecule (Hooke’s Law)

and the frequency is given by,

f=— |& (Eq. 3.1)

where k is the force constant which is a measure of the strength of the bonding in the
molecule, and W is the reduced mass.
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In the harmonic oscillator model, the potential energy with respect to the bond
distance is represented by a parabola centred at the equilibrium distance. After solving
the equation of motion as described by quantum mechanics, the allowed energy states
of a harmonic oscillator are evenly spaced. These energy states are labelled by a

non-negative vibrational quantum number, v, and the energy, E, of the n-th level is

given by the following equation %,
1
Eq =hf (n+) (Eq. 3.2)

where h is the Planck’s constant and f is vibrational frequency defined above

The selection rule of the transitions between vibrational energy states of a harmonic
oscillator is An = 1. As the vibrational energy levels are evenly spaced and the
energy difference between two successive levels is always equal to E,.y — E, = f,
which is the vibrational frequency. At room temperature, most of the molecules stay in
the vibrational ground state (i.e n = 0), the transition from n = 0 to 1 is the major

vibrational transitions which is usually called the “fundamental”.

For polyatomic molecules, the vibrational motions became more complex. As more
atoms are present, there are different modes of vibrations corresponds to oscillations
of different atoms. For a non-linear molecule with N atoms, there are 3N — 6 modes of
vibrations, the vibrational motions of a polyatomic molecule can be considered as a
series of independent harmonic oscillators. Thus, the vibrational energy for each mode

is described by Eq 3.2. The vibrational energy of the molecule, E, is then given by the
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following equation, *%.

3N-6

E(ng,np,nz,..) = > (0 +%)hfi (Eq. 3.3)
i1

where ni, Ny, ..., Nane and fa, fo, ..., fang are the vibrational quantum number and

vibrational frequency of different normal modes, respectively.

Similar to the case of diatomic molecule, most of the polyatomic molecules reside in
ground vibrational state (all vibrational quantum numbers equal to zero) at room
temperature. For transitions involved only one vibrational mode, transitions from n =
0 to 1 is known as the fundamental and transition to higher vibrational levels are
known as overtones. Transitions involved more than one vibrational mode which is
known as combination bands. In the harmonic oscillator model, only fundamental
transition is allowed, overtones and some combinations bands are forbidden. However,
these transitions do observed in practice as harmonic oscillator model is only an
approximation and real molecules behaves differently from harmonic model, which

usually known as the anharmonicity effect.

In reality, the vibrational motion of molecules deviate from the harmonic oscillator
model as the potential energy curve is only roughly parabolic at low energy. The
nuclei charge on the nuclei limits the approach of the atom to each other when the
bond distance is smaller than the equilibrium distance and the molecules will
dissociate at large bond distance. Because the potential energy curve differs from a
parabola centred at the equilibrium distance, energy differences between two

consecutive energy levels decrease with increasing energy and quantum number. The
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energy level of an anharmonic oscillator are expressed as polynomial of (n + 1/2) as

shown in the following % :
By = f(n+)- A0+ )? (Ea.3)

where y the an-harmonicity constant and f is the harmonic frequency

Usually, the quadratic term in the above equation is sufficient to account for the
observed transition energies for levels with low quantum numbers. The selection rule
An = £1 is no longer hold for anharmonic oscillator, thus, overtone at energy position
approximately two, three, or more times higher than the fundamental frequency can be
observed. The intensities of these higher energy bands decay abruptly because the
transition probability decreases markedly with increasing An. In practice, only the first
two or three overtones can be observed. Combination and subtraction bands arise
from transition involve more than one vibration mode. The transition energy observed
could be approximately a sum of the fundamental frequencies involved

( f,+f,2f +f,etc.) for combination bands or involving their difference
(f,—f,,2f — f,, etc.) for subtraction bands. These bands also have lower intensities

comparing to the fundamentals. Furthermore, anharmonicity results in combination
bands occurs at a frequency smaller than the sum of corresponding fundamental

frequencies involved.

The energy absorption of organic molecules in NIR region occurs when molecules
changes its vibrational state. The NIR region is divided into the short-wave NIR

(SW-NIR) (780 — 1300 nm) and the common NIR (1300 - 2500 nm). The SW-NIR
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region is considered as the absorption band of higher overtones and the latter
corresponded to first or second overtone transitions. Since the absorption intensity
decreases as overtone increases, thus, SW-NIR spectra is usually recorded in
transmission mode with long path length, and common NIR is used in diffuse

reflection analysis.

3.3 Working principle of Near-Infrared Reflectance

Spectroscopy (NIRS)

Although the low molar absorptivity of absorption bands in the NIR region (typical

between 0.01 and 0.1 mol“cm™) severely limits the sensitivity of this technique, but
this permits operation in reflectance mode to record spectra of solid samples. For
reflectance spectroscopy, it measures the light reflected by the sample surface, which
contains a specular component and a diffuse component *2"**3, Specular reflectance,
described by Fresnel’s law, contains little information about composition.
Consequently, its contribution to measurements is minimized by adjusting the
detector’s position relative to the sample. On the other hand, diffuse reflectance
contains more chemical information and can be described by the Kubelka-Munk (KM)

theory which is the theoretical basis for measurements using this technique %,

When an NIR beam incidents on a powdery material of a weakly-absorbing medium,
with certain thickness in order to prevent transmission, it will penetrate the layer and
its direction of propagation may be changed as a result of reflection, refraction and
random diffraction at the surfaces of various particle boundaries. Combination of

these effects is called light scattering. Since scattered light encounters more
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boundaries of particles, further scattering occurs in all directions and some energy is
absorbed, which diminishes the intensity of the NIR beam. Scattering and absorption
take place simultaneously until the remaining attenuated light re-emerges eventually
from the entry surface. This light is called diffuse reflection **®. Diffuse reflectance
highly depends on the particulate nature of the medium and on the effective depth of
penetration to provide a spectrum with representative information of the entire

sample.

In past centuries, many theories such as Lambert cosine law, Mie theory and
Schuster’s theory that have been developed from a general radiation transfer equation
to describe the diffuse reflection of radiation ?® *3*. The Kubelka-Munk (KM) theory
has been the most successful for NIRS with simplified solution to the radiation
transfer equation. Kubelka-Munk theory assumed the particles in the layer are
randomly distributed so that the scattered radiation is distributed iso-tropically and the
particle layer is very much smaller than the thickness of the layer so that the layer is

128

subject only to diffused reflection *“°. With these assumptions, the following

relationship can be obtained,

@-R)* Kk
2R

0

f(R,)= (Eq. 3.5)

where f(R,) is the KM function, and R _ is the absolute diffuse reflectance of the

sample, k is absorption coefficient of the sample and s is its scattering coefficient.

From the KM equation, it can be seen that the reflectance, which is measurable, is
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only the ratio of two constants, k and s. In NIRS measurement, the relative reflectance,

rather than the absolute diffuse reflectance is usually measured.

In practice, the relative reflectance (R), which is the ratio of the intensity of the light
reflected by the sample to that by a standard, is measured. In general, the standard for
NIRS is a material that does not absorb any NIR at any wavelength but reflects light at
an angle identical with the incidence angle. However, no single material can meet
these requirements; the standards used in NIRS must be a stable, homogeneous and
non-transparent material with a high to fairly constant absolute reflectance. Barium
sulphate, magnesium oxide, Teflon and ceramic plate are the standards commonly

used in NIRS .

The KM equation can be re-written in terms of the relative reflectance and the

concentration of the absorbing analyte, c:

b2
f(R) _A-RY)T K 5503,C (Eq. 3.6)
2R S S

where a is the absorptivity and k = 2.303ac , c is the concentration of the absorbing

analyte.

A plot of f(R) against ¢ for sample conforming to this relationship will be a straight

line.

The KM equation is usually applied to diffuse reflection spectra of dilute dispersions

of absorbing material in a non-absorbing powdered matrix. In case, the matrix absorbs
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or an analyte with strong absorption bands, the diffuse reflectance of the sample does
not fit the KM equation and the plot of f(R) against concentration tends to be
non-linear. Since the KM equation is only applicable to weak absorption bands, or
when the product of absorptivity and concentration is small, this is true only within
the NIR region. If the matrix absorbs strongly at the same wavelength region as the
analyte, absorption by the latter cannot be resolved and deviations from the previous

equation becomes much more significant **,

In practise, a widely used alternative is a direct relationship between concentration

and relative reflectance similar to that of the Beer’s law:

=ac (Eq. 3.7)

Where A is apparent absorbance, R is relative reflectance, c is analyte concentration

and a' is the proportionality constant.

Even though the KM equation is an empirical expression, it provides highly
satisfactory results and can be used in many diffused reflectance spectroscopic

applications **,

3.4 Pre-processing methods for NIRS analysis

The NIR spectra acquired are affected by many factors such as the variation of
particle sizes in the sample, different optical paths and crystalline forms. Therefore, a

well defined and systematic sample preparation and analysis protocol is required to
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control the particle size of the sample. To avoid or minimize these interferences, data
pretreatments are applied on the spectra. *** *3’. Certain transformation techniques are
useful to remove baseline shifts, slope changes and curvilinearity of spectra, which

arises from the physical effects of particle size, scattering and other influence factors.

The most commonly used data pretreatments are normalization methods like Mean
Centring **, derivation, Standard Normal Variate *** (SNV) and Multiplicative Scatter

140

Correction (MSC), the derivative methods (for example the Savitzky-Golay

method and *** the detrending 4 %% 1%

. The spectral pretreatments and the
wavelength ranges should be carefully chosen before the pattern recognition in order

to optimize the performance of the model.

3.4.1 Mean Centering (MC)

Mean centering is applied by subtracting the mean spectrum of the data set from every
spectra in the data set. For a data set R(IxJ) of | samples with J discrete digitized

wavelengths, the mean centered j-th wavelength of the i-th sample is defined by

IR .
RIT =R~ (Eq. 3.8)
=1

The practical consequence of the mean centering is often a more simple and
interpretable regression model. Estimated analyte concentration may be more precise
following mean centering of the data. It should be noted that mean centering does not
always yield the most precise calibration model. Each calibration method should be

tested on mean centered and non-mean centered data.
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3.4.2 Derivation

The general characteristic of the NIR reflectance spectrum is a rising baseline with
small number of bands and little fine structures. The baseline depends on the physical
properties, like the particle size of the sample. Second derivative of the spectra are
used in order to minimize the background. As a result, sloping baselines and offset can
be eliminated, while differences in signal height are retained. Also, the fine structures
in the spectrum are improved. However, the derivation transformation would have the
disadvantage of enhancing the noise in the original spectrum so and the

signal-to-noise ratio of the resulting signal is reduced.

The most usual way to determine the derivative of spectra is the segment-gap method.
Firstly, the spectrum is split into segments (of 10 and 20nm for first- and
second-derivative spectra, respectively) that are separated by a gap, and the mean
absorbance in each segment is calculated. The first derivative, measure of the slope
for absorbance data, is equal to the difference between the mean absorbance for
adjacent segments while the second derivative, measure of slope change comes from
the difference between consecutive first-derivative values. Application of the first
derivative suppresses the signals that are constant at every wavelength while
application of the second derivative removes the signals that are proportional to the
wavelengths. In practice, second derivative spectra are used much more frequently
used than the first-derivative spectra and higher orders derivation have no additional

advantages with regard to the quality of the signals obtained.
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3.4.3 Multiplicative Scatter Correction (MSC)

Multiplicative Scatter Correction (MSC) is a preprocessing tool developed to correct
for the light-scattering which is significant in reflectance spectroscopy. MSC assumes
that all the samples have the same scattering coefficients at all wavelength. An “ideal”
or reference spectrum is required and. For that purpose, the average spectrum of the
whole sample set is determined in order to estimate the scattering present in the

spectra. Each individual spectrum is expressed in terms of the set-mean spectrum,

Rii=a +bRj+e (Eg. 3.9)

i i
where R;; is spectral intensity of the i-th sample at wavelength j, ﬁj is the mean

spectrum of the data set, e;; is the residual spectrum at wavelength j, which ideally

contains the chemical information of the data, a; is the fitted offset or intercept, b,

is the fitted slope

In other words, a; represents the “common shift” in the spectrum relative to the
mean, which is related to proportional additive effect, b; represents the “common

amplification” of the spectrum, which is related to multiplicative effect, e;; are the

errors or residual spectrum, which are representative of the difference between R;;and
R j and are mainly attributable of the chemical information. Now, the MSC processed

spectrum is given as follows:

(Ri,j —&)

MSC _
Ri,j = b
1

(Eg. 3.10)
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Since the scattering and particle size are independent of chemical information, one
often defines a sub-region of the spectrum, which represents explicitly the baseline
and contains no other chemical information. This sub-region is utilized to get the

parameters a; and b; and they are applied to process the entire spectrum. One

comparative advantages of MSC over the derivative methods is that the preprocessed

spectrum resembles the original spectrum, which aids the interpretation.

In pattern recognition, MSC is typically applied to each class separately because MSC
includes the determination of the corresponding reference spectrum, and the definition

of the correction terms for each class.

3.4.4 Savitzky-Golay (SG)

Savitzky-Golay (SG) is a smoothing technique commonly used in NIRS. This is a
moving window averaging method; a suitable sized window is selected where the data
are fitted by a polynomial (either second or three degrees polynomial). The central

point in the window is replaced by the value of polynomial ***.

The basic concept of SG is a least square fit to of a polynomial of a given order to
2n+1 consecutive points of the signal that are within in the moving window. A,
A1) ..., An1, An could be derived and used as Savitzky-golay filter coefficients to
carry out the smoothing operation. The use of these weighting coefficients, known as
convolution integers, turns out to be exactly equivalent to fitting the data to a

polynomial, as just described and it is computationally more effective and much faster.
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Therefore, the smoothed data point R3° by the Savitzky-Golay algorithm is given by

the following equation:

n
RS = D ARy (Eq. 312)

i=—n

where R; is the raw data at j-th wavelength, A; is the Savitzky-golay filter coefficient

wheni=-n,...,n

The width of the smoothing window and the order of the polynomial could be chosen

according to width of the peak in the signal and amount of smoothing desired.

3.4.5 Standard Normal Variate (SNV)

This transformation first centers the spectral intensity (Ri;), and then subtracts the
mean of the individual spectrum (R j) from the spectral values obtained at each

wavelength j. These centered values are then scaled by the standard deviation
calculated from the individual spectrum values. The SNV transformed spectrum then

becomes

SNV
R =R -

. _ P2
ﬁi),\/Z(RLJ—_lR') (Eq. 3.12)

where p is the number of variables in the spectrum.
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SNV is able to remove the multiplicative interferences of scatter and particle size. The
comparative advantage of SNV over MSC is that the former can be applied to each
individual spectrum without the knowledge of an “ideal” or reference spectrum. In
general, SNV can be combined with de-trending to remove the curvilinearity of

spectra.

3.4.6 De-Trending (DT)

De-Trending (DT) is another baseline correction method that is able to remove offset
and curvilinearity which for occurs powdered, densely packed samples. This

transformation corrects the spectral baseline on the basis of its nonlinearity. It models
the spectral values (Rj;) to a quadratic function (F?i,j) as F?iyj =a+b-j+c- jzand

subtracts this function (quadratic baseline) from the spectral value by

(Eqg. 3.13)

This transformation also has the advantage that it can be applied to each individual
spectrum, without the knowledge of an “ideal” or a reference spectrum. Normally,

de-trending is carried out in combination with the SNV transformation.
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3.5 Chemometric tools for classification

Classification of samples according to their NIR spectra is an important way for
identification. This is also known as pattern recognition methods, and many important
application have been developed in chemistry *°, biology **, and food sciences **’
are important. The classification techniques can be divided into two categories: the
unsupervised and the supervised methods. In the unsupervised classification, samples
are classified without a prior knowledge on the identity of the samples. Classification
is done by examining the natural clustering of the samples. Supervised pattern
recognition is techniques in which a prior knowledge of the samples is needed. Thus,
the classification model is developed on a training set of samples with known

categories .

Then the model performance is evaluated by comparing the
classification predictions to the true categories of the validation samples. This section

briefly describes the different classification methods.

3.5.1 Principal Component Analysis (PCA)

Principal Component Analysis (PCA) is an unsupervised classification method. It is a
feature reduction method which forms the basis for multivariate data treatment. PCA
is used to visualize the multidimensional data. The most important PCA application is
the reduction of the number of variables in multivariate data for better representation
in a low dimensional space **°. Thus, the new variables (loadings) are linear
combinations of the original ones and can be interpreted like spectra. For example,
drugs of different manufactures were analyzed using NIRS **°. The PCA score plot
confirmed statistical differences between the production sites, and the loadings
identified the wavelengths region with most variation and showed that the excipients
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were responsible of the differences.

Generally speaking, there are two classes of unsupervised clustering methods, the
hierarchical and the non-hierarchical methods. Hierarchical methods proceed by
successive divisions of the data set and result in a cluster sequence which can be
represented as a tree. Non-hierarchical methods included Gaussian mixture models ,
K-means ***, Density Based Spatial Clustering of Applications with Noise (DBSCAN)
152, 153 154 H

or Kohonen neural network ~*. The unsupervised methods are usually for

exploratory studies. Supervised methods described in the next section are usually

better, and found more practical applications.

There are three major differences between supervised pattern recognition algorithms
15 The first distinction between methods is whether the method focuses on
discrimination, such as Linear Discriminant Analysis (LDA), or those that emphasis
on similarity within a class, for example Soft Independent Modeling of Class Analogy
(SIMCA). The second difference concerns linear and non-linear methods like neural
methods. The third distinction is the parametric or non-parametric computations. In
the parametric techniques such as LDA, statistical parameters of the normal
distribution of samples are used in the decision rules. The classical methods for the

supervised classification are correlation based methods, distance based methods, LDA,

SIMCA, and Partial Least Squares Discriminant Analysis (PLSDA).
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3.5.2 Correlation Coefficient

To categorize samples into clusters, similarity or dissimilarity between samples have
to be measured. Commonly used quantities in NIRS to indicate similarity are
Correlation Coefficient (R) and distances *°. R is defined as the cosine of the angle
between the vector for the sample spectrum and the one for the average spectrum for
each class in the data set. Different types of distance can be defined, such as the

Euclidean or the Mahalanobis distance **®.

In supervised methods, a threshold is usually defined for classification. For example,
if the correlation coefficient is higher than a certain threshold, the two spectra are
considered as belonging to the same class. EMEA (European Agency for the
Evaluation of Medicinal Products) guidance encourages the application of wavelength
correlation threshold of 95% or the maximum wavelength distance ***. However, the

choice of threshold is somewhat arbitrary and based on experiences with the data.

3.5.3 Discriminant Analysis (DA)

LDA is a linear parametric method with discriminating characteristics **’. LDA
focuses on finding optimal boundaries between classes. LDA like PCA is a feature
reduction method. However, while PCA selects a direction that retains maximal
variation in a lower dimension among the data, LDA selects the directions that
achieve a maximum separation among the different classes *®. LDA uses Euclidean
distance as the measure for discrimination while Quadratic Dscriminant Analysis
(QDA\) is a non-linear classification method **®. It is generally believed that QDA can

perform better in practical pattern recognition applications compared to linear
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discriminant analysis (LDA) method. This is due to the fact that QDA relaxes the
assumption made by LDA-based methods that the covariance matrix for each class is

identical.

3.5.4 K-Nearest Neighbors (KNN)

159, 160

K-Nearest Neighbors (KNN) is a non-parametric method. An unknown sample
of the validation set is classified according to the class of the majority of its K nearest
neighbors in the training set ***. The matrix of distances of the validation set samples
to all other spectra of the training set is computed. The neighbors of an unknown

sample are the samples having the lowest Euclidean norms. The predicted class is the

class featuring the largest number of objects among the K nearest neighbors.

3.5.5 Soft Independent Modeling of Class Analogy (SIMCA)

SIMCA % is a parametric method which uses the modeling properties of Principal
Component Analysis (PCA). For each class, a PCA is performed which leads to a
Principal Component (PC) model for this class. The validation set is used with every
class models. An unknown sample is assigned to the class described by the model that

produces the smallest residue during the prediction.

SIMCA puts more emphasis on similarity within a class than on discrimination

between classes.
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3.5.6 Artificial Neural Networks (ANN)

Artificial Neural Networks (ANN) is inspired by the structure and functional aspects
of biological neutral networks, which consisted of several layers of neurons: input,
hidden and output layers. A neuron is a processing unit which transforms an input by
an activation function into an output data '°*. In this case, the output data correspond
to the class of the sample. Modern neural networks are non-linear statistical data
modeling tools. They are usually used to model complex relationships between inputs

and outputs or to find patterns in data.

3.6 Chemometric tools for developing quantitative models

NIR spectroscopy cannot be considered as a primary method. Therefore, to develop a
guantitative model it is necessary to have a reference analytical method to evaluate the
property of samples of interest such as the content of certain compounds. The value of
the properties determined by accurate and robust analytical methods are known as the
reference value of the samples. Chemometrics tools are then applied to determine the

correlation between the spectral data and the reference value.

To predict the property of unknown samples from their NIR spectra, a model is built
and validated by using at least two distinct sample sets. The first one is the calibration
set used to establish the model. Another sample set is the validation set used to

evaluate the prediction ability of the model to unknown samples.

The range of the validity of the models is affected by the samples collected and the

variations that have been included in the samples ****¢®. The most common partition is
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that two third of the samples are used in the calibration set and one third is used as the
internal validation set. Some studies on sample selection are comparing the use of
Kennard-stone, successive projections algorithm, random sampling and full
cross-validation on modeling with MLR and PLS **" 1% Wu et al. made a study on

the influence of sample selection in the sets on neural networks models *®°.

Once the model has been constructed and validated, the NIR analysis become routine.
It can be used for prediction from the spectrometer device which was used during the

development step or on another device.

Knowing the identity of a sample is important. However, that is not sufficient for
quality control. Quantitative analysis is the next step forward to verify the sample.
Historically the first quantitative application of NIRS is determining the moisture of
samples. NIRS is quite sensitive in this case because the two strong water absorption
bands at 1450 and 1940 nm 8. The following are the chemometric tools commonly

used to construct a quantitative model.

3.6.1 Multi-Linear Regression (MLR)

The Multi-Linear Regression (MLR) > is the oldest methods of this kind and better
methods are available nowadays as the improvement of computation power. MLR
establishes a linear relationship between a reduced number of wavelengths (or
wavenumber) and a property of the samples (for example, content of a compound).

The prediction value y; of the property can then be described with the formula:
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J
Yi =b0+2bjRLj + € (Eq. 3.14)
j=1

where bj is the regression coefficient at j-th wavelength, R;;the absorbance at the j-th
wavelength of i-th sample and e;is the error. Each wavelength is studied one after the
other and correlated with the studied property. The selection is based on the predictive
ability of the wavelength. There are three modes of selection: forward, backward, and
stepwise. When the correlation at a particular wavelength reaches a threshold value set
by the investigator, it is selected as one of the model calibration wavelengths. The
model is then computed between this set of calibration wavelengths and the reference

values of the studied property.

3.6.2 Principal Component Regression (PCR)
The Principal Component Regression (PCR) is divided into two steps. First the
spectral data are treated with a PCA. Then a MLR is performed on the scores as

predictive variables ’*.  The prediction equation is written

P
Yi =bo + D bjZ; ; +e (Eg. 3.15)
=i

where bj is the regression coefficient at j-th wavelength, Z;; is the principle
component of i-th sample at j-th wavelength, p is the number of the principle

component Z included in the regression, e is the residual.

The method has advantage that the PCA suppresses the spectral colinearity.
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Meanwhile there is no guarantee that the computed principal components are

correlated to the studied property.

3.6.3 Partial Least Squares Regression (PLS)

In PLS %2 the regressions are computed with least squares algorithms. There are
some similarities with the PCR. In both methods, they attempt to find the factors that
will be regressed to Y variables. The major difference is, PLS is to establish a linear
relationship between two matrices, the spectral data X and the reference values Y.
PLS uses both the variations of X and Y to find out the new factors as the variables,
while PCR only consider the variation of X only. The intention of PLS is to form
factors that capture most of the information in the X variables, which is useful in
predicting y;, while reducing the dimensionality of the regression by using fewer
factors than the number of X variables. This can be visualized by the representation of
the spectra in the wavelength space to determine directions, represented by linear
combinations of wavelengths called factors, which best correlate with the property

under interested (say the content of a compounds).

3.6.4 Artificial Neural Networks (ANN)

ANN can also used for developing correlation models. As described before, ANN
consists of input, hidden and output layers. The first one, called the inputs, where
reflectance at specific wavelengths are feed in. In this case, the output is the content of
the compounds. The hidden layers need to be trained by back-propagation, i.e.,
computing the transfer functions from the output to the inputs to achieve the necessary

predictions.
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The use of ANN requires the optimization of a lot of parameters such as the number of
hidden neurons or the number of iteration to train the network, and of course the
selection of the data pretreatment and the selection of the wavelengths are also

important 1% 174,

3.7 Applications of NIRS

This section highlights some of the application of NIRS in pharmaceutical fields and
quality control of CHM. A brief summary on application of NIRS to quantitation

analysis is given below.

3.7.1 Moisture determination

The moisture determination is one of the very first applications of NIRS in the
pharmaceutical field. Water is a critical parameter that has to be controlled in a lot of
pharmaceuticals because that affect for the stability of the product. There are strong
water signal in the NIR spectral range with two bands centered at 1450 nm and 1940
nm. Thus, the technique could be applied even the instrument is not very sensitive.

NIR spectroscopy is used to determine the water content in powders or granulates

175-177 178, 179

, tablets or capsules , as well as in lyophilized vials or in solutions **°. This
has been developed for a long time; most of the recent applications of NIRS in

moisture determination are on-line detection in production environment.
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3.7.2 Content determination

NIR spectroscopy is used for the quantitative determination of active compounds,
excipients, or coating thickness in pharmaceuticals. Samples can be of various types,
including powders, granulates, tablets, liquids, gels, films or lyophilized vials. NIRS
methods were used to determine the content of an antimalarial-antibiotic (artesunate
and azithromycin) co-formulation in hard gelatin capsule *®*. The content of aspirin
and phenacetin were determined simultaneously in the aspirin tablets by NIRS %,
Furthermore, NIRS is capable to determine the active components API ketoprofen as
well as two preservatives in low concentration of a pharmaceutical gel, with the hydro

gel exhibiting a strong matrix absorption in the NIR region %,

More and more studies are published on the use of NIR spectroscopy to follow the
process of tablets production, from the raw materials, either coated or uncoated, and

on packaged tablets #+%

3.7.3 Quiality control of CHM

In the recent years, there were a few publications which are successful on establishing
the quantitation models for active ingredient of CHM by using NIRS. For example,
Chen and Sorensen developed that the quantitation models of glycyrrhizin and
ginsenosides, the marker constituents of Radix Notoginseng. The correlation
coefficients are 0.94 and 0.98 respectively through a modified PLS **”. Ren and Chen
established the gquantitation model of the total ginsenoside in American Ginseng with
correlation coefficient of 0.99 by PLS . The quantitation models of the markers,

hyperforin and biapigenin of St John’s Wort, have been established by Rager et al.

52



Chapter 3

using PLS with correlation coefficient 0.97 and 0.91 respectively **°. A SIMCA model
was developed to identify the Lonicera japonica, six organic acids were determined
by PLS model using NIRS 2. NIRS was also applied on the quality control of
Chinese medicine injection - Tanreqing injection, four markers baicalin, chlorogenic
acid, ursodeoxycholic acid, chenodeoxycholic acid, and the total solid contents were
determined **°. The application of NIRS on CHM is more difficult than in other fields,
it is because CHM contain hundreds of chemical constituents which hinder the signal
of the marker of interest, which is called matrix effect. The matrix effect could vary
from sample to sample with different geographic origin. For the common cases, the
markers present in the CHM are usually low (<1%), which is not high enough to be

detected by NIRS.

We had attempted to perform quality control of CHM by using NIRS. Two species of
Phellodendri Cortex were identified and differentiated by PCA, and the content of
berberine and total alkaloid content in all Phellodendri Cortex samples were
determined by NIRS . Two species of Puerariae radix were classified by using linear
discriminant analysis (LDA) and soft independent modeling class analogy (SIMCA).
Five isoflavonoids, puerarin, daidzin, daidzein, genistin and genistein were analyzed

by NIRS with HPLC *.

3.8 Summary

The basic principles of NIRS are described in this chapter. Data pre-processing is
important to eliminate the background and enhance the differences in signals. With
appropriate chemometric tools, NIRS is capable to perform classification of different

types of samples and quantitative analysis of the interested compounds in the sample.
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The chemometric techniques used in interpretation and analyzing the complex NIRS
data were described. In detail, the commonly used pre-processing (MSC, SG, SNV...),
classification (SIMCA, LDA...) and regression (MLR, PCR, PLS...) methods were

discussed.

NIRS has proved its suitability for the analysis of pharmaceutical formulations and
food products in western country long ago. However, its limited sensitivity can
severely restrict its scope of application. That is the reason the application of NIRS in
quality control of CHM were only found in recent. A systematic procedure of building
the NIRS models with appropriate chemometric techniques will be the key topic in

this study to increase the sensitivity of the models built.
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Chapter 4: Classification and
Quantitation Analysis of Puerariae

Radix
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4.1 Introduction

Conventional identification of Chinese Herbal Medicines (CHM) is based on
morphological examination. Identification and quantitation of one or two markers by
Thin Layer Chromatography (TLC), High Performance Liquid Chromatography
(HPLC), and Gas Chromatography (GC) etc are the commonly accepted quality
assessment methods as described in Chapter 2. Yet, these commonly used analytical
methods are time-consuming, labor-intensive, expensive, and require large amount of

organic solvents %

. While in comparison with these methods, Near-Infrared
Spectroscopy (NIRS) emphasize much more on the integrative and holistic
characteristics of CHM, which could serve as a potential tool to correlate and
determine different quality parameters of CHM from its NIR spectra as it is a rapid,

accurate and nondestructive technique.

NIRS is commonly utilized for prediction of content of major chemical components
(30-95%) in the samples and found many applications in pharmaceutical and other
industrial fields. In this chapter, the feasibility of employing the NIRS technique to
access the quality of an herb is being examined. Puerariae Radix has been chosen for
study because more than one species are used, and it consists of high content of
markers (2-7%). Radix Puerariae was obtained from the root of two species Pueraria
lobata (Wild.) Ohwi (YG) and Pueraria thomsonii benth (FG) previously, but the two
species have been listed as two different entries in Chinese pharmacopeia since 2005
due to the large difference in the isofloflavonoids contents. The high content of the
markers and large variation in the two species is favorable to NIRS analysis.
Eighty-nine samples were collected and analyzed. The classification of the two

species were done by using Linear Discriminant analysis (LDA) and Soft independent
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modeling of class analogy (SIMCA), Partial least square (PLS) regression was utilized
to develop correlation models to predict its isoflavonoids contents.

98,189, 192-195 4 there is an

Some NIRS studies on CHM have been reported recently
increasing trend on the use of NIRS for quality control of CHM. In this work, we tried
to establish reliable quantitative and classification models based on NIRS spectra. A

systematic and objective procedure for data analysis, selection of training sets, model

construction and evaluation have been developed.

4.2 Background of Puerariae Radix

Puerariae Radix is known as Gegen in Chinese. The roots of Pueraria lobata (Willd.)
Ohwi (YG) and Pueraria thomsonii Benth (FG) were both used as Puerariae Radix in
the past. Since 2005, the Chinese Pharmacopeias only considered Pueraria lobata
(Willd.) Ohwi as Puerariae Radix, the puerarin, the major isoflavonoid presents, in
YG could be 10 times more than that of FG. This may lead to a significantly
difference in the pharmacological effects. Traditionally, YG is used in treating

diseases while FG is usually consumed as food.

Puerariae Radix is the dried root of the Pueraria lobata (Willd.) Ohwi, is collected in
autumn and winter. YG is often cut into thick slices or pieces when fresh and dried.
FG, known as “starchy Puerariae Radix”, is the root of Pueraria thomsonii Benth with
the outer bark removed, dried for a while, then cut into sections or cut again

longitudinally into two parts and dried .

The appearances of YG and FG are different. YG is longitudinally cut rectangular,
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thick slices or small square pieces, 5-35cm long, 0.5-1cm thick. The outer bark pale
brown, with longitudinal wrinkles, rough, cut surface yellowish-white, striations
indistinct. Texture is pliable and strongly fibrous. FG, cylindrical, almost fusiform or
semi-cylindrical, 12-15 cm long, 4-8 cm in diameter; some are longitudinal or
obliquely cut think slices, varying in size. It is externally yellowish-white or pale
brown or greyish-brown when unpeeled. Transverse section shows pale brown

concentric ring formed by fibers. The texture is hard and starchy **.

According to TCM description, the properties of Puerariae Radix are sweet and
pungent in flavor, cool in nature and attributive to the spleen and stomach meridians.
Puerariae Radix is used to expel pathogenic factors from the muscles, to abate heat, let
out the skin eruptions, promote the production of body fluid to relieve thirst and uplift
yang to relieve diarrhea. It is used internally as spaasmolytuc, antipyretic, secretary,
anti-diarrheal and for the treatment of alcohol addiction, angina pectoris and

hypertension **.

4.3 Chemical and biological studies of Puerariae Radix

4.3.1 Chemical studies

Puerariae Radix contains rich isoflavonoids components like puerarin, genistin,
genistein, daidzin, daidzein, 3’-hydroxy-puerarin and daidzein-4’7-diglucoside

197 \which is also

One major class of constituents in Puerariae Radix is isoflavonoids
pharmaceutically active. The herbal extract is rich in isoflavonoids, which are also
believed to be responsible for most of the biological activities of the herb. Several
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isoflavonoids, such as puerarin and daidzin, have been isolated **%%?, The puerarin
content in YG is 5-10-fold higher than that in FG. Puerarin content should not be less

than 2.4% and 0.3% for YG and FG, respectively according to Chinese Pharmacopeia

203

a) Puerarin b) Daidzin
OH
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d) Genistin

e) Genistein

Fig. 4.1 The chemical structure of isoflavonoids a) puerarin, b) daidzin, c) daidzein, d)

genistein, and e) genistin *’.
Besides, triterpene compounds are present in Puerariae Radix, which included

kudzusapogenol A, kudzusapogenol B, kudzusapogenol C, kudzusapogenol B

methylvester, sapogenol, sophoradiol, and cantoniensistro **.
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Several analytical methods were reported to distinguish the two species of Puerariae
Radix by determination of the isoflavonoid content using High Performance Liquid
Chromatography (HPLC) 3% 197 204206 and High Performance Thin Layer
Chromatography (HPTLC) * 9. However, both methods are destructive and

time-consuming.

4.3.2 Biological studies of isoflavanoids of Puerariae Radix

Modern studies of Puerariae Radix had shown that its extract exhibits antidipsopic

200, 201, 207, 208 202, 209-212 213,214

effect , antioxidant effect , estrogenic activity , anti-cancer

215, 216 217-220

effect , and neuro-protective effect
There are many reports on the effect of Puerariae Radix to reduce alcohol addition,
Keung 2" demonstrated that a crude extract of Puerariae Radix suppresses the
free-choice ethanol intake of ethanol-preferring golden Syrian hamsters and the results
suggested that daidzein and daidzin account for this effect, a similar study using rat
also reach the same conclusion *®. A clinical study had been conducted on some
alcohol drinkers 2. Significant reduction in beer consumed has been observed in the
drinkers after Puerariae Radix treatment as a result of a decrease in the volume of
each sip. The underlying mechanism of alcohol consumption reduction effect of
daidzin had been examined “*, correlation between daidzin's capacity to reduce
alcohol consumption and its ability to increase the liver mitochondrial monoamine
oxidase (MAO): aldehyde dehydrogenase (ALDH-2) activity ratio has been

established.
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Several studies 2%%%1

on Puerariae Radix extract confirmed its protective effect on the
oxidative stress induced by hydrogen peroxide in vitro and in vivo. Puerarin has been
found to be the active component. Thus, the aqueous extract of YG showed much
stronger antioxidant activity than that of FG 2%2. Other than puerarin, it is found that
quercetin and rutin inhibit the oxidation of High-density Lipoprotein (HDL)

significantly 22,

The isoflavonoids of YG showed estrogen-like effect on lipid metabolism in liver and
adipose tissue %3, The estrogenic activity of Puerariae Radix was investigated by a
recombinant yeast screening assay (YES) **. The higher the isoflavonoid content in
the Puerariae Radix extract, the stronger the estrogenic activity. This suggested that

Puerariae Radix extract could be a good candidate for hormone replacement therapy.

The anti-cancer activity of Puerariae Radix had also been studied. A fraction PE-D
purified from the ethanol-extract of Puerariae Radix has significant anti-proliferative
effects on breast cancer cell lines MCF-7, MDA-MB-231, ovarian cell line (2774) and
cervical cancer cells lines (HelLa). The anti-cancer activity is due to the component
exhibits a similar behavior as that of 178 - estradiol, which activates both estrogen
receptor o (ERo) and B(ERB) *°. Another finding showed that puerarin promote the
apoptosis of colon cancer call line (HT-29) and reduce cell viability, which suggesting
it could be a chemopreventive and/or chemotherapeutic agent for colon cancer cells

(HT-29) by reducing cell viability and inducing apoptosis 2°.

Puerariae Radix had been claimed to have neuro protective effect. Yan %'’ reported the

Puerariae Radix extract exhibited anti-depressant effect to neuronal damage caused by
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CIR (Crerebral Ischemia Reperfusion), these damages play an important role in the
development of post stroke depression (a common and severe complication after

stroke) #8220,

From the above information, it is quite clear that the isoflavonoids in Puerariae Radix
are the active constituents which account for the major biological effects for the
therapeutic actions of the herb. Therefore, the content of isoflavonoids in Puerariae

Radix is an important parameter to evaluate the quality of Radix Puerariae.

4.4 Experimental methods and materials

4.4.1 Samples and chemicals

Seventy-five YG and fourteen FG samples were collected from different provinces of
China. All samples were authenticated by Dr Si-Bao Chen (State Key Laboratory of
Chinese Medicine and Molecular Pharmacology, Department of Applied Biology and
Chemical Technology, The Hong Kong Polytechnic University, Hung Hom, Hong
Kong, China ). Table 4.1 shows the species and the geographic origins of the samples.
All samples were grinded into powder and passed through a 100 mesh (150um)
stainless sieve. The sieved powdered samples were stored in plastic containers at 20°C.

Samples were freezed dried for 2 days before analysis.

Puerarin, daidzin, daidzein, genistin and genistein, were purchased from International
Laboratory (USA) to serve as standards or markers. HPLC grade acetonitrile and

acetic acid were purchased from Tedia (USA) and deuterated dimethyl sulfoxide

62



Chapter 4

(99.8%) was obtained from Armar. Double deionized water was prepared by a Milli-Q

water-purification system (Millipore, MA, USA).

Sample Sample Latin Name Origin
No. Code
1 FG-02 Pueraria thomsonii Benth Hunan, China
2-4 FG-03 — 05 | Pueraria thomsonii Benth Guangdong, China
5 FG-06 Pueraria thomsonii Benth Yujiang, Jiangxi, China
6 FG-07 Pueraria thomsonii Benth Nanjing, Jiangsu, China
7 FG-08 Pueraria thomsonii Benth | Baoan, Gunagdong, China
8 FG-09 Pueraria thomsonii Benth | Shenyang, Liaoning, China
9 FG-10 Pueraria thomsonii Benth | ChengDu, SiChuan, China
10 FG-11 Pueraria thomsonii Benth Shanxi, China
11 FG-12 Pueraria thomsonii Benth Guangxi, China
12-14 | YG-01-03 Pueraria lobata Ohwi Huoshan, Anhui, China
15-18 | YG-04 - 07 Pueraria lobata Ohwi Putian, Fuhian, China
19-21 | YG-08-10 Pueraria lobata Ohwi Hunan, China
22-23 | YG-11-12 Pueraria lobata Ohwi Hangzhou, Zhejiang, China
24 YG-14 Pueraria lobata Ohwi Shanghai, China
25 YG-16 Pueraria lobata Ohwi Shenyang, Liaoning, China
26 YG-17 Pueraria lobata Ohwi Nanjing, Jiangsu, China
27-50 | YG-18-41 Pueraria lobata Ohwi Huoshan, Anhui, China
51-52 | YG-42 43 Pueraria lobata Ohwi Shanxi, China
53 YG-44 Pueraria lobata Ohwi Sichuan, China
54-59 | YG-45-50 Pueraria lobata Ohwi Huoshan, Anhui, China
(1 Year old)
60-65 | YG-51-56 Pueraria lobata Ohwi Huoshan, Anhui, China
(2 Years old)
66-71 | YG-57-62 Pueraria lobata Ohwi HuoShan, AnHui, China
(3 Years old)
72-77 | YG-63-68 Pueraria lobata Ohwi Huoshan, Anhui, China
(4 Years old)
78-83 | YG-69-74 Pueraria lobata Ohwi Huoshan, Anhui, China
(5 Years old)
84-89 | YG-75-80 Pueraria lobata Ohwi Huoshan, Anhui, China
(Above 5 Years old)

Table 4.1 Puerariae Radix samples collected for the study.

4.4.2 High Performance Liquid Chromatography (HPLC) analysis

Chromatographic analysis was carried out on a Thermo ODS hypersil column

(250mmx4.6mm,5um) at ambient condition using an Agilent 1100 liquid
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chromatography system, equipped with a quaternary solvent deliver system, an
auto-sampler and a DAD system. The detection wavelength was 254 nm. The mobile
phase consists of (A) acetonitrile and (B) 0.3% (v/v) acetic acid and the gradient
elution program is as follows: 0-25% (A) at 0-30 min; from 25% to 45% (A) at
35-40 min and from 45% to 95% (A) at 40—45 min. There was 10 min re-equilibrium
between injections. The flow rate was 1.0mL/min and aliquots of 10uL were injected

into the HPLC.

0.2 g sample, accurately weighed, was sonicated with 20mL 50% ethanol for 30 min.
Then, the mixture was filtered and evaporated to dryness with a rotary evaporator.
Afterward, the residue was re-dissolved in 10mL and 20mL methanol for FG and YG
samples, respectively. Finally, the sample solution was filtrated through a 0.45um

syringe filter before HPLC-DAD analysis.

4.4.3 Near-Infrared Spectroscopic (NIRS) analysis

All NIR spectra were recorded by a NIRSystems Model XDS spectrometer (Foss
NIRSystems, Silver Spring, MD, USA) equipped with a quartz halogen lamp and PbS
detector. NIR spectra of the all samples were collected in reflectance mode over the
spectral region 1100 to 2500 nm at a resolution of 0.5-nm. The spectra were acquired
with a circular sample holder with a quartz window (38 mm in diameter and 10 mm in
thickness). Each sample spectrum was obtained by averaging 32 scans. All spectra
were recorded as the logarithm of the reciprocal reflectance, log (1/R), with respect to
the ceramic reference standard. Each sample measurement was repeated three times

after rotation of the sample holder by 120° and the three spectra collected were
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averaged.

Several data preprocessing methods, including derivation, Multiplicative Scatter
Correction (MSC), Savitsky-Golay (SG), Standard Normal Variate transformation
(SNV) and detrend have been applied to all NIR spectra to minimize the interferences
such as scattering effect and baseline shift, as well as to enhance the spectral
differences and to smooth the spectra etc. All data analysis was performed using a

VISION (3.0.1.0), FOSS Nirsystems, and MATLAB (version 6.5)

4.5 Results and discussion

4.5.1 Purity determination of the chemical standards by quantitative

H-NMR

The purity of the standard compounds affects the subsequent quantification analysis.
To verify the purity of the standard compounds, about 1.5mg of markers and 1.2mg of
internal standard (maleic acid 99%, Aldrich) were weighed accurately and dissolved
in 0.3mL of deuterated dimethyl sulfoxide. All 1H NMR experiments were performed
at 400MHz on a Bruker DPX400 spectrometer at 298K. Typical acquisition conditions
for 1H NMR were 45°-pulse length, 5.0 s relaxation delay, 32,768 data points and 32
transients. Spectra were processed using an exponential function with a
line-broadening coefficient of 0.3 Hz. The peak area of H3’ and H5’ of the
isoflavonoids were compared with that of the internal standard signal at 6.26 ppm to
obtain the content of the isoflavonoids. The purities of puerarin, daidzin, daidzein,

genistin and genistein were determined to be 97%, 99%, 99%, 99% and 99%,
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respectively by quantitative H-NMR using maleic acid as a reference (Fig. 4.2). An

appendix 4.1 shows the NMR spectra of the five standards.

O

HO
N OH

O

Fig. 4.2 The chemical structure of maleic acid

4.5.2 ldentification of Puerariae Radix by HPLC-DAD

The NIRS spectra consist of overlapping bands which arises from many chemical
constituents. Assuming each chemical constituent has a distinct NIR spectrum; the
whole spectrum is a sum of all and depends on the chemical compositions. By
correlating the spectra with samples of different chemical compositions and contents,
one can express the contents of certain compounds as weighted sums of spectral
intensities at different wavelengths. The weighting factors can be obtained from
appropriate mathematical analysis on spectra from samples containing known
amounts of certain compounds. For example, if there are n compounds of interests,
spectra collected from n samples contain different amount of these n compounds are
required. The spectral intensities can be expressed as a weighted sum of the spectra of
these n compounds plus a matrix spectrum. This results in simultaneous equation of n
unknown (the unknown are the contents of n compounds). A unique solution for the
weighting factor can be obtained by solving the simultaneous equation if the contents
of the n compounds are known. In other words, an analytical method that can

determine the identity and/or contents of the compound selected for study is required

66



Chapter 4

in order to determine the weighting factors for calculating the content from spectral
intensities. This analytical method is known as the reference method. In this work, a
HPLC-DAD method was developed as the reference method to obtain the contents of
the isoflavonoid in the samples. Thus, prior to NIRS quantitative analysis, the
isoflavonoids compositions of Puerariae Radix samples were examined by
HPLC-DAD. The details of the HPLC method are described below. The method

validation data are given in Table 4.2 and the results are discussed in 4.5.3.

4.5.2.1 Optimization of extraction and chromatographic conditions

Before the chromatographic analysis, the effects of the different experimental
conditions on the amount of puerarin and daidzin being extracted were examined.
Methanol and 95% ethanol were often used as the extracting solvent for isoflavonoids
204,221-223 | this work, other different solvent systems, including 30%, 50% & 70%
methanol, 30%, 50% & 70% ethanol and water were also investigated. It was found
that 30%, 50% methanol and 30%, 50% & 70% ethanol have similar performance on
isoflavonoid extraction (See Fig.4.3). 50% ethanol was selected for our subsequent
experiments as the extraction efficiency of this solvent is higher than 95% for all the

five isoflvaonoids being studied.
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Fig. 4.3 Peak area of puerarin and daidzin content of Puerariae Radix sample by using

different extraction solvents with 1 hour sonication
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Fig. 4.4 Peak area of puerarin and daidzin content in Puerariae Radix samples using

different extraction methods

Afterward, three different extraction methods, including ultrasonic, reflux and soaking
were carried out and the results indicated that the ultrasonic method was the best (See
Fig. 4.4).
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Finally, the extraction durations for ultrasonic method (from 15 min to 2 hrs) were
also examined and the results suggested 30 min was optimal (See Fig.4.5). Thus, the
best extraction procedure for isoflavonoids in Puerariae Radix is sonification with

50% ethanol for 30 min.

6000 - E Pucrarin
[ Daidzin
5000 A
5
o< 4000 -
£
453
£ 3000 A
[+~
—_—
<
L
A~ 2000
1000 +
0 N N e hEm
15 min 30 min 60 min 90 min 120 min

Extraction duration

Fig. 4.5 Peak area of puerarin and daidzin content in Puerariae Radix samples using

sonciation method with different duration

In this work, acetic acid was added to minimize the tailing effect and to suppress the
ionization of the analytes in the mobile phase during the separation process. The best
separation after adjusting mobile phase compositions, flow-rate and gradient programs
were given Section 4.4.3. The relative retention time (RRT) and relative peak area of
the major peaks detected (i.e. puerarin and daidzin > 5% of total peak area) were used
to evaluate the quality of chromatogram. The precision was determined by five
replicated injection of the same sample solution within a day and their RSD of RRT

and RPA obtained were less than 5% for all 89 samples. This suggested that the
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chromatographic condition gives stable separation for isoflavonoid components.

4.5.2.2 Chromatographic studies of YG and FG by HPLC-DAD

Fig. 4.6 shows the typical chromatograms of the standards solution containing the five
isoflavonoid components, the extract of FG and the extract of YG, respectively. The
presences of the five isoflavonoids were confirmed by comparing the retention time
and UV spectrum of the corresponding peak with those of the standards. The retention
time of puerarin, daidzin, genistin, daidzein and genistein are 23.71, 27.40, 32.30,
37.63 and 39.78 min respectively. Overall result suggested that all five isoflavonoids

were found in YG samples, while genistin was absent in FG samples.

70



Chapter 4

Absorbance (mAU)
4
1500 { (a) >
1000 - 1
2
500 - 3
: Y
400
1
(b)
300 A
200 ~
100 1 2 4
A 5
0 b LJU\ A_/L_/\_A .

1500 -
1000 1

500 A

[N .|
0 . , -
30 40

0 10 20
Retention time (min)

Fig. 4.6 HPLC/UV (254nm) chromatograms of the five studied iso-flavonoids
components a) in standard solution, b) extract of Pueraria thomsonii (FG), c) extract

of Pueraria lobata (YG): 1) puerarin; 2) daidzin; 3) genistin; 4) daidzein ; 5) genistein

4.5.3 Validation of the reference method
The limit of detection (LOD) and quantification (LOQ) under the chromatographic
conditions were determined at signal-to-noise ratio (S/N) of 3 and 10, respectively, for

each compound.

The intra-day variability was examined in five replicated injections within one day
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and the inter-day repeatability was determined by repeating the analysis for three
consecutive days. The relative standard derivation (RSD) was calculated with the

formula:

SD. x100%
Mean

R.S.D. (%)=
To examine the accuracy of the extraction method, the recovery test was performed.
Accurate amounts of the five standard isoflavonoids were added to 0.2g dried FG and
YG powder samples respectively, and then extracted and analyzed as described in

Section 4.4.3. The recoveries were calculated by the formula:

(%)= (Amount found - original amount)
Amount spiked

Recovery x100%

The HPLC method developed was validated by linearity, precision and accuracy
according to the guideline in International Conference on Harmonization (ICH) and
the results were shown in Table 4.2. All the calibration curves of the five standards
exhibited good linearity (r>> 0.999) within the test range. The LOD and LOQ were in
the range of 0.2-1.9ng and 0.7-15ng, respectively. The developed analytical method
had good recovery of 100% + 7.5% (n=3) for all five analytes concerned in YG and
FG samples and the relative recovery for all analytes are larger than 95%. In addition,
the intra-day and inter-day variability of puerarin, daidzin in herbal extracts are less

than 5%. All the results suggested that the HPLC assay is reproducible.
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Components | r Test range | Recovery in | Recovery in | LOQ LOD
(ng) YG (%) | FG (%) | (ng) (ng)
(n=3) (n=3)
Puerarin 0.999 | 10 -6000 | 98.3 +0.08 102.1+1.67 | 1.7 0.5
Daidzin 0.999 | 5-4000 |[99.8+1.05 107.5+1.78 | 6.4 1.9
Daidzein 1.000 | 10 -1000 | 102.0+0.66 | 106.3+0.81 |15 0.5
Genistin 0.999 | 5-1000 |107.3+4.50 |109.4+3.00 |3.1 0.9
Genistein 0.999 | 5-200 101.6+3.04 |1024+1.80 |0.7 0.2

Table 4.2 HPLC method validation parameters for the five isoflavonoids

4.5.4 Quantitative analysis of YG and FG

To determine the actual contents of the isoflavonoids present in the Puerariae Radix

samples, calibration of the five isoflavonoids were prepared. Standard solutions of

five isoflavonoids were prepared and diluted to appropriate concentrations. A range of

six concentrations of the five isoflavonoids were analyzed by four replicate injections.

The calibration curves were constructed by plotting the peak areas versus the actual

amount (ng) of each isoflavonoid. The contents were calculated from the equation of

the calibration curve. The concentration range and the retention times of the

corresponding isoflavonoids were stated in the table 4.3:
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Components|Retention Time |Calibration curve* r’ Test range (ppm)
Puerarin 23.786 y =35.24x + 35.85 0.9997 1- 600

Daidzin 27.481 y =31.76x + 20.52 0.9999 |0.5-400
Daidzein  |37.659 y = 65.16x + 8.94 1 1-100

Genistin 32.387 y =42.64x + 6.70 0.9998  |0.5-100
Genistein  |39.797 y =52.86x — 12.47 0.999 0.5-20

y: Peak Area (mAU), x: Concentration (ppm)

Table 4.3 Calibration curves for the five isoflavonoids in Puerariae Radix

Five isoflavonoids in eighty-nine samples of Puerariae Radix were quantitatively

determined by the developed HPLC-DAD method. It was observed that the entire

HPLC chromatographic patterns of these two species were similar except that more

peaks were detected in YG samples. However, as shown in Fig. 4.7, it is worth

noticing that the actual contents of all the five isoflavonoids found in YG are far more

than that in FG.
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Fig. 4.7 Histogram of the contents of the five isoflavonoids in Puerariae Radix
obtained from HPLC (Sample 1-75, 76-89 are YG and FG respectively)

From the Table 4.4, the puerarin content of YG is nearly ten times of that in FG. Thus,
YG and FG are listed as separated entry in Chinese Pharmacopoeia since 2005 2.
Based on the standard derived from Chinese Pharmacopoeia, in which the puerarin
content in YG and FG should be higher than 2.4% and 0.3%, respectively. Base on
these criteria, seventy-five samples collected were classified as YG and fourteen

samples were categorized as FG.
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Content (mg/g)

Sample Puerarin | Daidzin | Genistein | Daidzein | Genistin | Total
iso-flavonoids

Pueraria
lobata
(n=75) 30.42 7.15 0.29 0.96 0.14 38.96
Pueraria
thomsonii
(n=14) 3.46 0.71 0 0.34 0.05 4.57
Table 4.4 The mean contents of the five isoflavonoids in Puerariae Radix obtained
from HPLC

Table 4.5 listed the content of the five isoflavonoids in the 89 Puerariae Radix samples.

The RSD of puerarin and daidzin among all samples are almost less than 2% while,

that of daidzein, genistein and genistin are almost less than 8%. Since puerarin and

daidzin are the two most abundant components (>0.5%) with low RSD, therefore, we

will only focus on puerarin, daidzin and the total isoflavonoids in the NIRS analysis.
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Puerarin (mg/g) RSD (%) |Daidzin (mg/g) RSD (%) |Daidzein (mg/g) |RSD (%) |Genistein (mg/g) [RSD (%) |Genistin (mg/g) |RSD (%)
YG-01 |20.58 +0.22 1.08 1.92 +0.07 3.76 0.26 +0.02 7.89 0.10+0.01 1.44 0.11 +0.00 3.38
YG-02 |50.22 +0.52 1.04 7.42 +0.09 1.20 0.46 + 0.02 4.88 0.37 £0.05 1.45 0.58 £0.02 3.28
YG-03 |51.46+0.48 0.93 6.38 £0.31 4.79 0.63+0.24 3.79 0.14 +0.03 1.77 0.68 + 0.06 3.22
YG-07 |35.85+0.50 1.39 6.04+0.12 1.93 1.28 £0.01 1.14 0.15+0.00 1.93 0.48 +0.02 4.23
YG-08 |47.61+0.94 1.98 7.68 £0.16 2.14 1.27 £ 0.06 4.78 0.20 £0.02 9.77 0.46 £ 0.02 4.30
YG-09 |41.40+0.25 0.61 8.07 £ 0.07 0.83 0.63 £0.00 0.68 0.08 £ 0.01 9.00 0.32+£0.00 1.26
YG-10 |41.17+£0.65 1.58 4.95+0.17 3.52 0.97£0.14 1.46 0.15+0.02 1.40 0.36 £ 0.01 2.38
YG-11 |37.11+0.30 0.82 8.45+0.11 1.26 2.98 £0.02 0.77 0.26 £ 0.04 1.54 0.31+0.01 2.75
YG-12 |44.96 + 0.69 1.54 6.10 £0.11 1.77 1.10+£0.02 2.00 0.10 £ 0.00 1.73 0.13+0.01 4.43
YG-14 |33.33+£0.44 131 5.67 £0.12 0.02 0.80+£0.21 2.68 0.09 £ 0.03 3.83 0.29 £0.02 5.98
YG-15 |0.04+£0.00 2.16 0.64 £0.01 0.02 0.33+£0.00 1.20 0.23£0.00 0.95 0.43 £0.02 3.58
YG-16 |52.56 + 0.60 114 8.52 £ 0.09 0.01 0.78 £ 0.08 1.02 0.08 £ 0.00 3.29 0.98 £ 0.07 7.25
YG-17 |43.17+0.34 0.78 6.93 £ 0.07 0.01 0.83+£0.01 1.64 0.07 £0.00 4.69 0.39£0.00 1.20
YG-18 |7.94+0.06 0.79 4.04 +£0.05 114 2.06 £ 0.03 1.58 0.49 £0.02 5.01 0.40£0.01 2.96
YG-19 |54.73 £0.09 0.17 7.57+0.13 1.66 1.01 £ 0.09 9.09 0.11+0.01 8.32 0.22+0.02 4.57
YG-20 |21.70 +£0.07 0.32 1.99 + 0.05 2.57 0.25+0.03 12.44 0.06 £0.01 10.92 0.07 £0.01 3.66
YG-21 |52.58 +0.43 0.82 6.85+0.09 1.26 0.96 £ 0.02 1.63 0.18 £0.00 2.38 0.18 £0.01 3.63
YG-22 |71.62+0.35 0.48 9.94 +0.08 0.81 1.41+0.01 0.44 0.11+0.01 9.98 0.63 £0.02 3.98
YG-23 |17.06 £0.14 0.85 1.42 +0.03 1.84 0.23+0.02 7.00 0.06 +0.01 11.84 0.08 £0.01 7.38
YG-24 |20.99 +0.07 0.34 1.97 £0.07 331 0.68 +0.01 1.85 0.06 £0.01 7.56 0.11+0.01 10.16
YG-25 |20.18+0.16 0.81 3.49+0.08 2.31 0.77 £ 0.04 5.21 0.10+0.00 0.69 0.17 £ 0.00 1.87
YG-26 |46.12+0.34 0.75 7.29 +£0.06 0.80 0.67 £ 0.02 2.83 0.23+0.02 9.77 0.46 +0.01 2.26
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YG-27 |43.39+0.43 1.00 6.72+0.13 1.92 0.92 +£0.02 2.20 0.21+0.02 8.93 0.44 +£0.01 1.89
YG-28 |19.18 +£0.02 0.13 6.62 £ 0.09 1.34 0.90 +£0.08 8.41 0.17+0.01 7.57 0.24 +£0.02 6.72
YG-29 |31.81+0.27 0.86 8.74+£0.12 1.41 0.60 £ 0.02 3.57 0.11+0.02 7.16 0.15+0.01 6.79
YG-30 |31.54+0.27 0.87 4.58 +0.05 111 0.42 +£0.00 1.05 0.07 £0.00 5.08 0.21+0.00 2.14
YG-31 |22.32+0.21 0.93 5.76 £ 0.07 1.20 0.49 £0.05 9.90 0.06 +£0.00 5.68 0.07+£0.00 3.20
YG-32 |24.71+0.29 1.17 4.28 +0.05 1.25 1.90+£0.02 0.96 0.08 +0.00 5.63 0.07 +0.00 6.85
YG-33 |44.05+0.38 0.86 9.64 +0.10 1.02 0.68 +0.01 1.69 0.31+0.03 8.43 0.41+0.01 2.31
YG-34 |41.97+0.30 0.71 7.68 +0.13 1.64 0.78 +0.06 8.52 0.16 +0.01 6.64 0.32+0.02 7.16
YG-35 |20.77+0.21 1.03 4.91 +0.06 1.26 0.55+0.01 1.10 0.03+0.00 5.47 0.08 +0.00 1.67
YG-36 |22.52+0.24 1.05 6.05+0.04 0.61 0.80 +0.02 2.38 0.05+0.00 1.15 0.15+0.02 9.77
YG-37 |29.95+0.39 1.30 7.54£0.13 1.68 0.54 £0.03 5.46 0.09+£0.01 14.30 0.13+£0.01 5.69
YG-38 |32.91+0.43 1.30 10.52 £0.16 1.52 0.73+£0.01 1.49 0.03+0.00 5.58 0.28 £0.01 2.84
YG-39 |24.81+£0.24 0.98 6.25+0.08 1.36 0.95+0.01 0.96 0.05+0.00 2.24 0.18 £0.01 7.02
YG-40 |19.99+0.29 1.47 3.71+£0.08 2.09 0.51+£0.01 1.35 0.12£0.00 2.23 0.07£0.01 11.88
YG-41 |23.00+0.33 1.45 6.26 £0.11 1.79 0.84 x0.02 1.94 0.06 £ 0.00 2.44 0.22£0.01 5.80
YG-42 |55.57 £0.49 0.88 11.77 £ 0.13 1.13 0.96 £0.01 1.38 0.03+0.00 5.09 0.30 £0.02 6.43
YG-43 |57.44+£0.64 112 155+0.23 1.46 1.01+0.02 151 0.04 £0.00 9.51 0.30+0.01 4.95
YG-44 |46.85+0.12 0.25 8.3+0.06 0.71 1.39+0.01 0.61 0.15+0.02 10.96 0.55+0.08 14.69
YG-45 |18.66 +0.04 0.24 6.86 £ 0.09 1.33 1.24+0.03 2.22 0.07+£0.01 8.43 0.25+0.01 3.85
YG-46 |20.23+0.30 1.47 7.32+0.19 2.60 0.98 £0.02 1.59 0.05+0.00 5.72 0.18+£0.01 7.16
YG-47 |21.27 £0.06 0.28 7.64£0.08 0.98 1.13+0.05 3.99 0.10 £ 0.02 16.29 0.16 £0.00 2.42
YG-48 |19.25+0.28 1.48 6.7+0.16 2.34 1.05+0.02 1.61 0.02 +£0.00 2.75 0.21+0.00 1.80
YG-49 |23.03+0.03 0.13 8.59+0.12 1.42 0.79+0.04 5.44 0.07+0.01 19.35 0.24+0.01 5.43
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YG-50 |22.55+0.26 1.17 8.33+0.14 1.65 0.72+0.01 1.22 0.05+0.00 1.65 0.23+0.01 2.36
YG-51 |22.34+0.24 1.07 7.66 £0.10 1.27 0.78 £0.02 2.10 0.12+0.01 9.96 0.21+0.00 2.10
YG-52 |26.01+0.34 1.30 9.02+0.19 2.10 1.33+0.12 9.16 0.12 +0.00 3.56 0.22 +0.00 2.08
YG-53 (38.24+0.44 1.15 8.87+0.16 1.84 1.23+0.02 1.92 0.09+£0.01 12.09 0.26 +£0.02 6.43
YG-54 |25.64 +0.02 0.09 6.0 +0.08 1.38 1.04 +0.01 0.86 0.07 £0.00 3.30 0.17+0.00 0.77
YG-55 [33.70+0.05 0.14 4.85 +0.05 1.07 0.70 +0.01 2.07 0.07+0.01 9.34 0.15+0.01 6.52
YG-56 |22.91+0.01 0.06 9.51+0.03 0.34 1.29+0.01 0.62 0.33+0.04 10.89 0.29+0.01 3.00
YG-57 |50.53+0.98 1.94 10.33 +0.05 0.48 1.21+0.01 1.18 0.09+0.01 6.02 0.40 +0.02 5.32
YG-58 |37.54 +£0.53 1.40 10.81 +0.25 2.29 1.36 £0.09 6.27 0.19+0.02 13.03 0.55+0.05 9.55
YG-59 [35.22+0.23 0.67 10.69 +0.29 2.71 1.31+0.07 5.09 0.17+0.01 3.40 0.36 +0.03 7.25
YG-60 |28.81+0.06 0.20 7.77 £0.06 0.76 2.30£0.03 1.49 0.47 £0.04 8.81 0.54 £0.04 8.13
YG-61 |18.66 +0.07 0.38 2.73+£0.02 0.77 1.32+0.13 9.75 0.18 £ 0.03 18.68 0.07£0.01 12.60
YG-62 |29.36 +£0.48 1.64 7.86£0.16 2.10 129 +0.05 3.61 0.26 £ 0.02 6.95 0.51+£0.05 9.91
YG-63 |21.44+0.37 1.84 9.69+0.18 1.83 0.71£0.05 6.27 0.09+£0.01 9.28 0.19+0.01 4.59
YG-64 |17.82+0.34 1.90 8.05+0.20 2.44 0.70+£0.01 1.99 0.14 £0.00 2.52 0.19+0.00 1.28
YG-65 |15.77 £0.04 0.28 8.26 £ 0.09 1.15 0.86 £0.01 0.64 0.16 £ 0.01 3.50 0.20+0.01 5.86
YG-66 |16.74+0.16 0.97 6.37£0.14 2.13 1.10+0.06 5.33 0.08 £0.01 10.46 0.25+0.03 0.88
YG-67 |19.06 +0.08 0.43 7.26+0.11 1.56 1.13+0.05 431 0.10+0.01 9.64 0.15+0.01 6.03
YG-68 |16.94+0.25 1.50 7.33+£0.15 2.05 1.09+0.01 1.32 0.15+0.00 2.79 0.18£0.00 1.19
YG-69 |12.68+0.19 1.48 9.50£0.12 131 0.84 £0.05 6.37 0.20+0.01 5.49 0.25+0.01 5.81
YG-70 |8.29+0.13 1.56 6.50 £0.16 2.47 0.92+0.01 1.28 0.15+0.01 6.38 0.17+0.01 5.58
YG-71 |11.68 +0.13 1.13 12.18 £ 0.09 0.75 0.70+0.01 1.71 0.13+0.01 7.91 0.19+0.01 2.86
YG-72 |21.99+0.19 0.84 9.68 £ 0.17 1.72 0.69+0.01 1.48 0.04 £0.00 8.54 0.20+0.00 2.08
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YG-73 |22.92+0.31 1.35 8.48 +£0.19 2.19 0.73+0.03 3.84 0.05+0.00 591 0.27 £0.02 5.80
YG-74 |21.91+0.29 131 7.70£0.22 2.89 0.67£0.01 1.90 0.05+0.00 5.13 0.24+£0.01 2.44
YG-75 |21.44+0.13 0.60 7.20+£0.27 3.81 1.04 +0.07 7.06 0.38 £0.03 8.37 0.65+0.01 1.16
YG-76 |25.47 +0.35 1.38 7.56 £0.22 2.89 1.26 +0.06 4.88 0.25+0.02 6.48 0.39+0.04 9.06
YG-77 |23.43+0.31 1.33 6.41+0.25 3.95 1.48 +0.04 2.75 0.56 £ 0.02 4.18 1.06 +0.04 3.80
YG-78 [33.41+0.45 1.35 4.99 +0.09 1.83 0.78 +0.01 1.03 0.30+0.00 0.90 0.15+0.01 3.88
YG-79 |34.08+0.18 0.54 4.71 +0.05 1.10 0.71+0.60 7.84 0.25+0.02 541 0.13+0.02 10.40
YG-80 (37.21+0.18 0.48 4.97 +0.04 0.83 0.45+0.00 0.86 0.08 +0.00 3.12 0.10+0.00 3.67
FG-02 |4.37+0.01 0.25 0.83+0.00 0.26 0.36 +0.00 0.25 0.05+0.00 1.58

FG-03 |3.71+0.04 0.99 0.75+0.01 0.86 0.47 +0.00 0.84 0.07 +0.00 1.24

FG-04 |4.35+0.06 131 0.66 £0.01 1.18 0.36 +0.00 1.15 0.04 £0.00 9.02

FG-05 |4.10 £0.06 1.36 0.86 £0.01 1.38 0.25 +0.00 1.35 0.04 £0.00 1.25

FG-06 |0.64 £0.00 0.50 0.03+0.00 0.96 0.13 +0.00 0.49 0.04 £0.00 6.34

FG-07 |3.12+0.05 1.73 0.65+0.01 1.82 034 +0.01 1.68 0.06 £ 0.00 1.62

FG-08 |3.51+0.05 1.49 0.92£0.01 1.42 0.15 =x0.00 1.45 0.03+0.00 1.42

FG-09 |3.84£0.02 0.58 1.18+0.01 0.55 0.42 +0.00 0.59 0.06 £0.00 0.85

FG-10 |1.59 £0.02 1.18 0.20£0.00 1.22 0.35 +0.00 112 0.05+0.00 1.27

FG-11  |4.54 £0.07 1.55 0.87+£0.01 1.50 049 +0.01 1.42 0.08 £0.01 8.53

FG-12 |4.44+0.05 121 0.92+0.01 1.32 0.34 +0.00 1.18 0.05+0.00 1.76

YG-04 |2.56+0.01 0.36 0.47+£0.00 0.43 0.45 +0.00 0.57 0.08 £0.00 3.53

YG-05 |2.96 +0.03 0.84 0.53+0.00 091 0.36 +0.00 0.95 0.06 £0.00 0.84

YG-06 |4.69+0.08 1.65 1.13+0.02 1.64 0.29 +0.00 1.63 0.06 +£0.00 1.44

Table 4.5 Contents of the five isoflavonoids in the 89 Puerariae Radix samples

80



Chapter 4

4.5.5 Classification models development by NIRS

In this work, LDA and SIMCA are used to establish the classification models in the
NIR analysis *3. LDA is a supervised pattern recognition technique and determines a
linear function in multivariate space which maximizes the ratio between both
inter-group variances compared to the intra-group variances. As LDA cannot deal with
the large number of variables in the spectra, principal component analysis (PCA) was
applied in order to reduce the number of variables. In this work, LDA was developed

on a PCA sub-space which accounts for 95% variance of the data.

SIMCA is a supervised method for data classification that requires a training set with
known attributes and class membership. It has the advantage of being able to handle
collinear X-variables, missing data, noisy variables and overlapped classes. In this
work, the model parameters (95%, a = 0.05) were applied and the number of principal
components used was determined by cross validation. The species of unknown
samples in the validation set were determined by calculating the shortest distances

between the centroids of two groups in the calibration model developed.

Fig 4.8 shows the mean spectra of the original NIR data of YG and FG. Visual
inspection suggested that the NIR spectra of the two species are similar. The most
intensive band is contributed by combination bands, which including C-H stretching,
deformation vibration in CH3 group (2280 nm), C-H deformation vibration in CH,
group (2320 nm), and O—H stretching and deformation vibration in CH3 group (2075
nm). These vibrational modes can be found in isoflavonoids as well as other

constituents such as protein and organic acids.
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Fig. 4.8 Mean NIR spectra for Pueraria thomsonii (—) and Pueraria lobata (- - -)
obtained from, a) raw data, b) with second derivative pre-treatment, ¢) Enlarged
region between 1600nm and 1800nm with second derivative pre-treatment and d)

Enlarged region between 2050nm and 2450 nm with second derivative pre-treatment

In order to build robust classification models, the samples were divided into three
groups and a three-fold cross-validation was performed. Kennard-Stone (KS)
algorithm was used to divide the samples into groups objectively. The advantage of
KS algorithm is capable of creating a unique list of objects that is selected from the
cluster borders in a multi-dimensional space. This enhances the discriminatory power,
which is particularly important in developing model with overlapping clusters %**. Fig

4.8 shows the mean NIR spectra of the two species and the second derivative of the
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spectra in 1600-1800 nm and 2050-2450nm where the differences between two

species are the most significant.

Classification models using the full spectrum and the two selected regions
(1600-1800 nm and 2050-2450 nm) were established by applying LDA and SIMCA.
The average percentage of the correct classification of the testing group is shown in
Table 4.6. The average percentage of correct prediction from models using raw
spectrum are significantly less than that of the models using second derivative. This
suggests that the pre-processing step is important in establishing reliable classification
models. Models based on the intensities from spectral regions among 1600-1800 nm
and 2050-2450 nm are superior using either LDA or SIMCA methods. The models
obtained provide a clear discrimination between these two species. The success in
classification was possibly a result of the large differences in total isoflavonoid

content between the two species.

For SIMCA, the sensitivity and specificity of classification models are tabulated in
Table 4.7. Sensitivity is the proportion of samples belonging to a certain category,
which are correctly identified by the model, while specificity is the proportion of
samples not belonging to a certain class, which are correctly identified as foreign by
the model. These two parameters indicated the extent of overlapping between classes.
Fig. 4.9 depicts the Cooman’s plot for the SIMCA distances obtained for YG and FG
classes. A clear boundary and clear differentiation between two species was noticed by
using 1600-1800 nm and 2050-2450 nm wavelength regions with second derivative
pretreatment and the developed SIMCA model possessed a good recognition and

prediction ability.
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Fig. 4.9 Cooman’s plot a) raw data, b) raw data with second derivative pretreatment,
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derivative pretreatment and e) 1600-1800 nm and 2050-2450 nm with second

derivative pretreatment for the square SIMCA distances obtained for FG and YG

models
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No. of Principal
Components used

Successful rate (Calibration)*

Successful rate (Validation)*

derivative

LDA" 1100-2500nm 1 73.6% 71.8%
1100-2500nm with 2" derivative | 2 93.8% 94.3%
1600-1800nm with 2" derivative | 2 100% 98.9%
2050-2450nm with 2" derivative | 2 98.9% 98.9%
1600-1800, 2050-2450 with 2" |2 98.9% 98.9%
derivative

SIMCA* 1100-2500nm 1 82.6% 83.1%
1100-2500nm with 2" derivative | 2 97.8% 98.9%
1600-1800nm with 2" derivative | 2 100% 100%
2050-2450nm with 2" derivative | 2 100% 100%
1600-1800, 2050-2450 with 2" |2 100% 100%

*The percent classification for the training set objects has been computed considering the average over the values obtained for each

cross-validation run.

# For LDA, model is developed by taking the PCA scores when total percentage variance accounted is over 95%; for SIMCA, the normal models

were applied and the stop criterion used for the model being developed was determined by cross validation
Table 4.6 Results of the classification of Puerariae Radix using LDA and SIMCA
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SIMCA

Sensitivity

Specificity

Spectral region selected

Pueraria lobata

Pueraria thomsonii

Pueraria lobata

Pueraria thomsonii

1100-2500nm 84.0% (83.6%) | 92.8% (74.4%) 69.8% (39.4%) | 91.3% (83.6%)
1100-2500nm with 2™ derivative 88.0% (88.0%) | 93.3% (83.3%) 87.2% (86.7%) | 97.3% (100%)
1600-1800 with 2™ derivative 84.7% (84.2%) | 76.6% (77.8%) 100% (100%) 100% (100%)
2050-2450 with 2™ derivative 80.7% (82.4%) | 90.24% (57.78%) | 100% (100%) 100% (100%)
1600-1800, 2050-2450 with 2™ derivative 88.0% (88.0%) | 93.26% (83.33%) | 100% (100%) 100% (100%)

Values in bracket are the results for the test set

Table 4.7 Sensitivity and specificity of different SIMCA models
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4.5.6 Quantitation models development by NIRS

Partial Least Squares PLS was used to establish the regression models, 55% of the
samples were used as the calibration set and 25% and 20% of the samples were
utilized for validation and test sets, respectively. In here, as many samples were
collected, some samples can be spared as test set to evaluate the performance of the
model and the spectra were not used in the model development. To avoid bias to a
particular concentration range in forming the sample sets, the division was performed
using the Kennard-Stone (KS) algorithm. The entire concentration range of puerarin,
daidzin and total iso-flavonoids were covered in all the calibration, validation and test

sets.

The Leave-One-Out Cross-Validation was used to establish the PLS regression model
utilizing the training set to measure how well the calibration models with different
factors fit. The spectrum of a sample was removed from the calibration set and a PLS
regression model was built with the remaining spectra in the calibration set. Puerarin,
daidzin and total iso-flavonoids contents of the one left-out sample was predicted by
the PLS model obtained from the rest of the samples. The same procedure was
repeated by leaving out each of the sample of the calibration set. The number of PLS
factors used in the models were determined by minimizing the Predicted Residual
Error Sum Square (PRESS) value. PRESS is the sum of square of deviation between
the predicted and reference values of all the samples in the validation set. The final
correlation model is the one with the lowest PRESS developed so far. The PRESS was

calculated as follows,
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PRESS= > (6 -¢;)’ (Eq. 4.1)

i=1

wherec, is reference measurement result for sample i, ¢, is estimated value of the

sample i when the model is constructed with sample i removed, n; is the number of

calibration samples, n, is the number of validation samples.

Once the final calibration model was developed, the validity of the Partial Least
Squares PLS regression model was evaluated by The Root Mean Square Error of
Cross-Validation (RMSECV) representing the prediction error of the one left-out
sample by the calibration model developed by Leave-One-Out Cross-Validation and
Root Mean Square Error of Validation (RMSEV) representing the prediction error of

the samples in validation set, The RMSECV and RMSEV were calculated as follow,

RMSECV = (Eq. 4.2)

(Eq. 4.3)

Generally speaking, the RMSECYV is usually slightly smaller than RMSEV as the

validation set only used to determine the number of PLS factor used.
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To evaluate the performance of the model developed in predicting unknown samples
in the test set, the Root Mean Square Error of Prediction (RMSEP), BIAS, and the
Standard Error of Prediction (SEP) were used and calculated from the prediction error

of the samples in test set. The RMSEP, BIAS and SEP were calculated as follows,

(Eq. 4.4)
> (6 -c)
BIAS=-2——— (Eq. 4.5)
N
D (€ -c; -BIAS)?
SEP=4|-=L (Eq. 4.6)

n,

where n; is the number of test samples, ¢, is the predicted value from the model for

test sample i andc;, is the reference measurement result for test sample i.

Both RMSEP and SEP estimate the precision and accuracy of the developed NIRS
model. The SEP is always smaller than the RMSEP because the bias term has been
subtracted. When the bias becomes insignificant, the RMSEP approaches SEP with
increasing sample size. Generally, RMSEP gives a more realistic estimate of the
prediction capability of a calibration model. RMSEP should be normally larger than
RMSECV and RMSEV, since the test set samples are independent from the model
development.
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Finally, the correlation coefficient (R) of the predicted and measured values were
calculated for the calibration, validation and test set. The value of R lies in the range

of 0 to 1, 1 means perfect fitting. R is given by,

i(éi _Ci)2
R= |1— i;l

Z(Ci _Ci)z

i=1

(Eq. 4.7)

Where C is the mean of the reference measurement results for n samples in the

calibration, validation and test sets.

The samples with maximum and minimum contents of puerarin, daidzin and total
iso-flavonoids content were arranged in the calibration set while the remaining
samples were split into three groups, calibration, validation and test sets, by
Kennard-Stone (KS) algorithm. For the KS algorithm, the mean and standard
deviation of the puerarin, daidzin and the total iso-flavonoids content in the three sets
were maintained as close as possible, which ensure a similar prediction ability of the
model over the entire calibration range. As seen from Table 4.8, the reference values
of puerarin, daidzin and total iso-flavonoids content spanned over the entire range in
both sets, therefore the distribution of the samples is even in the calibration, validation
and test sets. The total iso-flavonoids content in here is defined as the total amounts of

all the five iso-flavonoids standards that can be found in HPLC chromatogram.
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Samples Puerarin (mg/g) Mean SD
Calibration set 49 0.64 —71.62 24.00 14.65
Validation set 22 2.56 —57.44 28.42 18.70
Test set 18 4.69 — 55.57 29.36 14.30

Samples Daidzin (mg/qg) Mean SD

Calibration set 49 0.03-15.50 6.24 3.19
Validation set 22 0.47-12.18 5.52 3.62
Test set 18 1.13-11.77 6.62 3.13

Samples Total isoflavonoids Mean SD

(mg/g)

Calibration set 49 0.84 —-83.72 31.46 17.15
Validation set 22 3.56 —74.29 35.10 22.01
Test set 18 6.16 — 68.62 37.33 16.59

Table 4.8 Statistics of the isoflavonoids contents of the samples determined by the

HPLC in the calibration, validation and test sets

PLS models for the quantitative analysis of puerarin, daidzin and total iso-flavonoids
content was established in using the NIR spectra. Spectral pre-processing methods and
the number of PLS factors are critical parameters for accurate models. The optimum
number of factors is determined by the lowest PRESS value. An practical rule for
deciding the number of PLS components to be retained is not to include the additional
components unless that improve the PRESS by at least 2% %*. Including more PLS
factors in the model will better fit the calibration set, but rupture the prediction for
other samples. This phenomenon is called ‘over-fitting” of a model (shown in Fig
4.10). Specific information related to the calibration samples is included in the model,

which may deteriorate the prediction results of the samples not in the training set.
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Fig. 4.10 A general PRESS against PLS factor graph showing the‘over-fitting’ region

Puerarin model

Table 4.9 lists the RMSECV, RMSEV, RMSEP, BIAS, SEP and the correlation
coefficient of the puerarin models developed by applying different pre-processing
methods. In each pro-processing method only model of best performance with the
lowest RMSECYV value was shown. The model pretreated with SNV, detrend, second
derivative (10,0) and S.G. (n=9,quntin) of whole NIR spectra (1100 — 2500nm) give
the lowest RMSEV value among all other pre-processing methods (5 PLS factors). In
fact, dderivation of spectra with smoothing treatment enhances small differences
between spectra and splits overlapping band. Also, MSC and detrend were used to
correct the variations in light scattering due to different particle size distribution and
packing density by adjusting the spectra based on intensities of spectra in regions
carrying no specific chemical information ***. This could be a reason explaining the
good correlation results of puerarin content. Besides, as shown in Table 4.10, the

model developed via second derivative pre-treatment of the entire spectral region gave
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the lowest RMSEV value. However, it was not selected because of excessive number

of PCA components used in the model, which is usually a signal of over-fitting.

Fig. 4.11 is a scatter plot showing the correlation between NIR predicted value and
reference HPLC measurement of puerarin after treatment with SNV, detrend, second
derivative and Savitsky-golay. Dot, circle and cross represent calibration, validation
and test data points, respectively. The calibration, validation and test data have good
correlation with the reference data and data point mainly fall on or close to the unity
line. Puerarin content in the test set is predicted with a RMSEP value of 5.196. The
correlation coefficients of this puerarin model for the calibration, validation and test

sets are 0.977, 0.979 and 0.970, respectively.
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Pretreatments Factor | RMSECV | RMSEV | RMSEP | BIAS | SEP | R (calibration) | R (validation) R (test)
No treatment 2 8.61 18.12 16.65 -1.26 | 16.60 0.805 0.479 0.384
2" derivative (10,0) 15 0.80 4.47 5.06 0.39 5.05 0.998 0.975 0.972
Detrend 6 5.37 6.93 7.26 -2.23 | 6.91 0.929 0.933 0.94
SNV, 2" derivative (10,0) 8 2.07 5.65 6.57 -0.24 | 6.57 0.990 0.954 0.944
MSC, 2" derivative (10,0) 8 2.06 5.60 6.53 -0.32 | 6.52 0.990 0.955 0.945
MSC, 2" derivative (10,0),
S.G.(9,4) 5 3.10 4.00 5.25 -1.75 | 4.95 0.977 0.978 0.970
SNV, 2" derivative (10,0),
S.G.(9,4) 5 3.11 3.96 5.22 -1.68 | 4.95 0.977 0.979 0.970
SNV, detrend, 2"
derivative
(10,0), S.G. (9,4) 5 311 3.95 5.12 -1.65 | 4.93 0.977 0.979 0.970
Results from models with the best performance are marked in bold
Table 4.9 a) Performance of different PLS regression models for puerarin
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Pretreatments Factor | RMSECV | RMSEV | RMSEP | BIAS | SEP | R (calibration) | R (validation) R (test)
No treatment 5 1.62 1.83 2.22 -0.92 | 2.02 0.871 0.826 0.887
MSC 3 1.85 1.94 2.31 -1.03 | 2.07 0.83 0.789 0.856
SNV 3 1.84 1.94 2.07 -0.87 | 2.25 0.831 0.79 0.851
2" derivative (10,0), 5 1.23 1.27 1.80 -0.65 | 1.68 0.928 0.916 0.911
3" derivative (10,0), 4 1.22 1.16 1.80 -0.56 | 1.71 0.929 0.931 0.909
2" derivative (10,0), S.G.
(9,4) 9 0.42 1.16 1.51 062 | 1.38 0.992 0.929 0.937
3" derivative (10,0), S.G.
(7,3) 4 1.01 1.38 1.64 0.18 | 1.63 0.952 0.902 0.912
SNV, detrend, 2" derivative
(10,0), S.G. (9,4) 4 1.22 1.28 1.77 -0.53 | 1.69 0.929 0.915 0.912

Results from models with the best performance are marked in bold

Table 4.9 b) Performance of different PLS regression models for daidzin
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Pretreatments Factor | RMSECV | RMSEV | RMSEP | BIAS | SEP | R (calibration) | R (validation) R (test)
No treatment 3 9.38 21.48 20.25 -0.90 | 20.23 0.834 0.487 0.349
Detrend 8 4.47 6.63 9.49 -4.63 | 8.28 0.96 0.963 0.934
Detrend, 2™ derivative
(10,0) 7 2.63 6.53 7.51 -0.46 | 7.50 0.988 0.956 0.947
SNV, 2" derivative (10,0) 8 1.97 6.62 7.45 -0.82 | 741 0.993 0.955 0.948
MSC, 2" derivative (10,0) 8 1.96 6.61 7.47 -0.88 | 7.14 0.993 0.955 0.948
MSC, 2" derivative (10,0),
S.G. (9,4) 8 1.96 6.61 7.47 -0.88 | 7.42 0.993 0.955 0.948
SNV, 2" derivative (10,0),
S.G. (9,4) 5 3.28 4.90 6.46 -2.60 | 5.91 0.981 0.977 0.969
SNV, detrend, 2™
derivative
(10,0), S.G. (9,4) 5 3.28 4.89 6.42 -2.56 | 5.89 0.981 0.977 0.969

Results from models with the best performance are marked in bold

MSC, Multiplicative Scatter Correction; SG, Savitsky-golay (data point, polynomial order); SNV, Standard Normal Variate transformation;

derivative (segment, gap); RMSECV, Root Mean of Square Error of Cross Validation; RMSEV, Root Mean of Square Error of Validation;

RMSEP, Root Mean of Square Error of Prediction; BIAS, Bias; SEP, Standard Error of Prediction; R, correlation coefficient.

Table 4.9 c¢) Performance of different PLS regression models for total isoflavonoids content
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Fig. 4.11 NIRS predicted values against HPLC measurement for the content of a)

puerarin, b) daidzin and c) total isoflavonoids in the Puerariae Radix samples (n = 89).
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Daidzin model

Table 4.9 lists the RMSECV, RMSEV, RMSEP, BIAS, SEP and the correlation

coefficient of the daidzin models developed by applying different pre-processing

methods. For each pro-processing method, only the best model with the lowest

RMSEV value was shown. The model pre-treated with third derivative (10,0) and

SG (n=7,qgartic) on the whole NIR spectra gave the lowest RMSEV value among all

other pre-processing methods (4 PLS factors). Fig. 4.11 b) is a scatter plot depicting

the correlation between NIR predicted value and HPLC reference measurement of

daidzin model treating by the third derivative and Savitsky-Golay. Dot, circle and

cross represent calibration, validation and test data, respectively. The predicted

results had a good correlation with HPLC reference measurement in calibration,

validation and test sets. Daidzin content of the test set is predicted with a RMSEP of

1.636. The correlation coefficients of this daidzin model for the calibration,

validation and test set are 0.952, 0.902 and 0.912, respectively.

Total iso-flavonoids model

Table 4.9 lists the RMSECV, RMSEV, RMSEP, BIAS, SEP and the correlation

coefficient of the total isoflavonoids models developed by applying different

pre-processing methods. Again, only the best model with the lowest RMSEV value

98



Chapter 4

for each pro-processing method was shown. The model pre-treated with SNV,
detrend, second derivative (10,0) and SG (n=9,quntin) on the whole NIR spectra
gave the lowest RMSEV value among all other pre-processing methods (5 PLS
factors). Fig. 4.11 c) is a scatter plot depicting the correlation between NIR predicted
value and the HPLC reference measurement of total isoflavonoids model developed
by treating with SNV, detrend, second derivative and Savitsky-golay. Dot, circle and
cross represent calibration, validation and test data, respectively. The results were
great with good correlation of the predicted results to HPLC reference measurement
in calibration, validation and test sets. Total iso-flavonoids content in the test set is
predicted with RMSEP of value 6.424. The correlation coefficients of the total
isoflavonoids model for the calibration, validation and test set are 0.981, 0.977 and

0.969, respectively.

4.5.7 Study of YG of different age

In this study, some samples of known age were collected from the same site (Table
4.1). Table 4.10 summarizes the variation of isoflavonoids content in YG from one to
six years. Total isoflavonoid content was gradually increase during one to three years,

and then significantly decreased to five years to reach its lowest level. For individual
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isoflavonids, content variations of puerarin and daidzein were in agreement with those

of total isoflavonoid content while variations of daidzin, genistein and genistin

exhibited a slightly different trend. However, these differences had little impact on the

general variation of total

isoflavonoids content since the amount of three

isoflavaonoids accounted for only a small fraction of the total isoflavaonoids. Thus,

the analytical results suggested that YG harvested in three year should be of best

quality regarding isoflavonoids.

Total
Puerarin Daidzin Daidzein | Genistein | Genistin
Year isoflavonoids
(mg/g) (mg/g) (mg/g) (mg/g) (mg/g)
(mg/g)
1 20.83+1.76 | 757+0.77 |0.99+020 |0.06+0.03 | 021+0.04 | 29.66+2.37
2 28.14+6.40 | 765+1.86 |1.06+027 |013+0.10 | 0.22+0.05 | 37.20+6.34
3 33.35+1066 | 837+3.09 |147+041 |023+0.13 |041+0.18 | 43.82+13.28
4 17.96+2.03 |7.83+113 |0.93+020 |0.12+003 | 0.19+0.03 |27.03+2.74
5 1658 +6.42 [9.01+195 |0.76+0.10 |010+0.07 | 0.21+0.04 | 26.66+6.49
>5 290.17+653 |597+125 |0.95+0.38 |030+0.16 | 041+0.38 | 36.82+4.67

Table 4.10 Variations in the content of individual and total isoflavonids in YG

In order to evaluate the variation of YG, principal component analysis (PCA) was

further performed based on the isoflavaonoids contents of 36 samples from HPLC
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profiles. In order to use the entire chromatographic profiles of YG for data analysis, it

IS necessary to correct the retention times of the common peaks identified in the

previous section as the multivariate analysis is very sensitive to retention time shifts.

In this study, the five isoflavonoids were used for Local least-square (LLS) alignment.

Also, the variation in sample concentration might affect the multivariate analysis of

the entire chromatographic profile so that normalization was carried out before

analysis. Fig. 4.12a showed that year one, four and five YG samples were grouped

together while the better quality samples including year two, three and more than year

five YG samples scatter out (from the view of total isoflavonoids content > 35mg/qg).

In addition, centering the PCA scores of each year’s sample, it was found that year

three samples (age of good quality sample) could be separated from other cultivation

years. At the same time, their corresponding NIR spectra were also evaluated by PCA,

and found that the obtained result (shown in Fig. 4.12b) is similar to that of HPLC

profile. The result suggested that NIRS PCA model may provide a faster way to

estimate the cultivation year of YG sample. More samples are required for further

substantiate the conclusion.
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Year 1
Year 2
Year 3
Year 4
Year 5
Year 5 above

Fig. 4.12 The scatter plots obtained by PCA of the YG samples with different

cultivation years by using a) HPLC data and b) NIR data

4.5.8 Implementation of NIRS method on quality control of CHM

In summary, data pre-processing is critical in obtaining the quantitative models of
puerarin and total isoflavonoid content (see Table 4.9). In this work, second-order
differentiation was used to enhance the differences between spectra and splits

overlapping band. MSC and detrend were used to correct the variations in light
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scattering due to different particle size distribution and packing density by adjusting
the spectra based on intensities of spectra in regions carrying no specific chemical
information **. In the case of daidzin, the RMSEP of models with data pre-processing
is one forth smaller. Different quantitation models for other isoflavonoids such as
genistin, genistein and daidzein were also established. However, the RMSEP are
higher than 50% of the mean predicted contents of the isoflavonoids, significantly
larger than the other models developed and reported in here. This suggested that the

content prediction based on NIRS for components less than 1% is more difficult.

The spectral differences in NIRS show the variations among Puerariae Radix
samples from different species. Development of the identification and quantification
models in NIRS involves a lot of time, costs and efforts. Yet, NIRS provides the
advantage of non-destructive, short measurement time when model is established.
Even though physical interference may deteriorate the prediction results of the NIRS
model, results comparable to that determined by HPLC can still be obtained when
appropriate chemometrics treatments were employed in the model. Although the
average error predicted from NIRS is much larger than those obtained from HPLC
(nearly 4 times), it is still acceptable that the herbal sample nearly remain unchanged
after the measurement. The present study also demonstrated that NIRS is applicable

103



Chapter 4

in quality control of Puerariae Radix samples and the method can be adapted for

online monitoring.

Development of correlation models and quantitative models is the most time

demanding step in the analysis of CHM using NIRS. Taking Puerariae Radix as an

example, the time required to develop the correlation models and quantitative models

is about 60 working days. These included the time for adapting an HPLC condition to

a chromatographic system, obtaining the NIR spectra, sample preparations and

chromatographic experiments for the 89 samples and data analysis. However, for

people or organizations accessing the quality of particular herbs or herbal products

regularly, such as CHM manufacturers or traders, the time for model development is

greatly reduced as the HPLC data or other reference data are already available.

Assuming that a conventional quality control method is being performed regularly, the

total time to build the models for NIRS analysis would be about two to three working

days for acquiring the spectra and analyzing the data. In the case of Puerariae Radix,

the time required for sample preparation and spectra measurement of one sample

would be about 15 min compared to 3 hours for the HPLC method. The accuracy of

NIRS is not good enough to replace the conventional HPLC method. The NIRS can

still serve as a method to screen the samples before submission to HPLC analysis.
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Thus the use of NIRS greatly reduced the number of HPLC analysis, without

compromising the level of quality control.

4.6 Conclusion

The results demonstrated the feasibility of using NIRS for quality control of CHM in

identification of species and quantification of major constituents with a short

analysis time. Successful classification models between Pueraria lobata (YG) and

Pueraria thomsonii (FG) and good correlation quantitative models of puerarin,

daidzin and total isoflavonoids content in both species were obtained in our works. It

can be concluded that major component(s) in CHM with content higher than 0.1%

can be analyzed fast and simultaneously by NIRS coupled with PLS algorithm, and

this real-time measurement will significantly improve the efficiency of quality

control and assurance.
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5.1 Introduction

In the previous chapter, Near-Infrared Spectroscopy (NIRS) had been applied

successfully on the classification of Puerariae Radix and quantitation of puerarin,

daidzin and total isoflavonoids in it. The conventional Partial least squares (PLS)

regression method had been demonstrated to be useful in treating large data matrices,

extracting relevant information from the spectra as well as producing reliable

models. However, in most of the herbs, the complexity of the compositions may

hinder the model development. Moreover, when the average content of the target

marker in herb is less than 1%, the modeling becomes difficult. In these cases, the

PLS regression result of the target marker would be more sensitive to noise and

interference. The situation becomes even worse in the case of limited sample size

and strong matrix effect.

Variable selection could be an important step in multivariate data analysis,

particularly, when sample size is relatively small, number of variables is large and

many of these variables containing redundant or noisy information. In these

scenarios, a variable or feature selection procedure may be useful to avoid the

over-fitting problem. Over-fitting occurred when the model picks up the

idiosyncrasy of the data, the noise is also being fitted, and the model loses its
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prediction ability for samples not in the training set.

Various variable selection (wavelength selection in our case) algorithms and criteria
for use with multivariate calibration have been reported ?°2°, PLS regression is
widely utilized in processing full spectra because of its ability to extract analyte
information from the variance within the spectral data matrix. Wavelength selection
methods have traditionally not been used with PLS regression models because of
this ability to decompose the data matrix in a manner biased toward the isolation of
analyte-dependent information. However, recent studies have indicated that the
performance of PLS models can be improved through wavelength selection 2% 2%

237 240 A mathematical justification of the theory supporting that wavelength

selection can enhance the performance of PLS models was also reported recently 2*°,

Several techniques like Uninformative Variable Elimination (UVE) **!, Support
Vector Machine (SVM) %% 22 Artificial Neural Networks (ANN) ?** Simulated
Annealing (SA) *° and Genetic Algorithms (GA) * 2% can be applied to select the
most informative variables. However, Genetic Algorithms (GA) has already been
demonstrated its effectiveness in selecting wavelength region for further data
analysis 2% 247! The performance on variable selection is very good for NIR data
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sets 252-254.

In order to verify the applicability and the performance of the GA in improving the
NIRS models, Coptidis Rhizoma was studied. It is a commonly used medicinal herb
in China for the treatment of dysentery, hypertension, inflammation, and liver
diseases °>%°. It is known as “Hunaglian” in Chinese. The reason of choosing this
herb for the study is that it contains a class of protoberberine alkaloids, such as
berberine, palmatine, coptisine and jatrorrhizine present in significant amount
ranging between 0.1-7%. The protoberberine alkaloids also contribute to the
biological activities of this herb ", The objective is to develop methods that
could determine as many markers as possible even though the contents of some
markers are less than 1%, as we concluded in previous chapter; it is the detection

limit for quantitation of marker in CHM using NIR.

In this work, we aimed to establish fast and non-destructive analytical methods
using NIRS for quantitative analysis of five alkaloids and quality control of Coptidis
Rhizoma. Prior to NIRS modeling, a RRLC-DAD analysis was carried out in
determining the five alkaloids contents in Coptidis Rhizoma. RRLC uses column of
smaller particle size to enhance separation power so that the entire chromatographic
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analysis of Coptidis Rhizoma could be obtained in a much shorter duration (~10
min). Validation parameters of the RRLC-DAD method such as sensitivity, linear
range, precision and accuracy were determined. In addition, Taguchi’s design was
utilized to optimize the extraction conditions. Finally, all 47 Coptidis Rhizoma
samples were used in model development for quantitation of the five markers
berberine, epiberberine, palmatine, coptisine, and jatrorrhizine, as well as that of the
total alkaloids by using GA-PLS and their models performance is also compared
with PLS. A new algorithm GA-PLS is developed in this work which uses GA to

select suitable wavelength regions which give best PLS models.

5.2 Background of Coptidis Rhizoma

Coptidis Rhizoma, known as Hunaglian in Chinese, is a commonly used medicinal
herb in China for the treatment of dysentery, hypertension, inflammation, and liver
diseases %> *°, According to the latest version of Chinese Pharmacopoeia ',
Coptidis Rhizoma is the dried rhizome of Coptis chinensis Franch (Weil [ 1),
Coptis deltoidea C.Y. Cheng et Hsiao (YaL 7%i1) or Coptis teeta Wall (YunL S=5¢1).
The contents of four markers, berberine, epiberberine, palmatine and coptisine are

the quality parameter of Coptidis Rhizoma. This is more stringent than the previous

requirement as the berberine content was the only quality parameter in Chinese
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Pharmacopeia 2005 .

Coptidis Rhizoma is mainly found in the temperate zone of the Northern
Hemisphere where the Ranunculaceous plants generally grow. In China, it usually
grows in the mountainous region of the southwest and south district 2%, WeilL is
mainly cultivated in Sichuan, Hubei, Hunan and Shanxi , YaL is produced in Emei

and Hongya in Sichuan, and YunL is distributed in Yunnan 2%,

WeilL presents in cluster from which looks like a chicken claw with the 3-6 cm of
length with 0.3-0.8 cm of diameter. It has rough, grayish yellow or yellowish brown
surface with irregular node-like bulges, and the smooth part between the bulges is
called ‘Gou Qiao’. The upper part of the herb has brown scale leaves residues and
the top part of the herb has remained shoots of leaf stems. Its cortex is red or brown,
and the xylem is bright yellow or orange and arranges in radial shape, the pith
sometimes is empty. YaL is usually in form of thin cylinder-liked single branch with
the 4-8 cm of length with 0.5-1 cm of diameter. It has few shoot residue and longer
‘Gou Qiao’. YunL is smaller in size. It bends appearing like a hook, and presents in

individual form of branch .
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5.2.1 Chemical studies

Coptidis Rhizoma contains rich protoberberine alkaloids components such as
berberine, palmatine, coptisine, jatrorrhizine, worenine, epiberberine, berberastine
and groenlandicine. Berberine is the main alkaloids present in Coptidis Rhizoma and

its content should not be less than 5.5% 21,

Several methods have been reported for the determination of alkaloid contents in

Coptidis Rhizoma extracts, which included colorimetry 2* Thin Layer

Chromatography (TLC) %®°, Capillary Electrophoresis 2** 2% 27 Micellar

268

Electrokinetic Chromatography °, High Performance Liquid Chromatography

69, 269 270-273
)

(HPLC) with detection using diode array and mass spectrometry and

proton nuclear magnetic resonance (H-NMR) spectroscopy 2",
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Fig. 5.1 The chemical structure of the major protoberberine alkaloids a) berberine, b)

palmatine, c) coptisine, d) jatrorrhizine, and e) epiberberine

5.2.2 Biological studies of alkaloids

For the biological function, the extract of Coptidis Rhizoma reduced the

inflammation caused by TNF-a in dermatological conditions *”°. Coptidis Rhizoma

extract can also lower that serum cholesterol level and liver cholesterol level ?7°,
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Berberine is the marker required for Coptidis Rhizoma in the Chinese
Pharmacopoeia 2005. It can inhibit the gastrointestinal infection caused by the toxic
substances produced by E. Coli %, It can also dilate the blood vessels and inhibit
the secretion of adrenal glands, and hence, lower the blood pressure. Besides, it can
increase the production of bile acid and reduce the cholesterol level 8. A study
suggested that berberine, can reduce the blood glucose level. It has also been

reported for inhibition of amoeba 2”°.

Coptisine, one of the characteristic components found in Coptidis Rhizoma, can
inhibit the vascular smooth muscle cells (VSMCs) proliferation and hence provide

280 jatrorrhizine has been shown as

the protection from vascular disorder
antibacterial, antifungal and parasite-fighting properties ***. Palmatine can inhibit
the reverse transcriptase activity which makes it potentially effective against tumors.

Besides, it was observed to inhibit the DNA synthesis against some bacteria, fungi

and virus %2,
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5.3 Chemometric techniques used

5.3.1 Generic Algorithm - Partial Least Square (GA-PLYS)

Generic Algorithm, GA, is an efficient method for optimization on complex surfaces.
It is based on the principle of genetics and natural selection. The technique combines
the advantages of optimization algorithms based on random processes (stochastic
methods) with those based on deterministic procedures. GAs are well known for
their ability to escape from local optima and to find global optima in a relatively
short period of time. The algorithm samples large number of points in the parameter
space at each step. Several reviews of GAs and their application in chemistry-related
problems are available 2%3-24%28%.284 " A prief description of the GA implementation

used in this research is provided here.

A schematic of the operation of a simple GA is shown in Figure 5.2. Its
implementation consists of four steps. A collection of values of the variables or
parameters to be optimized is called a chromosome, and the variables themselves are
called genes. In this work, the spectral points and the number of PLS factors used in
the model are the genes. The initialization step creates an initial population of

chromosomes. The initial population is either assigned manually or generated by
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applying a mutation operator randomly to perturb an initial chromosome. The size of
the population is an important parameter to control the size of the calculation and the

efficiency of the optimization.

1) Initiation of chromosomes
Create an initial population of
chromosomes manually

2) Evaluation of PLS model
—> Evaluate the RMSEV of the calibration
model

Termination?

3) Exploitation of chromosomes
Selectively reproduce the chromosomes

4) Exploration of chromosomes
Recombine and mutate the chromosomes

Fig. 5.2 Schematic diagram of a simple genetic algorithm

The second step is the evaluation step. The performance of the calibration model

established from the spectral points and the number of PLS factors described by

each chromosome are evaluated through an objective function, known as a fitness
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function. The fitness value is a numerical measure of how well the computed

calibration model performed in prediction. The fitness value is the criterion for

guiding the GA to the global optimum. In this work, RMSEP (root mean square

error of prediction) is used as the fitness value.

Each chromosome is composed of a set of genes, which are binary coded spectral

variables (encoding). As the algorithm run, the genes are turned on or off (selected

or not selected) and the chromosomes that produce models using PLS or MLR with

lower values of RMSEP (root mean square error of prediction) for each generation

are chosen to reproduce in the next generation.

In the exploitation step, the survived chromosomes are used to generate a new set of

child chromosomes through the methods of recombination and mutation. The

recombination approach that typically employed is termed single-point crossover.

Given two selected parent chromosomes, a gene location on the chromosome is

chosen randomly, and the values of all the genes up to that point are interchanged

between the two parents to form two child chromosomes. Mutation is applied to the

child chromosomes to alter the gene values on a gene-by-gene basis. The probability

of mutation occur on a given gene is specified manually. Recombination and
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mutation introduce diversity into the child chromosomes while preserving the

information carried by the parents. The new population formed with the child

chromosomes replacing the original and the chromosomes with higher fitness values

in the new population are again selected to reproduce in the next generation through

recombination and mutation. This procedure is an iterative evolutionary process

seeking the chromosome with the highest fitness value. The crossover and mutation

are introduced to overcome local optimization. This small perturbation is a good

way to probe other parts of the gene keeping in a certain extent the adaptation of the

considered individual.

The formation of each new population represents one iteration of the algorithm,

which is termed as a generation. The algorithm terminates at certain generations or

when a chromosome reached a user-specified level of fitness is found. The

exploitation step removes chromosomes with poor fitness values, thus implementing

a selection similar to that of evolution process.
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5.3.2 Taguchi design

Taguchi-based design is a unique and powerful optimization technique that allows
optimization with minimum number of experiments **. It is commonly used for
designing and performing experiments to investigate processes where the output
depends on many variables or factors without having to tediously carry out the
experiments using all possible combinations of all variables. By identifying
controllable variables and varying them in specific trials, variables with significant
effect can be determined and optimized. Generally speaking, Taguchi's orthogonal
array principle can be used to alter the variables or combination of variables to
appear an equal number of times, and more than one variable is examined for each
experiment. After the results are known, sum of the squares of different results are
calculated and compared. This calculation finds the most significant improvement
with the least variability. Therefore, Taguchi method can be used to reduce times of
experiment, and produce sufficient information to determine the factors affecting the

results.
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5.4 Experimental details

5.4.1 Samples and reagents

In this study, 47 authenticated samples were collected from different provinces of
China. All samples were authenticated by Dr Si-Bao Chen (State Key Laboratory of
Chinese Medicine and Molecular Pharmacology, Department of Applied Biology and
Chemical Technology, The Hong Kong Polytechnic University, Hung Hom, Hong
Kong, China ). All samples were grinded into powder which is then passed through a
100 mesh (150um) stainless sieve. The sieved powdered samples were stored in
plastic containers at 20°C. Samples were freeze dried for two days before NIRS

analysis.
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No. of Sample Latin Name Origin
Samples Code
1 HL-01 Coptis teeta Wall. (YunL) NanChengJiang,
China
HL-02 Coptis chinensis Franch.(WeilL) SiChuan, China
HL-03 Coptis deltoidea C.Y. Cheng et Hsiao | YaAn, SiChuan,
(vaL) China
4-6 HL-04,07,0 Coptis chinensis Franch. (WeiL) Unknown
8
7 HL-05 Coptis chinensis Franch. (WeiL) ShiZhuYuan,
SiChuan, China
8-18 HL-06,09,1 Unknown Unkown
1-19
19-20 HL-10,30 Coptis chinensis Franch. (WeilL) ErMei, SiChuan,
China
21 HL-20 Coptis chinensis Franch. (WeilL) Unknown
22-44 | HL-21-23, Coptis chinensis Franch. (WeilL) ShizhuYuan,
25-29, SiChuan, China
31-32,
35-46
44-46 | HL-24,33- Coptis chinensis Franch. (WeilL.) Unknown
34
47 HL-47 Unknown Unknown

Table 5.1 The List of the Coptidis Rhizoma samples collected

Berberine chloride and coptisine chloride were purchased from Wako while

jatrorrhizine chloride and palmatine chloride were purchased from International

Laboratory. Epiberberine was isolated in our laboratory. The purities of five standards

are not less than 97% as determined by RRLC-DAD. HPLC grade acetonitrile and
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methanol were purchased from Tedia (USA). Tetrabutyl ammonium chloride was
purchased from Aldrich. Phosphoric acid and hydrochloric acid were of
analytical-reagent grade. Double deionized water from Milli-Q water system
(Millipore Corp., Bedford, MA, USA) was used to prepare all buffers and sample

solutions.

5.4.2 Rapid Resolution Liquid Chromatography (RRLC) analysis

A sample of 0.2g was weighted and sonicated with 50mL 0.5% (2M) acidified
methanol for 30 min under 40°C. The mixture was filtered and the filtrate was
concentrated with a rotary evaporator. Then, the concentrated filtrate was transferred
to a volumetric flask and made up to 10mL solution. Finally, the sample solution

was passed through a 0.45um syringe filter before the chromatographic analysis.

Chromatographic analysis was carried out on a ZORBAX column (100mmx 4.6 mm,
1.8um) at 40°C using an Agilent 1200 Series Rapid Resolution LC system (Agilent
Technologies), equipped with a quaternary solvent delivery system, an auto sampler a
thermostatic column compartment and UV detector. Detection wavelength was set at

346 nm. The mobile phase consisted of (A) 20mM tetrabutylammonium chloride
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(TBA) at pH 2.2 and (B) acetonitrile (v/v) using gradient elution. The eluting program
is shown as follow: initial 98% (A) at 0—1 min, 98% to 93% (A) at 1-2 min, 93% to
83% (A) at 2-6 min, 83% to 65% (A) at 6-10 min Re-equilibration duration was 3
min between individual runs. The flow rate was 1.5mLmin* and aliquots of 1 uL

were injected.

Standard solutions of the five alkaloids were prepared and diluted to appropriate
concentrations to determine the calibration curves, limit of detection and
quantification. A range of seven concentrations of the five alkaloids was analyzed by
four replicate injections. For the chromatographic analysis of each alkaloid, the
limits of detection (LOD) and quantification (LOQ) were determined at
signal-to-noise ratio (S/N) of 3 and 10, respectively. The intra-day variability of
each alkaloid was examined by five replicated injections in one day. Meanwhile, the
recovery tests were performed to examine the accuracy of the analytical method.
Accurate amounts of the alkaloids of different concentration levels (low, medium
and high) were added to 0.2g pre-treated samples, followed by the extraction and

analysis as described above.
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5.4.3 Near-Infrared Spectroscopy (NIRS) and data analysis

All NIR spectra were recorded by a NIRSystems Model XDS spectrometer (Foss
NIRSystems, Silver Spring, MD, USA) equipped with a quartz halogen lamp and a
PbS detector. The spectra were collected in the reflectance mode with a ceramic
reference standard over the spectral region of 1100 to 2500 nm with a resolution of
0.5 nm. The spectra were acquired with a circular sample cup with a quartz window.
Each spectrum is an average of 32 scans. Each sample measurement was repeated
three times after every 120° rotation of the cup, and the spectra obtained were

averaged.

In this work, different data pre-processing methods were utilized to minimize
interference effects like particle scattering and baseline shift, and to enhance the data
quality for model establishment. These methods include mean centering (MC),
auto-scaling, standard normal variate transformation (SNV), derivative, smoothing,
multiplicative scatter correction (MSC) and de-trend. Good results have been
obtained by using SNV, second derivative with Savitsky-Golay (SG), moving

window average smoothing and MSC techniques.

All computer programs used in this study were coded in MATLAB 7.0 and all
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computations were performed on a computer equipped with an Intel (R) E6300 CPU

(1.86GHz) and 2 GB memories.

5.5 Results and discussion

55.1 Optimization of extraction condition using Taguchi

experimental design

Taguchi is used to optimize the extraction condition for the chromatographic
analysis. Four factors including ultrasonic duration, extraction temperature, amount
of acid added and volume of the extraction solvent (Methanol) used are examined at
three levels. The optimization considered the extraction efficiency of four alkaloids
except epiberberine as it could not be found in one type of the Coptidis Rhizoma
samples. The values of the extraction factors (A-D) and matrix (3?) under the levels

of consideration are listed in Tables 5.2 and 5.3, respectively.
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Levels used
Sample extraction factors

Low Medium High
A: (ultrasonic duration, min) 15 30 45
B: (extraction temperature, °C) 30 40 50
C: (amount of 2M HCI acid added, v/v %) 0 0.5 1.0
D: (volume of the solvent used, mL) 30 40 50

Table 5.2 Sample extraction factors and variables for Taguchi’s experimental design

(L-0 orthogonal array)

Experimental no. | Experimental order A B C D
1 2 15 30 0 30
2 9 15 40 0.5 40
3 7 15 50 1 50
4 3 30 30 0.5 50
5 4 30 40 1 30
6 1 30 50 0 40
7 ) 45 30 1 40
8 6 45 40 0 50
9 8 45 50 0.5 30

Table 5.3 Randomized runs of Taguchi experimental design
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The mean responses at different level for the four markers were calculated. In this

work, nine experiments were done and the sequence of the experiments was

randomized to avoid any subjective bias. From the data obtained, the interaction

between these factors was found to be very small. The sum of squares for different

factors were calculated and the results (Table 5.4) suggested that the most important

factor contributing to the extraction efficiency of the four alkaloids markers was

factor C (amount of acid added) followed by factor D (volume of the solvent used),

factor A (ultrasonic duration) and B (extraction temperature) played a lesser role.

Based on these, under the best condition, the optimal condition is the ultrasound

extraction using 50mL of methanol with 0.25mL of 2M HCI at 40°C for 30 min.
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Cospitine
Factors Degree  of | Sum of squares | Percentage
freedom contribution
Ultrasonic duration (A) 2 946.3 3.89%
Extraction temperature (B) 2 711.8 2.93%
Amount of acid added (C) 2 20860.7 85.74%
Volume of the solvent used (D) | 2 1811.6 7.45%
Berberine
Ultrasonic duration (A) 2 5981.1 7.19%
Extraction temperature (B) 2 3722.1 4.47%
Amount of acid added (C) 2 56904.8 68.42%
Volume of the solvent used (D) | 2 16567.6 19.92%
Palmatine
Ultrasonic duration (A) 2 349.4 8.98%
Extraction temperature (B) 2 122.4 3.15%
Amount of acid added (C) 2 2324.4 59.74%
\Volume of the solvent used (D) | 2 1094.6 28.13%
Jatrorrhizine
Ultrasonic duration (A) 2 62.6 10.10%
Extraction temperature (B) 2 4.3 0.69%
Amount of acid added (C) 2 444.7 71.71%
\Volume of the solvent used (D) | 2 108.5 17.50%

Table 5.4 Results for experimental responses in the (3%) matrix

128



Chapter 5

Finally, to validate the optimized conditions determined by Taguchi’s design, the
extraction efficiency for the four alkaloids was determined. Four successive
extractions were carried out and the results are shown in Table 4. More than 98%
alkaloids (98.2% for coptisine; 99.1% for jatrorrhizine; 98.7% for berberine; 98.1%

for palmatine) in Coptidis Rhizoma are being extracted by the optimized extraction

method for two times (Fig. 5.3).
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Fig. 5.3 The RRLC-DAD chromatogram of four successive extractions of Coptidis

Rhizoma extract at 346 nm.
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5.5.2 Chromatographic study of Coptidis Rhizoma by RRLC

analysis

The chromatographic conditions were optimized in order to obtain chromatograms
with a good resolution of the analyte peaks within a short period of time.
Tetrabutylammonium chloride salt was added into acidified mobile phase so as to
minimize the tailing effect during the separation process. In addition, further increase
in column temperature resulted in incomplete separation between epiberberine and
jatrorrhizine. Therefore, the column temperature was kept at 40°C. The best
separation was achieved by adjusting the mobile phase compositions, flow-rates and

gradient programs to those mentioned in section 5.4.2.

Fig. 5.4 shows the typical mean chromatograms of the five alkaloid components in the
standard solution, extracts of YunL, WeilL and YaL. Under the experimental conditions
mentioned above, peaks were identified by comparing the retention times and UV
spectra with those of the standards. Retention time for standards, coptisine,
epiberberine, jatrorrhizine, berberine and palmatine were 3.93, 4.80, 5.06, 5.40 and
6.03 min, respectively. It can be seen that the chromatograms of the three Coptidis

Rhizoma species are similar to each other.
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Fig. 5.4 RRLC/UV (346 nm) chromatograms of the five alkaloid components studied in a) standard solution, b) extract of Coptis teeta Wall
(unL), c) extract of Coptis chinensis Franch (WeiL) and d) extract of Coptis deltoidea C.Y. Cheng et Hsiao (YaL): 1) coptisine; 2) epiberberine;
3) jatrorrhizine; 4) berberine; 5) palmatine
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5.5.3 Method validation

The RRLC method developed was validated according to the International
Conference on Harmonization (ICH) guidelines and the results of linearity and
precision obtained were tabulated in Table 5.5. All the calibration curves of the five
standards exhibited good linearity (r>> 0.999) within their test ranges. The LOD and
LOQ were in the range 0.12-0.20 ng and 0.41-0.66 ng, respectively. Intra-day
variability was determined with both standard and sample extracts and almost all
extracts were less than 1.5%. This indicated that the five analytes were stable. Also,
the developed analytical method had good accuracy and the overall recoveries for all
the four analytes concerned in the samples were summarized in table 5.6. All the
results suggested that this assay showed good reproducibility. The amount of
epiberberine isolated was not sufficient for the recovery studies, however as the
structure is similar with other compounds studied; we believe that the

reproducibility of epiberberine is also good.

The five alkaloids in 47 samples were quantitatively determined by the developed
RRLC-DAD method and shown in Fig 5.5. The figure shows that there is a large

variation in the content of the five alkaloids among the 47 samples. Results obtained
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from this investigation are consistent with previous reports. This suggested that the

samples of Coptidis Rhizoma collected for the study is a good representation of the

general feature of Coptidis Rhizoma.

By using external standard method, the actual contents of the five alkaloids in the 47

samples were determined and their contents vary significantly (Table 5.3).

According to the standard recommended by the Pharmacopoeia of the People’s

Republic of China 2010, the content of berberine, epiberberine, palmatine and

cosptisine should be more than 3.6%, 0.8%, 1.5% and 1.6% respectively. In the

samples collected, 17 out of 47 Coptidis Rhizoma samples do not fulfill the limit

and they are not suitable for medical use. Most of these samples cannot fulfill the

requirement on the palmatine content. From this survey, there are large variations in

the quality of samples, and so, the quality control for Coptidis Rhizoma is quiet

important.
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Fig. 5.5 The content of five alkaloids in 47 Coptidis Rhizoma samples

134



Chapter 5

Component | r? Test range (ng) | LOQ (ng) | LOD (ng) | Intra-day variability | Average content | Range S.D.
(%) (mg/g)

Coptisine 0.9995 | 5-3000 0.66 0.20 0.63 +0.52 21.20 10.33 —29.86 4.04

Epiberberine | 0.9993 | 13 - 1950 0.30 0.09 0.55 +0.38 25.08 0.00 - 39.70 6.73

Jatrorrhizine | 0.9992 | 2-1200 0.41 0.12 0.81 +0.76 4.62 2.27 —-8.53 1.03

Berberine 0.9998 | 5-5000 0.53 0.16 0.62 +0.44 74.58 42.28 —98.34 11.76

Palmatine 1.000 5—3000 0.41 0.12 0.62 +0.44 14.97 4.46 — 21.55 3.14

Table 5.5 RRLC method validation for the five alkaloids and results of the alkaloids contents determined by

Rhizoma samples (n=4)

RRLC-DAD in 47 Coptidis
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Origin Spiked Found Recovery Mean RSD
Analyte
(mg/g) | (mglg) | (mg/g) (%) (%) (%)
7.22 28.15 102.2
Coptisine 20.78 16.13 36.62 98.2 101.1 2.54
21.23 42.62 102.9
2.23 6.80 113.7
Jatrorrhizine 4.72 5.01 9.84 1111 111.9 1.60
7.24 12.3 110.8
25.18 102.51 100.0
Berberine 77.32 75.56 151.86 98.66 99.4 0.70
110.82 187.76 99.66
4.47 20.17 104.4
Palmatine 15.50 13.41 29.11 101.6 103.5 1.71
22.34 38.87 104.61

Table 5.6 Recoveries of the four alkaloids in Coptidis Rhizoma sample (n=4)

5.5.4 Quantitation NIR models development by GA-PLS

Raw NIR spectra of all the 47 samples are shown in Fig. 5.7a and the intensive

bands in these spectra are from the first overtone of C-H stretching in the aromatic

ring (1685nm), the first overtone of C-H asymmetry stretching in CHs (1715nm),

combination band of O-H stretching and deformation vibration (2090 nm) followed

by the combination band of C-H stretching and C-H bending in CH3 (2285nm)

278
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Those vibrations mainly come from constituents such as alkaloids, polysaccharide
and non-volatile acid. As shown in Fig. 5.6a, the raw spectra have baseline shift with
broad bands. Therefore, these NIR spectra have to be preprocessed to remove
baseline shift, noises and backgrounds before information extraction. Here, all the
NIR data were treated by using a combination of several pre-processing tools
including SNV, second derivative with the Savitsky-golay (SG) method, moving
window average smoothing and MSC treatment. Then, the preprocessed spectra (Fig.
5.6b) were used in PLS regression. These mathematics tools were found to be

effective in minimizing the noise, interferences of scattering and particle size and

remove the baseline offset.
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Fig. 5.6 47 NIR spectra of Coptidis Rhizoma obtained from, a) raw data, b)
treatment of SNV, second derivative with Savitsky-golay (SG) method, moving

window average smoothing and MSC
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In this study, GA was firstly used to choose the related spectral data points for each
alkaloid with the parameters shown in Table 5.7, which is the same as the reference
23 In order to reduce the autocorrelation of spectral variables and increase the
robustness of the model built, the number of NIR data points have been linearly
interpolated to 220 (data point or gene) for each sample. Through this method, the

well-defined spectral regions can be selected with good explicable features. The

prediction ability is significantly improved in contrast to the full-spectrum model.

In our implementation of the GA, the values to be optimized were which of the

individual spectral points being used as input variables in the PLS calculation and

the number of the resulting PLS factors used to construct the calibration model.

Unlike other variable selection methods which select scattered spectral points,

GA-PLS usually extracts contiguous wavelength regions which can provide more

useful information for further interpretation and examination. This means that the

spectra in the selected region would be more relevant to the target components

selected for modeling. Despite its simplicity and efficiency, due to its stochastic

nature, the selection of variables by GA may not be reproducible. It is also a major

disadvantage using GA for spectral selection during model development. Thus, a

strategy based on the selection frequency of spectral variables (wavelength) was
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proposed to build robust models in this study. The samples were split randomly into
3 equal groups, two groups were combined to form the training sets, and GA-PLS
was applied on a training set to find the optimized spectrum variables. The
remaining group then was used as validation set to evaluate the PLS models. The
number of PLS factors used in the model was determined by minimizing the values
of RMSEV. The performance of the final model was evaluated by RMSECYV,
RMSEYV, BIAS, SEV and R. Then, the GA-PLS and modeling process were repeated
until all groups were utilized as test set once. The spectral variables with selection
frequency higher than one time in the 3-fold cross-validation step, and were then
used to build the final calibration model. This guarantees the maximum robustness
and prediction ability of the final calibration model. Again, a three-fold
cross-validation was used to establish the final PLS calibration model and the
GA-PLS process repeated 100 times for each analyte and the total alkaloid content.
Details of the GA algorithm can be found in our previous works % % %, n this work,
total alkaloids content is defined as sum of the amounts of all the alkaloids standards
that can be found in the RRLC-DAD chromatogram, i.e. the sum of the contents of
the five standards (berberine, coptisine, palmatine, epiberberine, jatrorrhizine).
Quantitation models for berberine, coptisine, palmatine, epiberberine, jatrorrhizine
and total alkaloids content were then established from the NIR spectra.
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Population size: 30 chromosomes

Average length of initial chromosome: 5

Maximum length of the chromosome: 30

Probability of mutation: 1%

Maximum number of PLS components: 15

Number of runs of variable selection: 100

Window size for smoothing: 3

Table 5.7 Parameters used GA

The scatter plots in Fig. 5.7 shows the correlation between the NIR predicted values

and the reference values obtained by RRLC-DAD measurement. The dot and cross

symbol represent the calibration and validation data points, respectively. It can be

seen from these plots that the data in the calibration and test sets are highly

correlated with the reference data.

The SEV of the quantitation models of berberine, coptisine, palmatine, epiberberine,

jatrorrhizine and total alkaloids content are 4.069, 1.235, 0.982, 2.420, 0.514 and

4.980, respectively, with the relative error of these models as 5.46%, 5.83%, 6.60%,

9.65%, 11.13%, 3.55%, respectively. The R values of the test sets of the berberine,
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coptisine, palmatine, epiberberine, and jatrorrhizine and total alkaloids content
models are 0.937, 0.951, 0.948, 0.931, 0.862, and 0.974, respectively. This indicates
that the predicted values from NIRS are very close with those determined value by
RRLC-DAD. For the six NIRS models, only the palmatine and jatrorrhizine models
involved more than 5 PLS factors. As for the jatrorrhizine, the average content is
close to 0.4%, which is approaching or below the limit of NIRS in analyzing the
herbal extracts *’’. This explains why more PLS factors are required in establishing

the models.
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Fig. 5.7 Prediction values against RRLC-DAD measured content of a) berberine, b)
coptisine, ¢) palmatine, d) epiberberine, e) jatrorrhizine and f) total alkaloids content

in all Coptidis Rhizoma samples (n = 47)
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5.5.5 Comparison of the NIR models developed by PLS and GA-PLS

Table 5.8 is the summary of NIRS quantitation models developed using PLS and

GA-PLS. For the data set using the ordinary PLS regression method, the RMSEV of

the quantitation models of berberine, coptisine, palmatine, epiberberine, jatrorrhizine

and total alkaloids content are 5.227, 1.434, 0.173, 3.297, 0.674 and 4.980,

respectively, with the relative error of these models as 7.01%, 6.76%, 7.84%,

13.15%, 14.59%, 4.54%, respectively. According to the results obtained, it is

obvious that the average relative error for the individual alkaloid as well as total

alkaloids using GA-PLS modeling is smaller than that those using ordinary PLS.

Marker PLS GA-PLS
RMSECV | RMSEV RMSECV | RMSEV

Berberine 3.879 5.227 2.793 4.070
Coptisine 1.361 1.434 0.794 1.235
Palmatine 1.160 1.173 0.591 0.986
Epiberberine 2.132 3.297 1.483 2.423
Jatrorrhizine 0.437 0.674 0.400 0.517
Total alkaloids Content 6.286 6.458 4.250 4.980

Table 5.8 Performance of the models developed by PLS and GA-PLS
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To investigate the detail of GA-PLS modeling, the variables used for GA-PLS

models were examined. 35, 36, 36, 50, 32 and 49 variables were finally selected as

wavelength regions, shown in Fig. 5.8, through the selection of 100 GA-PLS runs,

and were used to build up the quantitation models with PLS regression for berberine,

coptisine, palmatine, epiberberine, jatrorrhizine and total alkaloids content,

respectively. As shown in Table 5.8, not only the prediction ability was slightly

better than the ordinary PLS, the variables involved in model had been a significant

reduction as shown in Fig. 5.8. Variables carrying useless information were

eliminated by GA.
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Fig. 5.8 Overview of the spectral variables selected by GA a) berberine, b) coptisine,

¢) palmatine, d) epiberberine, e) jatrorrhizine and f) total alkaloids content overlaid

with the average NIR spectrum of Coptidis Rhizoma
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In the algorithm, variables are removed, that might decrease the variances in the data

set. The robustness of the calibration model should be improved. However,

considering fewer test samples in the model means fewer parameters and potentially

more bias. It might possibly have a lower prediction error than for the full-spectrum

model. It should be noted that variable selection itself is an additive source of

variance that may contribute to the prediction error. In the case considered here, a

full cross-validation was then performed and the spectral variables with selection

frequency higher than one time in the 3-fold cross-validation were chosen to build

the final calibration model. This guarantees the prediction ability of the final

calibration model, even though the population size is limited and the content of

target could be as low as 0.1%.

Compared to the ordinary PLS regression, GA-PLS only focuses on relevant (selected)

wavelength regions. Thus, we can expect that predictions are be less impacted by a

change on the spectra caused by the variation of environmental factors such as

temperature change and humidity. Since the use of genetic algorithms reduces the

relative error slightly (only 30-50 out of 220 wavelength regions have a coefficient),

we can suppose that the model robustness will be more stable over time if fewer

wavelength regions are used in modeling.

146



Chapter 5

5.5.6 Validation of quantitation models developed by GA-PLS

In our work, all the proposed NIRS models were validated in accordance with the
ICH, EMEA and PASG guideline through assessing their specificity, linearity,

accuracy and precision 22¢2%,

In the NIRS assay, the specificity is defined as the ability to measure the alkaloids
contents in a specific matrix — the Coptidis Rhizoma herbal matrix. Therefore, a
spectral library allowing the identification of Coptidis Rhizoma samples was built in
this work. The important wavelength regions including 1503 — 1541nm (first
overtone of N-H), 1560 — 1580nm (first overtone of intra-molecular O-H), 1637 —
1727nm (first overtone of C=C, first overtone of C-H in aromatic ring &
symmetrical first overtone of —CH3) and 1772 — 1791nm (asymmetrical first
overtone of —CHs)) 2 had significant loading in our PLS model for the total
alkaloids content, and these region were selected and used in model development.
The specificity of the Coptidis Rhizoma library is assessed by external samples
which have not been used in the modeling. In this case, Phellodendri Cortex, known
as Huangbo in Chinese, samples were served as external samples in the selectivity
assessment. From our previous study *, Phellodendri Cortex contains about 6-8%

alkaloids components, including berberine, palmatine and jatrorrhizine. We believed

147



Chapter 5

that Phellodendri Cortex would be suitable for this purpose. NIR spectra of 30

Phellodendri Cortex collected for the study are shown Fig. 5.9a. It is quite clear that

the difference in the spectra of Phellodendri Cortex and Coptidis Rhizoma (mean

NIR spectra, shown in Fig. 5.9b) is not significant.
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Fig. 5.9 Raw NIR spectra of a) 30 Phellodendri Cortex samples, b) mean

Phellodendri Cortex and Coptidis Rhizoma

To examine the specificity of the Coptidis Rhizoma library, the Mahalanobis

distance was used as a measure of the similarity between the individual spectrum

(test sample) and the calibration spectra (mean spectrum). The Mahalanobis distance

for each sample spectrum is calculated after the PCA is performed. Table 5.9 shows

that all the Phellodendri Cortex spectra analyzed have their Mahalanobis distances,

which were much higher than the threshold defined by the method used in Coptidis

Rhizoma (1.416), and all the Phellodendri Cortex samples, were considered as the
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outliers. On the other hand, all Coptidis Rhizoma spectra have their Mahalanobis

distance below the method threshold, showing that the method is specific to Coptidis

Rhizoma.
Spectrum mahalanobis Mahalanobis distance
Samples Outlier
distance threshold
Coptidis
0.765 + 0.472 (n=47) No
Rhizoma
1.416
Phellodendri
3.177 £ 0.702 (n=30) Yes
Cortex

Table 5.9 Method selectivity for the Coptidis Rhizoma and Phellodendri Cortex

samples

The linearity of an analytical method relates to the range in which the test results are

directly proportional to the concentration of analytes in samples. In multivariate

calibration methods, the calibration model is established by using the concentrations

of the sample extract rather than that of the standard solutions as the effect of the

sample matrix cannot be removed explicitly. Thus, the linearity is limited by that of

the reference method. In the ideal case, the linearity of the NIRS is the same as that

of the reference method if the regression line with a unity slope and a zero intercept,

i.e. the NIRS model provided the same results as the reference method for a sample
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set spanning the same concentration range. A range of £20% around the nominal
value for each analyte in all the developed NIRS models was used in linearity
assessment. This led to all the six NIRS models met the criteria over the

concentration ranges examined (see Table 5.10).
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Parameter | Component Berberine Coptisine Palmatine Epiberberine Jatrorrhizine Total alkaloids
content
Linearity | Range (mg/g) 42.28-98.34 |10.33-29.86 |4.46-—21.55 0.00 —39.70 2.27 —8.53 76.94 —182.93
Equation y=0.923x+5.65 | y=0.964x+0.74 | y=0.976x+0.46 | y=0.827x+4.23 | y=0.929x+0.28 | y=0.918x+11.15
Intercept 0.948 0.124 0.092 0.738 0.069 1.820
Slope 0.025 0.011 0.012 0.056 0.029 0.025
r 0.937 0.951 0.948 0.931 0.886 0.974
Accuracy | Average Difference
0.095 0.802 -0.094 0.120 0.052 0.043
(mg/g)
SD 4.113 1.248 0.992 2.447 0.520 5.034
t 0.16 0.08 0.64 0.33 0.68 0.06
t (Table) 2.01
Precision | RSD (%) 3.37 3.46 3.94 521 6.94 1.76

Table 5.10 Results of the validation of all the NIRS models
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The accuracy of an analytical method is evaluated by how close of the test results
obtained by that method to the true values and the accuracy of the method should be
established across its range. To establish the accuracy of the NIRS models, a paired
t-test was performed between the reference method and NIRS model to check whether
the results between them were significantly different or not. In our study, all samples
in each model were executed in the paired t-test. Before the paired t-test, an F-test (o
= 0.05) was made, to verify whether any significance differences between the values
obtained from two methods being used, for all samples. As all the developed models
present statistically similar variances, the paired t-test was performed. The acceptance
criteria is defined by the formula:|teyp| < |twan|, and the results for a ti, value of 2.01 for
P = 0.05. The results obtained can be found in Table 6. [texp| < tian With being obtained
for all the samples in all the NIRS models, this clearly showed that the accuracy of all

our NIRS models are comparable to the reference method.

Precision is the degree of agreement among individual test results when the method is
applied repeatedly to a homogeneous sample. It is usually measured by the
repeatability. In this work, we did it by analyzing a single sample three times on the
same day in this work. Results for these calculations are listed in Table 5.5. The
highest relative standard deviation (RSD) for jatrorrhizine was 6.94%, and but still
lower than the widely accepted tolerance of 10% for this type of non-destructive

determination.
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5.6 Conclusion

The NIRS methods developed in this work allows simultaneous quantification of five
individual alkaloids and total alkaloids content of the Coptidis Rhizoma samples
accurately, precisely and expeditiously with minimal sample treatment. These
promising results were also validated by specificity, linearity, accuracy and precision
under the ICH, EMEA and PASG guideline. The prediction ability GA-PLS was better
than the ordinary PLS. The number of variables considered in model decreased
significantly by using GA-PLS. Some variables carrying useless information were
eliminated by GA. The result obtained using GA-PLS, suggested that markers with
low content in CHM could be predicted by NIRS models. The detection limit of NIRS
was estimated to be 0.1%. We believe that the GA-PLS technique can be used to
significantly enhance the applicability of NIRS in quality control and assurance of

CHM.
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Chapter 6: Modeling the Biological
Activity of CHM: Predicting the

Anti-Oxidant Effect of Ganoderma
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6.1 Introduction

As herbal supplements became more and more popular, people are more concerned
about the quality of herbs. Conventional analytical approach only looks at the contents
of one or a few selected compounds. However, the content of the marker components
cannot fully represent the consistency of chemical composition in the herb, not to say
to reflect their biological activities. Correlation of biological effects of CHM to its
chemical compounds is not an easy task since the effects could be contributed by a
group or class of compounds, while conventional analytical methods only examine a
few of them. Previous work suggested that NIRS is capable of predicting content of
some compounds in the herb. Here, we examine the possibility of predicting the
biological activity of an herb using NIRS. This made the quality control scheme more

relevant to the final goal of assuring the efficacy of the herbs or herbal products.

In this chapter, the GA-PLS technique was applied to establish correlation models of
NIR spectra of Ganoderma with the triterpenoids content and the anti-oxidant effect
of the sample. It is a famous CHM for its nourishing actions. The challenges in this
study are the complex composition of Ganoderma, low content of marker components
and small number of samples collected (n=33). Ganoderma contains hundreds
triterpenoids which makes separation of all triterpenoid very difficult, and the contents
of some triterpenoids are very low (0.02%), which is far below the detection limit of
NIRS technique. For the same reasons, the reference method for the identification and
quantification of the target triterpenoids of Ganoderma was Liquid chromatography
coupled with mass spectrometry (LC/MS), so that the separation efficiency and the
accuracy were monitored by checking the purity and the mass to charge ratio (m/z) of

the corresponding peak of interest. The correlation of the antioxidant activity of
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Ganoderma with triterpenoids content as well as with the NIR spectra was studied.

6.2 Background of Ganoderma

According to the Chinese Pharmacopoeia 2010, the species used for Ganoderma are
Ganoderma lucidum (Leyss. Ex Fr.) Karst. or Ganoderma sinense Zhao, Xu et Zhang,
the former is known as red Ganoderma and the latter is known as purple or black

Ganoderma. Both forms are generally sold dried and whole %!,

Ganoderma is can be found naturally in temperate and subtropical zones. It is a fungal
plant grows on dead or dying tree in areas that are lack of sunshine, fertile and high
humidity. Nowadays, the supplies of Ganoderma are mainly from cultivation in

Jiangxi and Zhejiang and other provinces of China.

Ganoderma is sweet and bitter in taste, neutral in nature. The tradition function of
Ganoderma is to replenish Qi, to ease the mind, to relieve cough and asthma, and it is
recommended for dizziness, insomnia, palpitation, and shortness of breath®?
Nowadays, Ganoderma are even more widely used. They are used in treating stress,

allergies, cancers, hypertension, heart diseases, high cholesterol (LDL), diabetes,

headache, stomachache, arthritis, Chronic Fatigue Syndrome (CFS) and hepatitis.

It has been a long history that Asians believed in the miracle health effects of
Ganoderma. More recent reports on its consumption, mostly from Asia with some
from North America and Europe also, support some of the ancient health claims.
Quite a number of studies concerning the chemical constituents of Ganoderma were
reported. Nowadays, a variety of commercial Ganoderma products are available in

various forms, such as powders, dietary supplements, and tea. They are produced from
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different parts of the mushroom, including mycelia, fruit bodies, and spores.

The fruiting body of G. lucidum is annual, persisting many months, growth form
highly variable, specimens from North America typically large and shelf-like while
those from the tropics and wild are usually smaller with cap and stalk. Intermediate
forms exist, including the rare antlered form. The cap is circular to semicircular, fan-
or kidney-shaped, 2-20cm board, 4-8cm thick. Upper surface smooth or with
concentric ripples, corky, tough, with or without varnished appearance; dark red to
reddish-brown or reddish-black in center, and yellowish toward the margin, edge is
white when actively growing, flesh yellowish-brown to dark brown. The cap of fresh
G. lucidum is soft, moist, and leathery, corky and tough when it is old. The cap
becomes woody when dry. The pores are presented in one layer of spore-producing
tubes, each tube 0.02-0.2 cm long, spores minute, dense, whitish when fresh, bruising
brown. The stalk is porsally or laterally attached, 3-14cm long and 0.5-4cm thick, may

be enlarged at base, same color and appearance as cap surface.

The fruiting body of G. sinense is annual, persisting many months; stipitate. The cap
is circular to semicircular, fan- or kidney-shaped, 2.5-9.5 cm board, 0.4-1.2 cm thick;
upper surface smooth or with concentric ripples, corky, tough, with or without
varnished appearance; purplish-black to black, margin narrow, edge pale brown when
actively growing, flesh yellowish brown to dark brown. The cap of fresh G. sinense is
soft, moist, and leathery, corky and tough when it is old. The cap becomes woody
when dry. The pores are also presented in one layer of spore-producing tubes, each
tube 0.3-1cm long, spores 5-6 per mm, off-white or light to dark brown. The stalk is

dorsally or laterally attached, 7-19 cm long, 0.5-1 cm thick, often twisted, may be
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enlarged at base, same color and appearance as cap surface.

Other species like G. tsugae Murrill and G. applanatum sometimes are being traded as
counterfeit of Ganoderma. The cap surface of G. tsugae is quite similar to that of G.
lucidum; however, its flesh is white, usually has a stalk and confined to conifers. G.
applanatum is easily distinguished from G. lucidum. The fruiting body is shelf like,
without a stalk, and is fan-shaped or semicircular in outline. The cap is 5-75 cm broad
and 2-20 cm thick, with a hard woody surface that is gray to brown and is not

varnished.
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6.3 Chemical and biological studies of Ganoderma

6.3.1 Chemical studies

Ganoderma contains 1.8% ash, 26-28% carbohydrate, 3-5% crude fat, 59% crude
fiber, and 7-8% protein 2*. Polysaccharides and triterpenoids are the two major active
constituents of Ganoderma. Polysaccharides (B-Glucan) and triterpenoids in
Ganoderma and other species have been investigated thoroughly. One of the
characteristic of the fruiting body of Ganoderma is its bitterness taste. The
components responsible for the bitterness is the triterpenoids which can also serve as a

marker for pharmacological evaluation 2%,

In this study, we focused on the triterpenoids which are the bitter components of
Ganoderma with well known pharmacological activities 2*. Triterpenes are naturally
occurring compounds which has a basic skeleton of C30 (see Fig.6.1). Since the first
isolation of two bitter triterpenoids, ganoderic acid A and B, from the dried epidermis
of Ganoderma in 1982 % more than 130 oxygenated triterpenoids (mostly
lanostane-type triterpenes) have subsequently been isolated from the fruiting bodies,

spores, mycelia and culture media of Ganoderma 2**2%’,

The predominant triterpenoids are ganoderic acid A-Z. Other triterpenoids include
ganoderal A and B, ganoderenic acid A-D, and ganoderic acids, etc . The contents
of triterpenoids vary significantly in different parts of the fruiting body. Quantitatively,
the cap is the richest source of triterpenoids, followed by the stem, and then the spores.
The outer side of the outer layer of the cap yields a higher concentration of

triterpenoids than the other parts of the cap. Four ganoderic acids, ganoderic acid A,
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C2, F and H (their chemicals structure are shown Fig. 6.1) in Ganoderma, were

commercially available and served as markers compound in this study.

Fig. 6.1 Structures of a) ganoderic acid A b) ganoderic acid C2 c) ganoderic acid F

and d) ganoderic acid H

Several analytical methods including TLC %2 HPLC-DAD %% and HPLC-MS
303,304 have been reported for the analysis of the triterpenoids profile of Ganoderma.
The TLC methods for differentiation of Ganoderma from several other fungal crude
drugs, such as hoelen, omphalia and polyporus, has been reported by Kohda et al. 2.
It was found that ganoderic acids B and C are unique constituents of Ganoderma, and
these substances showed characteristic bright red spots on a TLC plate after spraying
with H,SO, and followed by heating. Similarly, distinctive TLC patterns of various
triterpenes obtained from the extracts of the fruiting bodies of G. lucidum and G.

tsugae have also been reported by other researchers 2%°.

Chyr and Shiao ** reported a method using HPLC-DAD for the classification of G.
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lucidum and related species by comparing the content and the pattern of their

triterpenoid profiles. Su et al. 3*

reported a simple and reliable HPLC method for the
identification of different members of Ganoderma. In this study, the 64 samples
collected could be divided into 18 groups based on characteristics of triterpenoids
profile shown in the HPLC chromatograms, these were in good agreement with the
classification based on morphological examination. To speed up the chemical analysis,

300

Sye investigated the influence of the extraction using a small Sep-Pak C18
cartridge on the HPLC pattern of the triterpene profile of Ganoderma. Results showed
that similar triterpenoids pattern comparing to the conventional extraction method can

be obtained.

LC-MS is increasingly employed in analyzing Chinese medicine, especially those
with complex chemical constituents. Thus, it has been used in characterization of the
complex triterpenoids in Ganoderma. A total of 32 triterpenoids, including six new
ones, were identified or tentatively characterized by LC/MS in negative mode. The
fragmentations pathways were reported for the first time, and were implemented for
the analysis of triterpenoids in G. lucidum . A total of 31 triterpenoids were
identified or tentatively characterized from rat bile after oral administration
triterpenoids-enriched extract by HPLC-DAD-ESI-MS and LC-ESI-IT-TOF/MS 3%
Two triterpenoids ganoderic acid T (GA-T) and ganoderic acid Me (GA-Me), from

triterpenoids-enriched extracts of G. lucidum mycelia were identified by LC/MS 3%,
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6.3.2 Biological studies of Ganoderma

In general, triterpenes have been reported to possess significant bioactivities, such as

307 308 309

anti-oxidation %, hepatoprotection , anti-allergy *'°, anti-hypertension

I 312 313

anti-tumor, anti-bacteria , anti-inflammatory effects °*°, as well as inhibiting
platelet aggregation 3, due to the inhibition of enzymes such as B - galactosidase,
angiotension coverting enzyme, cholesterol synthase, etc. The following summarize

the major biological activities studied.

Lowering of blood sugar and pressure

Extract of G. lucidum has also been found to be effective in reducing the blood
glucose level after two months of treatment *°. Ganoderan B was considered to
enhance glucose utilization because it increased the plasma insulin level in normal and
glucose loaded mice, but did not affect the insulin binding to isolated adipocytes *°.
The hypoglycemic activity of G. lucidum is thus due to an increase of the plasma
insulin level and an acceleration of glucose metabolism occurring not only in the
peripheral tissues but also in the liver. G. lucidum is also effective in lowering
hypertensive blood pressure. This is due to the presence of lanostane derivatives, such

as ganoderic acids B, D, F, H, K, S and Y, which exhibits hypertensive activities **'.

Anti-bacterial and Anti-viral activities

Anti-bacterial activity has been observed against Gram-positive bacteria from the
basidiocarp extracts of G. lucidum 2, Another study reported that seven Indonesian

Ganoderma species inhibited the growth of Bacillus subtilis **°. Yoon et al. *%°

162



Chapter 6

investigated the additive effect on the activity of an aqueous extract of G. lucidum
with four known antibiotics and observed that the anti-bacterial activity increased.
There are relatively few studies on extracts from the liquid cultivated mycelium.
Russell and Paterson *** noted that methanolic extracts of the mycelia and culture
extracts of G. recinaceum and G. lucidum inhibited B. subtilis. G. recinaceum also
inhibited Staphylococcus aureus. Low molecular weight aqueous fractions of G.

lucidum extract strongly inhibited multiplication of HIV-1 %%,

Anti-cancer effect

Polysaccharides isolated from G. lucidum was found to inhibit the growth of sarcoma
$180 tumor in mice ¥, The protein-bound polysaccharides showed inhibition on
the neutrophil apoptosis *** and phagocytosis **°, and activated the immune response
by stimulating macrophages and T-lymphocytes *?°. Lucidimol A, B, and ganoderiol F
are found to be cytotoxic on sarcoma and lung carcinoma cells *¥"*?°. G. lucidum
extract showed inhibition on cell adhesion and cell migration of NF-kB cell, which
conceivable that it inhibit the breast and prostate cancer ****!. And it also prevents

apoptosis of Erkl cell and PKC cell, which is pheochromacytoma and hematoma cell

332,333

The effect of Ganoderma upon cancer cell could be summarized as below, the
mushroom inhibits (a) proliferation and invasive behavior of breast and prostate
cancer cells; (b) growth and induces apoptosis of breast and prostate cancer cells; (c)
growth of hematoma cells; and (d) secretion of vascular endothelial growth factor

suppressing angiogenesis and transforming growth factor from prostate cancer cells
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334,335 In addition, it induces apoptosis of colon cancer cells ***. Stanley et al. **°
demonstrated that G. lucidum induces apoptosis, inhibits cell proliferation, and
suppresses cell migration of human prostate cancer cells. However, the molecular

mechanism(s) has not been fully elucidated.

Furthermore, an extract from G. lucidum was screened by Muller et al. **" for
anti-proliferative activity using a human cancer cell lines. The results indicated that G.
lucidum had a profound activity against leukemia (HL-60, U937, K562, THP-1, NB4),
lymphoma ((B- and T-ALL) and multiple myeloma cells (RPMI18226, ARH77, U266,
NCI-H929) and may be a novel adjunctive therapy for the treatment of hematologic

malignancies.

Immune-requlating effect

G. lucidum may have an immune-modulating effect in patients with advanced
colorectal cancer **. Further studies are needed to explore the benefits and safety to

cancer patients. Pero et al. 3*°

report on a combination of mushroom extracts
(Cordyceps sinensis, Grifola blazei, Gr. frondosa, Trametes versicolor and
Ganoderma lucidum) into a formulation designed to optimize different modes of
immunostimulatory action, and yet that would avoid metabolic anti-oxidant
competition. The efficacy of the result is less than expected. However, despite this, the
data were taken as strong evidence that the combination gave additive or synergistic
effects to improve health. Kuo et al. **° obtained supportive evidence for the effect of
dried mycelium of G. lucidum on the enhancement of innate immune response. Lin et
aI. 341

investigated the effects of two G. tsugae supplement products and the results

suggest that supplementation diets might alleviate bronchoalveolar inflammation via
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decreasing the infiltration of inflammatory cells and the secretion of inflammatory

mediators into the lungs and airways.

6.4 Experimental methods and materials

6.4.1 Samples and reagents

Twenty G. lucidum and eleven G. sinense samples were collected from different
provinces of China, mainly from Sichuan, Zhejiang, Fujian. Eighteen G. lucidum
samples were purchased from local market in Hong Kong. All samples were
authenticated by Dr Dawn Au (Department of Applied Biology and Chemical
Technology, The Hong Kong Polytechnic University, Hung Hom, Hong Kong). The

species and the geographic origin were tabulated in Table 6.1.

All Ganoderma samples were grinded into powder, and then passed through a 100
mesh (150um) stainless sieve. The sieved powdered samples were stored in plastic

containers at 20°C for subsequent studies.

Ganoderic acid A, C1, H and F with purity above 90% were purchased from
Chromadex (USA). HPLC grade acetonitrile, methanol and acetic acid were
purchased from Tedia (USA). The Chloroform used for sample preparation was in AR
grade, purchased from Tedia (USA) also. Double deionized water was prepared by a

Milli-Q water-purification system (Millipore, MA, USA).

165



Chapter 6

No. of

Samples Sample Code Latin Name Origin

1-6 Cl-6 Ganoderma lucidum Sichuan, China
7-9 C7, 16, 19 Ganoderma lucidum Zhejiang, China
10-11 C8, 15 Ganoderma lucidum Guangxi, China
12 C9 Ganoderma lucidum Hunan, China

13 C10 Ganoderma lucidum Shanxi, China
14 Cl11 Ganoderma lucidum Guizhou, China
15 C12 Ganoderma lucidum Anhui, China

16 C13 Ganoderma lucidum Jiling, China

17 Ci14 Ganoderma lucidum Shandong, China
18-20 C17-18, 20 Ganoderma lucidum Fujian, China
21-38 L1-18 Ganoderma lucidum Local Market
39-41 P1-3 Ganoderma sinense Hunan, China
42-44 P4-5, 11 Ganoderma sinense Zhejiang, China
45 P6 Ganoderma sinense Sichuan, China
46 P7 Ganoderma sinense Guangxi, China
47 P8 Ganoderma sinense Fujian, China

48 P9 Ganoderma sinense Shandong, China
49 P10 Ganoderma sinense Jiangxi, China

Table 6.1 The list of the Ganoderma samples collected

6.4.2 High Performance Liquid Chromatography coupled with Mass

Spectrometry (LC/MS) analysis

0.5g sample was accurately weighed, and sonicated with 40mL chloroform in 45°C
for 20 min. This extraction was repeated in twice. Then, the mixture was combined,

filtered and evaporated to dryness with a rotary evaporator. Afterward, the dry residue
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was dissolved in SmL methanol and filtrated through a 0.45pum syringe filter.

Chromatographic analysis was carried out on a Thermo ODS hypersil column
(250mmx4.6mm,5um) at 25 C using an Agilent 1100 liquid chromatography system,
equipped with a quaternary solvent deliver system, an auto-sampler and a DAD
system. The detection wavelength was 254 nm, and the UV spectra were recorded in
the range of 190-400nm. The gradient elution of the mobile phase consisting of (A)
acetonitrile and (B) 0.1% (v/v) formic acid is as follows: 25-30% (A) at 0—20 min;
30% (A) at 20-30 min; 30 to 40% (A) at 30-40 min; 40% (A) at 40-55min; 40 to
55% (A) at 55-60 min and 55% to 70% (A) at 60—70 min. 10 min re-equilibrium was
allowed between injections. The flow rate was 1.0mL/min and aliquots of 10uL were

injected into the HPLC.

An Agilent MSD Trap VL module mass spectrometer was connected to the Agilent
1100 HPLC instrument via an ESI interface. The LC effluent was introduced into the
ESI source in a post-column splitting of 5:1. Ultra high purity helium (He) was used
as the collision gas while high-purity nitrogen (N?) was used as the nebulizing gas. All
the parameters were optimized by the instrument's automatic tuning procedure. The
optimized parameters in the negative ion mode were as follow: ion spray voltage, 4.0
kV; the heated capillary temperature, 270 "C; sheath gas, 30L min*. Data acquisition
was performed in the full scan mode form m/z 100 to 1500 for MS and with an

accumulation time of 200 ms and 7 microscans was averaged per recorded scan.
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6.4.3 The Ferric Reducing Antioxidant Power (FRAP) assay

FRAP assay measures the ferric reducing ability of antioxidant because the redox
reaction would be involved in the reaction with ROS. Thus, the reducing capacity
could reflect the antioxidant activity of the samples. In this assay, the ability of the
sample in reducing ferric tripyridyltriazine complex (Fe**-TPTZ) into ferrous
tripyridyltriazine complex (Fe®*-TPTZ) at low pH is measured at 593nm 3%.
Fe?*-TPTZ absorbs most at 593nm and the production of this complex is detected.
The recorded absorbance of the ferrous ion is multiplied by the conversion factor.
This conversion factor was found from the absorbance of 1000 uM of standard ferrous
ion and its concentration. Thus, the recorded absorbance is converted into FRAP value
which serves as the indicator of the strength of the antioxidant activity and is related
to the concentration of Fe (I1) ion complex formed.

It was preformed according to the procedure described by Benzie and Strain 3*.
COBAS FARA Il spectrofluorometric centrifugal analyzer (Roche) was utilized.
Ascorbic acid standards were tested as control. 300uL of FRAP reagent, the mixture
of 20mL of acetate buffer solution, 2mLof Fe(l11) solution and 2mL of TPTZ solution,
was freshly prepared. The reagent blank reading was measured at 593nm. 10ul of
sample was added. The change of absorbance between final reading selected and the
reagent blank reading was calculated for each sample after 4 minutes. The change of
absorbance of Fe(ll) standard solution was measured in parallel. The antioxidant

activity was expressed in terms of FRAP values which is arbitrarily defined as the

reduction of 1mole of Fe(l1l) ion to Fe(ll) ion.
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6.4.4 Near-Infrared Spectroscopic (NIRS) analysis

All NIR spectra were recorded by a NIRSystems Model XDS spectrometer (Foss
NIRSystems, Silver Spring, MD, USA) equipped with a quartz halogen lamp and PbS
detector. NIR spectra of the all samples were collected in the reflectance mode over
the spectral region 1100 to 2500 nm with 0.5-nm data intervals. The spectra were
acquired with a circular sample cup with a quartz window (38 mm in diameter and 10
mm in thickness). Each sample spectrum was obtained by averaging 32 scans. All
spectra were recorded as the logarithm of the reciprocal, log (1/R) with respect to
ceramic reference standard. Each sample measurement was repeated in three times

after every rotation of the cup for 120°, and the corresponding spectra were averaged.

Several data preprocessing methods, including derivation, multiplicative scatter
correction (MSC), Savitsky-golay (SG), standard normal variate transformation (SNV)
and detrend have been applied to all NIR spectra to minimize the interferences such as
scattering effect and baseline shift, as well as to enhance the spectral differences and
to smooth the spectra etc. All data analysis was performed using a VISION (3.0.1.0),

FOSS Nirsystems, MATLAB (version 6.5) and Sigma Plot (version 7.0).
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6.5 Results and discussion

6.5.1 Optimization of extraction condition

I 343, 344

To extract the triterpenoids from Ganoderma sample, methano and chloroform

303, 304, 345348 are usually used as the extraction solvent. In order to find the best
extraction solvent, 0.5 g of Ganoderma sample (C1) was sonicated with 40 mL
methanol and chloroform for 60 min in twice. After evaporating the solvent, the final
extractive was dissolved in 5 mL methanol. The UV chromatograms of sample C1
using the two different solvents were shown below in Fig. 6.2. The pattern of the
chromatograms is similar to each other, but the entire chromatogram of the methanol
extract (Fig. 6.3b) has lower response comparing to chloroform extract (Fig. 5.3a).
Also, the number of peaks detected in chloroform extract is larger than that of
methanol extract. Furthermore, chloroform is able to extract 5%-15% more of the

ganoderic acids than the methanol as shown in the Table 6.3. Thus, chloroform was

selected as the extraction solvent.

Ganoderic acid | Ganoderic Ganoderic acid | Ganoderic acid

C2 (mAU) acid A(mAU) | H (mAU) F (mAU)
Chloroform | 153.1 575.8 126.1 296.1
Methanol 158.2 539 120 258.4

Table 6.2 The comparison of the peak area of the ganoderic acid C2, A, H and F in

chloroform and methanol extracts
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Fig. 6.2 The HPLC-DAD chromatogram of Ganoderma (C1 sample) extracted with a)
chloroform, and b) methanol

After selecting the extraction solvent, different extraction methods including
sonication and heat-reflux were compared. The results indicated that both methods got
similar extraction efficiencies for the four triterpenoid markers. Sonication was finally
selected because it is simpler to operate. Different extraction duration, 20 min, 60 min
and 120 min were also compared. The results suggested no significant difference in
extraction efficiency of 20min, 60 min and 120 min extraction and the chromatograms

were similar to each other. That explains why most previous studies ¥* %34 ysed 20
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min for extraction as well.

Finally, a series of experiments were conducted to determine the most suitable volume
of the solvent used and the number of successive extractions being carried out. The
extraction efficiencies of the two major triterpenoids ganoderic acid A and F in
Ganoderma samples were the criteria for optimization. From Table 6.4, 10 mL
chloroform could not extract all the ganoderic acid A and F in 3 successive extractions.
20 mL chloroform was sufficient to extract them all in 3 successive extractions, while
40 mL chloroform could achieve the same purpose in 2 successive extractions. Thus,
sonification with 40 mL chloroform for 20 min twice was the optimal extracting

condition for triterpenoids components in Ganoderma samples.

1% successive 2" successive 3" successive
Volume of ) . .

extraction extraction extraction
Chloroform
(mL) GA* A | GA F | GA A | GA F | GA A | GA F
m

(mAU) (mAU) (mAU) (mAU) (mAU) (mAU)
10 288.6 156.1 126.6 66.27 71.5 32.4
20 433.2 231.9 116.5 61.8 32 15
40 495.8 271.3 70.1 48.3 0 0

*GA: Ganoderic acid

Table 6.3 The peak area of ganoderic acid A and F of the sample using different

solvent volume in different successive extraction cycles
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6.5.2 Optimization of chromatographic conditions

Triterpenoids have good absorption in about 240-260 nm, 254 nm was selected as that
is the absorption maxima. For the chromatographic conditions, the influence of the
stationary phase and mobile phase were firstly investigated. Triterpenoids are acidic in
nature and small amount of formic acid was added to the mobile phase to reduce the
ionization of these compounds. Different elution conditions with methanol-water,
acetonitrile-water and different concentration of formic acid in water were examined
to obtain the most suitable mobile phase. The best resolution was obtained by a
combination of the acetonitrile-water/formic acid (0.1% v/v). The mobile phase used
in the study differed from the earlier systems reported in the literature by replacing

acetic acid with formic acid to make the mobile phase more suitable for MS study **°.

Our studies suggested that the separation is rather sensitive to the stationary phase
used. Three HPLC columns, Agilent, Sorbax C18 (250mm X 4.6mm i.d. 5um) and
Thermo, Hypersil ODS C18 (250mm X 4.6mm i.d. 5um) and Thermo Hypersil Gold
C18 (250mm X 4.6mm i.d. 5um) were used to separate the triterpenoids components
in the same Ganoderma sample and their corresponding HPLC-DAD chromatograms

were shown in Fig. 6.3.

The chromatograms of the sample using Agilent Sorbax C18 column is quite similar
to that produced by Thermo Hypersil ODS C18 column. Agilent Sorbax C18 column
results in chromatograms of better peak shape and higher resolution, while the
Thermo Hypersil ODS C18 is capable to resolve more peaks, particularly; the four
markers used were well resolved. The markers ganoderic acid A and H were co-eluted
as a single peak by using Agilent Sorbax C18 column while they are completely
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resolved in Thermo Hypersil ODS C18. To our best knowledge, there is no paper
reporting the separation of ganoderic acid A and H, even though ganoderic acid A is
the major triterpenoid in Ganoderma. Therefore, Thermo Hypersil ODS C18 was

selected for subsequent HPLC-DAD-MS studies.
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Fig. 6.3 The HPLC chromatogram of Ganoderma (Cl sample) using different
columns. a) Agilent, Sorbax C18, b)Thermo, Hypersil ODS C18 and c) Thermo

Hypersil Gold C18
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6.5.3 Quantitative analysis of triterpenoids in Ganoderma

Fig. 6.4 shows typical HPLC-UV chromatograms of the standard solution containing
four standards mixture of ganoderic acid C2, A, H and F, the extract of G. lucidum and
the extract of G. sinense (type I) and the extract of G. sinense (type Il), under the
optimized chromatographic conditions. The presence of the four triterpenoids was
confirmed by comparing the retention time, UV spectrum as well as the parent ions of
the corresponding peak with those of the standards. The retention time of ganoderic
acid C2, A, H and F are 26.4, 39.7, 43.3 and 56.0 min respectively. The respective

parent ions of ganoderic acid C2, A, H and F are 500.1, 498.9, 573.0 and 570.1 m/z.
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Fig. 6.4 a) The HPLC-UV typical chromatograms of the standards solution containing
four standards mixture of ganoderic Acid C2, A, H and F, b) the extract of G. lucidum ,

c) the extract of G. sinense (type 1) and d) the extract of G. sinense (type 1)
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To determine the actual contents of the four triterpenoids present in the Ganoderma
samples, the calibrations of four triterpenoids were determined. Standard solutions of
four triterpenoids were prepared and diluted to appropriate concentrations. A range of
six concentrations of the four triterpenoids were analyzed by four replicate injections.
The calibration curves were constructed by plotting the peak areas versus the actual
amount (ng) of the triterpenoids. The contents in the samples were calculated from the
linear equations of the calibration curves as shown in Table 6.5. All the calibration

curves of the four standards showed good linearity (r*> 0.999) within the test ranges.

2

Components Calibration curve* |r Test range (ppm)
Ganoderic acid C2 |y =4.90x - 4.38 1.0000 10— 300
Ganodericacid A |y =4.50x - 9.66 0.9998 10— 300
Ganoderic acid H y =2.94x - 6.51 0.9997 10 - 300
Ganoderic acid F y =3.15x - 2.20 0.9995 5-200

Table 6.4 Calibration curves for four triterpenoids in Ganoderma where X is the

content (ppm) of the standard solution and y is the peak area (mAU)

Four triterpenoids in the forty-nine samples of Ganoderma were quantitatively
determined by the developed HPLC-DAD method and the results were shown in
Table in 6.6. It was found that sixteen samples did not contain any of these four
chemical markers. Upon closer inspection, five samples were found to be extracted
previously while another five samples of G. sinense (type 1) did not contained any of
these four markers. The remaining six samples were further authenticated as other
Ganoderma species, G. duropora, which has been reported that no triterpenoids are

present. Thus, only 33 samples were further analyzed by NIRS.
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GA* C2 (mg/g) RSD (%) |GA A (mg/g) RSD (%) |GA H (mg/g) RSD (%) |GA F (mg/g) RSD (%)
C1 |1.053 0.66 1.670 5.18 2.141 5.32 1.035 1.60
C2 10.422 1.30 0.833 4.97 1.282 9.79 1.498 191
C3 10.293 3.48 0.490 3.27 0.443 3.47 0.251 3.50
C5 10.119 5.68 0.642 2.39 N.D 0.216 3.21
C6 |0.530 4.77 0.517 2.33 0.366 3.66 0.240 2.58
C7 |1.828 1.57 1.415 3.72 0.741 1.48 0.538 5.88
C8 |2.026 6.82 2.101 5.93 1.509 6.14 0.751 0.87
C10|1.116 1.83 1.233 2.30 0.661 1.97 0.644 1.65
C11|1.198 2.09 1.462 4.44 1.174 4.40 0.459 5.52
C12|0.223 5.35 1.097 7.02 0.977 4.20 0.734 4.23
C13/0.123 4.38 0.463 5.70 0.281 3.11 0.505 4.63
C14/0.261 5.76 1.234 3.13 0.309 4.16 0.871 0.79
C16/0.374 3.47 0.671 2.96 1.442 1.44 0.606 4.86
C17/0.341 2.87 1.248 2.50 0.829 3.64 1.082 1.08
C1810.267 6.46 0.847 5.07 1.205 231 0.595 2.87
C1910.223 9.01 0.934 4.20 1.160 491 0.606 4.30
C2010.348 2.42 0.983 2.69 2.092 243 0.874 2.30
P3 (0.282 3.46 0.909 2.53 0.779 4.92 1.113 6.17
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P7 10.376 6.69 1.151 1.01 1.122 3.25 1.440 0.80
P8 10.477 3.69 0.609 7.01 0.653 3.91 0.572 1.70
P9 10.373 6.69 1.139 1.01 1.111 3.26 1.426 0.82
L1 |0.348 0.01 1.705 2.26 0.754 8.95 1.096 4.47
L2 [1.763 1.80 6.602 3.88 1.789 9.64 1.818 2.62
L5 |N.D. 0.159 7.70 0.103 5.31 0.149 9.73
L6 |0.282 3.00 0.159 0.50 0.724 2.15 0.323 9.11
L7 |0.100 5.37 0.644 1.38 0.411 6.52 0.424 3.90
L8 |0.586 1.27 1.427 6.25 0.159 481 0.294 4.76
L9 |0.137 1.36 0.645 5.85 0.350 7.82 0.398 8.83
L11 |0.269 4.18 1.002 1.46 0.489 4.07 0.894 7.92
L12]0.091 1.25 1.385 2.82 0.174 4.20 0.532 4.02
L13]0.443 4.87 1.327 1.59 0.818 4.20 1.105 3.35
L14]0.428 2.22 0.445 7.25 0.720 2.07 0.323 4.60
L18|0.282 0.64 2.222 1.36 0.159 5.91 0.323 2.50

*GA: Ganoderic acid

Table 6.5 The content of the four triterpenoids in the 33 Ganoderma samples
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The average content of the four markers in the Ganoderma samples were tabulated in
Table 6.7. It was found that the content of the markers in the local and mainland
samples varied significantly. For example, the standard deviation of ganoderic acid C2
is close to the average content. In G. sinense samples, two types of samples were
identified. Type | samples contained no ganoderic acids, which is consistent with
literatures while type 11 samples have a similar pattern as G. lucidum, which contained
all four ganoderic acids ****°. Comparing the marker contents of G. lucidum and G.
sinense (type Il), the triterpenoids contents in G. lucidum is larger than that in G.

sinense (type I1).

As shown in the Fig. 6.5, ganodeic acid A was found to be the most abundant marker
in most of Ganoderma samples, followed by ganoderic acid H, F and C2. Comparing
local and mainland samples, the ganoderic acid contents of samples collected in local
market were generally lower than that in mainland. This may due to the prolonged

storage of these samples.
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Content (mg/g)

Samples - - - -
P Ganoderic | Ganoderic | Ganoderic | Ganoderic | Total

acid C2 acid A acid H acid F triterpenoids
Ganoderma
ququm 0.653 +0.589 1.089 +0.443 1.086 +0.580 0.712 +0.399 3.108 +1.164
(China)
n=17
Ganoderma
sinense ND ND ND ND ND
(type 1)
n=5
Ganoderma
sinense 0.380 +0.076 0918 +0.226 0.892 +0.213 1.096 +0.372 2.063 +1.051
(type 11)
n=4
Ganoderma
Iu0|dum 0.430 +0.468 1.477 + 1.734 | 0554 +0.469 0.640 +0.491 3.065 +2.972
(Local)
n=12
'r?_llsgsamples 0.542 + 0.514 1.209 + 1.087 0.862 +0.555 0.732 £ 0.442 2.965 + 1.983

Table 6.6 The average contents of the ganoderic acid markers in Ganoderma samples
obtained using HPLC-DAD
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Fig. 6.5 Histogram of the four triterpenoids contents in Ganoderma samples obtained
using HPLC-DAD.

6.5.4 lIdentification of triterpenoids in Ganoderma by LC/MS

According to literature, the characteristics of UV spectra of the triterpenoids have

absorption maxima at 240260 nm 334 Since the UV spectra of triterpenoids are

similar to each other and the commercially availability of triterpenoids are limited,

LC-MS was employed to study the chemical constituents of Ganoderma samples. In

our work, electro spray ionization (ESI) in both negative and positive modes were

used and compared for the detection of triterpenoid. Negative mode ESI was found to

be more sensitive for detecting triterpenoid. Therefore, all MS data was obtained in

ESI negative mode.
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Fig. 6.6 shows the TIC typical chromatograms of the G. lucidum, G. sinense (type 1)
and G. sinense (type Il) extracts obtained using the optimized chromatographic and
mass spectroscopic conditions. A total of 19 triterpenoids (shown in Table 6.8a) were
characterized from the chloroform extract of G. lucidum, which were tentatively
identified by comparing their retention times and mass spectra with those of reference
standards as well as ESI-MS spectra reported previously in the literatures 3% 34634
The MS data of the types of G. sinense in the obtained chromatograms are also very
different from each other. By further investigating the MS data, 3 and 9 triterpenoids

(shown in Table 6.8b & c) were tentatively identified from the chloroform extract of G.

sinense type | and G. sinense type I, respectively.

By comparing the chemical profiles of UV and MS chromatograms of G. lucidum and
G. sinense, they were different from each other and our observations are consistent
with previous literatures *****°. Since the triterpenoids are the bioactive components in
Ganoderma and their profiles and content varied significantly in different species of
Ganoderma, the biological activities may also very different from each other. More
works have to be done to clarify the health benefits of these medicinal mushrooms to

human.
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Fig. 6.6 The typical TIC chromatograms of the a) extract of G. lucidum, b) extract of
G. sinense (type 1) and c) extract of G. sinense (type IlI), under the optimized
chromatographic and mass spectroscopic conditions.
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a) Ganoderma lucidum

No RT Assigned identity [M-H] [2M-H] MSs? No RT Assigned identity [M-H] [2M-H] M$?
1 12.8 Unknown 533 1067 26 52.7 Lucidenic acid D 513 1027 513
2 14.5 12-Hydroxyganoderic 533 533 27 53.5 Ganoderic acid F 511 1023 511
acid C2
16.4 Unknown 527 28 54.1 Unknown 641
4 17.3 Unknown 529 29 55.8 Ganolucidic acid D 499 999 499
5 20.6 Unknown 531 1063 30 56.9 12-acetoxyganoderic 569 1139 551
acid F
6 25.4 Lucidenic acid E 515 1031 515 31 58.6 Unknown 513 1027
7 26.5 Unknown 571 32 61.9 Unknown 509
8 21.7 Ganoderic acid C2 517 1035 517 33 63 Unknown 507
9 28.8 unknown 529 34 65.1 Unknown 555
10 30 unknown 511 35 66.3 Unknown 485
11 31 Ganoderic acid C6 529 1059 511 36 66.9 Unknown 595
12 324 Ganoderic acid G 531 1063 513 37 68.4 Unknown 483
13 34.2 Ganoderenic acid B 513 1027 495 38 68.9 Unknown 501
14 35 unknown 495 39 69.5 Unknown 483
15 36.4 Ganoderic acid B 515 1031 497 40 70.2 Unknown 315
16 374 Ganoderic acid AM1 513 1027 513 41 71.4 Unknown 483
16 374 Ganoderenic acid K 571 553 42 73.5 Unknown 485
17 38.3 Unknown 515 1031 43 74.4 Unknown 481
18 394 Ganoderic acid K 573 1147 555 44 74.9 Unknown 297
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19 41.1 Ganoderic acid A 515 1031 515 45 774 Unknown 467

20 45 Ganoderic acid H 571 1143 553 46 77.7 Unknown 467

21 46.2 Lucidenic acid A 457 915 457 47 78.7 Unknown 469

22 47.9 Unknown 511 1023 48 81 Unknown 279

23 48.9 Ganoderenic acid D 511 1023 493 49 83.1 Unknown 281

24 50 Ganoderic acid D 513 1027 495 50 83.6 Unknown 299

25 51.2 Unknown 569 1139 551

b) Ganoderma sinense (Type I)

1 11.9 Unknown 473 25 53.2 Lucidenic acid D 513 1027
2 13.4 Unknown 473 26 54.6 Unknown 455

3 14.1 Unknown 473 27 55.3 Unknown 511

4 14.7 Unknown 473 28 55.9 Unknown 443 887
5 17.7 Unknown 455 29 58.3 Unknown 501 1003
6 17.1 Unknown 471 30 59.5 Unknown 339

7 18.9 Unknown 471 31 60.7 Unknown 497

8 23.8 Unknown 457 32 61.2 Unknown 557

9 24.9 Unknown 473 33 62.6 Unknown 499

10 25.4 Unknown 473 34 63 Unknown 555

11 26.1 Unknown 461 35 64 Unknown 499 999
12 27.8 Unknown 457 36 64.8 Unknown 495

13 29 Unknown 515 37 65.3 Unknown 555

14 304 Unknown 457 38 66.2 Unknown 497 995
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15 32 Unknown 457 39 66.6 Unknown 553
16 32.6 Unknown 517 40 67.2 Unknown 495
17 35 Ganoderenic acid K 571 41 68.4 Unknown 483 967
18 36.3 Unknown 455 42 72.5 Unknown 295
19 39 Unknown 515 43 73.8 Unknown 485 971
20 44 Unknown 455 44 77.6 Unknown 467
21 47 Ganoderenic acid D 511 45 77.9 Unknown 467
22 48.5 Unknown 453 46 81 Unknown 279
23 50.4 Unknown 569 47 83.3 Unknown 281
24 51.9 Unknown 455 48 83.8 Unknown 299
¢) Ganoderma sinense (Type II)
1 125 Unknown 533 1067 20 46.3 Unknown 553
2 14.4 12-Hydroxyganoderic 533 533 21 47.9 Ganoderenic acid D 511 1023 493
acid C2
3 16.1 Unknown 527 22 50.1 Ganoderic acid D 513 1027 495
4 17.1 Unknown 529 23 52.6 Unknown 553 509
5 20.1 Unknown 531 1063 24 53.7 Ganoderic acid F 511 1023
6 23.9 Unknown 529 25 56.2 Ganolucidic acid D 567 999 499
7 25.1 Unknown 515 26 57.5 12-acetoxyganoderic 551 1139
acid F
8 26.4 Unknown 531 27 59.3 Unknown 513 1027
9 27.5 Ganoderic acid C2 517 1035 517 28 60.3 Unknown 339
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10
11
12
13
14
15
16
17
18
19

30

31.9
33.8
36

37.5
38.6
39.4
40.9
43.9
45.0

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Ganoderic acid A
unknown

Ganoderic acid H

511
513
571
497
527
555
529
515
569
571

1027
1031

1031

1143

513

515
511
553

29
30
31
32
33
34
35
36
37
38

67.2
67.8
69.3
71.1
73.5
78.6
78.8
80

80.9
82

Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown

Unknown

551
595
483
315
295
467
467
469
467
279

485
483

Table 6.7 Identification of triterpenic acids from the chloroform extract of a) G. lucidum, b) G. sinense (Type 1) and c¢) G. sinense (Type 1)
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6.5.5 Antioxidant activity of Ganoderma samples

The total antioxidant capacities of the Ganoderma extracts collected for this work
were determined by the FRAP assay, a simple speedy, inexpensive, and reproducible
method, to the assay the antioxidant powers of botanicals *% **. In brief, 300 uL
FRAP reagent was warmed to 37°C, Asgsnm Of reagent blank was measured. 10uL
sample was added, absorbance was measured at every 15s until 4 min at 593nm. The
antioxidant activity of the samples were evaluated from the change of the absorbance
at 593nm of the FRAP reagent at 4 min after the addition of the sample extracts. The
increase in the absorbance is due to the reduction of the ferric tripyridyltriazine
complex to the ferrous form. The absorbance of the ferrous standard solution without

the introduction of the sample extract was measured as control.

The FRAP value of all methanolic Ganoderma extracts were shown in Fig.6.7 and
Table 6.9. The antioxidant activities varied significantly among 33 samples (range
from 88.3 to 747.7). The methanolic extracts were used to avoid the influence of
polysarrcharide in the Ganoderma samples. All FRAP experiments were performed in
duplicate and the RSD of the FRAP value of almost all Ganoderma extract are less
than 5%. The average antioxidant activities of G. lucidum (mainland), G. sinense
(type I1) and G. lucidum (local) are 211.1+ 84.4umol/L (n=17), 223.7+ 67.8umol/L
(n=4) and 244.4 £ 174.7umol/L (n=12) respectively. There is no significant difference

observed among them.
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Fig. 6.7 Results of antioxidant activities in Ganoderma samples determined by FRAP

assay
Sample FRAP value (umol/L) | Sample FRAP (umol/L)
C1 163.19+7.98 P3 273.47 £ 3.13
C2 262.66 + 1.42 P7 290.69 + 5.99
C3 139.84 + 2.58 P8 162.20 + 17.83
C5 293.45 + 8.03 P9 168.57 + 1.26
C6 175.03 + 0.68 L1 236.52 + 4.70
C7 189.67 £ 0.19 L2 747.73 £ 6.69
C8 261.76 + 28.8 L5 210.03 £ 0.03
C10 321.94 £ 9.95 L6 94.95 +9.17
cul 287.93+0.44 L7 88.32+6.31
C12 108.96 + 2.27 L8 189.97 + 13.26
C13 226.52 + 3.01 L9 116.30 + 8.32
Cl4 407.34 + 1.88 L11 239.49 £ 0.82
C16 130.34 + 3.55 L12 285.38 + 1.57
C17 151.30+5.24 L13 230.56 + 9.53
C18 120.78 + 4.60 L14 165.93+1.74
C19 126.58 + 2.97 L18 328.71 £ 6.30
C20 222.21 +5.05

Table 6.8 The results of the antioxidant activity of 33 Ganoderma samples determined
by FRAP assay
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The correlations between the FRAP value of Ganoderma methanolic extracts and the
total triterpenoids contents were shown in Fig. 6.8 and the Pearson correlation
coefficients is 0.6874. Moderate correlation was observed between sum of 4
triterpenoids and the antioxidant activity. The possible reason is that the four
triterpenoids may only take minor role in contributing the antioxidant effect, while
besides triterpenoids; there are other compounds which may contribute to the
antioxidant activity of Ganoderma. Phenolic compounds are possible candidates that

d **? that methanolic

contribute to the antioxidant activies. A recent paper reporte
extract of G. lucidum contained phenolic compounds, which are two phenolic acids,
p-hydroxybenzoic and p-coumaric acids, and one related compound, cinnamic acid,

were observed by HPLC-DAD-MS.
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Fig. 6.8 A plot of total triterpenoid content against the antioxidant activity (FRAP
value) of the 33 Ganoderma samples

192



Chapter 6

6.5.6 Calibration model for triterpenoids content using NIRS

The contents of triterpenoids are much lower than 1%. Thus, GA-PLS developed in
this work was used to select relevant spectral region for the models. The parameters
shown in the Table 6.10 were used for the selection. All NIR spectra data were utilized
as a gene. As described in previous chapter, the samples were split randomly into three
equal groups and a full cross-validation was then performed and spectral regions were
chosen according to selection frequency. The spectral variables with selection
frequency equal to or higher than 1 time in the 3-fold cross-validation step, were used
to build the final calibration model. The performance of the final model was evaluated

by RMSECV, RMSEV, BIAS, SEV and R.

Population size: 30 chromosomes

Average length of initial chromosome: 20

Maximum length of the chromosome: 120

Probability of mutation: 1%

Maximum number of PLS components: 15

Number of runs of variable selection: 100

Window size for smoothing: 3

Table 6.9 The parameters of the GA-PLS used
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Typical NIR spectra of Ganoderma samples are shown in Fig. 6.12. The NIR spectra
of different types of Ganoderma are similar to each other. The intensive bands in these
spectra are from the first overtone O-H stretching (1450nm), first overtone of C-H
stretching in CHs; (1730nm), combination band of O-H stretching and HOH
deformation vibration (2100 nm) followed by the combination band of C-H stretching
and C-H bending in CH; (2315nm) **’. Those vibrations mainly come from

constituents such as phenolic compounds, triterpenoids, and polysaccharides.

As shown in Fig. 6.9, the raw spectra have baseline shift with broad bands. Therefore,
these NIR spectra have to be preprocessed first to remove baseline shift, noise and
backgrounds before data analysis. Here, all the 33 NIR spectral data were treated by
using a combination of pre-processing tools including SNV, second derivative with
the Savitsky-golay (SG) method, moving window average smoothing and MSC

treatment. Then, the preprocessed spectra were used in PLS regression.
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Fig. 6.9 Typical NIR spectra of a) G. lucidum (—), b) G. sinense (Type I) (- - -) and ¢)

G. sinense (Type I1) ()

In this work, the total triterpenoid content are described as the sum of the contents of
the four standards (Ganoderic acid A, C,, F and H). Quantitation models for ganoderic
acid A, C,, F, H and total triterpenoids content were then established from the NIR

spectra.

Fig. 6.10 shows the correlation between the NIR predicted values and the reference
values obtained by RRLC-DAD measurement. The dot and cross symbol represent the

calibration and test data points, respectively. It can be seen from these plots that the
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data in the calibration and test sets are highly correlated with the reference data. For

the validation set, the SEV of the quantitation models of ganoderic acid A, C,, F, H

and total triterpenoids content being 0.232, 0.091, 0.151, 0.228 and 0.601, respectively,

and the relative error of those models are 19.18%, 16.78%, 20.63%, 26.45% and

17.96%, respectively. The R values of the test sets of the ganoderic acid A, C,, F, H

and total triterpenoids content models are 0.976, 0.984, 0.937, 0.908, and 0.949,

respectively. This indicates that the predicted values from NIRS are consistent with

those determined by HPLC-DAD.

To investigate the detail of GA-PLS modeling, the variables used for GA-PLS

modeling were examined. 70, 173, 171, 109, and 197 variables were finally selected

as wavelength regions, after 100 iterations of genetic algorithms, and were used to

build the final quantitation PLS regression models for ganoderic acid A, C,, F, H and

total triterpenoids content, respectively. Comparing to the detection limits of previous

NIRS quantitation models, isoflavonoids content of Puerariae Radix and alkaloids

content of Coptidis Rhizoma, these Ganoderma triterpenoids models were

demonstrated to give reliable prediction for content as low as 0.02% of the content

analyzed by using GA-PLS.
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Fig. 6.10 Correlation plot of NIRS predicted value against HPLC-DAD measured

content of a) ganoderic acid A, b) ganoderic acid C,, ¢) ganoderic acid F, d) ganoderic

acid H and e) total triterpenoids content (sum of four ganoderic acids) in Ganoderma

samples (n = 33)
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Fig. 6.11 shows the correlation between the NIR predicted values and the

experimental FRAP values. It can be seen from this plot that the data in the calibration

and validation sets are highly correlated with the antioxidant data. For the validation

set, the SEV of the quantitation models of FRAP value being 42.15, with the relative

error of those models are 18.72%. The R values of the test sets of the FRAP value

models are 0.936.
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Fig. 6.11 Predicted activity by NIRS against antioxidant activity measured by FRAP

assay for Ganoderma samples (n = 33)
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To investigate the detail of GA-PLS modeling, the variables used for GA-PLS

modeling were examined. 252 variables (less than 10% variables) were selected after

100 iterations of genetic algorithms to build the final antioxidant activity models with

PLS regression. These variables are indicated in Fig. 6.12. This is the first time that

the NIRS technique is employed to build the correlation model to predict biological

activities of herbal extract. The strong correlation suggested that the NIRS technique

can be used to estimate biological activity as well as chemical composition of the

herbs and products reliably. This could be an important improvement to the quality

control as the biological effect of herbs and herbal products is being monitored.

Modeling other biological activities may be more difficult which may required more

sophiscated algorithm and some of the biological effects may not be linear as well. Yet,

this is certainly worth the efforts for more investigations and examinations.
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Fig. 6.12 Overview of the final spectral variables selected by GA for FRAP model

6.6 Conclusion

The results successfully demonstrated the feasibility of using NIRS for quality control
of Ganoderma in quantification of constituents as low as 0.02% and antioxidant
activities of the methanolic extract simultaneously, with the use of genetic algorithm
for variable selection before the PLS regression. Moderate correlation was also found
between the total tritenpenoids content of Ganoderma and their antioxidant activities
measured by FRAP method. This technique, NIRS coupled with the GA-PLS is
capable of building reliable model predicting the antioxidant activities of Ganoderma.
From this point of view, the NIRS could be an important analytical technique for

determination of contents and biological activities of CHM.
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Chapter 7: Conclusion
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Conventional approach on the quality control of CHM relies on chromatographic

techniques, which are usually unable to give instantaneous assessment on the quality

of the CHM being examined. Moreover, current practice of detecting one or two

marker compounds as a mean to identify the herbs is not sufficient to give a holistic

quality assessment. Spectroscopic technique is one way to develop a rapid and holistic

characterization of the chemical composition of the herb. Among different

spectroscopic techniques, Near-Infrared Spectroscopy (NIRS) has the advantage of

being rapid and non-destructive. The aim of this work is to examine the feasibility of

NIRS for analyzing secondary metabolites which usually present at level of below 1%

to several % in herbs, and to develop systematic experimental and data analysis

procedures for developing robust analytical methods. In this work, NIRS was used to

evaluate the quality of three CHM, Puerariae Radix, Coptidis Rhizoma and

Ganoderma, in terms of differentiation of the species, prediction of markers content

and biological effect.

Puerariae Radix was studied first because of relative high content of the markers. In

this work, NIRS has been demonstrated to be capable of predicting major marker

contents which are higher than 1%, and identifying the species of multi-species CHM.

The successful classification model developed by SIMCA demonstrated a clear
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discrimination between the two species of Puerariae Radix without any mistake. The

results may be associated with the large difference in the isoflavonoid contents of

these two species. The strong correlation of the contents of two isoflavonoids markers

puerarin (0.97), daidzin (0.912) and the total isoflavonoids (0.969) with the NIR

spectra of the testing samples suggested that CHM with components of content higher

than 1% could be determined accurately and rapidly by NIR quantitation models. In

order to avoid the bias on sample selection in the model development, all samples

were divided into three groups by the Kennard-Stone algorithm. An independent

testing set was used to validate the model developed, which make the models more

robust.

However, CHM with marker contents higher than 1% are not common; most of them

contain chemical components with lower contents. To extend the application of NIRS

in chemical analysis and quality control of CHM, a variable selection procedure based

on Genetic Algorithm (GA) has been developed for building quantitation models

using NIR in the study of Coptidis Rhizoma. Compare to ordinary PLS, the GA-PLS

greatly reduced the Square Error of Validation (SEV) of the prediction models by

14-27%. The sensitivity of the NIRS analysis was enhanced tremendously; detection

of minor components in CHM with content higher than 0.1% is capable with the use
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of GA-PLS in quantitation model development. The results proved that GA is useful

in mining appropriate wavelength regions with relevant information, thus, building

robust quantitative models for minor components in CHM even when the sample size

is small.

Finally, we have also demonstrated that NIRS could be used to predict biological

activities of the CHM samples. The anti-oxidant activity of Ganoderma was found

highly correlated (R=0.936) with the NIR spectra with 18.72% relative error of

prediction. The results suggested that NIRS is a better technique for correlation of

biological activities of CHM than other approaches like correlating the antioxidant

activity with marker contents (0.687). Since NIRS examines the CHM as a whole, the

principle of NIRS is in line with the characteristics of CHM of multi-target and

synergistic action due to different chemical components present. Biological activities

may have complex mechanisms which involve different compounds, which identities

have not revealed yet. Therefore, it is better to mining the relevant information

corresponding to different chemical compounds from NIR spectra, as spectra of the

herbs were taken contribution from all compounds. Furthermore, the correlation

coefficient of ganoderic acid A (0.976), C2 (0.984), F (0.937), H (0.908), and total

triterpenoids (0.949) suggested that the GA-PLS algorithm is capable of correlating
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marker of content lower than 0.05% with the NIR spectra of the CHM. Additionally,

the carefully selected chromatographic condition in this study results in clear

separation of four ganoderic acid A, C2, H and F. This is the first chromatographic

condition that fully resolved the ganoderic acid A and H while were usually co-eluted

in previous reports.

This study clearly demonstrated that NIR spectroscopy with suitable pre-processing

and variable selection methods could be used for identification of the CHM,

quantitative analysis of the selected chemical compounds in the CHM as well as

evaluation of related biological effects. The GA-PLS algorithm developed widens the

scope of the application of NIRS in quality control of CHM as the sensitivity was

tremendously enhanced by ten times. As a conclusion, NIR spectroscopy could be an

effective tool for rapid quality control of CHM.

The NIR spectroscopy requires no or little sample preparation and is non-destructive.

The measurement is fast and can be performed in less than a second, which make it an

ideal tool for on-line applications. Several constituents of the sample can be measured

at the same time. However, there are some drawbacks hindering the development of

NIRS for quality control of CHM.
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The NIR signal is non-specific, so information has to be retrieved by using proper
chemometric techniques. However, the use of chemometric models is not a trial task
%53 and this is one of the barriers prohibiting NIR spectroscopy in the analysis of CHM.
A professional personnels are usually needed to develop chemometric models from
the NIR data. Most importantly, unlike western drugs or food, the chemical
constituents in CHM are very low in content (<1%), and the matrix effect contributing
from other constituents in samples makes it even more difficult to develop reliable
prediction models. The systematic approach presented in this study for model
development, using NIR spectroscopy combined with GA-PLS data analysis can
enhance the sensitivity, robustness and repeatability of the models developed, and
open up the possibility of on-line quality control of CHM in manufacturing process.
The developed techniques could be transferred into a user-friendly software package.
After a proper training, all chemistry graduates should be capable to operate the NIR

device and develop simple prediction models.

Collection of sufficient samples for model development is the major difficulties we
encountered in this study. The techniques certainly receive much more attention if
more industrial collaboration can be established to apply the technique to more
samples. Samples used in our study were collected from different geographical origins,
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the NIR technique will perform even in a particular manufacturer as they are sourcing

materials from selected suppliers only.

NIR method is certainly a valuable tool in CHM manufacturing to impose consistency

of products for the advancement of the TCM practice. The procedures developed in

this work provide a simple and systematic approach for model development. With

more extensive studies, and implementation of user friendly data analysis software,

NIR spectroscopy will certainly play a key role in the CHM manufacturing processes

and quality control.
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Appendix 4.1 NMR spectrum of a) puerarin, b) daidzin, c) daidzein, d) genistin and d)
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