CHEMOMETRIC TOOLS FOR CHROMATOGRAPHIC
METHOD DEVELOPMENT AND DATA HANDLING OF
CHROMATOGRAPHIC FINGERPRINTS

SUMATE THIANGTHUM

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENTS FOR
THE DEGREE OF DOCTOR OF PHILOSOPHY
(PHARMACEUTICAL CHEMISTRY AND PHYTOCHEMISTRY)
FACULTY OF GRADUATE STUDIES
MAHIDOL UNIVERSITY
2013

COPYRIGHT OF MAHIDOL UNIVERSITY



Thesis
entitles

CHEMOMETRIC TOOLS FOR CHROMATOGRAPHIC
METHOD DEVELOPMENT AND DATA HANDLING OF
CHROMATOGRAPHIC FINGERPRINTS

Prof. Yvan Vander Heyden,
Ph.D.(Pharmaceutical Sciences)
Co-Advisor

Assist. Prof. Chutima Phechkrajang,
Ph.D. (Analytical Chemistry)
Co-Advisor

Asst. Prof. Auemphorn Mutchimwong,
Ph.D.

Acting Dean

Faculty of Graduate Studies

Mahidol University

Mr. Sumate Thiangthum
Candidate

Prof. Leena Suntornsuk,
Ph.D.(Pharmaceutical Chemistry)
Major advisor

Lecture. Lawan sratthaphut,

Ph.D. (Pharmaceutical Chemistry and
Phytochemistry)

Co-Advisor

Assoc. Prof. Weena Jiratchariyakul,

Dr. rer. Nat. (Phytochemistry)

Program Director

Doctor of Philosophy Program in
Pharmaceutical Chemistry and
Phytochemistry

Faculty of Pharmacy, Mahidol University



Thesis
entitles

CHEMOMETRIC TOOLS FOR CHROMATOGRAPHIC
METHOD DEVELOPMENT AND DATA HANDLING OF
CHROMATOGRAPHIC FINGERPRINTS

was submitted to the Faculty of Graduate Studies, Mahidol University
for the degree of Doctor of Philosophy
(Pharmaceutical Chemistry and Phytochemistry)

On

October 2, 2013

Prof. Yvan Vander Heyden,
Ph.D.(Pharmaceutical Sciences)
Member

Assoc. Prof. Worapot Suntornsuk,
Ph.D.(Food Science and Technology)
Member

Asst. Prof. Auemphorn Mutchimwong,
Ph.D.

Acting Dean

Faculty of Graduate Studies

Mahidol University

Mr. Sumate Thiangthum
Candidate

Assoc. Prof. Prapin Wilairat,
Ph.D (Physical Chemistry)
Chair

Prof. Leena Suntornsuk,
Ph.D. (Pharmaceutical Chemistry)
Member

Assist. Prof. Chutima Phechkrajang,
Ph.D. (Analytical Chemistry)
Member

Assoc. Prof. Chuthamanee Suthisisang,
Ph.D. (Pharmacology)

Dean

Faculty of Pharmacy

Mahidol University



il

ACKNOWLEDGEMENTS

Firstly, I would like to express my sincere gratitude and great appreciation
to my adviser, Professor Dr. Leena Suntornsuk, for her dedication to support, suggest
and give me a great deal of encouragement throughout my study. Secondly, I
especially thank to my co-advisor, Professor Dr. Yvan Vander Heyden, Department of
Analytical Chemistry and Pharmaceutical Technology, Vrije Universiteit Brussel,
Belgium for providing knowledge, kindness, and useful advice during my work in
Department of Analytical Chemistry and Pharmaceutical Technology, Vrije
Universiteit Brussel, Belgium. My deep appreciation goes to Associate Professor Dr.
Prapin Wilairat for being a chair committee in my thesis examination and also give
me helpful criticism and suggestions. I would like to thank Assistant Professor Dr.
Chutima Phechkrajang and co-advisor, for her kindness and valuable comments for
being my proposal and thesis examinations committee. [ would like to thank Dr.
Lawan Sratthaphut, co-advisor, for her assistance and suggestions. As well, I would
like to thank Associate Professor Dr. Worapot Suntornsuk for his scrutinizing and

discussion for being at my thesis examination.

I would like to thank all of the staffs, friends and colleagues at Department
of Pharmaceutucal Chemistry, Faculty of Pharmacy, Mahidol University for their help
and comments. Next, [ would like to thank all of the staffs, friends and colleagues at
Department of Analytical Chemistry and Pharmaceutical Technology, Vrije
Universiteit Brussel, Belgium and other persons who have not been mentioned here

for their kindness, friendship and encouragement.

I would like to thanks the Royal Golden Jubilee Ph.D. program, Thailand
Research Fund for the financial support, which enables me to study my Ph.D. and to

do this research work.

Finally, I would like to express my infinite gratitude to my family for their

concern, care, love, and support me to gain invaluable experience throughout my life.

Sumate Thiangthum



Fac. of Grad. Studies, Mahidol Univ. Thesis / iv

CHEMOMETRIC TOOLS FOR CHROMATOGRAPHIC METHOD DEVELOPMENT AND
DATA HANDLING OF CHROMATOGRAPHIC FINGERPRINTS

SUMATE THIANGTHUM 5137401 PYPP/D
Ph.D. (PHARMACEUTICAL CHEMISTRY AND PHYTOCHEMISTRY)

THESIS ADVISORY COMMITTEE: LEENA SUNTORNSUK, Ph.D., YVAN VANDER
HEYDEN, Ph.D., CHUTIMA PHECHKRAJANG, Ph.D., LAWAN SRATTHAPHUT, Ph.D.

ABSTRACT

Nowadays, chemometrics has been introduced as a tool in analytical chemistry.
Many analytical chemists apply chemometrics in several domains such as optimization of
analytical methods and interpretation of chemical data. This work aimed to use chemometric
methods in method development and data analysis of high performance liquid chromatographic
(HPLC) fingerprint data.

Firstly, an anion exchang liquid chromatographic method for the separation and
determination of heparin and its impurities was developed with the aid of a chemometric approach,
including multivariate experimental design and response surface methodology. The separation of
heparin and two impurities (i.e. dematan sulfate (DS) and oversulfated chondroitin sulfate (OSCS))
was achieved on an Ion PAC AS22 column with the gradient elution of 10% to 70% of 2.5 M
sodium chloride and 20 mM Tris buffer (pH 2.1) at a flow rate of 0.6 mL/min. The detection was
performed with a UV detector at 215 nm. The resolutions between DS/heparin and heparin/OSCS
were on average, Ry > 1.8. Method validation parameters indicate good linearity for heparin (3 — 20
mg/mL), DS (200-400 pg/mL) and OSCS (90-160 pg/mL). The limits of detection were 800, 10.5
and 7.2 pg/mL whereas limits of quantitation were 2,500, 31.5 and 22.0 pug/mL (%RSD 3.22-
10.12) for heparin, DS and OSCS, respectively. Moreover, the validated method was applied for
the determination of heparin and its impurities in pharmaceutical formulations. They all complied
with the USP limit (90.0-110.0% labeled amount for heparin). The % label amounts of heparin in
the investigated raw material and products were between 90.3 — 97.8%. DS and OSCS were not
detected in all samples.

Secondly, HPLC fingerprints of Mallotus and Phyllanthus samples were combined
with data-handing techniques to model the antioxidant activity and indicate peaks possibly
responsible for this activity. In the first step, exploratory analyses, using Principle Component
Analysis (PCA) and Hierarchical Cluster Analysis (HCA) were performed to verify whether the
antioxidant samples could be distinguished from the less or non-active samples. The score plot in
PCA showed significantly diverging clustering tendencies better than the dendrogram in HCA.
Moreover, PCA could distinguish some species of Mallotus and Phyllanthus samples. Then, the
antioxidant activities of the samples were modeled as a function of the fingerprints using Partial
Least Squares (PLS) and Orthogonal Projections to Latent Structure (O-PLS). The peaks
potentially responsible for the antioxidant activity of the samples were indicated studying the
regression coefficients of the models. In this study, comparing the regression coefficients plot of
both models, not only showed similar coefficient profiles but also the peaks probably responsible
for the antioxidant activity could be indicated at the same positions from both models.

KEY WORDS: CHEMOMETRICS/ HEPARIN/ OVERSULFATED CHONDROITIN SULFATE/
ION EXCHANGE CHROMATOGRAPHY/HPLC FINGERPRINT
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PART I: DETERMINATION OF HEPARIN AND ITS
IMPURITIES IN HEPARIN PRODUCTS FROM THAILAND BY
ION EXCHANGE CHROMATOGRAPHY (IEC)

CHAPTER1
INTRODUCTION

Heparin is widely used as an anticoagulant and anti-thrombotic agent
(1-2). Moreover, it can also be used to form an inner anticoagulant surface for various
experimental and medical devices, such as test tubes and renal dialysis machines.

Pharmaceutical grade heparin is derived from mucosal tissue of
slaughtered animals, such as porcine intestine or bovine lung (3). The major supplier
of heparin is China, where it is isolated in large amounts from porcine intestines.
Because heparin is purified from an animal source, formulations of the processed
heparin may contain low levels of several natural contaminants (e.g. chondroitin
sulfate A, B, or C) that are not associated with adverse health effects (2). However,
problems arose in 2007-2008 when contaminated batches of heparin led to serious
allergic reactions. More than 100 patients died from anaphylactic shock after being
administered the drug (4). The increased number of reports of adverse events
associated with heparin products led to a collaborative study involving researchers
from the United States Food and Drug Administration (USFDA), industry and
academia, which identified oversulfated chondroitin sulfate (OSCS) as non-native
heparin contaminant (5-6). OSCS was found in crude heparin and remained in the
active pharmaceutical ingredient and final formulations after the purification
processes. In addition, samples of heparin were found to contain more than 1% w/w
of the dermatan sulfate (i.e. chondroitin sulfate B), which is a marker of poor-quality
purification of the crude material.

Several methods have been developed for the analysis of heparin and its

impurities. Among these methods, chromatographic and capillary electrophoresis
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(CE) techniques are often used to separate heparin and its impurities (1-2, 7-15).
Chemical- or enzyme-induced depolymerization is usually employed to simplify the
assay and eliminate interference components of the sample susceptible to acid or
enzymatic hydrolysis (9,12). In the standard method (16), the USFDA requires
nuclear magnetic resonance (NMR) spectroscopy and CE for qualitative analysis of
unfractionated heparin and its impurities in drug products. In addition, the new
proposed U.S. Pharmacopeia (USP) assays include expansion of the current NMR
technique and a strong-anion-exchange high-performance liquid chromatography
(SAX-HPLC) protocol (17). Although, NMR and CE methods are now routinely
employed to screen raw materials and to ensure the identity, purity, and safety of these
products, simpler analytical approaches that can be used in selected types of
production settings, e.g. in hospital, in R&D laboratories and quality assurance, are
still necessary. Chromatographic analysis of heparin is a challenge because the drug is
a polydisperse mixture, containing chains of alternating uronic acid and amino sugars
that vary in molecular weights from 5,000 to 40,000 Da. A modern analytical
approach, which enables the reduction of the analytical time without compromising
resolution and separation efficiency is hydrophilic interaction liquid chromatography
(HILIC) (15). HILIC has been proven convenient for the analysis of polar molecules,
charged as well as uncharged, which are not weakly retained in reversed-phase high-
performance liquid chromatography (RP-HPLC) (15).

The purpose of this research was to develop an efficient HPLC method for
the simultaneous determination of heparin and its two major impurities. Various
chemometrics-based techniques, including multivariate experimental design and
response surface methodology were utilized to aid in the method optimization. The
use of chemometric approaches provides the experimental conditions giving the
optimal analytical response within a limited number of experiments. Finally, the
developed method was validated, compared with the reported data and applied to the
analysis of raw materials and heparin products that are available from different

companies in Thailand.
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CHAPTERII
LITERATURE REVIEW

2.1 Heparin

2.1.1 Structure of heparin and its impurities

Heparin is a highly sulfated glycosaminoglycan (GAG) with the highest
negative charges density of any known biological molecule (18). The basic structure
of heparin comprised of repeated disaccharide subunits of uronic acid- (1 —=4)-D-
glucosamine, as shown in Figure 2.1A, whereas chondroitin sulfate is a naturally
occurring GAG composed of N the repeated disaccharide subunit glucuronic acid-
(1—=3)-N-acetylgalactosamine as shown in Figure 2.1B. Heparin is modified during
biosynthesis and has variability in its structure at the disaccharide level at the positions
marked by R (H or SO3) and Y (H, acetyl, or SO3). Chondrotin sulfates are modified
during biosynthesis to introduce variability at the positions marked by R,, Rs, or R4 (H
or SO3); all native chondroitin sulfates have H at the R; position. For chondroitin
sulfate A (CSA): Ri= H, R, = H, R; = SO3, R4 = H. For dermatan sulfate (DS): R; =
H, R, = SOs, R3 = SO3, R4 = H. Additionally, the structure of DS differs from that of
CSA and OSCS by the epimerization of the glucuronic residue to iduronic acid. In
OSCS, which is prepared by chemical sulfonation of CSA, all positions of
modification including R; are sulfonated (19). Although chondroitin sulfate can be
variously sulfonated at the 2-O, 4-O, and 6-O positions, on average it contains one
sulfonate for each disaccharide residue. Therefore, it has a lower net negative charge
than heparin. In contrast, as a result of chemical sulfonation the OSCS contaminant is
indeed “fully sulfonated” at the 2-O and 3-O positions of the glucuronic acid as well
as the 4-O and 6-O positions of the galactosamine residue (5), as shown in Figure
2.1B. OSCS has a molecular weight similar to that of heparin with an even higher

negative charge density (18,20).
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Figure 2.1 Structures of heparin (A) and chondroitin sulfates (B). For R, Y and R; see

text.

2.1.2 Physicochemical properties of heparin

Comprehensive information of the molecular mass, dispersion in nature,
and macromolecular properties of heparin and on the link between its macromolecular
characteristics and biological functions has been reported (21-23). Samples of heparin
isolated from various sources are different in sizes of molecules and are characterized
by molecular weights of fractions from 3,000 to 40,000 (21-23). The longest
molecular heparin known in nature (molecular weight over 1,000,000) was isolated by
Horner from rat integument (24). The high negative-charge density on the
macromolecule makes it possible to consider heparin as a typical polyelectrolyte
whose hydrodynamic properties in solution will be sensitive to changes in
concentration, ionic strength, and pH. The high content of negatively charged groups
does not affect the high anticoagulant activity of the biopolymer. In reality dextrans

with the same or higher degrees of sulfonation show appreciably weaker action in



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Pharmaceutical Chemistry and Phytochemistry) / 5

preventing blood clotting in comparison with heparin (21). The anticoagulant activity
of heparin reflects a complex of special structural features of the polysaccharide
including degrees of sulfonation and dissociation, and the size and shape of the
macromolecule.

Because of the complex structure of heparin, containing various functional
groups, its pK, was examined according to the functional groups. The pK, of O-and
N-sulfo groups is not less than 1 to 1.5 while that of the carboxyl group is 3-4 (25).

2.1.2.1 UV absorption

In 1950, Bell and Krantz examined the UV spectrum of
heparin sodium and found that heparin exhibited maximum absorption at wavelength
240 nm and 292 nm and minimum absorption between wavelength 245 and 260 nm
(26). According to the authors, this absorption behavior is due to its impurities.
Further investigations by Awe and Studemann (27) confirmed this hypothesis. A
minimum absorbance at wavelength 235 nm and maximum absorbance at wavelength
255 nm were found for heparin raw material. These bands disappear after purification
of the product. Ferrari and De Ambrosi examined 43 samples of commercial heparin
sodium (28). Different UV spectra were found depending on the sources and activity.
A correlation between the UV spectrum and the activity could not be proven.
Between 200-230 nm, the UV absorbance is very poor, it is only from this wavelength
onwards that the absorbance strongly increases.

2.1.2.2 Solubility

Literatures reported different solubilities of heparin. For
example, Merck index (29) indicates that 5% of heparin sodium is soluble in water,
whereas Martindale (30) claimed that 1 part of heparin sodium dissolves in 2.5 parts of
water. Additionally, saturated solutions of heparin sodium, isolated from porcine
mucosa, were dissolved in 4 different solvents at 20°C and their solubility varied as

shown in Table 2.1 (31).
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Table 2.1 Solubility of heparin sodium (20°C)

Solvent Solubility (%)
Water 60
Methanol 0.01
Ethanol <0.01
Acetone <0.01

2.1.2.3 Stability

Lyophilized Heparin sodium and dried heparin sodium can be
stored for several years at 30°C in tightly closed containers without loss of activity.
No change of efficacy, pH value and appearance of the solution for 36 months in the
ampoule solution of heparin sodium ready for administration (31). Experiments
carried out by Goodall et al. showed that heparin sodium undergoes no loss in quality
in the pH range from 4 to 9 (32). This has been confirmed by other experiments (30).
According to other tests, injections of heparin sodium are stable for more than 7 years

at room temperature and for 6 — 8 years at 37°C (30).

2.1.3 Mechanism and medical use

Heparin has been employed in a number of important biological processes.
It has been widely used as an anticoagulant, preventing the formation of clots and
extension of existing clots within the blood. Heparin does not break down clots that
have already been formed (unlike tissue plasminogen activator), however, it allows the
body’s natural clot lysis mechanisms to work normally to break down clots (33).
Heparin is used for anticoagulation in several situations, including acute coronary
syndrome, atrial fibrillation, deep-vein thrombosis and pulmonary embolism,
cardiopulmonary bypass for heart surgery, and in an extracorporeal membrane
oxygenation circuit for extracorporeal life support (34).

Heparin binds to the enzyme inhibitor antithrombin (AT) causing a
conformational change that results in its activation through an increase in the
flexibility of its reactive site loop (35). The activated AT then inactivates thrombin

and proteases involved in blood clotting, most notably factor Xa. The rate of
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inactivation of these proteases by AT can increase up to 1000-fold due to the binding

of heparin (36).

2.2 Determination of heparin and its impurities

Heparin is extremely difficult to be analyzed because of its highly negative
charge, polydispersity, and macroheterogeneity. The assay for heparin sodium in USP
monograph recommends measurement of heparin by anti-clotting activity (37).
However, the assay cannot detect any impurities. Therefore, the USP published a
revision of the monograph to address the immediate health issue by identifying OSCS
as an important impurity in heparin by CE (38). In August 2009, the USP
implemented a new revision which replaced the CE method for identifying OSCS in
heparin with an anion exchange chromatographic method. The chromatographic
method improves the resolution of heparin from impurities, such as OSCS and DS. In
addition, the USP added a high-performance anion-exchange method with pulsed
amperometric detection (HPAE-PAD) to quantify the percent of organic impurities
(39). Various publications reported the analysis of heparin and its impurities by
enzymetric immunoassay, attenuated total reflection infrared spectrometry, nuclear

magnetic resonance (NMR) spectroscopy, CE, HPLC as summarized in Table 2.2.
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Method Analyte Sample Significant result Ref.
RPIP- e Heparin-derived e Bovinelung e 30 componentsin 25
HPLC-UV oligosaccharides heparin 30 min
RPIP- e Lowmolecular e LMWH e Linearity range 40
HPLC-UV weight heparins pharmaceu- (1-5 mg/mL)

tical o ’>0.994
preparation e RSDs=0.75-
5.30%
RPIP- e Heparin-derived ¢ MMWH e 200 components 41
HPLC-MS oligosaccharides in 60 min
CE-UV e Heparin e Raw material e %RSD(migration 42

e DS time)

e OSCS 0.57% (DS)

e Hyaluronan 1.53%(heaprin)
1.91%(OSCS)
1.53%(hyaluronan)

e Resolution 2.67
(Heparin,
hyaluronan)
CE-UV e Heparin e Raw material e LOD< 43
e OSCS 0.1%0SCS

e DS
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Table 2.2 (continued) Analytical methods for the determination of heparin and its

impurities.
Method Analyte Sample Significant result Ref.
CE-DAD e Heparin e Raw material e Range 0.2-5.0 44
e OSCS ng/mL (OSCS)
e DS e LOD=0.07%
(OSCS)
e LOQ=
0.2%(0OSCS)
CE-UV e Heparin e Raw material e Range 45
e OSCS e LOD=0.019%
e DS (OSCS)
CE-UV e OSCS (inform e Pharmaceu- ¢ LOD=200pg 46
of glucosamine) tical product
CE-UV, e Chondroitin e Raw material e Recovery 47
SAX- sulfate - 90.2-109.3% (CE)
HPLC e DS - 11=0.993
'H-.NMR e Heparin e Heparin e LOD= 48
e OSCS samples 0.1%0SCS

e DS
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Table 2.2 (continued) Analytical methods for the determination of heparin and its

impurities.

Method Analyte Sample Significant result Ref.
'H-NMR, e Heparin e Pharmaceu- e Range 1.0-10% 49
SAX-HPLC- « OSCS tical product ('"H-NMR)

UV, e DS e LOD0.07%
Anticoagula- (SAX-HPLC-UV)
tion
SAX-HPLC- e Heparin o Raw e Range 5-20 mg/mL 50
uv e DS material (Heparin)
e LOD=0.66 mg/mL
(OSCS)

WAX- e Heparin e Raw e LOD=0.04% 51
HPLC-UV e OSCS material (OSCS)

e DS
HILIC-MS e Heparin e Raw e  GAG-glycomics 52

e Heparin material profiling

sulfate
EIA e OSCS e Pharmaceu- e LOD=0.1% 53
tical product

Fluorescence e Heparin e Unfraction- e LOD=0.5% 54

assay e OSCS ated heparin
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2.3 HPLC analysis of biomolecules

Biomolecules (for example, nucleic acid, proteins and polysaccharides) are
naturally occurring substances of large molecular weight commonly created by
polymerization of smaller subunits. The structural and chemical diversity of these
compounds usually can complicate their effective characterization.  Sample
preparation procedures, separation modes, column chemistries, column configurations,
and detection techniques have to be carefully optimized. There are several HPLC
techniques bioanalytical chemists use to analyze biomolecules (55-75). Typical
chromatographic modes (e.g., RP-HPLC, HILIC, size-exclusion, and ion-exchange

chromatography) for biomolecule analysis are described.

2.3.1 Reversed-phase chromatography

RP-HPLC is a powerful and widely used technique for analyzing
biomolecules. Its primary advantages over other separation modes are high efficiency
and ability to distinguish between compounds that are chemically very similar.
Properties of the RP-HPLC column that affect the resolution are: particle size, pore
size, bonded phase (functionality and chain length), and column length. Each of these
parameters influences one or more variables of the chromatographic resolution (Ry)
equation:

R =(1/4){(ar -1)/ o} N"2{k/(1+k)}

Where a is the chromatographic selectivity, N is the column efficiency,
and k is the retention factor, which is a measure of retention. Important system
parameters to consider are mobile phase composition (pH, buffer, organic modifier,
ion pairing agents, etc.).

Mobile phase for RP-HPLC, most biomolecules exist naturally in highly
aqueous environments are stabilized with ions and other water-soluble compounds that
help maintain the biological activity of the biomolecules. The ability to use aqueous
mobile phases that contain salts and buffers is a main reason why liquid
chromatography techniques, including RP-HPLC, HILIC, size-exclusion, and ion-
exchange, are so ubiquitous in biomolecular analysis. Rarely does one encounter
normal-phase liquid chromatography or gas chromatography, where water and salts

are not or less compatible with instruments and highly organic mobile phases (55-58).
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Nowadays, reversed-phase ion-pairing high-performance liquid
chromatography (RPIP-HPLC) provides promising and increasingly popular methods
for the analysis of biomacromolecules. Lipophilic ion-pairing reagents (IPR) act as
mobile phase modifiers, which aid in the retention and resolution of charged species
on hydrophobic stationary phases (60). The mechanism of retention in RPIP-HPLC is
however a matter of some debate. In the classical model of retention in RPIP-HPLC,
the hydrophobic IPR and the analyte ion of opposite charge combine in the mobile
phase to form a neutral species, which then partitions into the hydrophobic stationary
phase (76). The dymanic ion-exchange model, however, suggests that the IPR is first
adsorbed onto the surface of the stationary phase creating charged sites, which then act
as ion-exchange sites for the oppositely charged analyte (76). The presence of
evidence for both theories suggest that RPIP separations occur through a combination
of both mechanisms and that the extent to which each contributes to analyte retention
may be controlled by the experimental condition. Adding IPR to the mobile phase is to
improve retention of biomolecules in RP-HPLC mentioned in various publications

(59-61).

2.3.2 Hydrophilic-interaction liquid chromatography

HILIC was defined by Alpert in 1990 as a variant of normal-phase HPLC
(NP-HPLC), where a hydrophilic stationary phase is used in combination with a
mostly organic aqueous mobile phase, often acetonitrile (sometimes propanol or
acetone), and elution is usually performed by increasing the polarity of the mobile
phase by increasing the water concentration (77). HILIC has proven quite convenient
for the analysis of polar molecules weakly or not retained in conventional RP-HPLC
systems (78). In HILIC, the retention depends on the distribution of the analytes
between a partially immobilized aqueous layer, bound to the gel matrix surface, and
the mobile phase. In addition, hydrogen bonding and electrostatic interactions
between the analyte and the stationary phase are also believed to be more important
than comparable mixed-mode retention mechanisms in other liquid chromatography
techniques, for example RP-HPLC. This is in contrast to conventional NP-HPLC,
where mixtures of organic solvents, without water, are used in the mobile phase, and

where the separation mainly depends on surface adsorption (77).



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Pharmaceutical Chemistry and Phytochemistry) / 13

Using water in HILIC mobile phases is advantageous because it increases
the solubility of polar compounds, and the water content does not need to be
completely controlled, as is the case in ordinary NP-HPLC. An increased interest in
HILIC has been seen for more than a decade due to the desire to analyze more
complex biological samples, such as simple and complex carbohydrates, and in studies
of proteomics and metabolomics. During this period, several liquid chromatography
column manufacturers have introduced new HILIC columns with different types of
ligands (poly-succinimide-derived, amide, and diol, including the zwitterionic type,

etc.) as well as bare silica columns, suitable for carbohydrate analysis (77).

2.3.3 Size-exclusion chromatography (SEC)

SEC is a non-interactive technique that separates solutes according to their
molecular size in solution. It is often used as the first step in isolation of a protein
from a crude sample (66-67). When used with calibration standards it is possible to
estimate the molecular mass of compounds with similar molecular shape to the
standards, such as proteins and oligosaccharides.

SEC retention is determined by the accessibility of the sample molecule to
the pores. If the analyte cannot enter the pores it passes through the column in the
channels between the particles. Analytes that can enter the pores, either partially or
completely, elute later (79). Maximum retention (maximum elution volume) occurs if
the sample can fully access the pores. Minimal retention (minimum elution volume)
occurs if the sample is larger than the pores and elutes with the solvent. Hence,
samples elute in order of size, with the highest molecular weight (or largest molecule
size) samples eluting first. Since, molecules are eluted based on their size in solution,
linear or rod-like molecules will elute before globular molecules of the same
molecular weight. Elution order is based on whether or not the analyte can enter the
pores.

Method development in SEC technique consists of selecting a mobile
phase compatible with the sample type, and a column or columns with pore sizes that

provide resolution for the molecular weight range of the sample.
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2.3.4 Ion-exchange chromatography

In ion-exchange chromatography (IEC), molecules bind by a reversible
interaction of electrostatic charges located on the outer surface of the solute molecule,
with clusters of groups with an opposite charge on the ion exchangers. To maintain
neutrality, the charges on both the molecules of interest and the ion exchangers are
associated with ions of opposite charge, termed counter ions. Because a solute must
displace the counter ions on the stationary phase to attach to it, the technique is termed
“ion exchange” (79).

Ion-exchange mobile-phase conditions are chosen that permit differential
migration of sample components through the column. The higher the net charge of the
analyte, the higher the ionic strength (salt concentration) needed to bring about elution
from the bonded phase. At a certain high level of ionic strength, all the sample
components are fully desorbed and move down the column with the same speed as the
mobile phase. Conditions that lie somewhere in between total adsorption and total
desorption will provide the optimal selectivity at a given pH value of the mobile
phase. Because most biomolecules have the ability to exist as a charged species, ion
exchange is an excellent choice for biomolecular analysis (73-75).

During method development in the IEC technique, many variables could
be considered, including flow rate, temperature, ion-exchange bonded phases, and
mobile phase composition (pH and ionic strength). A high column efficiency (number
of theoretical plates) is an important parameter to consider when maximizing the
resolution of a separation. In IEC the efficiency (sharpness) of a peak is governed, not
only by how well the column is packed, but also by the mass transfer characteristics of
the ion exchange mechanism (79). The term mass transfer used here refers to the
efficient migration of the analyte from the mobile phase to the stationary phase (ion-
exchange site) and then back into the mobile phase. If this process is not very fast,
broad peaks can result with a possible loss in analyte resolution. The mass transfer
can be increased by increasing the column temperature (79).

Most ion-exchange packings fall into two groups, cation exchangers and
anion exchangers. Cation exchangers contain acidic groups, such as sulfonic acid or
carboxylic acid, and are used to separate cationic (positively-charged) compounds.

Strong cation exchangers commonly comprise sulfonate group (-SOj3’). These are



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Pharmaceutical Chemistry and Phytochemistry) / 15

strong acids and their ion exchange character is relatively unaffected by the mobile
phase pH. Carboxylate (-COQ") ions are weak cation exchangers. With pK, values in
the 4-6 range, they are ionized and effective as a cation-exchange medium above pH 6.
Anion exchangers contain basic groups, such as secondary, tertiary, or quaternary
amines, and are used to separate anionic (negatively-charged) compounds.
Ammonium ions (NH4") are strong bases and their exchangers is relatively unaffected
by mobile phase pH. Secondary and tertiary amines are weak bases with pK, values
between 8 and 11. A weakly basic anion exchanger should be used below pH 8.

The pH of the mobile phase can have a considerable effect on retention
and selectivity. A change of pH that causes the analyte to change from its ionized to
its neutral state prevents the analyte from taking part in the ion-exchange process and
consequently retention is reduced, while a shift in pH that causes the ion-exchange site
to change from its ionized to a neutral state essentially eliminates sites available for
ion exchange and retention is also lost. Mobile-phase ions compete with the analyte
ions of the same charge for adsorption on the stationary phase. Obviously, the more
mobile-phase ions (the higher the ionic strength) the better they compete. The result is
that ion-exchange retention decreases with increasing ionic strength of ions of the
same charge as the analytes (75). The term adsorption used here in a general sense
refers to the attraction of an analyte ion with (the ionic sites of) the packing.

The competition between analyte and salt for the ion-exchange site is
largely controlled by the concentration and nature of the salt ion (79). The choice of
the appropriate counter ion is therefore of significant importance in adjusting
retention. One usually employs NH,", H", Na*, K, or Ca*" for cation and COO", CI,
NO5, SO4*, or PO,> for anion exchangers. The eluting strength of the counter ion
correlates directly with its charge. For example, by substituting the eluent ion of a
cation exchanger in the series H', Na', K, Ca”' the relative strength between counter
ion and fixed ion increases and retention of a given cation (analyte) decreases. When
a single ionic strength is insufficient to elute all analytes (both strongly and weakly
retained) from the column in a reasonable time, salt or pH gradients can be applied.
Salt gradients employ a gradual increase in ionic strength in the mobile phase. This
gradient gradually desorbs the sample components in the order of increasing net

charge, so that components are desorbed one at a time from the surface to provide
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separation of the mixture. Thus the salt gradient compresses a chromatogram so as to
elute components with widely different adsorption properties within a reasonable time
(79). The gradient profile can be linear or stepwise. pH gradients affect retention in
the same manner, by taking advantage of the different pK, values of analytes and
stationary-phase ions. In a typical pH gradient, the mobile phase pH is charged from
low pH to high pH for anion exchange or from high to low for cation exchange,
bracketing the pK, range of the analytes.

Table 2.3 shows the HPLC methods that have been reported for the

analysis of biomolecules.
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Table 2.3 Selected of HPLC analyses of biomolecules

HPLC method Analyte Ref.
NP-HPLC Diacylglyserol in lipid 55
RP-HPLC Chondroitn sulfate 60

Heparin oligosaccharide 61

Polar lipids 62

Caseinomacropeptides 63

Wheat flour protein 64

Buffalo milk protein 65

SEC Rice storage proteins 66

Metallothionein 67

Fatty acid methyl ester 68

Lipids 69

Liposomes 70

HILIC Peptides 71

Glycans 72

IEC Egg white proteins 73
Heparin, OSCS, DS 50,51

Lipo-proteins 74

Amino acids 75
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2.4 Experimental design methodology

Nowadays, the use of chemometric tools should be the standard way of
operating when developing, optimizing and validating a chemical process or
methodology. The advantages of experimental designs are well known by
chemometricians and are increasingly recognized by the whole scientific community.
Their use in the separation science has particularly increased in the last few years (80-
85). Through the development of mathematical models, experimental design
methodology allows to access the statistical significance of the independent variables
effects being investigated in a system, as well as to evaluate their interactions from a
limited number of experiments. Moreover, employing multivariate optimization
designs in which at least three different points levels of the variables change
simultaneously, a second-order polynomial equation may be build to describe the
behavior of a particular response as a function of the studied variables and their
interactions.  Response surface methodology (RSM) is a popular method for
optimizing conditions and providing optimal performance characteristics.

The two most common designs generally used for response surface
modeling are central composite designs (CCD) and Box-Behnken designs (BBD). In
these designs the inputs factors are three or five distinct values (levels), but only a

limited number from all combinations of these values appear in the design.

2.4.1 Central composite designs

CCDs are the most frequently applied response surface designs of which
the utilities are used to build a full quadratic model. They consist of a two-level full
factorial design (2f experiments), a star design (2f experiments) and a center point. As
a consequence the CCD require N = 2P+ of+1 experiments to examine f factors. The
experiments of the full factorial design are situated at levels -1 and +1, those of the
star design at levels -a or +a for one factor and the center point at level 0 (see Figure
2.2). Depending on the a value, two common types of CCD can be distinguished. A
face-centered CCD (FCCD) with |(X ‘ = 1 examines all factors at three levels (-1, 0,
+1), while a circumscribed CCD (CCCD) has |a|> 1 and evaluates five levels for

each factor (-a, -1, 0, 1, +a). To obtain a so-called rotatable CCCD, the extreme
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levels of the star design (-, +o) should fulfill the requirement; ‘oc‘Z (Zf)1/4.

Therefore, |a | is equal to 1.41 and 1.68 for two and three factors, respectively (86).
For two and three factors, a CCD requires 9 and 15 experiments, respectively. In

Figure 2.2, a CCCD for three factors is presented.

Factors

Experiment A B C

1 -1 -1 -1

2 1 -1 -1

3 -1 1 -1

4 1 1 -1

5 -1 -1 1

6 1 -1 1

7 -1 1 1 ')
8 1 1 1 e
9 -o=-1.68 0 0 -
10 +o=+1.68 0 0 -
11 0 -a=-1.68 0

12 0 +o,=+1.68 0

13 0 0 -a=-1.68

14 0 0 +o.=+1.68

15 0 0 0

Figure 2.2 Central composite design for three factors (N = 15) (86).

2.4.2 Box-Behnken designs

Like CCD, BBD are response surface designs of which the utilities allow
fitting fit a full quadratic model. Unlike most CCD, BBD use only three levels of each
factor. This makes them appealing when the set of achievable factor levels is small.
FCCD designs also use just three factor levels. However, they are not rotatable as
BBD are (86). On the other hand, BBD models can be expected to have poorer
prediction ability in the corners of the cube that encloses the design, because unlike
FCCD they do not include points at the corners of that cube (Figure 2.3) (87).

A BBD requires N=2f (f-1)+1 experiments and the factors are examined
at three levels (-1, 0, +1). Thus, for three factors, 13 experiments are required. Figure

2.3 presents BBD for three factors.
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Factors

Experiment A B C

1 1 1 0 't
2 1 -1 0 gy 03
3 -1 1 0 5 0
4 -1 -1 0 FE
5 1 0 1 0.3
6 1 0 -1 1
7 -1 0 1

8 -1 0 -1

9 0 1 1

10 0 1 -1

11 0 -1 1

12 0 -1 -1

13 0 0 0

Figure 2.3 Box-Behnken design for three factors (N = 13) (86).
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CHAPTER III
MATERIALS AND METHODS

3.1 Materials

Materials used in this study are listed in Tables 3.1 and 3.2

Table 3.1 List of chemicals and reagents

Name Grade Source/Supplier
Chondroitin sulfate A RS Sigma-Aldrich (St. Louis
Missouri, USA)
Dermatan sulfate RS Sigma-Aldrich (St. Louis
Missouri, USA)
Heparin sodium salt from RS Sigma-Aldrich (St. Louis

porcine intestinal mucosa Grade I-A
Heparin sodium salt from RS
porcine intestinal mucosa

Oversulfated chondroitin sulfate RS

Heparin LEO -

Heparin Sodium Inj -

DBL Heparin Sodium Injection BP

Acetonitrile (ACN) HPLC

Ammonium acetate AR

Ammonium dihydrogen phosphate AR

Missouri, USA)

Sigma-Aldrich (St. Louis
Missouri, USA)

Sigma-Aldrich (St. Louis
Missouri, USA)

LEO Pharma (Ballerup, Danmark)
B.Braun Medical Inc. (PA, USA)
Hospira NZ limited

(Wellington, New Zealand)
Fisher Scientific (Leicesterahire,
UK)

Riedel-de Haen (Seelze,
Germany)

Fluka (Buchs, Switzerland)
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Table 3.1 (continued) List of chemicals and reagents

Name Grade Source/Supplier
Ammonium formate AR Fluka (Buchs,Switzerland)
Benzyl alcohol
Dodecyl trimethyl ammonium AR Fluka (Buchs, Switzerland)
hydrogen sulfate (DDTMAHS)

Formic acid AR Sigma-Aldrich (St. Louis
Missouri, USA)

Glacial acetic acid AR Merck (Darmstadt, Germany)

Lithium perchlorate AR ACROS organics (New Jersey,
USA)

Methanol (MeOH) HPLC Fisher Scientific (Leicesterahire,
UK)

Phosphoric acid AR Merck (Darmstadt, Germany)

Sodium chloride AR Merck (Darmstadt, Germany)

Sodium dihydrogen phosphate AR Merck (Darmstadt, Germany)

Monohydrate

Sodium hydroxide AR Fisher scientific (Leicesterahire,
UK)

Tetrabutyl ammonium AR Aldrich (Munich, Germany)

hydrogen sulfate (TBAHS)

Triethylamine AR Fluka (Buchs, Switzerland)

Tris(hydroxymethyl) AR Merck (Darmstadt, Germany)

aminomethane (Tris)
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Table 3.2 List of instruments

Instrument

Source/Supplier

HPLC-DAD system
HPLC-UV system
HPLC-DAD system

HILIC amide

column i.d. 150 mm x 2.1 mm
ZIC-HILIC

column i.d. 150 mm x 4.6 mm
Phenyl column

Vertisep GES ODS

column 1.d. 150 mm x 4.6 mm
RFIC™ Jon PAC AS22
column i.d. 250 mm x 4.0 mm
RFIC™ Ion PAC AG22

guard column i.d. 50 mm x 4.0 mm

Arium® pro UV Ultrapure water system

Ultrasonic bath

Water bath
Analytical balance
UV-vis spectrophotometer

Vortex mixer

Pipette
pH meter

Hitachi (Tokyo, Japan)
Waters (Massachusetts, USA)
Waters (Massachusetts,USA)
Merck (Darmstatdt, Germany)

Merck (Darmstatdt, Germany)

Vertical Chromatography
(Nonthaburi, Thailand)

Thermo Scientific Dionex (ldstein, Germany)

Thermo Scientific Dionex (Idstein, Germany)

Sartorius Stedim Biotech
(Aubagne, France)

Branson Ultrasonic Corporation
(Connecticut, USA)

Memmert (Schwabach, Germany)
Mettler Toledo (Ohio, USA)
Perkin Elmer (Massachusetts, USA)
Scientific Industries, Inc.

(New York, USA)

Duran (Mainz, Germany)

Consort (Turnhout, Belgium)
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3.2 Method Development
Three chromatographic techniques (e.g., RP-HPLC, HILIC, IEC) were

investigated for the analysis of heparin and its impurities. Chemical and instrumental

factors in each technique were varied as shown in Table 3.3.

Table 3.3 Chemical and instrumental factors in each selected HPLC technique

RP-HPLC HILIC IEC
Type of column C18 Amide SAX
Mobile phase Buffer:ACN ACN:water Buffer:ACN
pH buffer 3.0,6.5 3.2,5.8 2.0-4.0
Flow rate (mL/min) 1.0 04,06,1.0 0.8,1.0
Injection volume (uL) 20 10 10
Detection (nm) 215 215 215

3.3 Method Optimization

The anion-exchange chromatographic method was selected from three

techniques to optimize condition using the following initial condition;

Column : Anion exchange column AS22 (4.0x250 mm)
Mobile phase : Gradient program

Time (min) %A %B
0 5 95
2 5 95
40 60 40
41 60 40
42 5 95

50 5 95
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A =2.5M NaCl with 20 mM Tris buffer (pH 3.0) in water/ACN
80/20 v/v
B = ACN/water 20/80 v/v
Flow rate : 0.8 mL/min
Detection : UV 215 nm
Injection volume : 40 pL

Run time : 50 min

The initial condition was optimized through the use of experimental
design, including BBD and CCD, combined with Multivariate Linear Regression
(MLR). The determination of the relationship between the retention factor and the
corresponding mobile phase composition, including buffer pH and buffer
concentration was studied. Then, the modified simplex approach was utilized to

search for optimal chromatographic conditions in the retention map.

3.4 Method Validation
The optimized method was fully validated following the ICH guidelines (88).

3.4.1 Specificity

Placebo and placebo spiked with individual standard solution at middle
concentration of calibration curves were prepared. The ability to separate all
impurities, and excipients in placebo from heparin in the sample was assessed by the
resolution between the peaks. Peak identification was performed by comparing the
retention time of major peaks in the chromatogram of the assay solution with those in
the chromatogram of the standard solution. Injection order for specificity test of this

method is shown in Table 3.4.



Sumate Thiangthum Materials and Methods / 26

Table 3.4 Injection order for specificity test

Injection No. Name
1 Mobile phase (starting composition)
2 Heparin solution (10 mg/mL)
3 Water + 5% benzyl alcohol (placebo)
4 Dermatan sulfate (0.30 mg/mL)
5 Dermatan sulfate (0.30 mg/mL) + OSCS

(0.12 mg/mL)

6 Mixture of heparin solution (10 mg/mL),
Dermatan sulfate (0.30 mg/mL) and OSCS
(0.12 mg/mL)

7 Heparin Injection (sample)

3.4.2 Linearity and range

Linearity of the optimized method was determined from two sets of five
concentrations of standards. The concentrations were in the ranges of 3 to 20 mg/mL
for heparin, 90 to 160 pg/mL for OSCS and 200-400 pg/mL for DS. Each
concentration was prepared in triplicate (Tables 3.5 to 3.6).

Linear regression was performed and the coefficient of determination (),
the standard deviation of the slope and the intercept were calculated. The linearity
was evaluated visually from the plotted calibration data, and statistically by

performing for lack-of-fit (LOF) test.

3.4.3 Trueness

Trueness of the method was evaluated by the standard addition method
and expresses as percent recovery. Standard addition solutions were prepared by
spiking the placebo with heparin and its impurities at the same concentrations as in the

calibration curves. The solutions were prepared in triplicate (Tables 3.7 to 3.8).
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3.4.4 Precision

Precision of the method was expressed as the percent relative standard
derivation of repeatability and time-different intermediate precision. Repeatability and
time-different intermediate precision were determined simultaneously.  Three
concentrations (lowest, middle and highest concentrations of the calibration curves) of
each compound were spiked into the placebo (Tables 3.7 to 3.8). The analysis was
daily performed in triplicate and repeated for five days. The %RSDs of the peak area
was calculated.

The repeatability (s;”) and the time-different intermediate precision (si(t)z)
were then estimated at each concentration level from an ANOVA table and the
equation below;

si(t)z =57 +5p°

where sy represents the between-days variance.

$b” = (MSpetween — MSwihin)/n

where MSpetween and MSyimin are between-days and within-day mean
squares, respectively, obtained from the ANOVA table and n is number of replicates

within one day.

3.4.5 Limit of detection (LOD) and limit of quantification (LOQ)
The LOD and LOQ were estimated based on the standard deviation of the

response and the slope of the calibration curve as follow;

LOD=33¢c
S

LOQ= 100
S

where o is the standard deviation of the peak area and S is the slope of the
calibration curve. The slope S was calculated from the calibration curves. The
standard deviation ¢ was obtained from the standard deviation of y-intercepts of

regression lines.
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3.5 Standard solutions preparation

3.5.1 Stock standard solutions

5.1.1 Dermatan sulfate stock solution (1,000 pg/mL)

Twenty milligrams of dermatan sulfate was dissolved in
twenty millilites of water in a volumetric flask.

5.1.2 OSCS stock solution (2,000 pg/mL)

Two milligrams of OSCS was dissolved in one milliliter of
water in a vial.

5.1.3 Benzyl alcohol stock solution (36 mg/mL) for placebo
preparation

Appropiate amounts of benzyl alcohol (360 puL) was diluted

with ten milliliters of water in a volumetric flask.
3.5.2 Working standard solutions
Working standard solutions of heparin, DS and OSCS for validation

studies were prepared according to Tables 3.5 to 3.8.

Table 3.5 Heparin standard solutions in water, for linearity

Concentration (mg/mL) Weight (mg) Volume of water (uL)
3 3 1,000
5 5 1,000
10 10 1,000
15 15 1,000

20 20 1,000
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Table 3.6 Standard mixture solutions in water, for linearity

Concentration Volume DS Volume Mass heparin ~ Volume water

heparin,DS,0SCS  stock (nL)  OSCS stock (mg) (nL)
(ug/mL) (ML)

10,000, 200, 90 200 45 20 755
10,000, 250, 100 250 50 20 700
10,000, 300, 120 300 60 20 640
10,000, 350, 140 350 70 20 580
10,000, 400, 160 400 80 20 520

Table 3.7 Heparin standard solutions in water, for recovery

Concentration Mass heparin Volume benzyl Volume
(mg/mL) (mg) alcohol stock (uL) water (uL)
3 (low) 3 100 900
5 5 100 900
10 (middle) 10 100 900
15 15 100 900
20 (high) 20 100 900

Table 3.8 Standard mixture solutions in water, for recovery

Concentration Volume Volume Mass  Volume Volume
heparin,DS,0SCS DS stock OSCS stock heparin ~ benzyl water
(ng/mL) (uL) (uL) (mg)  alc.stock  (uL)
(1L)
10,000, 200, 90 (low) 200 45 10 100 655
10,000, 250, 100 250 50 10 100 600
10,000, 300, 120 (middle) 300 60 10 100 540
10,000, 350, 140 350 70 10 100 480

10,000, 400, 160 (high) 400 80 10 100 420
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3.6 Sample preparation
720 pL of Heparin Na Injection (5,000 [U/mL) was transfered into a 1 mL

vial and diluted to volume with water. The final concentration was 10 mg/mL.

(180 IU =1 mg)

3.7 Mobile phase preparation

The mobile phase consisted of 2.5 M NaCl and 20 mM Tris buffer
(pH 2.1). The mobile phase was prepared by dissolving 438.3 g NaCl and 7.3 g Tris
in three liters of water and adjusting the pH to 2.1 with 85% phosphoric acid.

3.8 Applications

One lot of heparin raw material and six lots of heparin products available
in Thailand were purchased from local manufacturers and drug stores and were
analyzed by the developed method. Results from the developed method were
compared with the reported data.
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CHAPTER 1V
RESULTS AND DISCUSSION

4.1 Method development
The aim of this study was to develop a simple HPLC method for the

simultaneous determination of heparin and its impurities (i.e. DS and OSCS) in
pharmaceutical products. Due to its extremely complex, polydisperse and
heterogeneous structure, heparin belongs to one of the most challenge in
pharmaceutical analysis. Moreover, its impurities usually have properties that
resemble heparin, which make it difficult to be distinguished. In this study, the
potential chromatographic techniques, including RP-HPLC, HILIC, and IEC, were
studied to reach this purpose.

4.1.1 Reversed-phase chromatography

RP-HPLC is the most widely used method for analytical method
development because of its simplicity and availability. To develop a method, a
common reversed-phase column, ODS, was selected. The compositions of the mobile
phase, including pH of buffer (3.0 and 6.5), type and amounts of organic modifiers
(methanol and acetonitrile) and percent of organic modifier (10% and 20%) were
varied during development. Results showed that heparin and its impurities were not
retained on the ODS column resulting in overlapping peaks at the solvent front at 1.5
min (Figure 4.1). Because of the presence of multiple negative charges associated
with N- and O- sulfo groups, heparin and its impurities were not able to retain on a
reversed phase column.

Two ion-pairing reagents, tetrabutyl ammonium hydrogen sulfate
(TBAHS) and dodecyl trimethyl ammonium hydrogen sulfate (DDTMAHS), a long
chain ion-paring reagent, were investigated to retain heparin and its impurities on the

stationary phase. Effects of ion-pairing reagent with a larger alkyl group showed more
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retention time for heparin but it could not be used for quantitative analysis because of

poor resolution and peak shape (Figure 4.2).

4.1.2 Hydrophilic-interaction liquid chromatography

HILIC was introduced as an alternative method for separating and
analyzing highly polar compounds. HILIC gives retention of compounds that are
weakly or not at all bound in RP-HPLC. For HILIC method development, many
variables were studied, including the composition of the mobile phase (pH of buffer,
type and amounts of organic modifiers (methanol and acetonitrile) and percent of
organic modifier), the column temperature, and the flow rate. Many reports suggested
that an amide column is more stable than other HILIC columns and has been
frequently used to separate polar compounds, especially carbohydrates (77). Thus, an
amide column was applied for this study.

Effects of the percent of acetonitrile (80% and 90% in water), type of
buffer solutions (50 mM ammonium formate and 50 mM ammonium acetate) and
buffer pH (3.2 and 5.8) were investigated. Results showed that neither percent of
acetonitrile, type of buffer solutions nor pH have significant effects on retention and
separation (Figure 4.3). In summary, the HILIC conditions were not able to retain and
separate heparin and its impurities. Because HILIC interaction between the analytes
and the particles occurred at the surface of the particles was not strong enough to

retain the analytes.
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Figure 4.1 The RP-HPLC chromatograms of heparin solution (8 mg/mL) on CI8

column at flow rate 1.0 mL/min, UV detection at 215 nm and injection volume at 20

pL with various mobile phase compositions containing (A) water and ACN (80:20),

(B) water and MeOH (80:20), (C) phosphate buffer (pH 3.0) and ACN (80:20), (D)

phosphate buffer (pH 3.0) and ACN (90:10), and (E) phosphate buffer (pH 6.5) and
ACN (80:20).
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Figure 4.2 The effect of ion-pairing reagents containing in mobile phase (A) no ion

pairing reagent, (B) TBAHS, and (C) DDTMAHS. HPLC conditions see Figure 4.1 D.
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Figure 4.3 The HILIC chromatograms of heparin solution (5 mg/mL) on HILIC amide
column at flow rate 0.6 mL/min, UV detection at 215 nm and injection volume at 10
uL with various mobile phase compositions containing (A) water and ACN (20:80),
(B) water and ACN (10:90), (C) formate buffer (pH 3.2) and ACN (20:80), (D) acetate
buffer (pH 5.8) and ACN (20:80), (E) formate buffer (pH 3.2) and ACN (10:90), and
(F) acetate buffer (pH 5.8) and ACN (10:90).
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4.1.3 Ion-exchange chromatography

IEC techniques, especially SAX-HPLC method have been reported to
allow separating heparin and its impurities (73-75). The published methods were used
only for qualification and identification. In this study, a rapid, robust and accurate
method for the quantitative analysis of heparin and its impurities was developed. The
mobile phase compositions, including types of salts (i.e. NaClO4, NaCl and LiCl), salt
concentration (2.0 - 2.5 M), pH (2.0 — 4.0) and organic modifier (methanol and
acetonitrile) and the flow rate (0.6 — 1.0 mL/min) were varied.

Following the conditions listed in the USP heparin sodium monograph, the
retention and separation of heparin and OSCS was demonstrated in Figure 4.4. Two
peaks were identified as heparin and OSCS with a resolution (Rg) of 2.5. The
condition consisted of a 30 min gradient elution from 2.8% to 12.6% of 2.5 M NaClO4
in 20 mM NaH,PO, buffer (pH 3.0). Because sodium perchlorate is hygroscopic and
used in pyrotechnics, it is not allowed for trading in Thailand. = Thus, sodium
perchlorate was replaced by sodium chloride with a gradient elution from 5% to 60%
of 2.5 M NaCl in 20 mM Tris buffer (pH 3.0). The chromatograms which resulted
from mobile phase containing sodium perchlorate and sodium chloride are shown in
Figure 4.5. Although the R was less than that of the USP condition, (Rs 1.8 vs 2.5),
better peak shapes were obtained. Furthermore, effects of organic modifier types (e.g.
methanol and acetonitrile), flow rates (0.6, 0.8, 1.0 mL/min), and lithium chloride
were studied. The results indicated that adding low amounts of acetonitrile (not more
than 20%) into the mobile phase improved the signal of the analytes, while adding
methanol resulted in high back pressure of the system. Even a mobile phase containing
a low amount of acetonitrile was able to increase signal, it could not be used because
of unknown peak interference problems. The flow rates had no significant effects on
the separation, but the signals increased at lower flow rates (Figure 4.6). Replacement
of sodium chloride with lithium chloride did not affect the separation, but caused a
baseline drift (Figure 4.7).

In summary, final condition in the development phase was a 30 min
gradient elution of 2.5 M sodium chloride and Tris buffer (pH 3.0) at a flow rate of 0.6
mL/min. The detection was performed with a UV detector at wavelength of 215 nm.

Injection volume was set at 20 pL. In order to obtain an optimal response and improve
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the method performance, the experimental design and response surface methodology

were used to assist in the method optimization.
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Figure 4.4 SAX-HPLC chromatogram of standard solution containing 9 mg/mL
heparin and 3 mg/mL OSCS with elution gradient from 2.8% to 12.6% of 2.5 M
sodium perchlorate and 20 mM sodium dihydrogen phosphate buffer (pH 3.0) on SAX
column at flow rate 0.8 mL/min, UV detection at 215 nm and injection volume at 10

pL.
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Figure 4.5 SAX-HPLC chromatogram of standard solution containing 9 mg/mL
heparin and 3 mg/mL OSCS with elution gradient from 5% to 60% of 2.5 M sodium
chloride and 20 mM Tris buffer (pH 3.0) on SAX column at flow rate 0.8 mL/min, UV

detection at 215 nm and injection volume at 10 pL.
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Figure 4.6 The effect of flow rate (A) 0.6 mL/min, (B) 0.8 mL/min and (C) 1.0
mL/min with elution gradient from 5% to 60% of 2.5 M sodium chloride in 20mM

Tris pH 3.0 on SAX column at flow rate 0.8 mL/min, UV detection at 215 nm and

injection volume at 10 pL.
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Figure 4.7 Comparison of chromatograms of mixture (heparin 9 mg/mL, DS 3 mg/mL,
OSCS 3 mg/mL) obtained from mobile phase containing (A) lithium chloride and (B)
sodium chloride. HPLC conditions see in Figure 4.6 B.
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4.2 Method optimization

In this study, a Box-Behnken design (BBD) and a central composite design
(CCD) were compared and used to study the effects of two important factors, i.e. pH
and concentrations of sodium chloride in the mobile phase and afterwards to define the
optimal chromatographic conditions for the separation. The experimental plans for
BBD and CCD are displayed in Tables 4.1 and 4.2, respectively. Each factor is
examinated at three levels (-1, 0, +1) in the BBD and at five levels (-\/2, -1, 0, +1,
+12) in the CCD. The concentration of sodium chloride was set in the range of 0.8 to
2.5 M, and the pH of mobile-phase buffer was adjusted in the range of 2.0 to 4.0,
while the flow rate was held at a constant level (0.6 mL/min) as well the closen
detection wavelength (215 nm) during all experiments. Nine experiments varying
two factors in each experimental design, were performed in randomized sequence to
minimize effects of uncontrolled factors that may introduce a bias on the response.
The investigated variables and their values, for each design, are reported in Tables 4.3
and 4.4. The retention time (tg), resolution (R;) and peak width (W) of the compounds

were determined as responses.

Table 4.1 A two-factor Box-Behnken design

Experiment No. pH of bufer Conc. of NaCl
1 -1 -1
2 -1 +1
3 +1 -1
4 +1 +1
5 -1 0
6 +1 0
7 0 -1
8 0 +1
9 0 0
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Table 4.2 A two-factor central composite design

Experiment No. pH of buffer Conc. of NaCl
1 -1 -1
2 -1 +1
3 +1 -1
4 +1 +1
5 2 0
6 +\2 0
7 0 -1
8 0 +\2
9 0 0

Table 4.3 Investigated variables and their values for a 2-factor Box-Behnken design

Experiment No. pH of buffer Conc.of NaCl
1 2.0 1.5
2 2.0 2.5
3 3.0 1.5
4 3.0 2.5
5 2.0 2.0
6 3.0 2.0
7 2.5 1.5
8 2.5 2.5
9 2.5 2.0
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Table 4.4 Investigated variables and their values for a 2-factor central composite

design
Experiment No. pH of buffer Conc.of NaCl
1 23 0.8
2 2.3 2.2
3 3.7 0.8
4 3.7 2.2
5 2.0 1.5
6 4.0 1.5
7 3.0 0.8
8 3.0 2.5
9 3.0 1.5

Results from the nine experiments of each design were reported in Tables
4.5 and 4.6. Coefficients of the second-order polynomial models of the three responses
were estimated by least squares regression. Coefficients from the polynomial models
were shown in Tables 4.7 and 4.8. From the polynomial models, three-dimensional
response surfaces of each response were plotted in order to easily and more precisely
define the chromatographic behaviors of the investigated variables (Figures 4.8 and
4.9). The response surfaces from CCD showed clearly influences of variables on
responses more than BBD. An increase in the concentrations of sodium chloride in
the mobile phase led to an increase of resolution between both pairs but shortens the
retention and reduces the peak widths of all investigated compounds. Influence of pH
value was not the same for all analytes. The resolution between heparin and OSCS
slightly increased, whereas resolution of dermatan sulfate and heparin increased with
the decrease in pH. Moreover, the increase of pH value prolonged the retention of all

investigated compounds.
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Factors Responses
Conc. tr tr tr W W W
Experiment  pH of R R
(min) (min) (min) (min) (min) (min)
No. buffer DS/Hep  Hep/OSCS
NaC DS Hep 0OSCS DS Hep 0OSCS
1 2.0 1.5 1.64 1.05 1747 2178  23.75 1.44 1.62 0.65
2 2.0 2.5 1.61 1.09 12.74  15.08 16.27 0.73 0.89 0.36
3 3.0 1.5 1.34 1.12 1743 1997 22.13 1.05 1.23 1.15
4 3.0 2.5 1.06 1.64 12.57 1347 1471 0.48 0.67 0.30
5 2.0 2.0 1.56 1.06 1457 17.59  19.14 1.04 1.17 0.53
6 3.0 2.0 1.26 1.35 1432 1597 17.56 0.72 0.89 0.53
7 2.5 1.5 1.49 1.18 1740 2097 23.23 1.32 1.43 0.64
8 2.5 2.5 1.30 1.43 1242  13.86 15.16 0.56 0.74 0.30
9 2.5 2.0 1.39 1.32 1432  16.73 18.35 0.92 1.04 0.46
R, = resolution, tg = retention time, W = peak width
Table 4.6 Experimental results for the 2-factor central composite design
Factors Responses
Conc. tr tr tr w w w
Experiment  pH of R R
(min) (min) (min) (min) (min)  (min)
No. buffer DS/Hep  Hep/OSCS
NaCl DS Hep 0SCS DS Hep 0SCs
1 2.3 0.8 0.00 1.12 2741 2741  29.83 1.80 1.80 1.06
2 2.3 2.2 1.45 1.08 13.57 16.04 17.48 0.94 1.02 0.52
3 3.7 0.8 0.92 0.00 27.57 29.88  29.88 0.60 1.44 1.44
4 3.7 2.2 0.00 1.27 1353 13.53 14.78 0.87 0.87 0.48
5 2.0 1.5 1.54 1.042 17.35 21.52  23.57 1.41 1.57 0.72
6 4.0 1.5 0.00 1.37 1747 1747 19.38 1.24 1.24 0.46
7 3.0 0.8 0.00 1.00 2742 2742  30.04 2.10 2.10 0.69
8 3.0 2.5 0.82 1.03 1250 13.67 14.85 0.30 0.73 0.26
9 3.0 1.5 1.28 1.37 17.45 1996  22.17 1.01 1.25 0.89

R, = resolution, tg = retention time, W = peak width
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Table 4.7 The estimates of the coefficients for regression models from the BBD results

Model R R tr tr tr W w W
Coefficents DS/Hep  Hep/OSCS DS Hep OSCS DS Hep OSCS
b0 1.3950 1.3033 143086 16.6787 18.3398  0.9100 1.0251 0.4281
bl -0.1908 0.1518 -0.0763  -0.8400  -0.7925  -0.1610 -0.1467 0.0745
b2 -0.0842 0.1350 -2.4293  -3.3865  -3.8310  -0.3398 -0.3305 -0.2482
bll 0.0165 -0.0925 0.1377 0.1250 0.0158 -0.0270 0.0123 0.1198
b22 0.0005 0.0080 0.6037 0.7585 0.8563 0.0375 0.0638 0.0588
bl12 -0.0623 0.1203 -0.0350  0.0470 0.0155 0.0353 0.0443 -0.1428

R, = resolution, tz = retention time, W = peak width

Table 4.8 The estimates of the coefficients for regression models from the CCD results

Model R, R, tr tr tr W W W
Coefficents DS/Hep  Hep/OSCS DS Hep OSCS DS Hep OSCS
b0 1.0755 1.4637 174711 19.5751  22.1194 1.3122 1.4024 0.7094
bl -0.3383 -0.0587 0.0364 -0.7200  -1.0705  -0.1882 -0.1212 -0.0032
b2 0.2794 0.2590 -7.1317 -6.7576  -6.8301  -0.3569 -0.4210 -0.3106
bll -0.1340 -0.1527 0.0713 0.0690 -0.3169  -0.0254 -0.0301 0.0067
b22 -0.3891 -0.3992 2.7721 1.8523 1.1817  -0.1693 -0.0262 0.0309
b12 -0.5913 0.3263 -0.0483 -1.2458  -0.6868 0.2838 0.0543 -0.1063

R, = resolution, tg = retention time, W = peak width

In order to achieve the best separation performances and reasonable
retention of all compounds in the HPLC system, data analysis led to the conclusion
that the final composition of the mobile phase in the first step of the gradient program
should contain 2.5 M NaCl with 20 mM Tris buffer in water (pH 2.1). This condition
conforms to the optimal chromatographic condition predicted from the polynomial
model of the CCD. The chromatogram obtained from the optimal condition is shown

in Figure 4.10. The optimal condition is described as below;
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Column : Anion exchange column AS22 (4.0x250 mm)
Mobile phase : Gradient program

Time %A %B
0 10 90
2 10 90
33 70 30
34 70 30
35 10 90
40 10 90

A =2.5 M NaCl with 20mM Tris buffer (pH 2.1) in water
B = water

Flow rate : 0.6 mL/min

Detection : UV 215 nm

Injection volume : 200 uLL

Run time : 40 min
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Figure 4.8 3D plots of the response surfaces for Ry, tg, and W from the BBD experiments.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Pharmaceutical Chemistry and Phytochemistry) / 47

P 2 PN 15
- [ ~ o
P I~ - I~
/‘/‘ =T~ ~ - [ [N
3 - | A | ~ 15 2 ! | - P I~
| P Ly
2 ! I . S
- D 1 5 AN 1
Rs 1 ~ : Rs 1 N :
| ~ NN ~
0.5 ST
0 S N | 05 ‘-%f»\‘\"\“\‘ﬁ\““‘&‘\‘&@@\s‘\i\t‘&:‘\ N |
AR I SR TN I
R R R R
R ~ R T ~
SRR | B RY [
- RS e 0 0 AN 05
I I
-2 -0.5.
2 ! 05 2 !
2 2
-1
0
Conc.NaCl -2 pH Conc.NaCl 12 pH
2
1.8
1.6
1.4
1.2
1
038
06
0.4
02
1.8
1.6
1.4
1.2
1
0.8
Conc.NaCl 12 pH Conc.NaCl 12 pH
30 1.2
28 1.1
1
26
0.9
24
» w 0.8
07
20 0.6
18 0.5
16 0.4
14 03
12 02

Conc.NaCl 12 pH

tr (OSCS) W (0SCS)

Figure 4.9 3D plots of the response surface for Rs, tgr, and W from the CCD experiments.



Sumate Thiangthum Results and Discussion / 48

450

300 _|

Heparin

/

200

1 OSCS
100 | DS /

-30 3
0.0 5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0

min

Figure 4.10 SAX-HPLC chromatogram of mixture containing 20 mg/mL heparin, 0.3
mg/mL DS, and 0.12 mg/mL OSCS with elution gradient from 10% to 70% of 2.5 M
sodium chloride and 20 mM Tris buffer (pH 2.1) on a SAX column at the flow rate of
0.6 mL/min, UV detection at 215 nm and injection volume at 200 pL.
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4.3 Method validation

The optimized condition was validated by a standard procedure to ensure
adequate specificity, linearity, precision, accuracy, limit of detection, and limit of
quantitation. The obtained data fully met the criteria of the ICH regulations (88) for

method validation.

4.3.1 Chromatographic separation and specificity

The specificity of method was investigated with placebo to observe
interferences with heparin and its impurities. No interfering peak was observed in the
chromatograms (Figure 4.11). Therefore, the specificity of the method was found to
be appropiate. The optimal conditions provided retention times of heparin, DS, and
OSCS of 25.24, 21.13 and 30.65 minutes, respectively (Figure 4.10). The resolution
between DS and heparin was 2.05 and between heparin and OSCS was 2.70. The

analysis was completed in 40 minutes.

4.3.2 Linearity

The calibration curves of heparin, DS, and OSCS were established by
triplicate injections of five different concentrations of working standard solutions.
From Table 4.9, the calibration curves were plotted from the concentrations versus
peak area response. The obtained r* were 0.9998 for heparin (3-20 mg/mL), 0.9994
for OSCS (90-160 pg/mL) and 0.9980 for DS (200-400 pg/mL).

Visual observation of the calibration curves showed that the lines were
straight. The lack-of-fit (F,) test results for the heparin calibration data was = 0.18,
for DS was 0.02 and for OCSC was 0.24. These values were smaller than the critical
value, Fiaba=0.05; afi=3, dn=20) = 3.10 for heparin and for dermatan sulfate and Fiapo=0.0s;
dri=3, dp=10) = 3.71 for OSCS. This means that the straight lines were considered
adequate to describe the relationships between the responses and the concentrations

for each compound.
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Figure 4.11 Specificity of the SAX-HPLC method at the optimal condition (see
condition at Figure 4.10) : (A) mobile phase (staring composition), (B) Placebo (5%
benzyl alcohol in water), (C) DS solution (3 mg/mL), (D) mixture of DS (5 mg/mL)
and OSCS (5 mg/mL), (E) heparin solution (8 mg/mL), (F) mixture of DS (0.3
mg/mL), heparin (10 mg/mL), and OSCS 0.12 mg/mL), and (G) sample solution

(heparin sodium injection : 10 mg/mL heparin).
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Table 4.9 Linear regression analysis for heparin and its impurities

Range Standard deviation s
Analyte Slope  Intercept r F-Value
(ug/mL) Slope  Intercept
Heparin ~ 3,000- 1,319.2 -3,660.7 4049  3,284.03 0.9998 0.18
25,000
DS 200-400 18.6 -2,879.0 0.9 59.40 0.9980 0.02

OSCS 90-160 78.9 -5,844.9 9.0 796.19 0.9994 0.24

1 = coefficient of determination

4.3.3 Trueness

The results from examining the accuracy of the method are tabulated in
Table 4.10. The mean percentage recovery for each compound was calculated at each
concentration level and reported with its standard deviation. The range of % recovery
for heparin was 95.5-103.6, while the mean recovery was 99.4 + 2.6 at all
concentration levels. For DS, the range of % recovery values was 92.3-103.9% and
the mean value covering all concentration levels was 98.4 + 3.2. The range of %
recovery values for OSCS was 92.6-102.0% and the overall mean was found to be

98.9 +£2.2. In conclusion, the method was considered to have an acceptable recovery.

4.3.4 Precision

The method precision was perceived as the percent relative standard
deviation of repeatability (within-days precision) and of time-different intermediate
precision (between-days precision). Table 4.11 shows the precision of the method.
The 9%RSD of repeatability for heparin at the lowest, middle and highest
concentrations of the calibration levels (3, 10, and 20 mg/mL) were 1.46, 0.55 and
0.80, while %RSD of the time-different intermediate precision at the same levels were
3.37,3.59 and 3.20, respectively.

For dermatan sulfate, the %RSD were 4.61, 2.09 and 3.56 for the
repeatability and 6.38, 5.95 and 3.35 for the time-different intermediate precision, at
the lowest, middle and highest dermatan sulfate concentrations of calibration levels
200, 300, and 400 pg/mL, respectively. The %RSD values for the OSCS
concentrations at 90, 120 and 160 pg/mL were 3.38, 2.53 and 2.32, respectively, for
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repeatability, and 11.42, 5.80 and 4.21, respectively, for the time-different
intermediate precision. In conclusion, the precision values obtained in this method are

considered acceptance.

Table 4.10 Investigation of the accuracy of the method

Analyte Concentration % RSD % Recovery
(ug/mL) (n=23)
Heparin 3,000 3.55 96.2-103.6
5,000 1.60 98.3-102.3
10,000 2.62 97.6-103.3
15,000 2.01 95.2-100.6
20,000 2.16 95.3-100.7
DS 200 5.32 93.6-103.9
250 2.73 97.0-102.0
300 1.65 96.3-99.4
350 3.21 95.1-101.0
400 4.60 92.3-101.1
OSCS 90 0.70 99.1-100.5
100 1.11 99.9-102.0
120 1.36 98.8-101.1
140 1.54 97.2-100.1
160 3.13 92.6-98.1

% RSD = percent relative standard deviation
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Table 4.11 Precision of heparin and its impurities presented as %RSD

‘ Time-different
Concentration

Analyte Repeatability intermediate
(ng/mL) ..
precision

Heparin 3,000 1.46 3.37
10,000 0.55 3.59

20,000 0.80 3.20

DS 200 4.61 6.38
300 2.09 5.95

400 3.56 3.35
OSCS 90 3.38 11.42
120 2.53 5.80

160 2.32 4.21

%RSD = percent of relative standard deviation

4.3.5 Limit of detection (LOD) and limit of quantitation (LOQ)

LOD and LOQ of the compounds were the concentrations that can
determined with acceptable precision and accuracy at the signal to noise ratio of 3.3
and 10, respectively. Table 4.12 shows LODs and LOQs of heparin, dermatan sulfate
and OSCS. The LOQs of heparin, dermatan sulfate and OSCS were 2.5 mg/mL, 31.5
and 22.0 pg/mL, respectively. The %RSDs at the LOQ of the compounds were 3.22,
6.37 and 10.12, respectively.

Table 4.12 LODs and LOQs of heparin and its impurities

Analyte LOD (pug/mL) LOQ (png/mL)
Heparin 800 2,500 (3.22)
Dermatan sulfate 10.5 31.5(6.37)
OSCS 7.2 22.0 (10.12)

Number in parentheses represent %RSDs (percent relative standard deviation), LOD =

limit of detection, LOQ = limit of quantitation.
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The developed and validated method was applied for the determination of

heparin and its impurities in one lot of heparin raw material and six lots of heparin

injection products available in Thailand. Results are shown in Table 4.13, which

reveals that percent label amounts of heparin in the six different lots in the three

brands ranged from 90.3% to 97.8%, while that of the raw material was 95.8%. These

values comply with the assay specifications for active drugs in the USP pharmacopeia

(90.0-110.0% la.). The impurities dermatan sulfate and OSCS were not detected in

neither the raw material nor the heparin injection products. The chromatograms of

samples are shown in Figure 4.12.

Table 4.13 Results of analysis of marketed raw material and formulations

% Labeled amount (n=3)

Product name Brand Lot No.
Heparin DS  OSCS
Heparin sodium In;. A I 97.8(2.09) ND ND
(5,000 IU/mL) II 95.8(1.36) ND ND
Heparin sodium inj. B I 90.9(1.99) ND ND
(5,000 TU/mL) II 94.6 (1.50) ND ND
Heparin sodium Inj. C I 95.2(3.40) ND ND
(5,000 IU/mL) II 90.3(0.82) ND ND
Heparin sodium salt D I 95.8(0.98) ND ND

(raw material)

ND = not detectable, numbers in

standard deviation).

parentheses represent %RSDs (percent relative
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Figure 4.12 HPLC chromatograms of (A) raw material, (B) Heparin sodium injection
brand A , (C) Heparin sodium injection brand B, and (D) Heparin sodium injection

brand C. HPLC conditions see Figure 4.10.
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CHAPTER V
CONCLUSION

RP-HPLC, HILIC and IEC techniques were investigated for development
of an analytical method for the simultaneous determination of heparin and its
impurities (i.e. OSCS, DS) in heparin products. Different types of HPLC columns, i.e.
ODS, HILIC amide and SAX columns were studied in the different techniques.
Composition of mobile phases, including types and pH of buffer, and type and
amounts of organic modifiers (methanol and acetonitrile) were varied. The examined
RP-HPLC and HILIC conditions did not retained heparin and its impurities, resulting
in overlapping peaks at the solvent front. SAX-HPLC (gradient elution of sodium
chloride and Tris pH 3.0) showed some retention of the analytes. Thus, IEC seemed
the most suitable technique among the three selected techniques for the analysis of
heparin and its impurities. Response surface methodology based on central composite
design (CCD) was used to study the effects of the important factors, pH and
concentration of sodium chloride in the mobile phase, and to determine the optimal
chromatographic conditions. Lowering mobile-phase pH and increasing the
concentration of sodium chloride enhanced the separation and optimal conditions were
a 30 min gradient elution of 5% to 60% of 2.5 M sodium chloride and 20 mM Tris
buffer (pH 2.1) at a flow rate of 0.6 mL/min. The detection was performed with UV
detector at 215 nm. Injection volume was set of 200 pL.

The results at the optimal conditions were validated in term of linearity,
precision, accuracy, LOD and LOQ. Calibration curves showed good linearity with r?
between 0.9980-0.9998 for heparin (3 — 20 mg/mL), DS (200-400 pg/mL) and OSCS
(90-160 pg/mL). F values for each compound showed no significant lack of fit in the
chosen concentration ranges and models are recognized to be adequate. Precision of
the method was performed by the repeatability and the time-different intermediate
precision. In both cases, the percentage relative standard deviations for each

compound are well below 12%. The range of recovery values covering all
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concentration levels for each compound were 95.5-103.6% for heparin, 92.3-103.9%
for DS and 92.6-102.0% for OSCS. Thus, the methods were considered to have an
acceptable precision and recovery. The LODs were 800, 10.5 and 7.2 pg/mL whereas
LOQs were 2,500, 31.5 and 22.0 pg/mL (%RSD 3.22-10.12) for heparin, DS and
OSCS, respectively. Finally, the validated method was applied for the determination
of heparin and its impurities in pharmaceutical formulations. The % label amounts of
heparin in the investigated raw material and products (n = 7) were between 90.3 —
97.8%. DS and OSCS were not detected in all samples. They all complied with the
USP limit (90.0-110.0% la. for heparin). In conclusion, this method is economical,
fast, simple and reliable for the identification and quantification of heparin and its

impurities for the quality control of both heparin raw material and formulations.
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PART II: Data Handling of HPLC Fingerprints from Mallotus and
Phyllanthus Samples

CHAPTER1
INTRODUCTION

Herbal medicines have been used by many people around the world for
thousands of years. Unfortunately, their quality, safety, and efficacy are not always
sufficiently evaluated (1,2). Because of their complex composition, the development
of suitable analytical procedures to separate all or as many compounds as possible are
not always established. Furthermore, concentrations of herbal components can vary
significantly depending on cultivation conditions of plants, drying processes and
harvest seasons (2). Some researchers only use information from a limited number of
compounds, e.g. the so-called biomarkers, to evaluate the quality of herbal medicines.
However, there are doubts that only certain compounds are sufficient to describe and
evaluate the complexity of herbal samples.

World Health Organization (WHO) has introduced and accepted
chromatographic fingerprint analysis as a strategy for assessments of herbal medicines
(3). Chromatographic fingerprints are usually obtained from reversed-phase high-
performance liquid chromatography (RPLC) characterized the complete composition
of the herbal medicine. Fingerprints represent chromatographic profiles, in which all
detectable chemical constituents are separated as many as possible. The obtained
fingerprints can be used as a unique identification tool to evaluate the authenticity of a
herbal sample, or to the quality, assurance of the consistency, and stability of a herbal
medicine. Nowadays, the combination of (hyphenated) chromatographic instruments
and chemometrical approaches for data (pre-) treatment allows a fast investigation of
herbal samples (4-11). Moreover, chemometric treatment of the chromatographic
fingerprints also allows modeling and predicting pharmacological activities (e.g.
antioxidant and cytotoxic activities) and/or indicating peaks potentially responsible for

the modeled activities (2,4,12-15).
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Mallotus and Phyllanthus genera, belonging to Euphorbiaceae family, are
widely distributed in most tropical and sub-tropical countries. They have long been
extensively used as folk medicine in India, China, Vietnam and other countries for
thousands of years for treatments of different diseases. For instance, the genus
Mallotus has been used for treatments of chronic hepatitis and enteritis (16-17), while
the genus Phyllanthus has been used for disturbances of kidney and urinary bladder,
intestinal infections, and diabetes (18,19). Recently, many researchers investigated
chemical components of Mallutus and Phyllanthus species and identified several
pharmacologically active constituents (12, 20-24), especially those with antioxidant
activity.

The goal of this study was to model the antioxidant activity of Mallotus
and Phyllantus samples from different species, origins and/or collection times as a
function of their chromatographic fingerprints, and to indicate peaks potentially
responsible for the antioxidant activity. The antioxidant activity of the herbal extracts
was determined with a 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging
activity test and expressed in term of ICsy. First, an unsupervised data analysis using
Principal Component Analysis (PCA) and Hierarchical Cluster Analysis (HCA) was
performed to verify whether the antioxidant samples could be distinguished from the
less or inactive samples. Then, the antioxidant activity was modeled as a function of
the earlier developed HPLC fingerprints (25) using the multivariate calibration
techniques i.e., Partial Least Squares (PLS) (26-28) and Orthogonal Projection to
Latent Structure (O-PLS) (27,29). The regression coefficients of the resulting models
were evaluated to indicate the peaks possibly responsible for the antioxidant activity.

Results reveal that exploratory analyses using PCA show significantly
diverging clustering tendencies between Mallotus and Phyllanthus samples and could
classify some species better than HCA. For multivariate calibration techniques, PLS
and O-PLS models demonstate good predictive ability. By comparing the regression
coefficients with the chromatographic fingerprints, peaks that were protentially

responsible for the antioxidant activity of the extracts could be confirmed.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Pharmaceutical Chemistry and Phytochemistry) / 69

CHAPTER I
LITERATURE REVIEW

2.1 Mallotus and Phyllanthus species

2.1.1 Mallotus

Mallotus genus is one of the most diverse and richest genus of
Euphorbiaceae family. This genus includes approximately 150 species distributed in
tropical and sub-tropical regions in Asia (Cambodia, China, India, Laos, Malaysia,
Thailand, and Vietnam). A few species are found in the North and the East of
Australia and Africa. The plants are usually shrub or small trees and grow in rainy
season (21). Naturally, they are propagated from seeds and concentrated in
mountainous areas with an altitude below 1,000 meter (21). Some of them are used as
medicinal plants in traditional medicines in several countries for treatments of various
ailments ranging from minor infections such as gastrointestinal disorders to dysentery,
hepatic diseases, cutaneous diseases, fever and malaria, and a series of other
indications (17,21,30,31). Additionally, some Mallotus species are known to contain
different natural compounds, mainly terpenoids, polyphenols and benzopyrans
(17,21,30,31-35). The chemical compounds isolated from the Mallotus genus show
many different biological activities including antibiotic, antiviral, antimicrobial, anti-
inflammatory, antioxidant and cytotoxic (17,21,30-38). In this review paper, the data
of literature concerning the traditional uses, phytochemistry, and the pharmacological
activities of Mallotus species, described over the past few decades, are shown in Table

2.1.
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2.1.2 Phyllanthus

Phyllanthus genus (Euphorbiaceae) is widely distributed in most tropical
and subtropical countries including Brazil, China, Cuba, India, Indonesia, the
Philippines, Thailand, and Vietnam. It is a very large genus consisting of
approximately 750 species. Phyllanthus has a remarkable diversity of growth forms
including annual and perennial herbs, shrubs, climbers, floating aquatics, and
pachycaulous succulents. Some have flattened stems resembling and functioning as
leaves called cladodes. Phyllanthus species have been traditionally used as folk
medicines to treat a broad spectrum of diseases, such as disturbances of the kidney and
urinary bladder, intestinal infections, diabetes, hepatitis B virus, and painful disorders
(19,43-55). Many plants in great variety of species of plants belonging to the
Phyllanthus genus have been phytochemically and pharmacologically investigated and
many active constituents have been isolated and identified. Over the years, different
chemical compounds of medicinal interest have been reported, including alkaloids,
flavonoids, lactones, steroids, terpenoids, lignans, tannins, and so forth (19,20,23,43-
49,54-64). The reported activities include antidiabetic, anti-inflammatory,
antimicrobial, antipyretic, antioxidant, antiviral and cytotoxic (19,20,23,43-65). The
data of traditional uses, phytochemistry and the pharmacological activities of

Phyllanthus species are summarized and listed in Table 2.2.



Literature Review / 74

Sumate Thiangthum

ejep ou = (N

K1159q0
‘ BOULIRID ‘BUI)SE

‘stiiydAs “Sunednsuoo jueprxonue
‘onaanip ‘uondmnio ‘orwoprdijrodAynue sngpmoa.
0S unys ‘quogurnse ‘onaqeIpnuy aN weld sjoym snyuvjdyq
OTAVA[310d Ay
nue ‘0Anodjoidoredoy
‘[eLOlOBRqIUE
‘TeIrATjue ‘Jownj-fnue
g snneday UE[NUISOUNUITIL
[BIIA OTUOIY)) ‘SPUNOM ‘orxojoredayriuy
‘SIQD[N ‘SAIqRIS ‘TOADJ “aandaoroounuy
‘K101u9sAp ‘eoyLIBIp ‘K101UIIURTJUL SpIO[BY[® ‘SPIOUOAR[}
6v-9% ‘darpune( ‘Asdoiq U JUBPIXONUY ‘urrue1dg ‘sueudry SPo9s ‘SOABY] snapwn snypuv)y g
urueod
Asdoip S (VI1=1001008 L0 ‘SpIok o1)BWIOIE
‘BULIRIP ‘SIILIDIUD -TJue ‘QAISuUdlIadAY P9IRIAX0IPAY
‘dorpune/ ‘syneday -1jue ‘Jueprxonue ‘SPIOUOA®R[J
Sy-¢ ‘o3ewep IOAI] ‘[eIIATIUE IOWIN}-T)UY ‘suruue)ge[q werd sjoym DLIDULIN SNYIUD]AYJ
J1eIPAY0qIRD
‘|011S ‘SPIOUOAR]]
juepIxXoOnuUL ‘Quadioay, ‘ouadidig
‘TerqoIoTunuy ‘QuojoejourIng
‘onaiAdnue ‘sprouszuog
6S-96°€7°0C BOYLIRIP “QoIpune[ ‘KI01BWIWUB[JUI-TIUY ‘sprofey[y SHINIJ ‘SOABIT vo1quia SnyuvdyJ
SOOUQIOJY Sasn [euonIpeI], SonAnoL SIUOMINISUOD ALY posn ueJ soroadg
i [eor3ojooruLIBYg : ‘ ‘

so103ds snyjunjjdy g po1od[as JO SaNIANIE [edI3o[ooeuLIeyd pue sa0uL)SqNs JAIOR SAZLIBWWNS 7’7 d[qe L



Ph.D. (Pharmaceutical Chemistry and Phytochemistry) / 75

Fac. of Grad. Studies, Mahidol Univ.

BIEp OU = (N

onJeyjed drainip

QuasuLnse ‘sajoqerp

‘q snnedoynue

‘UOIIO9JUI [BUIISIIUL JIX030)A0 ouadioy snpdyddjod
S-S ‘uonoxord 10ArT ‘AI01BWIIUERJUI-TIUY ‘sueud| ‘proudzuog  soABYT ‘querd ooy snypuvAyq
Suryoyr
‘siumnud ‘ssaosqe
Arewrwrews ‘9seasIp
IOAT] “erddA[310dAy juBpIXONUR
€S ‘darpune( ‘eayII0u0D) “o1)2qRIpNUY aN jued ojoym xojduurs snyjuvjjdy g
P02 “dorpunel
‘uImngq ‘I9dIN “JOAJJ
‘AJ01B[NPOWOUNTIII]
‘K1dyuasApnue orxojojedaynue sisuajodsv.Lopou
(48 ‘OnRWAPI-HUY ‘[erqoronunue anN yuerd ajoym smyup]jAyd
Uy I19on ‘oorpunel
‘K1auasApnue snuvipoy1yzoy
IS JUIISB[NAUOIIUY [eIqoIIUNUY aN werd sjoym snypupjdy g
QAIIRPIS ‘P[OJ ‘SULIOM K107eUIueyur
IS [eunsouI ‘FUI[[OMS -Huy ‘[eIqoIumuy anN yuerd ajoym sH1qap Snypuv] Ay
suruodes ‘suLremnod
[BITADUR ‘JUBPIXONUR ‘uruuey ‘souaydAjod
eLIerew ‘suneday ‘Iowm)-nue ‘sueugIy ‘sprouadio)
$9-09 ‘euuyjse ‘dorpune( “oruaoumnisdAynuy ‘sprojey[e ‘SpIOUOAR[] werd sjoym LAty snyupjdy g
SQ0UQIJO Sosn [euonIper SOIANOP SIUAMISUOD JAID osn e saroad
Jod [euonipel], [ea1S0j00BwLIRY g Jusmn noy pasn }red 19ad§

so10ads snyjuvjjdyg po1odas Jo seanAnoe [edI3ojooewieyd pue saduelsqns dANJE sAZLewwng (panuuod) 7'z dqel



Sumate Thiangthum Literature Review / 76

2.2 Chromatography and chemical fingerprints in quality control of

herbal medicines

Traditional herbal medicines and their preparations have significant roles
in the primary healthcare in many oriental countries. During the past decades, they
became more important in western countries for preventive and therapeutic purposes.
Uses of traditional medicines become increasingly popular, thus their identity and
quality are concerned issues to ensure the patient’s safety (3).

In the conventional approach, just one or two marker constituents are
considered as indicators for the quality of herbal medicines. Identification of a few
compounds hardly describes the complex nature of herbal medicines and ignores
synergic interactions between the compounds and does not always allow assessing the
total intrinsic quality of the herb. Concentrations of herbal constituents may vary
significantly depending on the harvest season, plant origins, drying processes and
other factors, making it difficult to determine and isolate compounds of interest.
Therefore, in general, quality control of herbal medicines by assaying only a few
compounds might be unreliable.

Recently, the chromatographic fingerprint technique was introduced as a
powerful tool to evaluate the quality of herbal samples or their derived products
(2,4,12-15). This technique has been accepted by the WHO as a strategy for the
quality assessment of herbal medicines (3). It has recently gained popularity because it
emphases on the characterization of the complete sample composition. Moreover, it
can also be used to evaluate the authenticity and stability of herbal samples (66-69).
Several chromatographic techniques, for instance, high performance liquid
chromatography (HPLC), gas chromatography (GC), capillary electrophoresis (CE)
and thin layer chromatography (TLC), can provide the chromatographic fingerprints of
medicinal plants (1,4,66,70). Furthermore, the recent approaches of hyphenated
techniques such as high performance liquid chromatography-diode array detection
(HPLC-DAD), gas chromatography-mass spectroscopy (GC-MS), capillary
electrophoresis-diode array detection (CE-DAD), HPLC-MS and HPLC-NMR, offer
additional spectral information, which is valuable for qualitative analysis and even for

the on-line structural elucidation (1,4,6,66,70,71).
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2.3 Antioxidant activity methods

Numerous methods are used to evaluate antioxidant activities of natural
compounds (72-74). Two free radicals that are commonly used to assess the
antioxidant activity, in vitro, are 2,2'-azinobis (3-ethyl-benzothiazoline-6-sulfonic
acid) (ABTS®") and 2,2-diphenyl-1-picrylhydrazyl (DPPH®). The ABTS assay
measures the relative ability of an antioxidant to scavenge ABTS®" generated in
aqueous phase, as compared with Trolox (a water soluble vitamin E analogue).
ABTS®" is generated by reaction of a strong oxidizing agent (e.g. potassium
permanganate or potassium persulfate) with an ABTS salt. Reductions of blue-green
ABTS®" radical by hydrogen-donating antioxidants are measured by the suppression
of its characteristic long wave absorption spectra (72). The method is usually
expressed as Trolox equivalent antioxidant capacity (TEAC). The method is simple,
rapid and shows good repeatability (72). It can be performed in both aqueous and
organic solvents. However, correlations of results with in vivo antioxidant efficacy are
ambiguous.

DPPH® is a stable free radical with a maxima absorption wavelength at
515 nm. It loses this absorption when it is reduced by an antioxidant or a free radical
species. The DPPH® method is widely used to determine antiradical/antioxidant
activity of purified phenolic compounds as well as herbal extracts (75-76). Bondet et
al. (76) found that most phenolic antioxidants react slowly with DPPH®, reaching a
steady state in 1-6 h or longer. The method is frequently used since it offered good
repeatability. Similar to the ABTS method, the DPPH method shows limited relevance
in biological systems. Additionally, color interference from samples that contain
anthocyanins can lead to underestimation of the antioxidant activity.

The oxygen radical absorbance capacity (ORAC) method developed by
Cao et al.(77) measures the ability of antioxidants to protect protein from damage by
free radicals. In this assay, different generators are used to produce different radicals.
Usually, three radicals are generated as follows: peroxyl radical (ROO®), hydroxyl
radical (OH®), and Cu®’, a transition metal. This is important since measured
antioxidant activity of biological samples depends on which free radical or oxidant is
used in the assay (78). The results with this method shows poor repeatability, which is

attributed to the protein interacting with sample polyphenols, among other factors. A
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major advantage of ORAC is that the method is automated and largely standardized,
thus values can be easily compared across laboratories. The ORAC method is
reported to imitate antioxidant activity of phenols in biological systems better than
other methods, since it uses biologically relevant free radicals and integrates both time
and degree of activity of antioxidants (78). However, the method often requires the

use of expensive equipment.

2.4 Assessment of herbal medicines by chemometrics

Chemometrics is a statistical approach for interpretations of patterns in
multivariate data. When used to analyze instrument data, chemometrics often results
in a faster and more precise assessment of composition of a product or even physical
or sensory properties. Two general applications of chemometrics technology are 1) to
predict properties of interest, for example, modeling and predicting pharmacological
activities and 2) to classify samples into one of several categories (e.g., good versus
bad, type A versus type B versus type C etc.) (1). Chemometrics software is designed
to recognize patterns in virtually any type of multidimensional analytical data. Many
mathematical algorithms are used for data processing in chemometric approaches (26-
29). Basic principles for this approach are variation determination of common peaks
and similarity comparison with similarity indices and linear correlation coefficients.
Similarity indices and linear correlation coefficients can be used to compare common
pattern of the chromatographic fingerprints obtained. In general, proper chemometric
treatments of analytical data is comprised of the following steps: (a) appropriate
pretreatment or preprocessing of the raw data by removing experimental variations
and transforming the data, improving the quality of the data set for further analyses,
(b) exploratory analyses of the data providing additional insights in the data and
revealing its underlying structures, and (c) applications of data analytical tools
depending on the purpose of the study (4). The discrimination and classification of
herbal samples are performed by clustering and pattern recognition tools, while the
prediction of pharmacological activities is done by multivariate calibration techniques.
Data handling of herbal fingerprints using chemometric tools are reviewed and

discussed.
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2.4.1 Data pretreatment

Prior to data analysis, the chromatographic fingerprints are used to form
the n x p data matrix X, where the n objects (herbal samples) constitute the rows and
the p variables (time points) the columns. In each cell of the matrix, the signal
intensity at a given time point is presented. Data handling techniques require the same
variables to contain equivalent information for every fingerprint. However, due to
experimental variations and column aging, shifts in retention times between
fingerprints occur. As a consequence, a column of data matrix X does not always
contain the equivalent information, which affects the outcome of the data analysis.
Therefore, the adjustment and transformation of data are commonly applied. Many
methods to adjust and transform the data, i.e. column centering, normalization and
standard normal variate (SNV), have been suggested (4,26-28).

One of the standard procedures involves column centering. The useful
information resides in the between-sample variation of the variables, not in their
absolute levels. By removing the column mean from each corresponding value, every
centered variable has a mean of zero. Other commonly applied preprocessing
techniques include normalization to correct for unequal amounts of injected sample,
SNV transformation corresponds to row centering, followed by row scaling, where
row centering removes the row mean from each corresponding row element and row

scaling divides each row element by its corresponding row standard deviation.

2.4.2 Unsupervised exploratory data analysis
A common way to gain insight in the structure of a multivariate data table
is the application of exploratory data analysis tools such as PCA and HCA. These
techniques are base solely on the information residing within the fingerprints.
2.4.2.1 Principal component analysis
PCA reduces the number of variables and visualizes the
information included in the n x p data matrix X (26, 28). PCA makes linear
combinations of the original variables, thus creating the so-called latent variables or
principal components (PC’s), in such a way that they describe the largest possible
variation in X and are orthogonal to each other. The projection of an object on a PC is

called a score on this PC, while the projection of each original variable to the PC is
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called a loading. A score plot represents the scores on two PCs and gives information
regarding the (dis)similarity of the objects, while a loading plot provides information
on the contribution of the original variables to the considered PCs.

2.4.2.2 Hierarchical cluster analysis

HCA is a clustering method applied to find the underlying
structure of objects through an iterative process that associates (agglomerative
method) or dissociates (division method) object by object, and that is halted when all
objects have been processed (28,79).

A division method starts with all objects in one cluster divides
them into two or more subsets, and continues to make smaller clusters until all objects
are completely separated (28,80). On the other hand, an agglomerative procedure starts
with each object in a separate cluster combines the clusters sequentially, reducing the
number of clusters at each step until all objects belong to only one cluster (28). The
hierarchical clustering process can be represented as a tree or dendrogram, where each
step in the clustering process is illustrated by a joint of clusters.

In this study, an agglomerative HCA was selected to visualize
the data contained in the fingerprint matrix X and give insight in the clustering
tendency of the data. Several measures for the (dis)similarity between objects can be
used, e.g. Euclidean distance, standardized Euclidean distance, Mahalanobis distance,
Pearson correlation coefficient, Spearman’s rank correlation coefficient (28).

In this work, the Euclidean distance and the Pearson
correlation distance, which is calculated as “1-Pearson correlation coefficient r”°, were

evaluated as distance measures (28). Consider x (xj, X, ... X,) and z (z;, 7, ... Z,) as

two sets of n measurements/variables (fingerprints) with means (averages) X and z.

The Euclidean Distance (ED) between x and z is calculated as follows

ED = fzn:(xi —21)2 €Yy

where x; and z; are the i elements of x and z.
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The Pearson correlation coefficient r is estimated as

> (x, ~X)(z, ~2)

cov(x,z)

S, S, \/Zn:(xi _i)zzn:(zi _2)2

i=l

)

1(X,z) =

where cov(x,z) is the covariance of the variables x and z, and sy and s, are the standard
deviations of x and z.

Secondly, there are several linkage methods using different
criteria to decide which individual objects should be merged together, i.e. single
linkage, complete linkage, average linkage, weighted average linkage, centroid’s
method, median’s method, and Ward’s method. Single linkage, also called nearest
neighbor, uses the smallest distance between objects in the two clusters. Complete
linkage follows the opposite approach of single linkage. It uses the largest distance
between objects in the two clusters. In average linkage, the average distances between
all pairs of objects in any two clusters are obtained. This mode, one may introduce a
weighting of the objects when clusters of unequal size are linked. Both weighted and
unweighted methods exist. Another method which gives good results is known as
Ward’s method. It is based on a heterogeneity criterion. This is defined as the sum of
the squared distances of each member of a cluster to the centroid of that cluster.
Clusters are joined with as criterion that the sum of heterogeneities of all clusters
should increase as little as possible. Last group, centroid’s method and median’s
method use the Euclidian distance between the centroids and weighted centroids of the
two clusters, respectively.

The hierarchical cluster process can be delineated as a tree or
dendrogram, where each step in the clustering process is illustrated by a joint of the

tree.

2.4.3 Supervised data analysis: Multivariate calibration techniques
In herbal analysis, multivariate calibration techniques model a continuous

property (e.g. total flavonoid content, antioxidant activity...) as a function of the
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recorded fingerprints. Linear multivariate calibration techniques try to relate the
information contained in the n x p data matrix X to an n x / response vector y, with y
being a continuous response. In general, supervised techniques make use of a
calibration or training set with a priori known information to build a model. The model
is constructed based on a calibration set and the model’s optimal complexity and
predictive ability can be evaluated by prediction of a test set or by cross-validation of
the calibration set. The model can then be applied to unknown sample to predict their
value for this property (28,29,81). For this purpose, two techniques have been
proposed including Partial Least Squares (PLS) and Orthogonal Projections to Latent
Structure (O-PLS).

Generally, the relationship between X and y can be described as follows:

y=Xb+e 3)

where b represents the p x I vector of regression coefficients and e the n x / residual
vector.

2.4.3.1 Partial least squares

PLS (26,28) is a latent-variable technique that maximizes the

covariance between X and y. The PLS model can be presented as follows;

X=TP'+E (4)
y=TP'b+f=Tq+f (5)
b=Pq (6)

where T represents the n x n score matrix for X and y, P the p x n loading matrix
representing the regression coefficients of X on T, E the # x p residual matrix of X, b
the p x I vector of PLS regression coefficients, q the n x / loading vector representing
the regression coefficients of y on T, and f the n x [/ residual vector of y. The
regression coefficients b can be used to evaluate the contribution of the original

variables to the final model (2,4,13-15).
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The optimal model complexity was determined by a leave-one-
out cross-validation procedure (LOO-CV). During LOO-CV each object is left out
once and the model is built using the remaining objects. The root mean squared error
of cross-validation (RMSECV) (Eq.(7)) is then calculated for models with different
complexities (28).

N (S\]cv,i - Yi )2
z—

2 N (7

RMSECV(f) = \/

where f'is the model complexity, N the number of calibration samples, y; the measured
response of the i sample, and ., the response for the i sample predicted from the
calibration model obtained without the i" sample. The optimal model complexity
corresponds to the number of latent factors resulting in the (nearly) lowest RMSECV.

2.4.3.2 Orthogonal projections to latent structures

O-PLS (29) removes the variation in X that is not correlated to
y. This is done by subtracting PLS components, orthogonal to y, from the original
data matrix X. Thus, the original data is split into two data sets, i.e. one that containing
the information relevant to y and another with the information orthogonal to y.

An O-PLS model can be written as follows
X =TP" + TornP o + E (8)

where T represents the orthonormal n x n score matrix for X and y, P the orthonormal
p X n loading matrix representing the regression coefficients of X on T, Temn the
orthogonal n x n score matrix for X and y, and Pg, its corresponding orthogonal p x
n loading matrix, and E the n x p residual matrix of X, y and b are calculated
according to Eq (5) and Eq (6), respectively. Again, the regression coefficients b
(Eq (6)) can be used to evaluate the contribution of the original variables to the final
model (2,4,12-13).

Removing the orthogonal information of the original data set

leads to a reduction of the number of PLS components in the O-PLS model, i.e. only
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one PLS component is used. This allows an improved interpretability of the regression

coefficients (29).
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CHAPTER III
MATERIALS AND METHODS

3.1 Materials

Materials used in this study are listed in Table 3.1 and 3.2

Table 3.1 List of chemicals and reagents

Name Grade Source/Supplier

Acetonitrile (ACN) HPLC Fisher Scientific (Leicesterahire,
UK)

Methanol (MeOH) HPLC Fisher Scientific (Leicesterahire,
UK)

(£)-a-Tocopherol RS Sigma-Aldrich (Steinheim,
Germany)

Trifluoroacetic acid (TFA) HPLC Sigma-Aldrich (Steinheim,
Germany)

Table 3.2 List of instruments

Instrument Source/Supplier
HPLC-DAD system Shimadzu (Tokyo, Japan)
Chromolith™ Performance RP-18¢ Merck (Darmstatdt, Germany)

column i.d. 100 mm x 4.6 mm

Chromolith™ Performance RP-18¢ Merck (Darmstatdt, Germany)
guard column i.d. 5 mm x 4.6 mm

Arium® pro UV Ultrapure water system Sartorius Stedim Biotech (Aubagne,

France)
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Instrument

Source/Supplier

Ultrasonic bath

Shaking bath

Filter paper pore size 240 nm

125-mm syringe filters 2.0 um

25-mm syringe filters with polypropylene
membrane 0.2 pm

Polystyrene flat-bottomed 96-well plates
(Nunc MicroWell Scientifics)
Absorbance microplate reader

(SpectroMax 190)

Branson Ultrasonic Corporation
(Connecticut, USA)

Edmund Biihler (Hechingen, Germany)
Whatman (Hanoi, Vietnam)

Schleicher & Schuell (Dassel, Germany)
VWR International (Leuven, Belgium)

Thermo Fisher Scientific
(Massachusetts, USA)
Molecular Devices (California, USA)

3.2 Herbs and preparation of the extracts

Ten Mallotus and twenty-six Phyllanthus sp.samples, from 6 different
species, were collected from various Vietnamese regions (Table 3.3). Leaf samples of
the plants were collected and authenticated by Professor Nguyen Nghia Thin (Hanoi
National University, Vietnam).

Ten grams of the leaf samples were extracted with 100 mL methanol in an
ultrasonic bath at a temperature between 30 to 45°C for 1 h. This residue was repeated
three times and the extract was filtered through a 240 nm pore size filter paper and
evaporated at reduced pressure (60 Pa) and elevated temperature (40°C). The obtained
crude extract was divided into 3 fractions, i.e. one for the DPPH radical scavenging
assay at the UCL, one for the HPLC analysis at the VUB, and one as a library sample

for reference purposes in Vietnam.
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Table 3.3 The Mallotus and Phyllanthus samples with their species, origin, and

collection time

Sample Species Collection time Origin
1 Mallotus apelta August, 2009 Van Ban-Lao Cai
2 Phyllanthus emblica August, 2009 Van Ban-Lao Cai
3 Phyllanthus emblica November, 2009 Dong Dang-Lang Son
4 Mallotus apelta November, 2009 Tam Dao-Vinh Phuc
5 Mallotus apelta November, 2009 Dong Dang-Lang Son
6 Mallotus paniculatus December, 2009 Dong Van-Ha Giang
7 Phyllanthus emblica December, 2009 Dong Van-Ha Giang
8 Mallotus apelta December, 2009 Ham Yen-Tuyen Quang
9 Phyllanthus reticulatus February, 2010 Nghia Trai-Hung Yen
10 Phyllanthus urinaria L. February, 2010 Nghia Trai-Hung Yen
11 Phyllanthus amarus February, 2010 Nghia Trai-Hung Yen
12 Phyllanthus amarus March, 2010 Van Dien-Hanoi
13 Mallotus paniculatus March, 2010 Huong Hoa-Quang Tri
14 Phyllanthus reticulatus March, 2010 Van Dien-Hanoi
15 Phyllanthus emblica March, 2010 Huong Hoa-Quang Tri
16 Phyllanthus urinaria L. March, 2010 Van Dien-Hanoi
17 Mallotus paniculatus April, 2010 Me Linh-Vinh Phuc
18 Phyllanthus reticulatus April, 2010 Me Linh-Vinh Phuc
19 Phyllanthus amarus April, 2010 Me Linh-Vinh Phuc
20 Phyllanthus reticulatus April, 2010 Lan Ong-Hanoi
21 Phyllanthus emblica April, 2010 Me Linh-Vinh Phuc
22 Phyllanthus amarus April, 2010 Lan Ong-Hanoi
23 Phyllanthus urinaria L. April, 2010 Me Linh-Vinh Phuc
24 Phyllanthus urinaria L. April, 2010 Lan Ong-Hanoi
25 Phyllanthus reticulatus May, 2010 Ninh Hiep-Hanoi
26 Phyllanthus reticulatus May, 2010 Dong Anh-Hanoi
27 Phyllanthus amarus May, 2010 Que Vo-Bac Ninh
28 Phyllanthus emblica May, 2010 Dong Anh-Hanoi
29 Phyllanthus amarus May, 2010 Dong Anh-Hanoi
30 Phyllanthus urinaria L. May, 2010 Que Vo-Bac Ninh
31 Phyllanthus urinaria L. May, 2010 Ninh Hiep-Hanoi
32 Phyllanthus amarus May, 2010 Ninh Hiep-Hanoi
33 Phyllanthus urinaria L. May, 2010 Dong Anh-Hanoi
34 Mallotus apelta June, 2010 Pa Co-Hoa Binh
35 Mallotus paniculatus June, 2010 VQG-Pumat
36 Mallotus paniculatus July, 2010 Cuc phuong-Ninh Binh
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3.3 HPLC

3.3.1 Sample preparation

To prepare the samples for HPLC analysis, 50 mg of the crude extract was
weighed, diluted to volume with methanol in a 2.0-mL volumetric flask and mixed on
a shaking bath for 15 min at 400 rpm. The extract was then filtered through a filter
with a diameter of 125 mm and a pore size smaller than 2 um and consecutively by
filtration through a 25-mm syringe filter having a polypropylene membrane with 0.2

um pore size.

3.3.2 Chromatographic conditions

Mobile phase consisted of (A) 0.05%TFA in ACN, and (B) 0.05%TFA in
ultra pure water and run by gradient elution for 60 min. The gradient was 5-20% A in
0-20 min, 20-95% A in 20-50 min and 95% A during 50-60 min. Column temperature
of 25°C, a flow rate of 1.0 mL/min and injection volume 10 pL were carried out and

detection wavelength was at 254 nm.

3.4 DPPH radical scavenging assay

Stock solutions of samples were prepared from the crude extract at a
concentration of 2 mg/mL in HPLC grade methanol. Polystyrene flat-bottomed 96-
well plates were filled with 100 pL of serial 2 fold dilutions of sample stock solutions
to final concentrations ranging from 1 to 500 pg/mL. 100 uL of a freshly prepared
solution of DPPH in methanol (50 pg/mL) was added to each well giving a final
DPPH concentration of 25 pug/mL (63.4 uM). (£)-a-Tocopherol was used as an
antiradical control. Blank controls (MeOH only) were also introduced. Plates were
kept in the dark at room temperature for 20 min. After 20 min, absorbances at 515 nm
were measured using a SpectraMax 190 Microplate Reader equipped with the
SoftMax Pro software (Molecular Devices). A DPPH calibration curve was obtained

between 1 and 50 pg/mL to confirm linearity between DPPH concentrations and
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measured absorbances. Percentages of remaining DPPH (% DPPHicmaining) Were

therefore calculated as follows:

Ab sample
%DPPH emaining = e x 100 ©)
ADbSMcOH blank

Two independent assays were carried out in duplicate to assess intra and inter-day
repeatability. For each assay; percentages of remaining DPPH were reported as mean
+ SD of duplicate values. Using the software GraphPad Prism 4, percentages of
remaining DPPH were plotted against logjo of corresponding concentrations. A
sigmoidal curve was then fitted on experimental points allowing determination of ICsg
values that was necessary to scavenge half of the DPPH initially introduced. ICs
values were reported with their 95% confidence intervals (82).

Note: sections 2,4 were performed by Mr. N. Nguyen Hoai and Mr. M. Chau Van,
Institute of Marine Biochemistry, Vietnam Academy of Science and Technology
(VAST), Vietnam, whereas section 3 was performed by Mr. Mohammad Goodarzi,
Department of Analytical Chemistry and Pharmaceutical Technology, Center for
Pharmaceutical Research (CePhaR), Vrije Universiteit Brussel (VUB), Belgium.

3.5 Data analysis

3.5.1 Data preprocessing

Prior to data analysis, chromatographic fingerprints were used to form the
n X p data matrix X, where the n objects (herbal samples) constituted the rows and the
p variables (time points) consisted of the columns and ICsy values were organized in
the vector. To remove level differences and adjust several peaks, different
preprocessing methods, i.e. column centering, normalization followed by column

centering and SNV followed by column centering, were applied and compared.

3.5.2 Unsupervised exploratory data analysis
Unsupervised data analysis uses information containing only matrix X, i.e.
only fingerprints. Pre-treatment data sets were analyzed and evaluated with two

unsupervised methods, i.e. PCA and HCA to explore and distinguish samples.
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3.5.3 Supervised data analysis: Multivariate calibration techniques

Combining the 1Csy values (vector y) with chromatographic fingerprints
(matrix X) from the corresponding sample allows constructing a multivariate
regression model. Two linear multivariate calibration techniques, i.e. PLS and O-PLS
were used for modeling and their regression coefficient were studied in order to
indicate peaks possibly responsible for the antioxidant activity.

Computation was performed on a PC with an Intel 2.8 GHz Pentium-1V
processor, 512 MB RAM running on Microsoft Windows XP and Matlab™ 7.1 (The
Mathworks, Natick, MA). All data (pre)processing methods were performed using m-
files written for Matlab™ 7.1.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Pharmaceutical Chemistry and Phytochemistry) / 91

CHAPTER 1V
RESULTS & DISCUSSION

4.1 DPPH radical scavenging test

Table 4.1 presents the 36 Mallotus and Phyllanthus samples with their
species, and the DPPH scavenging activity results, given as average ICsy values with
their 95% confidence interval. The lower the average ICsy value is, the higher the
antioxidant activity of the sample is.

Except Phyllanthus amarus (sample 11), all Phyllanthus samples were
considered to have a high antioxidant activity (average ICso < 30 pg/mL). All five
Mallotus paniculatus were considered to have an intermediate antioxidant activity (30
pg/mL < average ICsp < 50 pg/mL). On the other hand, all five Mallotus samples did
not possess any antioxidant activity (average ICsp > 70 ug/mL). Range of 1Cs, values
between Mallotus samples and Phyllanthus samples were 31.47 — 110.00 pg/mL and
8.45 —99.32 ng/mL respectively.

4.2 HPLC fingerprints
HPLC fingerprints of Mallotus and Phyllanthus extracts have been

developed. Six different species for both genera, of which the fingerprints are shown
in Figure 4.1a-f. Except Phyllanthus amarus (Sample 11), similar fingerprints were
observed within the same species whereas there were differences among species,
probably due to differences in chemical constituents. Therefore, possibly different

pharmaceutical activities can be attributed to different species.



Sumate Thiangthum Results and Discussion / 92

Table 4.1 DPPH scavenging activity of the investigated Mallotus and Phyllanthus

Sample Species Average ICs (95%CI) Category*
1 Mallotus apelta 72.66 (51.36-101.20) Low
2 Phyllanthus emblica 9.90 (7.61-13.89) High
3 Phyllanthus emblica 9.55 (7.54-12.58) High
4 Mallotus apelta 74.59 (54.91-102.40) Low
5 Mallotus apelta 98.42 (65.89-137.60) Low
6 Mallotus paniculatus 37.31 (27.84-55.08) Moderate
7 Phyllanthus emblica 8.57 (6.95-10.57) High
8 Mallotus apelta 110.00 ) Low
9 Phyllanthus reticulatus 28.06 (19.25-38.18) High
10 Phyllanthus urinaria L. 9.75 (7.36-12.43) High
11 Phyllanthus amarus 99.32 (29.23-142.50) Low
12 Phyllanthus amarus 13.74 (9.64-19.08) High
13 Mallotus paniculatus 38.87 (31.07-52.68) Moderate
14 Phyllanthus reticulatus 29.70 (21.74-45.66) High
15 Phyllanthus emblica 10.92 (7.61-14.79) High
16 Phyllanthus urinaria L. 8.45 (6.03-11.46) High
17 Mallotus paniculatus 35.76 (27.30-48.59) Moderate
18 Phyllanthus reticulatus 13.42 (10.51-17.28) High
19 Phyllanthus amarus 13.12 (10.77-15.87) High
20 Phyllanthus reticulatus 22.18 (13.47-33.60) High
21 Phyllanthus emblica 8.75 (6.99-10.85) High
22 Phyllanthus amarus 1433 (9.90-20.69) High
23 Phyllanthus urinaria L. 8.83 (7.25-10.70) High
24 Phyllanthus urinaria L. 8.56 (6.95-10.49 High
25 Phyllanthus reticulatus 23.49 (15.23-33.48) High
26 Phyllanthus reticulatus 27.31 (13.42-42.45) High
27 Phyllanthus amarus 15.51 (11.14-21.22) High
28 Phyllanthus emblica 10.26 (8.32-12.73) High
29 Phyllanthus amarus 10.15 (6.91-14.95) High
30 Phyllanthus urinaria L. 17.99 (11.95-19.88) High
31 Phyllanthus urinaria L. 21.13 (13.71-28.78) High
32 Phyllanthus amarus 16.12 (11.62-21.39) High
33 Phyllanthus urinaria L. 13.60 (8.35-19.86) High
34 Mallotus apelta 105.56 (70.08-151.70) Low
35 Mallotus paniculatus 31.47 (23.72-42.63) Moderate
36 Mallotus paniculatus 36.70 (28.85-49.01) Moderate

*High (average ICsp < 30 pg/mL), moderate (average ICsy between 30 to 50 pg/mL),
and low (average ICso > 70 ug/mL)
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Figure 4.1 Chromatographic fingerprints of the investigated plants. Chromatographic
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in Table 4.1.
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Figure 4.1 (continued) Chromatographic fingerprints of the investigated plants.
Chromatographic condition as described in section 2. Numbers in the second y-axis

represent sample no. in Table 4.1.
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4.3 Evaluation of antioxidant activity

4.3.1 Data preprocessing

Prior to data analysis with chemometric techniques, the fingerprint data
was preprocessed. Different preprocessing methods were evaluated, i.e. column
centering, normalization followed by column centering, and standard normal variate
(SNV) transformation followed by column centering. It was found that for PLS and
O-PLS techniques, normalization followed by column centering gave the best results
for this specific data set while for PCA and HCA, standard normal variate followed by
column centering was required. All further discussion results are acquired by data

preprocessing as indicated above.

4.3.2 Exploratory analysis

PCA has been applied to verify whether groups of samples could be
distinguished according to, for instance, the antioxidant activity or species. The score
plot (Figure 4.2) of PC1 (21.59% explained variation) versus PC2 (16.32% explained
variation) was examined after different preprocessing techniques. Standard normal
variate and column centering was considered to be the best preprocessing approach.
All samples with high antioxidant activity (marked in bold) are clustered, i.e. can be
distinguished along PC2. Combining the proximity of the samples on the score plot
and a previous knowledge of their fingerprint profiles and species resulted in the
distinction of two groups of the genera. Samples belonging to the genus Mallotus
(samples 1,4,6,17,34,36) are distinguished from those from the genus Phyllanthus
(samples 2,3,7,9,12,14,16,18,22,24,33), except for Mallotus paniculatus (sample 13).
The above-mention distinction between antioxidant and non-antioxidant samples along
PC2 is the same as that between Mallotus and Phyllanthus samples. Three groups of
species, i.e. (a) M. apelta (sample 1,4,5,8,34), (b) M. paniculatus (sample 6,17,35,36)
and (c) P. reticulatus (sample 9,14,20,25,26) were clustered nicely. Obviously,
samples 13 seem to be outlier, its (dis)similarity to the other M. paniculatus samples or
to fingerprints from other species can be evaluated in a similarity analysis. The fact

that the different species are not separated in largely distinct groups in both an
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indication and a consequence of the fact that the fingerprints are not extremely

different.

[ [ [ [ [
|

60 (a) +5 Y Mallotus apelta .
1 Ty A Mallotus paniculatus
O Phyllanthus urinaria L.
* Phyllanthus emblica
40L #8 A Phyllanthus reticulatus |
& Phyllanthus amarus

2

PC2 (16.32%)

(=)
T

60

PC1 (21.59%)

Figure 4.2 PCI-PC2 score plot for fingerprints of 36 Mallotus and Phyllanthus
samples, standard normal variate and column centered. The highly active antioxidant

samples are marked in bold.

In order to confirm the clustering results of PCA, HCA clustering
technique has been utilized. Several distance measures (i.e. Euclidean distance and the
Pearson correlation coefficient) and linkage methods (i.e. single linkage, complete
linkage, average linkage, weighted average linkage, centroid’s method, median’s
method and Ward’s method) were used to find the best clustering. When using the
Euclidean distance measure and the Median linkage method after SNV and column
centering as preprocessing, the dendrogram given in Figure 4.3 was generated. This
dendrogram revealed the relationships amongst the studied samples. It is clear that
samples with antioxidant activity could be distinguished from other samples. Except
for sample 23, Mallotus urinaria L., it was clustered together with the medium active
Mallotus paniculatus samples. Secondly, sample 13, which is a medium active

Mallotus paniculatus sample, clustered together with the highly active Phyllanthus
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samples. These results agreed with those obtained with PCA. On the other hand,
Mallotus and Phyllanthus samples could be more or less distinguished from each
other, except for Mallotus paniculatus (sample 13), Phyllanthus urinaria L. (sample
23), and Phyllanthus amarus (sample 11). For sample 13 and 23, this was also clearly
seen from the PC1-PC2 score plot of Figure 2. From the PC1-PC2 score plot, sample
11 was situated at the border between the Mallotus and Phyllanthus species samples.
Moreover, sample 11 had a low antioxidant activity comparing to other Phyllanthus
samples, which was rather situated in the range of ICsy values for the Mallotus apelta
samples. This also reasoned why sample 11 clustered with the Mallotus apelta

samples in HCA.
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Figure 4.3 HCA dendrogram obtained using Euclidean distance as distance measure

and Median’s method as linkage method (pretreatment: SNV and column centering).

4.3.3 Linear multivariate calibration techniques

Multivariate calibration models for antioxidant activity were established
using two techniques i.e. PLS and O-PLS, from the data matrix X consisting of 36
fingerprints and response vector y, representing the ICsg test results. No division of
the data into a calibration set and a test set was made because the number of samples is
rather small and prediction of the antioxidant activity of new samples was not the
primary goal of this study, but the indication of peaks potentially responsible for the
antioxidant activity is. For PLS, the optimal model complexity (A,p) was chosen from
a LOO-CV procedure and the simplest model with (nearly) the lowest RMSECV was
selected. For O-PLS, a one-component PLS model with Ayp-1 orthogonal components
was built. In Table 4.2, the number of model components and the RMSECV are
presented for both calibration techniques, applying three preprocessing approaches.
The O-PLS model after normalization or SNV followed by column centering were
found to be most simple model, i.e. they contain the lowest number of components.

For both model, normalization followed by column centering lead to the model with
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the best predictive ability, i.e. the lowest RMSECV for the whole data set (16.5 and
16.1, respectively).

Table 4.2 Number of components and RMSECYV for calibration models built with the

fingerprints and three preprocessing approaches

Calibration . No. of
) Preprocessing RMSECV
technique component
PLS Column centering 4 20.1
Normalization and column
‘ 2 16.5
centering
SNV and column centering 2 16.8
O-PLS Column centering 1(3%) 19.7
Normalization and column
. 1(1%) 16.1
centering
SNV and column centering 1(1%) 16.4

*For O-PLS, the number of removed orthogonal components is given between
brackets.

To evaluate the model’s ability to predict the antioxidant activity of the
samples, the prediction of the antioxidant activity for the samples was taken into
account. Table 4.3 shows the results of the 25 highest antioxidant samples
(ICsp < 30 pug/mL) for the DPPH radical scavenging assay and predictions from the
models after application of normalization and column centering as preprocessing
approach. For these highly antioxidant samples, none of the two models predicted any
as being non-active (ICsp > 70 pg/mL). The PLS model predicted 24 out of 25 highly
active samples correctly as being highly active antioxidant. Only sample 22 was
predicted as being intermediately active (30 pg/mL < ICsy < 50 pg/mL). The mean
bias of these highly antioxidant samples was found to be 4.49 ug/mL. The O-PLS
model predicted 21 highly active samples correctly and four (22,23,25, and 26)
incorrectly as intermediately active. For O-PLS, the mean bias of these highly active
antioxidant samples was found to be 5.95 pg/mL. None of the models predicted

inactive samples to have an intermediate or highly antioxidant activity.



Sumate Thiangthum Results and Discussion / 100

Table 4.3 Results from the DPPH radical scavenging assay (ICsp) and predictions from
the models built

Sample No. ICso (ng/mL) Predicted ICso (ug/mL)
PLS O-PLS

2 9.90 6.09 11.48
3 9.55 6.94 7.55
7 8.57 8.16 9.91
9 28.06 26.53 26.05
10 9.75 12.73 8.53
12 13.74 15.82 16.14
14 29.70 25.82 29.26
15 10.92 7.82 13.86
16 8.45 9.23 431
18 13.42 15.39 20.45
19 13.12 12.02 12.94
20 22.18 26.76 28.03
21 8.75 6.92 7.11
22 14.33 45.36 45.67
23 8.83 18.56 43.20
24 8.56 15.94 12.58
25 23.49 25.35 31.27
26 27.31 24.45 35.49
27 15.51 13.64 9.54
28 10.26 6.52 9.55
29 10.15 14.35 9.52
30 17.99 19.83 17.29
31 21.13 23.66 28.96
32 16.12 17.88 18.93
33 13.60 26.34 25.21

Mean bias 4.49 5.95
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4.3.4 Regression coefficients

In order to indicate peaks in the fingerprints potentially responsible for the
antioxidant activity of the measured samples, the regression coefficients of the models
were examined. Peaks with negative regression coefficients (indicated with an arrow
in Figure 4.4) corresponding to the chromatographic peaks showed trends of potential
antioxidant compounds. The lower ICsy values represent the higher antioxidant
activity. In this study, the fingerprints of each species on both models i.e., PLS and O-
PLS were compared with the obtained regression coefficients (Figure 4.4).

The major negative coefficient peaks corresponding to the potentially
antioxidant compounds are found in four peaks (at retention times of about 15.0, 17.0,
23.0, and 27.0 min). The antioxidant samples have no major peaks present at retention
times corresponding to the positive coefficient peaks in the regression plots. In Figure
4.4 b (Mallotus paniculatus samples), none of the negative coefficient peaks match
major compounds present in these fingerprints, except for sample 13. This sample has
an antioxidant activity and was already found atypical from the PCA score plot and the
HCA dendrogram. In Figure 4.4 c-f, all samples have a high antioxidant activity and
the major negative coefficients correspond to substance peaks seen in the fingerprints.
These peaks are probably responsible for most antioxidant activity. In a next step, the
indicated relevant peaks should be isolated, identified, and investigated using

structure-elucidation techniques.
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Figure 4.4 Chromatographic fingerprints of the investigated plants with their
regression coefficients from PLS and O-PLS, preprocessed with normalization and

column centering. Numbers in the second y-axis represent sample no. in Table 4.1.
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Figure 4.4 (continued) Chromatographic fingerprints of the investigated plants with
their regression coefficients from PLS and O-PLS, preprocessed with normalization
and column centering. Numbers in the second y-axis represent sample no. in Table

4.1.
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their regression coefficients from PLS and O-PLS, preprocessed with normalization
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CHAPTER V
CONCLUSION

HPLC fingerprints of Mallotus and Phyllanthus samples were combined
with data-handing techniques to model the antioxidant activity and indicate peaks
possibly responsible for this activity.

In the first step, exploratory analyses using PCA and HCA were performed
to verify whether the antioxidant samples could be distinguished from the less or non-
active samples. The score plot in PCA showed significantly diverging clustering
tendencies between them better than the dendrogram in HCA. Moreover, PCA could
distinguish some species of Mallotus and Phyllanthus samples.

Then, the antioxidant activities of the samples were modeled as a function
of the fingerprints using PLS and O-PLS. The peaks potentially responsible for the
antioxidant activity of the samples were indicated studying the regression coefficients
of the models. In this study, comparing the regression coefficients plot of both
models, not only showed similar coefficient profiles but also the peaks probably
responsible for the antioxidant activity from both models could be indicated at the
same positions. In the next step, the substances from these relevant peaks should be

identified, isolated, and further examined.
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