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Geographical indications have gained increasing importance as a powerful
marketing tool for highly valuable products especially foods. In this study, a synergistic
combination of chemical reaction arrays on paper and chemometric analysis was used
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Asian cuisines. The key to effective differentiation was from the subtle differences in the
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CHAPTER |
INTRODUCTION

1.1 Geographical indication using chemical methods

Geographical indications (Gl), or signs used to indicate a clear link between an
attribute and the origin of a product, have become an important tool for the
economies of communities producing highly desired products.'? Prosciutto di Parma
and Champagne are famous examples of products that are protected by their Gls,
leading to high economic values.! Interestingly, scientific methods especially
chemical methods can offer several advantages to confirm Gls, thanks to an
objective nature of products, and a wealth of efficient identification methods.>” This
has led to several investigations where chemical tools and knowledge, typically
coupled with chemometrics, were employed to reveal and identify new Gls. In this
regard, an overview of current chemical methods for this purpose has been classified
into three groups: chromatographic techniques, spectroscopic techniques, and other
miscellaneous techniques that utilized certain properties of the products of interest.
The reported cases of the techniques together with their advantages and drawbacks

are discussed below.

1.1.1 Chromatographic techniques

The purpose of these techniques is to separate and analyze numerous
constituents in a mixture. Various components pass through a column unit at
different rates depending on their relative affinities for mobile and stationary phases.
The resulting chromatogram provides relative identities (as retention times) as long as
their relative quantities of each separated compound - this can be directly exploited
by chemometrics for Gl purposes. It should be noted, however, that this technique
still requires some detection technologies, many of which are described below in

other techniques.
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1.1.1.1 High-performance liquid chromatography (HPLC)

HPLC is an LC method relied on pumps to pass a pressurized liquid and a
sample mixture through an adsorbent-filled column, leading to the separation of the
sample components. The most common detector for HPLC is a diode-array detector
(DAD). There are several reasons why HPLC-DAD has been frequently used in food
analyses. This includes high reproducibility, high customizability (lots of choices for
both mobile and stationary phases), and no sample destruction allowing it to be
collected for further analysis. However, a main limitation is that components with no
UV-visible absorption may not be detected. Yudthavorasit et al. discriminated gingers
from five countries of origin by their chromatographic fingerprints using HPLC-DAD.°
Chemometric  studies including Hierarchical Cluster Analysis (HCA), Principal
Component Analysis (PCA) and Linear Discriminant Analysis (LDA) were conducted
based on the relative peak areas of eight gingerol-related compounds. The results
clearly demonstrated the relationship between the ginger profiles and their origins.
Furthermore, they reported five important markers that specified to the original

countries and allowed for Gl authentications.

1.1.1.2 Gas chromatography (GC)

GC is one of the most universal technique used in food analysis because it
gives the crucial information about volatile and semi-volatile components in
samples, both of which play important roles for food qualities. This analytical
technique works by separating a mixture of volatiles by their properties including
polarity, molecular weight and boiling point. The volatile compounds transport in the
gas phase into a GC column which are then separated and go to the detector for
further analysis. Flame ionization detector (FID) is a useful general detector for
organic compound detection. It has high sensitivity and low noise, but the sample is
not recoverable after the analysis. Kritioti et al. investigated fatty acid compositions
of virgin olive oils from two olive cultivars, three altitude classes and four districts in
Cyprus using GC-FID.” The fatty acid composition of all samples were analyzed by
chemometrics. PCA result could discriminate samples with different botanical origins

but this analysis was not able to differentiate growing conditions. However, ANOVA
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analysis had been studied to identify two significant markers, which are margaroleic
acid for cultivar indication and palmitoleic acid for altitude and district

discriminations.

1.1.2 Spectroscopic techniques
Spectroscopic techniques without any separation can sometimes be used
directly to provide some useful Gl information. The key advantage is the ease of

sample preparation and the shorter analysis time.

1.1.2.1 Nuclear magnetic resonance (NMR) spectroscopy

NMR is based upon the measurement of absorption of electromagnetic
radiation in the radio frequency region by the nuclei of atoms e.g,, 'H and *>C under
a strong magnetic field® This technique is regularly used for elucidating the
structures of organic compounds. In addition, NMR spectrum has been applied with
chemometrics to discriminate Gl samples. Tomita et al. reported 'H-NMR-based
metabolic profiling of five apple cultivars produced in Japan and New Zealand.’ PCA
score plot of the NMR spectra showed a clear separation of each cultivar
corresponding to the differences in major sugar signals (sucrose, glucose, and
fructose). Multistep PCA after removing the dominant sugar signals interestingly
classified apples into two classes according to their place of production. Although
NMR provides detailed information regarding to the molecular structure of samples, it

seems to be too expensive for Gl purposes and too complicated for general users.

1.1.2.2 Ultraviolet-visible (UV-Vis) spectroscopy
UV-Vis spectroscopy involves the determination of absorbance of a sample
after being exposed to light in the UV-Vis region. It is a suitable technique for
quantifying concentrations of analytes in the solution because it is simple,
inexpensive, rapid and non-destructive. However, its sensitivity is chromophore-
dependent. In food control, UV-Vis spectrum coupled with chemometric approaches
has been utilized for Gl protection. Kharbach et al. revealed UV fingerprints of extra

virgin Argan oils from five forests in Morocco.”® PCA and partial least squares
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discrimination analysis (PLSDA) of the UV profiles showed perfect discrimination from
five cultivated regions and three different preparations. Compared to the fatty-acid
composition experiment using gas chromatography (GC), this proposed method can
provide similar predictive ability in classifying the different categories of oil samples

with an easier approach.

1.1.3. Miscellaneous techniques

1.1.3.1 Sensory analysis

Sensory analysis is an important tool for determining food quality based on
appearance, odor, flavor and texture properties. Panelists, panels of human
assessors, measure the quality of products by their perceptions. The descriptive
sensory analysis is combined with statistical analysis. Urvieta et al. presented
phenolic and sensory profiles of Malbec wines from the three most important wine-
making regions in Argentina."’ Twelve anthocyanins and eighteen non-anthocyanins in
wines from different locations were quantified using HPLC. Canonical variate analysis
(CVA) based on the HPLC data effectively showed geographical classification.
Moreover, PCA studies based on seven sensory attributes (red fruit, raisins, black
pepper, herbaceous, tobacco, hot, and sweet) indicated a clear Gl separation. This

work is a showcase of the utilization of sensory data in Gl studies.

1.1.3.2 Electronic nose technology

An electronic nose, a sensing array that mimics the human olfactory
perception, consists of a set of semi-selective gas sensors for detecting volatile
compounds. Each sensor reacts to the volatiles on contact in their specific way. The
response patterns, as resistance and conductance, through the analysis time are
recorded and transformed into digital data for further chemometric treatments. Gorji-
Chakespari et al. manifested the application of the electronic nose in qualitative
control of Iranian Rosa damascena essential oils.'? The sensor array was designed

based on seven metal oxide semiconductors to detect organic solvent vapors,
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alkanes (C1-C4), alcohols and ammonia. LDA based on ten features provided the

best result with three qualitative categories (low, middle, and high quality).

As evident in the aforementioned studies, chemical approaches for Gl are on
the basis of the power of instruments or the skill of specialists. Instead, this
research project focused on a reagent paper array as a simple, inexpensive, and
portable method for the geographical discrimination of turmeric, a commonly
known spice in Thailand and other Asian countries. The device was fabricated
based on the colorimetric and fluorometric detections of curcumin, which is the
main component in turmeric. This was deemed possible due to its photophysical
properties from the Tl-conjugation system and high reactivity at a,B-unsaturated
carbonyl moieties. The photophysical properties and the chemical reactions of this

component and also its derivatives are discussed below.
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1.2 Curcumin

Turmeric (Curcuma longa) is an Asia- and South East Asia native plant, which
belongs to the ginger family, Zingiberaceae. Similar to other plants in this family such
as ginger or galangal, the rhizome of turmeric is usually used as a spice and herbal
supplement. The use for traditional medicine stemmed from the fact that the major
compound in turmeric, curcumin (Figure 1), was found to exhibit a wide range of
biological activities.">*® Although there have been some reports that caution the

possible false-positive activities of curcumin,'®*’

it is unlikely that turmeric will be
abandoned. This is because it has been firmly incorporated into traditional cuisines
of many countries, especially curry dishes. Therefore, the knowledge of the origins of
turmerics, which may be related to its medicinal or sensory properties, is still

deemed to have great economic values for the food industry.

curcumin: R, R' = OMe
demethoxycurcumin: R = OMe, R'=H
bisdemethoxycurcumin: R, R'=H

Figure 1 The chemical structures of curcumin and common derivatives

In regard to the chemistry of curcumin, this key compound usually exists as a
mixture with its demethoxy derivatives (Figure 1)."* > As a rare naturally occurring
example of a,B-unsaturated B-diketoheptanoid, curcumins possess unique structural
features that, apart from their biological studies, were also investigated in other ways.
For instance, its extensive T-conjugation system results in curcumin being highly
colored, with a major absorption around 425 nm.'®" In addition, curcumins can

strongly fluoresce as a green emission (550 nm) even upon an excitation by ordinary
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blacklight. This fascinating property of curcumins led to an adaptation as a safe dye
for general purposes.?*#

Importantly, the structural feature of curcumins also allows for diverse types
of chemical modifications resulting in some changes in photophysical properties. In
fact, there has been reports about the uses of chemical reactions related with
curcumins for other applications such as sensors. Some of these works are described

below.

1.2.1 pH sensing

There are two tautomeric forms of curcumin as shown in Figure 2. In acidic
and neutral pH, it exists mainly as a keto form. In an alkaline medium, it is
deprotonated and exists as an enolate ion with concomitant red shift in UV

spectrum.’

H.
o O o° "0
MeO ™ Z OMe MeO N I AN OMe
¢ L — X ®
i —
HO OH HO OH
Keto form Enol form

Figure 2 Tautomeric forms of curcumin.

With the pH-responsive properties, Pourreza et al. developed a lab-on-paper
device from curcumin nanoparticles (CURNs).”> The paper fabricated by wax-dipping
method was loaded with CURNs solution and pH-solutions, respectively. The color
change was captured by a digital camera and processed with Adobe Photoshop
software. Mean color intensity with different pH was used as an analytical signal to
quantify pH values of solution. The probe was applied to measure pH value of real

water samples and the error was less than 3.3% compared to the pH meter.
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1.2.2 Metal ions sensing
The most popular application is the capability of curcumins to accommodate
various metal ions. Some metal-curcumin complexes showed significantly different
photophysical properties, thus allowing the use of curcumins as sensors for these

metal ions.

1.2.2.1 Boron sensing

The reaction of curcumin and boron with 2:1 stoichiometry in an acidic
condition provides a rosocyanine complex (Figure 3). It is bright red in the solution
and can be used for boron detection. Lawrence et al. reported an effective TLC
straining method based on the formation of the rosocyanine complex.?* By dipping a
developed TLC in the curcumin solution and simply drying with a heat gun, leftover
phenyl boronic acid in Suzuki coupling was monitored as an orange spot. This
method can be applied to other boronic acids; however, it did not work well in

strongly basic condition due to the brown color of deprotonated curcumin.

+
HO SH
Meow g///lorwe

0

=
0,

,"B,
0" 0

MeO I 2% AL A2 I OMe
HO OH
+

cl

Figure 3 Chemical structure of rosocyanine complex.

1.2.2.2 Iron sensing
Bhat et al. revealed the utility of turmeric extract as a colorimetric detection
for Fe?* ion.”” The bathochromic shift and fluorescence quenching were attributed to

the formation of 1:2 curcumin-metal complex which resulted in intramolecular
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charge transfer transition. The binding mechanism (Figure 4) has been confirmed by

UV-Vis and fluorescence titrations.

CH, o o CH,
Fe?) 0 x = SN
Curcumin —_— Fe?* g O Fe?*
A o o P 4
] 1
H A

Figure 4 Proposed mechanism for the Fe** ions binding to curcumin.

1.2.2.3 Lead sensing
Raj et al. fabricated curcumin loaded cellulose acetate nanofiber by
electrospinning method.?® The strip selectively detected Pb*" ion and caused a color
change from yellow to orange. Quantitative detection was performed on Pb®" ion
and showed a detection limit of 20 uM by naked eyes. Notably, the optimum pH of
this sensor was in the range of 5 to 11, and it did not show any visible color change

at pH 3-4.

Regarding the aforementioned studies, curcumin can react with various
reagents both in solution and on the cellulose surface. The color changes can be
easily monitored by naked eyes or fluorescence. This occurs quickly and requires
mild conditions (no heat or catalysts needed) which is amenable to the paper-based
chemical arrays. This work focused on the observation of the color changing of
curcumin and its derivatives in turmeric samples that are perturbed by other
components depending on each origin. To fully maximize the usefulness of the
data, however, chemometric analysis can further maximize the use of these

discrimination data.
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1.3 Chemometrics

Most Gl studies using chemical methods created a large set of data. This
requires a systematic tool to operate and differentiate data among samples.
Chemometrics is one of the best tools that applies mathematical and statistical
methods to improve chemical measurement and to extract useful information from
chemical measurement data.” The chemometric approaches can greatly improve
the clarity of information obtained from complex chromatographic or spectroscopic

profiles. The pattern recognition can be divided into two categories of as follows.

1.3.1 Unsupervised pattern recognition
This type of pattern recognition is the multivariate data analysis that is most
popular for data visualization in order to observe the relationship between samples
and variables with no predetermined class. This analytical tool allows samples to be

allocated in the clusters based on their relations.

1.3.1.1 Cluster Analysis (CA)

CA is a grouping technique to arrange data objects into a number of
homogeneous subgroups called clusters based on the observed values of several
variables for each individual. The most popular type of CA is Hierarchical Cluster
Analysis (HCA), which allows for better understanding of the relations among the
sample objects shown as a hierarchy of clusters. Beginning with an own cluster of
each object, the two most similar clusters are connected into a new larger cluster.
With this repeating process, all objects will be end up with one big cluster. The
whole cluster of all sample objects in HCA are ordered in one-dimensional sequence
called a hierarchical tree diagram or dendrogram (Figure 5). The distance pattern
reveals sample profiles through simple interpretation. The smallest distance indicates

the highest degree of relationship.
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1.3.1.2 Principal Component Analysis (PCA)

Figure 5 An example of HCA dendrogram.®
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PCA is a well-known data analysis technique to monitor the outline of all

data in multivariate analyses. This works by reducing a large number of variables in

multidimensional data sets to a lower number of dimensions called principal

components (PCs). From PC score plot (Figure 6), PC1 is considered as the greatest

variance among all possible linear combinations. PC2, orthogonal to PCl1, is

accounted for the second greatest variance. Other PCs indicate smaller variability of

data. Notably, each PCs are always uncorrelated and the closer of the summation of

percentage described by PCs to 100% refers to a more faithfulness of the model of

data visualization. Samples that are closed to each other will have scores that

cluster together. In contrast, different samples are shown farther apart in the PC

space.
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Figure 6 An example of two-dimensional PC score plot.°

1.3.2 Supervised pattern recognition
This developed pattern recognition is a conventional method to classify a
large number of data. This statistical process attempts to create a model to predict

the class of an unknown sample.

1.3.2.1 Linear Discriminant Analysis (LDA)

LDA is a well-known method that provides a mathematical model for
classifying and identifying sample according to their class. It has been used for class
prediction purposes by assigning linear classifiers or boundaries on the data set using
linear discriminant functions in order to define the direction that maximizes the
separation of all determined classes. The classification performance can be
evaluated by leave-one-out cross validation. This is performed by assigning one
sample as a test set with others as a training set. The validation starts with creating a
model from the training set, followed by predicting the test set. After repeating the
procedure for all samples, the performance of the developed classifier is indicated

by a percentage of predictive ability.
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LDA is closely related to PCA in that both pattern recognitions produce a
number of linear functions for dimensionality reduction. However, the major
difference between LDA and PCA is that LDA creates linear discriminants that
maximize the separation between the given classes without any change of data
location, while PCA ignores the class labels. It focuses on the reduction of variance
into fewer principal components that maximize the variance in a dataset with

changing of the shape and location.
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1.4 Purpose of this study

In this study, the photophysical changes of curcumins upon reacting with
various reagents were exploited as a means to differentiate and identify sources of
turmerics. The key hypothesis was that subtle differences in chemical components in
each turmeric extract may affect the kinetics and thermodynamics of each reaction
in different ways, depending on specific compositions of each extract. This can then
be used as a differentiation method to identify turmeric sources. In order to make it
even simpler, we aimed to omit the use of sophisticated instruments like various
spectrophotometers. Instead, only common household tools including a document
scanner, a digital camera, and a commercial blacklight were utilized to capture image
data from chemical reactions performed on paper arrays. After some chemometric
treatment, it was found that these simple tools were effective in identifying the
sources of turmerics. Given its simple platform, this approach may also be a viable
tool for simple geographical indications of other plants having a variety of

chromophores.



CHAPTER Il

EXPERIMENTAL SECTION

2.1 Materials and chemicals
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Chemical reagents and solvents were purchased from Sigma-Aldrich, Fluka,

Carlo Erba, Chem-Impex Ltd., May & Baker Ltd., Baker Analyzed, Merck and RCI

Labscan (Thailand). All chemicals are listed below:

Acetonitrile (CH;CN)

Copper (1) sulfate (CuSO4.5H,0)

Curcumin analytical standard (98% purity)
Dichloromethane (CH,CL,)
2,4-dinitrophenylhydrazine (DNP)

Formic acid (HCOOH)

Hydrochloric acid (HCU)

Iron (II) sulfate (FeSO,4.7H,0)

Lead (Il) nitrate (Pb(NO3),)

Methanol (CH5;OH)

Nickle (II) sulfate (NiSO4.6H,0)

Sodium borate (Na,B;07)

Sodium dihydrogenphosphate (NaH,PO4.H,0)
Sodium hydrogenphosphate (Na,HPO,4.2H,0)
Sodium hydroxide (NaOH)

Sulfuric acid (H,SOy)

Vanillin
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Fresh turmeric rhizomes (Curcuma longa) from four different sources, and
turmeric powders from six different sources were obtained and used in this study.
Fresh turmeric samples were purchased from local markets. Samples originated from
outside Thailand were purchased online. The origins of these samples can be found

in Table 1.

Table 1 The origins of turmeric samples used in this study.

Sample Source Location Type
Curl Chumphon, Thailand Fresh turmeric
Cur2 Bangkok, Thailand Fresh turmeric
Cur3 Singapore Fresh turmeric
Curd China Fresh turmeric
Cur5b Thailand Turmeric powder
Curé Thailand Turmeric powder
Cur7 Vietnam Turmeric powder
Cur8 India Turmeric powder
Cur9 Myanmar Turmeric powder
Cur10 China Turmeric powder

Curl1l USA Curcumin standard, 98%
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2.2 Extraction procedure

One gram of oven-dried (72 hours at 50 °C), small cubic turmeric (or dry
powder for powder samples) was added with methanol (5 mL), and the resulting
mixture was heat at 65 °C for 4 hours using AccuBlock™ digital dry bath heater
(Labnet). Thereafter, methanol solution was removed, and the crude solid was
added with dichloromethane (5 mL), followed by brief vortexing. The
dichloromethane portion was then combined with the methanol portion, and the
mixture was subject to rotary evaporation to remove all solvents. Dry crude was re-
added with methanol to create a stock solution at 5 meg/mL, with further dilutions
depending on applications: HPLC-DAD = 1 mg/mL, LC-MS = 0.25 mg/mL, and
reactions on paper arrays = 1 mg/mL.

Curcumin analytical standard (98% purity) was diluted in methanol to create
a stock solution at 1mg/mL, with further dilutions depending on applications: HPLC-
DAD = 0.2 mg/mL, LC-MS = 0.05 mg/mL, and reactions on paper arrays = 0.2 mg/mL.



31

2.3 Determination of main components in turmeric extracts

2.3.1 High-performance liquid chromatography (HPLC)

Al HPLC experiments with a photodiode array detector (DAD) were
performed with the following parameters. Model: Ultimate 3000, Thermo Fisher
Scientific; column: VertiSep™ UPS C18 column, 4.6 x 50 mm, 3 pm; injection volume:
10 pL; mobile phases: solvent A = 0.1% aqueous formic acid, solvent B = 0.1%
formic acid in acetonitrile; flow rate: 0.5 mL/min; time program: 30% B for 2 minutes,
linear gradient to 90% B over 18 minutes, held at 90% B for 10 minutes, and a final
decrease to 30% B.

DNP reaction condition with turmeric samples. DNP stock solution (0.2 M)
described below (Table 2) was further diluted with methanol to 8 mM. Thereafter,
200 pL of the stock solution (5 mg/mL) from turmeric extract was added with 300 pL
of methanol and 500 pL of 8 mM DNP solution. The final concentrations were 1
mg/mL for crude turmeric, and 4 mM for DNP. This solution was briefly vortexed and
then incubated for 3 hours. The resulting solution was subject to HPLC analysis after

filtration with 0.22-pm nylon syringe filter.

2.3.2 Liquid chromatography - tandem mass spectrometry (LC-MS)

All LC-MS experiments with a quadrupole time-of-flight (QTOF) detector were
performed with the following parameters. UHPLC model: 1290 Infinity II, Agilent; mass
spectrometer: SciEx X500R QTOF MS.; column: VertiSep™ UPS C18 column, 4.6 x 50
mm, 3 pm; injection volume: 10 uL; mobile phases: solvent A = 0.1% aqueous formic
acid, solvent B = 0.1% formic acid in acetonitrile; flow rate: 0.5 mL/min; time
program: the same as the HPLC-DAD experiments.

MS parameters: mass range = 80-800 m/z, positive mode; ion source gas 1 =
40 psi; ion source gas 2 = 50 psi; source temperature = 500 °C; spray voltage = 5500
V; declustering potential (DP) = 50 V; collision energy (CE) = 10 V. MS/MS parameters:
mass range = 80-800 m/z, DP = 80 V; CE = 35 + 15 V. SciEx OS software was used to

process all data.
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DNP reaction condition with turmeric samples. The protocol was exactly the
same as the one for HPLC-DAD analyses, but the final solution after 3-hour

incubation was further diluted at 1:4 with methanol before analysis.
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2.4 Fabrication of paper arrays

A 20 x 20 cm 1Chr Whatman chromatography paper was patterned as
hydrophilic circular shapes (0.48 cm diameter) by wax printing with a Xerox
ColorQube 8580 printer (Figure 7). The sheet was then cut into desired portions and
heated at 185 °C for 30 seconds. Thereafter, each sheet was attached with a

transparent tape on the back side.
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Figure 7 The pattern of the arrays used in this study.

The reagents used in this study were prepared as in Table 2. Each reagent (5
uL) was dropped into each well and air-dried for 1 hour. This was followed by
dropping 5 ulL of turmeric solution into the arrays with 1-hour incubation.

After the incubation step, a HP Deskjet Ink Advantage 2515 scanner (600 dpi)
was used to obtain images under white light. This was then followed by obtaining
images under 365-nm UV light using a Sony ILCE-5100 camera (settings: ISO 200,
shutter speed at 1/4 s, and F value at 14) and a transilluminator (Vilber Lourmat 8W
dual wavelength (312 & 365 nm)) with a handmade cardboard box to fix an image
distance at 22.5 cm. These digital images were converted into red, green, blue (RGB)
values for chemometric experiments and mean color intensities for LOD experiments
using ImageJ processing software. An area of selection was set as a circular region

with an average size of 1800 square pixels.
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Table 2 All reagents used in the paper arrays.

Well Reagent Concentration Reagent preparation
(mM)
1 H,O - Milli-Q water
2 pH 2 100 Phosphate buffer at pH 2 in Milli-Q water
3 pH 7 100 Phosphate buffer at pH 7 in Milli-Q water
4 pH 12 100 Phosphate buffer at pH 12 in Milli-Q water
5 DNP 4 Stock solution (0.2 M): 2 g of DNP was

added into 10% H,SQO,4 in methanol (40 mL).
The solution was warmed at 50 °C for 1
hour and then added with 10 mL of water.
The solution was kept at rt for 2 hour and
filtered insoluble solid out.

The stock solution was diluted in Milli-Q

water at 1:50 dilution.

6 Vanillin 6.6 Stock solution (66 mM): 10 mg of vanillin
was dissolved in 70% aqueous H,SO, (1
mL).
The stock solution was diluted in Milli-Q

water at 1:10 dilution.

7 HsBO5 5 Stock solution (50 mM): 6.5 mg of Na,B,O-
was dissolved in 30% aqueous H,SO4 (1
mL).
The stock solution was diluted in Milli-Q

water at 1:10 dilution.
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Table 2 (continued).

Well Reagent Concentration Reagent preparation
(mM)
8 Cu* 1 Stock solution (50 mM): 125 mg of

CuS0O,.5H,0 was dissolved in 10-mL Milli-Q
water.

The stock solution was diluted in Milli-Q
water at 1:50 dilution

9 Fe?* 1 Stock solution (50 mM): 140 mg of
FeSO,4.7H,O was dissolved in 10-mL Milli-Q
water.

The stock solution was diluted in Milli-Q

water at 1:50 dilution.

10 Ni#* 10 Stock solution (50 mM): 130 mg of
NiSO,4.6H,O was dissolved in 10-mL Milli-Q
water.

The stock solution was diluted in Milli-Q

water at 1:5 dilution.

11 Pb?* 10 Stock solution (50 mM): 165 mg of Pb(NO,),
was dissolved in 10-mL Milli-Q water.
The stock solution was diluted in Milli-Q

water at 1:5 dilution.
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2.5 Chemometrics

A multidimensional data set was created using RGB numerical values on both
visualization modes (white and UV lights) of each reagent spot. The relation of
sample was visualized by Principal Component Analysis (PCA) using MATLAB version
9.4 (R2018a) software.

The classification was performed using Linear Discrimination Analysis (LDA)
with leave one out cross validation approach. All calculation software was in-house
generated based on MATLAB version 9.4 (R2018a) platform. LDA computation
involves two main parts.

First, all combinations of factors and variables were calculated based on
binary numeral system. This involves all possible combination of n elements
(reagents) equal to 2"-1 (the combination of all zeros was ignored). As our dataset
contains 11 elements, it will involve 2'-1 = 2047 combinations. Notably, one reagent
always contains 6 data (3 RGB numerical data with 2 visualization modes).

Second, the dataset with only selected elements was used to for further
calculation based on LDA approach. Briefly, the distance between samples to the
class centroid is weighted according to the overall variance of each variable/element.
The class of sample is determined as the class that provides the smallest distance to

the sample.
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CHAPTER Il
RESULTS AND DISCUSSION

3.1 Determination of main components in turmeric extracts

In order to better understand the nature of the extracts, the investigation
started with some characterizations of the crudes before any chemical reaction. High-
performance liquid chromatography (HPLC) experiments were conducted. As
curcuminoids are known to absorb strongly at around 426 nm, this wavelength was
used for curcumin quantification. A Calibration curve of the curcumin standard at a
retention time of 13.4 minute is illustrated in Figure 8. The concentrations of
curcumin in crude extracts (I mg/mlL) calculated from this calibration curve are
shown in Table 3. Curcumin contents found in all samples were below 0.25 mg/mL
except two samples (Cur3 from Singapore and Cur8 from India). The highest amount
of curcumin was found in Cur3 at 0.370 mg/mL, and the lowest amount was found

in Cur10 from China at 0.003 mg/mL.
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Figure 8 Calibration plot of peak areas of curcumin standard from HPLC experiment

(at 426 nm, 3 replicates).



Table 3 Curcumin concentrations in methanol extracts of turmerics from different

sources (at 426 nm, 3 replicates).
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Sample Peak area at 426 nm Curcumin concentration
(mAU*min) (mg/ml)
Curl 312.92 + 23.26 0.173 + 0.013
Cur2 369.46 + 7.59 0.205 + 0.004
Cur3 668.42 + 21.59 0.370 £ 0.012
Curd 205.29 + 12.63 0.114 + 0.007
Curb 323.52 + 17.52 0.179 + 0.010
Curé 279.69 + 25.78 0.155 + 0.014
Cur7 108.88 + 7.18 0.060 + 0.004
Cur8 476.35 +18.30 0.264 + 0.010
Cur9 32.02 + 2.00 0.018 + 0.001
Cur10 570 + 0.29 0.003 + 0.000

Furthermore, the wavelength of 250 nm was also selected to reveal more
peaks of other components and curcuminoids which can still be seen at this
wavelength. In all cases, curcumin and demethoxy derivatives were clearly found at
12.8, 13.1, and 13.4 minutes, respectively (Table 4). Also, the identities of these
compounds were both verified from a comparison with an authentic standard, and
from liquid chromatography - tandem mass spectrometry (LC-MS) experiments
(Table 5), which accurately revealed the highly accurate m/z values of all curcumin
derivatives at these same positions. Interestingly, some other components absorbing
at 250 nm were also visible in this exemplary extract, e.g,, at 17.8, 19.6 and 20.6
minutes (Table 4). MS data (molecular masses and certain MS/MS fragmentation
patterns), along with comparisons with previous studies,®% suggested that most of
these compounds are known sesquiterpenes typically found in turmeric such as

turmerone species (Table 5).



Table 4 HPLC chromatograms of methanol extracts from different sources of

turmerics (at 250 nm).
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Sample Chromatogram
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Sample Chromatogram
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Table 4 (continued).
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Table 5 Peak identifications of a methanol extract from Cur2.

Entry RT Found Proposed Proposed structure
(min) atm/z  Molecular
Formula
1 1281 309.1120  CyoH104 « Q /OH/
HO OH
bisdemethoxycurcumin
2 13.09 3391225 CutheOs :‘/\MA‘\
HO O OH
demethoxycurcumin
3 1338 369.1329  CyHyO4 N M\(om
HO O OH
curcumin
4 14.97 3851649  CyHyOs - Q 9 _ orte
MeO O O OH
compound A
(or its regioisomers on -OMe
groups or the double bond)
5 16.83  235.1691

M
Ci5H2,0, © O
< Me
H
M

e Me

curcumenone




Table 5 (continued).

aq

Entry RT Found Proposed Proposed structure
(min) atm/z  Molecular
Formula
6 1777 2171585  CisHyO W
ar-turmerone
7 19.57  219.1736 Cy5H5,0 )i;)\j\)\
B—turmerone
8 20.62  219.1737 Ci5H2,0

3

Ol-turmerone
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The bar graph compares the relative abundance of the main components in
turmeric samples (Figure 9). It can be clearly seen that B—turmerone is the major
compound found in all samples except in Curl0. Importantly, both the amounts of
total curcumins and non-curcumin components obviously differ from one source to
another. In fact, these differences were confirmed to be sufficient for differentiating
sources of turmerics in a previous study using HPLC.*® In our case, we hypothesized
that these differences in chemical contents also affect the reactivity of curcuminoids
in reacting with various reagents, which in turn may be used as another means of

differentiation.

100

80 B O-turmerone
|| B-turmerone
60 W ar-turmercne
B curcumenone
a0 compound A

I curcumin

Relative abundance (%)

20 I demethoxycurcumin

H bisdemethoxycurcumin

Curl Cur2 Cur3 Curd4 Cur5 Curé Cur7 Cur8 Cur9® Curll

Figure 9 Relative abundance of main components in turmeric extracts (at 250 nm).
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To test this hypothesis, we proceeded to perform imine formation reaction
with DNP. As shown in Figure 10A, several new peaks appeared. Although identifying
all newly formed species is not relevant to our main goal, some peaks were
characterized by accurate MS (Table 6). For instance, apart from the remaining DNP
and curcumin derivatives, hydrazone derivatives of several previously detected
curcumins could be seen, e.g., signals at 16.6 and 18.0 minutes (entries 11-16 in
Table 6). Apart from these hydrazones, further condensation and tautomerization
also resulted in putative cyclic products (denoted “condensed hydrazone”) - this
could be unambiguously confirmed by MS at 14.1, 14.4, and 14.6 minutes for Cur2
sample. The proposed reaction mechanism can be found in Figure 11. As a
comparison, a similar reaction was conducted with the Cur3 sample, which clearly
showed different peak patterns (Figure 10B). This finding implies that our hypothesis
is likely correct, and an array of sufficient numbers of chemical reactions may allow

indications of turmeric sources.
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Figure 10 HPLC chromatograms of methanol extracts from (A) Cur2 and (B) Cur3
before and after reacting with DNP (at 250 nm).
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Table 6 Peak identifications of a methanol extract from Cur2 after reacting with

DNP.
Entry RT Found Proposed Proposed structure
(min) at m/z Molecular
Formula
1 7.33 139.0501 CeHeN,O, OzNONHZ
p-nitroaniline
2 8.35 199.0460  CgHgN4Oq NO,
OzN—GNHNHQ
DNP
3 951  337.1070  CyoHyOs « Q /OH/
NS (D
OH
compound B
(or other structural isomers)
4 1158  353.1382  CyHyOs « Q9
o O
OH
compound C
(or other structural isomers)
5 12.85  309.1118 Ci9H1604 bisdemethoxycurcumin
6 13.13  339.1225 CyoH105 demethoxycurcumin
7 13.41  369.1330 C,1H2006 curcumin




Table 6 (continued).

Entry RT Found Proposed Proposed structure
(min) atm/z  Molecular
Formula

8 1610 4711295  CysHisNgOy §N°2

N-N  NO,

The condensed hydrazone product

of bisdemethoxycurcumin

9 1438  501.1403

NO
Ca6H20NaO7 :<< ?
N-N" NO,

Az OMe
Hog ‘OH

The condensed hydrazone product

of demethoxycurcumin

10 14.62  531.1505

Ca7H22N4Og :<<

N-N NO,
MeO s A~ OMe
HO g ! OH
The condensed hydrazone product

of curcumin




Table 6 (continued).
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Entry RT Found Proposed Proposed structure
(min) atm/z  Molecular
Formula
11 16.63  489.1409  C,sHyN.O; NO2
NO,
HN.
N O
T
HO OH
The hydrazone product of
bisdemethoxycurcumin (keto)
12 16.63  519.1514  CyHpN.Os NO>
NO,
HN‘N 0
g \I = i OMe
HO OH
The hydrazone product of
demethoxycurcumin (keto)
13 1663  589.1611  ChHpaNgOs NO,
NO,
HNG o
MeO i \I > ! OMe

HO OH
The hydrazone product of

curcumin (keto)




Table 6 (continued).
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Entry RT Found Proposed Proposed structure
(min) atm/z  Molecular
Formula
14 1798  489.1403  C,sH,oN,O; NO2
NO,
HN.
N OH
JANAas
HO OH
The hydrazone product of
bisdemethoxycurcumin
15 1798  519.1512  ChHpN.Og NO>
NO,
HN‘N OH
HO OH
The hydrazone product of
demethoxycurcumin
16 1798 549.1612  C,H,uNiOg NO,
NO,
HN.
N OH
MeO l \I NG E OMe
HO OH
The hydrazone product of
curcumin
17 19.61 219.1740 Cyi5H,0 B-turmerone
18 2065 219.1737  CysHyp,0 Ol-turmerone
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Table 6 (continued).

Entry RT Found Proposed Proposed structure
(min) atm/z  Molecular
Formula
19 22.44 4151977  CyHyeN4Os The hydrazone product of

curcumenone

NO,
¢ “NO,
NH
N*
/@)\)I\A

The hydrazone product of

20 2345 397.1858  C,yH.NsOq

ar-turmerone

NO,
i “NO,
N,NH
)/i;)\)l\/)\

The hydrazone product of

21 2528  399.2018 = CyHpNgOq4

B—turmerone
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3.2 Chemical detection on paper arrays

Encouraged by the aforementioned results, chemical arrays were then
fabricated. This was performed by wax-printing a simple circular pattern on
laboratory papers. Each circular area was then used to drop a variety of chemical
reagents, which were selected based on known evidences of aforementioned

spectroscopic changes??® 138

and in-house confirmation experiments. Lastly, a
turmeric extract solution to be investigated was dropped on each reaction well for
testing, followed by 1-hour incubation at ambient environment. As shown in Figure
12A, some interactions and reactions clearly changed the color profile of the original
turmeric solutions. Prominent examples include the red color from basic condition
(pH 12),% the bright red rosocyanine produced from a well-known complexation with
H4BO; (produced from B,O;% and H,S0,)*> *° and orange-brown color generated from
the complexes between curcumin with Fe?** Furthermore, the observation of
fluorescence also revealed extra information as some reagents could reduce the
fluorescence intensity from curcumins including Cu®*,** Fe?*, and DNP (Figure 12B).
Vanillin and H3BO; resulted in both reduction of emission and a shift of emission

wavelength. Side-by-side comparison of reactions with all reagents already exerted

different reactivity patterns from different turmeric sources (Figure 13).

pH2 pH7 pH12

H,0

DNP Vanillin H3BO3

Cu2+ Fe2+ Ni2+ Pb2+

Figure 12 Paper arrays of chemical reactions probe after reacting with curcumin

standard (Cur11) under (A) white light and (B) 365-nm UV light.
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A H,0 pH2  pH7 pHI12 DNP  vanun HB0, Cu™  Fe™  N#*  Pb™

B H,O0 pH2 pH7  pH12 DNP  vanin HB0, Cu®  Fe*  Ni¥  Pb*

Curl
Cur2
Cur3
Curd
Cus5f
Curé
Cur7
Cur8
Cur9
Curl0

Curlil

Figure 13 Paper arrays of chemical reactions probe after reacting with turmeric

samples from all sources under (A) white light and (B) 365-nm UV light



56

To further confirm the potential of these reagents, further analyses were also
conducted. First, a representative set of reaction arrays based on curcumin standard
(Cur 11) was prepared, and the reaction profiles of the responses of this curcumin
sample to selected reagents in digital images were converted into numerical data by
ImageJ processing software. This was then plotted as bar graphs as shown in Figure
14. It is evident from these data that each reagent gave different responses, both as
the total intensity values, and in each color channel. Furthermore, the limits of
detection (LOD) of some reagents to the curcumin standard were also determined to
give some general ideas of how sensitively each reagent responds to curcumins. As
shown in Figure 15-21, various reagents gave various LOD around mid to high
micromolar ranges, with a general trend being that the fluorescence responses
unsurprisingly provided better sensitivities than did white-light responses. Anyway, it
should be emphasized herein that the sensitivities may not be utmost important as
this can be overcome by adding more turmeric samples into each reaction well.
Instead, the fact that each reagent reacted differently (thus giving different LOD and

slope profiles) was perhaps more essential.
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The maximum intensity value (y-axis) is 765, which is the combination of the

maximum intensities of the three-color components (red, green, and blue).
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3.3 Chemometric analysis

To allow for practical differentiations, all data were subject to chemometric
treatments. This could be done by first converting reaction profiles from digital
photos into numerical data by ImageJ processing software. The resulting data in the
form of red, green, and blue (RGB) numerical values on both visualization modes
(white and UV lights) of each reagent spot were then used to create a
multidimensional data set. This consisted of 99 samples (11 turmeric sources with 9
replicates) and 66 variables (3 RGB numerical data, 2 visualization modes and 11
reagent wells), which were then used to investigate the prediction accuracy of all
possible combinations from the reagent arrays (2047 combinations). Most
combinations gave the prediction accuracy of higher than 50% (Figure 22). Notably,
the discovery of this best combination of reagents was made possible by the use of
chemometrics, which permitted relatively rapid analysis on the prediction accuracies
of all reagent combinations. This resulted in a set of 8 reagents (H,O + pH2 + DNP +
vanillin + H3BO; + Fe®* + Ni** + Pb*) that provided a satisfactorily maximum 93.9%
prediction accuracy. Interestingly, the result from the maximum (eleven) combination
gave lower prediction accuracy at about 73.7%, hence highlighting the utility of

chemometric approach.
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H,O + pHZ + DNP + Vanillin + H,BO, + Fe* + Ni** + Pb™
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Figure 22 A plot between the percentages of prediction accuracies and the numbers

of reagents used in the differentiation process.

To visualize the relation of samples, principal component analysis (PCA) was
performed on the data using the aforementioned 8 selected reagents, along with the
all (eleven) reagents condition as a comparison. Both PC plots of PC1 vs. PC2 (Figure
23A) and PC1 vs. PC3 (Figure 23B) for the eleven-combination provided clear
differentiations on five samples, with the most prominent ones being Cur9 from
Myanmar and Cur10 from China. Some indistinguishable samples were illustrated as
filled items. As shown in Figure 23A, the most ambiguous sample was Cur8 from
India (shown as orange star) with six non-differentiable replicates. Interestingly, PC
plots using data from the eight-combination (Figure 24A and B) showed clear
discrimination on seven samples including Cur8 (India) and Cur3 (Singapore).
However, there are some indistinguishable replicates in Curl, Cur2, Cur5 and Curé
which were from the same country (Thailand).

In essence, chemometric treatment aided in demonstrating the power of
reagent arrays, where it unambiguously showed that combinations of reagents, but
not just any individual reagent, were needed for better predictions on the
geographical profiles of turmeric samples. On the contrary, chemometrics helped in

reducing the time and effort of conducting experiments by clearly suggesting the
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optimum set of experiments, which are not necessarily the ones with highest
numbers of variables. This could be clearly illustrated in a heat-map chart in Figure
25. Matched colors on each row to the reference panel on the right panel indicated
that those reagents (or combinations thereof) could correctly predict the origin of the
sample. Cur9 and Curl10, the most prominent samples from all PC plots had perfect
geographical prediction although the single reagent was used. However, the other
samples that accumulated on the right of all PC plots required the utilization of
reagent combination for better predictions than single reagent. Clearly, the suggested
8-reagent combination obtained from chemometric treatment gave the highest
number of matched colors, which was significantly higher than any individual reagent

or even all reagents.
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CHAPTER IV
CONCLUSION

In conclusion, this project demonstrated the synergistic utilization of chemical
arrays and chemometric approach in indicating the geographical origins of turmeric
samples. This was from the key hypothesis that a specific ratio of chemical
compositions in turmeric from each origin may affect the reactions with chemical
sensors in different ways and result in different changes in color intensities and hues.

Our preliminary experiment relied on HPLC and LC-MS confirmed an
existence of unique ratios of curcuminoids and sesquiterpenes in different samples.
The paper-based chemical arrays were then successfully fabricated based on the
chemical reactions of these components with eleven-reagent sensors. Without the
need for sophisticated instruments, the characteristic colorimetric and fluorescence
profiles of each turmeric sample were captured and transformed into numerical
data. Combining with chemometrics, our method provided competent Gl
discrimination with up to 94% prediction accuracy from the set of 8 reagents
including H,0, pH 2 (acidic buffer), DNP, vanillin, HsBOs, Fe?", Ni**, and Pb*".

Furthermore, this proof-of-concept approach is also theoretically applicable
to other foods and plants having chromophores, thus underscoring the impact of this

method on broader usages.
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