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CHAPTER |

INTRODUCTION

1.1 Cancer and Treatment

Cancer is the out of control growth of abnormal cells. Cancer cells can
accumulate to form a dense pack of cell called ‘tumor’. Cancer cells can spread to
other parts of the body. Wilailak et al. [1] reported new 100,000 cancer patients in
2011, of which liver and breast cancers were the most found cancer types in Thailand.
At present, there are 3 approaches for cancer treatment, surgery [2], radiotherapy [3],
and chemotherapy [4]. In this work, we are interested in chemotherapy. There are
many drugs to treat cancer through different mechanisms of action, for example,
cisplatin exert its activity by blocking DNA duplication [5], 5-fluorouracil works by
blocking the action of thymidylate synthase [6] and paclitaxel acts by interfering with
the normal function of microtubules during cell division [7]. Nevertheless, these drugs
act in both normal and cancer cells, thus causing various toxic side-effects, such as

nausea, vomiting, and fatigue [8, 9].



Figure 1.1 Chemical structure of anti-cancer drugs (A) Cisplatin (B) 5-Fluorouracil
and (Q) Paclitaxel

1.2 Nanoparticles Drug Delivery Systems for Cancer Therapies

Drug delivery system is the approaches that can increase the bioavailability of
water-insoluble drugs, prolong sustainable drug release and deliver drugs to the target
sites [10]. Recently anti-cancer drug delivery system has been developed by
modification the carriers with moieties that were responsive to either endogenous
stimuli such as, pH [11, 12] and redox gradient [13] or exogenous stimuli such as, light
[14], temperature [15] and magnetic field [16]. Many in vitro studies of stimuli-
responsive drug delivery system showed promising results in cancer cells few have
been tested in in vivo and clinical stage. Drug carriers that have been designed to go
specifically to only cancer cells although gave success in an initial treatment stage,

usually showed resistant later on [17].

1.3 Natural Product

In drug discovery process, many bioactive compounds were discovered from natural
sources, i.e. plants and animals. These bioactive molecules are produced via secondary

metabolism [18, 19], for example, caffeine, alkaloid compound are from cocoa, coffee,



and tea [20]. Paclitaxel is an anti-cancer drug extracted from Taxus brevifola [21] which
has been approved for medical use in human [22]. Another interesting anti-cancer
compound is tea polyphenol. The major phenolic compound in tea is catechin, i.e.
epicatechin  (EC), epigallocatechin  (EGC), epicatechin-3-gallate (ECG) and

epigallocatechin-3-gallate (EGCG) [23, 24].

OH O Ok

HO O HO O HO O
o o £y OH
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OH OH OH
(+)-catechin (~)-epicatechin (-)-epigallocatechin
OH OH
CH OH
HO O HO. O .
3 * OH
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OH o oH OH o OH
OH OH
OH OH
(-)-epicatechin gallate (-)-epigallocatechin gallate (EGCG)

Figure 1.2 Chemical structures of tea catechins [25]

1.4 Epigallocatechin-3-gallate (EGCG)

Among tea catechins, epigallocatechin-3-gallate or EGCG is the most abundant in tea
leaves [26, 27]. EGCG is a phenolic compound with flavan-3-ol core structure, it is an
ester of gallic acid and epigallocatechin. EGCG contains many hydroxy groups in the
structure, thus it is well soluble in water. EGCG exhibits various bioactivities including
osteoporosis prevention [28], improving dental health [29], antioxidant activity, anti-

inflammatory [30] and also anti-cancer activity [31-33].



1.5 Literature Review of EGCG Anti-Cancer Activity

In 2002, Wang et al. [34] studied the growth inhibitory effects of EGCG in transformed
NIH-pATMras fibroblasts by determining the level of ornithine decarboxylase (ODC, EC
4.1.1.17), which is a signal for cellular proliferation. The results showed a lower ODC
level in the transformed cell than in the normal fibroblasts, indicating the strong growth

inhibitory effects of EGCG in transformed fibroblasts but not in normal cells.

In 2012, Du et al. [35] compared cancer cell (HCT-116 and SW-480 human colorectal
cancer cells) anti-proliferation activity of 10 polyphenolic compounds (caffeic acid, CA,;
gallic acid, GA; catechin, C; EC; gallocatechin, GC; CG; gallocatechin gallate, GCG; ECG;
EGC; and EGCG) using MTS assay. The results showed that EGCG exhibited the most
potent antiproliferative effect. They also showed that cell proliferation was decreased
significantly for EGCG compared to EGC. Therefore, gallate ester moiety enhances the

antiproliferative effect.

In 2016, Kwak et al. [36] studied the effect of EGCG on cell proliferation, migration and
invasion using human cholangiocarcinoma cells (HUCC-T1) by western blot technique
and wound healing assay. The results revealed that EGCG induced apoptosis at 5
ug/mL in HUCC-T1 but did in normal cells (Human embryonic kidney cells, HEK-293).
EGCG also dose-dependently inhibited matrix metalloproteinase (MMP)-2/9 activity,

which has a crucial role in cancer cells invasion and migration.



1.6 Polymerized EGCG

Fermented tea or semi-fermented tea include oolong and black tea. During
fermentation, oxidation and polymerization of constituents usually take place [37]. The
products from oxidation are oligomers of tea polyphenols which are found mainly in
fermented tea. The example of oxidized products formed by tea fermentation is
theaflavin and thearubigin which exhibit better anti-cancer activity than tea catechins

such as, EGCG [38].

H
Theaflavins R4 R,
Theaflavin OH OH

Theaflavin-3-gallate Gallate OH
Theaflavin-3'-gallate OH Gallate
Theaflavin-3,3'-digallate Gallate Gallate

Figure 1.3 Chemical Structures of theaflavin and its derivatives



1.7 Literature Review Anti-Cancer Activity of polymerized EGCG

In 2001, Pan et al. [39] studied the anti-cancer activity of theasinensin A, theaflavin
(TF-1) and a mixture of theaflavin-3-gallate and theaflavin-3’-gallate (TF-2) by annexin
V apoptosis assay. The results showed that theasinensin A, TF-1, and TF-2 exhibited
higher apoptosis induction compared to EGCG. It can be concluded that

oligomerization of tea polyphenol enhances anti-cancer activity.

In 2008, Babich et al. [40] studied antiproliferation of theaflavin-3-gallate (TF-2a) and
theaflavin-3’-gallate (TF-2b) on human squamous carcinoma HSC-2 cells and human
tongue squamous carcinoma CAL27 cells using neutral red cytotoxicity assay. The
results revealed that TF-2a and TF-2b significantly inhibited cell proliferation in cancer
cells. To elucidate the mechanism of action, the ferrous ion oxidation-xylenol orange
(FOX) method was used to quantify peroxide generated from TF-2a and TF-2b. The
results showed that hydrogen peroxide and superoxide anion were generated from TF-
2a and TF-2b which indicated the toxicity of TF-2a and TF-ab occurred due to induction

of oxidative stress.

1.8 Literature Review of EGCG and Polymerized Products as Drug Carrier

In 2014, Chung et al. [41] fabricated micellar nanocomplexes (MNCs) by complexing
oligomerized EGCG with herceptin, anti-cancer protein, to form a micelle core and

surrounding the core with EGCG-poly(ethylene glycol). In vivo study showed that the



MNCs selectively inhibited the growth of tumor and stayed in blood circulation longer

than free herceptin.

In 2016, Liao et al. [42] prepared EGCG-nanoethosomes and studied the transdermal
penetration of EGCG-nanoethosomes in vitro. The results showed that EGCG-
nanoethosomes could penetrate through the mouse skin. To investigate the tumor
growth inhibitory effect, docetaxel was loaded to EGCG-nanoethosomes (DT-EGCG-
nanoethosomes) and the loaded particles were injected into mice. The results
indicated that DT-EGCG-nanoethosomes could reduce the size of tumor after 14-day

treatment.

In 2016, Pukfukdee et al. [43] fabricated polymerized EGCG nanoparticles (P-EGCG
particles) as anti-cancer drug carrier via enzymatic template-controlled polymerization.
Paclitaxel was loaded into OTP particles (PTX-loaded P-EGCG particles). The loaded P-
EGCG particles exhibited lower IC5, than free paclitaxel in toxicity against A549 lung
cancer cells using MTT assay. In addition, when compared to EGCG, P-EGCG possed

lower 1Csy.

1.9 Water-insoluble polymerized EGCG-gum

In the synthesis of P-EGCG by Pukfukdee [43], two different products were obtained,
the water dispersible brown powder and the water-insoluble brownish sticky gum. The
gum is the major product. This work, therefore, wants to modify the gum so that it is

soluble in water and can be tested for its anti-cancer property.



1.10 Ferrocene

Ferrocene (Fe(CsHs),) is an  organometallic compound which contains two
cyclopentadienyl rings that embrace iron atom (also known as a sandwich structure
[44, 45]. Ferrocene has low reduction potential (0.4 V versus standard hydrogen
electrode [46]), making the compound easily oxidized into the positively charged
ferrocenium ion [47]. Ferrocene has been used in anti-cancer drug delivery system as
a redox moiety which is responsive to a high level of oxidizing agents in cancer cells

(48, 49].

A . S i
= T F
r e
Ferrocene Ferricenium cation

Figure 1.4 The ferrocene/ferrocenium redox couple

1.11 Literature Reviews on Oxidation-Responsiveness of Ferrocene

In 2015, Liu et al. [48] synthesized ferrocene-containing amphiphilic block copolymer
(PEG-b-PMAEFc) via atom transfer radical polymerization. PEG-b-PMAEFc self-

assembled to form polymeric micelle with rhodamine B as a drug model. Rhodamine



B released only when the material was exposed to oxidative environment. The results

confirmed the oxidation-responsiveness of PEG-b-PMAEFc.

In 2016, Noyhouzer et al. [49] grafted ferrocene to phospholipid molecule to form
liposome and doxorubicin was loaded as drug molecule. The results showed the
selective release of doxorubicin in CCL-2 adenocarcinoma cervical cancer cells, due to
the higher oxidants found in cancer cells. The drug release implied electrostatic
repulsion among ferrocenium ion formed by oxidation of ferrocene moieties, thus

breaking down the liposome assembly.

1.12 Objective and Scope of Work

With the above-mentioned information on the interesting anti-cancer activity
of polymerized EGCG found in fermented tea and the obtained water-insoluble
polymerized EGCG-gum produced by Pukfukdee [43], here we would like to introduce
ferrocene moieties onto the insoluble gum structure in order to make redox-responsive
polymerized EGCG. It is possible that upon oxidation, the ferrocene moieties will be

ionized which could result in charged polymers that could be soluble in water.



CHAPTER Il

EXPERIMENTAL

2.1 Materials and Chemicals

Epigallocatechin-3-gallate (EGCG) and horseradish peroxidase (HRP) were
purchased from Chemieliva Pharmaceutical and Chemical Company (Choqgjing, China).
Polyethylene glycol (PEG, MW 35,000), hydrogen peroxide (H,O,) and iron standard
solution were purchased from Merck (Darmstadt, Germany). 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDCI) and N-hydroxysuccinimide (NHS) were
purchased from Acros Organics (Geel, Belgium). Dimethylformamide (DMF) and
methanol (MeOH) were purchased from RCl Labscan (Bangkok, Thailand) and
ferroceneacetic acid (FAA) and paclitaxel (PTX) were purchased from TCI chemicals
(Tokyo, Japan). All chemicals used were analytical grade and were used without further

purification.

Freeze-drying was carried out by Freeze-dry/Shell Freeze System Model 7753501
(Labconco Corporation, Kansas, MI, USA). The infrared spectrum was obtained on
germanium reflection element using a Nicolet 6700 ATR-FTIR spectrometer (Thermo
Electron Corporation, Madison, WI, USA). Functional groups on the particle surface
were evaluated by AXIS-ULTRA DLD XSAMB800 type x-ray photoelectron spectrometer

(Shimadzu/Kratos, Manchester, United Kingdom). The concentration of iron was
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determined by using iCAP 7000 series Inductively coupled plasma optical emission
spectrometer (Thermo Fischer Scientific, Massachusetts, USA). Morphology of particles
was performed through JSM-7610 scanning electron microscope (JEOL, Tokyo, Japan)
and transmission electron microscope coupled with energy dispersive x-ray
spectrometer (JEOL, JEM-2100, Tokyo, Japan). The size distribution was obtained with
Zetasizer nano series instrument (Zs, Malvern Instruments, United Kingdom). Thermal
analysis of particles was required thermo gravimetric analysis (Netzsch STA 449 F1,

Germany).

2.2 Synthesis of polymerized EGCG nanoparticles (pEGCG) and polymerized

EGCG gum (pEGCG-gum)

PEGCG and pEGCG-gum were synthesized by Pukfukdee’s protocol [43], briefly, EGCG
(0.54 g), HRP (10 mg) and PEG (MW 35,000, 0.03 g) were mixed, followed by adding 3.4
mL of 8% H,0,, then 50% MeOH in phosphate buffer pH 7.4 was added (total volume
was 18.4 mL), under vigorous stirring at room temperature for 48 h and then dialyzed
against deionized water to remove leftover reagents and organic solvent, the mixture
was freeze-dried to obtain brown powder pEGCG and brownish sticky pEGCG-gum
respectively. %Yield of pEGCG and its gum were calculated bases on the weight of
dried pEGCG or pEGCG-gum to the weight of pristine EGCG as shown in Eq. 1 below.

) weight of pEGCG (or pEGCG-gum)
Yield (%) = x100 (Eq. 1)
weight of EGCG
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2.3 Synthesis of ferrocene-bearing tea polyphenol particles (Fc-pEG and Fc-pEG-

gum)

In this work, we used carbodiimide coupling reaction adapted from Seemork [50]. In
brief, FAA (10 mg) and EDCI (38.3 mg) were dissolved in DMF and incubated at 4 °C for
30 min then NHS (23 mg) in DMF was added, followed by the addition of pEGCG (10
mg and 100 mg) and pEGCG-gum (100 mg) in DMF. The reaction was carried out
overnight at room temperature, after that, the mixture was dialyzed against water to
remove the leftover reagents and solvent and freeze-dried to yield black powder of
ferrocene-bearing tea polyphenol particles (Fc-pEG and Fc-pEG-gum), yield percentage
of products was calculated as follows: (Eq. 2, below)

) weight of Fc-pEG (or Fc-pEG-gum)
Yield (%) = x100 (Eq. 2)
weight of pEGCG (or pEGCGfgum)+weight of used FAA

2.4 Oxidation-responsive study of Fc-pEG and Fc-pEG-gum

To investigate the oxidation-responsive property of Fc-pEG and Fc-pEG-gum,
H,O, was used as an oxidizing agent, and the following method was used. The 1 M of
H,0, was added to Fc-pEG and Fc-pEG-gum (500 mg L), the reaction was carried out
with varied time and then dialyzed with deionized water to remove excess amount of
H,O,, the mixture was dried by freeze-drying technique to gain yellow-green solid of
oxidized Fc-pEG and Fc-pEG-gum (depicted as oxFc-pEG and oxFc-pEG-gum), and

%yield was calculated as shown in Eq. 3 (below):
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] weight of oxFc-pEG (or oxFc-pEG-gum)
Yield (%) = x100 (Eqg. 3)
weight of Fc-pEG (or Fc-pEG-gum)

2.5 Determining weight percentage of ferrocene in the particles

Percentage of ferrocene substitution degree can be calculated as follows:

) ) ) weight of attached ferrocene
Weight percentage of ferrocene in the particles (%) = x 100
weight of ferrocene-bearing particles

2.6 In vitro anti-cancer assay

In vitro anti-cancer property of products was determined [51]. oxFc-pEG, oxFc-
PEG-gum, pEGCG, pEGCG-gum, EGCG and paclitaxel were tested against HepG2 liver
cancer cells. MTT assay was used to evaluate the anti-cancer activity.

2.6.1 Cell line and culture conditions
The HepG2 liver cancer cells were purchased from American Type Culture Collection
(ATCC, Rockville, MD, USA). The liver cancer HepG2 cells were treated in RPMI-1640
supplemented with 10% (v/v) fetal bovine serum (FBS), and 1% antibiotic (penicillin
and streptomycin) in a humidified atmosphere of 5% CO, at 37° until confluent.

2.6.2 Determination of cell viability using MTT assay

Cell viability was calculated by the MTT (3-[4,5-methylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay. Briefly, HepG2 cell suspensions in completed
medium (5 x 10> cells/well) were seeded in 96-well plate containing 100 L of culture
medium and grew under humidified atmosphere for 24 h (37°, 5% CO,) After 24 h, 100

pL of additional medium containing tested products was added to each well and cells
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were allowed to grow for 72 h (37°, 5% CO,). Then, the wells were replaced with new
medium containing 0.5 mg/mL MTT and then incubated for 4 h. After that, the medium
in each well was removed and 100 uL DMSO was added to dissolve the pellet (MTT
metabolic product). The absorbance of the wells was measured at 550 nm (maximum
absorbance of the pellet) using microplate reader and subtracted with absorbance at
650 nm which corresponded to the yellow color of initial MTT reagent. The number
of viable cells can be determined as %cell viability (Eq. 4) and ICs, was calculated by
nonlinear regression.

O.D. of control-O.D. of tested product
Cell viability (%) = x100 (Eq. 4)
O.D. of control

Where O.D. is the optical density



CHAPTER Il

RESULTS AND DISCUSSION

3.1 Synthesis of pEGCG and pEGCG-gum

Starting with EGCG (Figure 3.1), using Pukfukdee protocol via the template-
controlled polymerization with PEG as template and horseradish peroxidase and
hydrogen peroxide as oxidizing agent, we could synthesize two polymerized EGCG
materials, the water dispersible pEGCG and the water-indispersible pEGCG-gum (Figure
3.2). The yields were 4.1% and 5.7% for pEGCG and pEGCG-gum, respectively.
Charaterization of pEGCG by TEM revealed the spherical-shaped particles with size
around 250+20 nm (Figure 3.3). The pEGCG-gum is brownish and insoluble in hexane,
dichloromethane (CH,Cl,), chloroform (CHCLs), ethyl acetate (EtOAc), MeOH, ethanol
(EtOH), acetone and deionized water (DI water) but clearly dissolved in DMF and
dimethyl sulfoxide (DMSO), as shown in Figure 3.4. In this work, our aim is to introduce
oxidation responsive moieties onto the two polymer chains so that they became
oxidation responsive materials. We selected ferrocene as oxidation responsive moieties

because the moiety will be changed upon oxidation.
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Figure 3.1 Chemical structure of EGCG

Figure 3.2 Water dispersibility of pEGCG (left) and pEGCG-gum (right)



Figure 3.3 TEM image of pEGCG
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Figure 3.4 Solubility test of pEGCG-gum in various solvent
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3.2 Synthesis of Fc-pEG and Fc-pEG-gum

Ferrocene moieties were grafted onto pEGCG by carbodiimide formation using
EDCl and NHS as coupling agents. The reaction between ferroceneacetic acid (FAA) and
pPEGCG was carried out overnight. Then the mixture was dialyzed against water. In order
to study the effect of amount of grafted ferrocene, we performed the synthesis under
two ferrocene to pEGCG weight ratios. The product with higher weight percent of
ferrocene (19.77%) was obtained from the synthesis carried out at FAA:pEGCG of 1:1
weight ratio (Table 3.1, row 1). The product with weight percent of ferrocene (4.52%)
was obtained from the synthesis carried out at FAA:pEGCG of 0.1:1 weight ratio (Table
3.1, row 2). The products with higher weight percent of ferrocene in the product (Fc-
PEG 1) and the lower weight percent of ferrocene in the product (Fc-pEG II) were
subjected to SEM and TEM analyses (Figure 3.5). The Fc-pEG | and Fc-pEG Il were
spherical. The size of Fc-pEG | and Fc-pEG Il were around 200+20 nm and 200+50 nm,
respectively. Compared to Fc-pEG Il, Fc-pEG | particles exhibited more aggregation. It is
likely that the higher amount of ferrocene moieties probably generated higher TT-TT
interaction. In this study, we selected Fc-pEG Il for further study in order to decrease

the particle aggregation.

Ferrocene-grafted pEGCG-gum (Fc-pEG-gum) was synthesized using ferrocene
to pEGCG-gum of 0.1:1. The product, Fc-pEG-gum, gave weight percent of ferrocene

in the product of 7.43% (Table 3.1, row 3). Fc-pEG-gum was subjected to SEM and TEM
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analyses (Figure 3.5C). The spherical-shaped particles with the size of 150+50 nm were

observed. The Fc-pEG-gum showed higher aggregation than Fc-pEG II. This may be a

result of the higher molecular weight of the gum material.

Table 3.1 Code, weight ratio of FAA to pEGCG (or pEGCG-gum), weight percent of

ferrocene in the product and obtained yield of ferrocene-bearing pEGCG and pEGCG-

gum particles

Code FAA:pEGCG Weight percentage of ferrocene | Yield (%)
(or pEGCG-gum) | in the product (%)

Fc-pEG | 1:1 19.77 53.8

Fc-pEG I 0.1:1 4.52 62.9

Fc-pEG-gum 0.1:1 7.43 82.4

7

¥ A

i

Figure 3.5 SEM (Top) and TEM (Bottom) images of (A) Fc-pEG |, (B) Fc-pEG Il and (C) Fc-

PEG-gum
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The three dry products are black powder. Fc-pEG I, Fc-pEG Il and Fc-pEG-gum were all
insoluble in hexane, dichloromethane (CH,Cl,), chloroform (CHCls), ethyl acetate
(EtOAc), MeOH, ethanol (EtOH), acetone, DMF, dimethyl sulfoxide (DMSO) and

deionized water (DI water) as illustrated in Figure 3.6.

Besides Morphological study and solubility of the obtained products, we also
investigated the chemical components and thermal property of ferrocene-bearing
particles. As mentioned above, Fc-pEG | particles exhibited the most aggregation (Figure
3.5A). Therefore, the lower weight percent of ferrocene particles (Fc-pEG Il and Fc-pEG-

gum) were selected for further studies.
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Figure 3.6 Solubility test of (A) Fc-pEG | (B) Fc-pEG Il and (C) Fc-pEG-gum in various

solvents
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To confirm the incorporation of ferrocene into pEGCG and pEGCG-gum,
transmission electron microscope coupled with energy dispersive x-ray spectrometer
was used (Figure 3.7). The results showed that both Fc-pEG Il and Fc-pEG-gum
contained carbon and oxygen peaks attributable to pEGCG and pEGCG-gum, and iron
peaks attributable to ferrocene moieties. The results confirm the presence of ferrocene

in the two particles.

A

2 4 6 8 10 12 14 16 18 20
keV

ZMm

Figure 3.7 TEM (left) and EDX analysis (right) images of (A) Fc-pEG Il and (B) Fc-pEG-gum

To confirm the grafting of ferrocene onto pEGCG and EGCG-gum, FTIR

spectroscopy was used. FTIR spectra of Fc-pEG Il (Figure 3.8) show the vibration bands
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at 1037.64 (sp2 C-H in-plane bending), 1106.03 (C=C streching) and 1438.72 cm-1 (C=C

streching). The similar peaks were also found in Fc-pEG-gum (1036.21, 1104.04 and

1440.36 cm-1). These are characteristic bands related to cyclopentadiene rings of

ferrocene observed in 1000.96, 1105.73 and 1407.98 cm-1 [52, 53]. In addition, the shift

of C=0 stretching band of FAA from 1705.84 cm-1 to 1709.4 and 1708.9 cm-1 in the

Fc-pEG Il and Fc-pEG-gum indicates the ester formation, thus corresponding well with

our expected incorporation of ferrocene into pEGCG and pEGCG-gum via an ester bond.
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Figure 3.8 FTIR spectra of (A) pEGCG, (B) pEGCG-gum, (C) FAA, (D) Fc-pEG Il and (E) Fc-

PEG-gum

The functional groups on the surface of ferrocene-bearing pEGCG and pEGCG-

gum were evaluated by XPS technique (Figure 3.9). Deconvoluted Cls spectra of Fc-
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PEG Il showed peaks, indicating C-C and C-H (282.68 eV), aromatic C=C (284.18 eV),
epoxy C-O (285.68 eV), carbonyl C=0 (286.68 eV) and O=C-O (288.68 eV) [54-56].
Deconvoluted Ols spectra of Fc-pEG Il showed peaks at 530.24 and 532.24 eV,
corresponding to C=0 and O=C-O, respectively [57]. Deconvoluted Fe2p spectra of Fc-
PEG Il showed peaks at 710.99 and 723.99 eV which are attributed to Fe2ps, and
Fe2p,,, of Fe(ll) [58, 59]. The appearance of O=C-O and Fe(ll) spectra confirmed the

grafting of ferrocene moieties onto pEGCG via ester bond.

Deconvoluted Cls spectra of Fc-pEG-gum showed peaks at 283.23 eV (C-C, C-
H), 284.73 eV (aromatic C=C), 286.23 eV (epoxy C-0), 287.23 eV (carbonyl C=0) and
289.23 eV (0=C-0). Deconvoluted O1s spectra of Fc-pEG-gum showed peaks at 531.15
and 534.62 eV, indicating the C=0 and O=C-O, respectively. Deconvoluted Fe2p
spectra of Fc-pEG-gum showed the peaks at 709.75 and 722.75 eV attributable to
Fe2ps,, and Fe2py,, of Fe(ll). Comparing to Fc-pEG II, Fc-pEG-gum showed higher O=C-
O, Fe2ps,, and Fe2p,,, of Fe(ll) intensity. The results implying higsher amount of grafted-
ferrocene moieties in Fc-pEG-gum than Fc-pEG II. The results corresponded well with
weight percent of ferrocene in the product (7.43% for Fc-pEG-gum and 4.52% for Fc-
PEG II). From FTIR and XPS results, we proposed the structure of ferrocene-bearing

particles (Fc-pEG and Fc-pEG-gum) as shown in Figure 3.10
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Figure 3.9 Chemical analysis of (A) Fc-pEG Il and (B) Fc-pEG-gum by XPS: C1s core-level

spectra (top), Ols core-level spectra (middle) and Fe2p core-level spectra (bottom).
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Figure 3.10 Proposed structure of ferrocene-bearing particles

Thermal property of ferrocene-bearing pEGCG and pEGCG-gum was observed
by thermal gravimetric analysis technique (Figure 3.11). Thermogram of pEGCG (orange
line) showed endothermic peaks at 69 OC, 246 OC and 350 ©C that accounted for
8.65%, 30.65% and 24.37% of total mass loss. Compared to pEGCG, Fc-pEG Il (purple
line) showed 3 endothermic peaks at 60 ©C, 250 9C and 340 OC (accounted for 6.47%,
18% and 45.11% of total mass loss). The shift of endothermic peaks upon ferrocene
grafting indicates the change of chemical constituents which affect inter/intra

molecular bonding.
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pEGCG-gum (green line) showed endothermic peaks at 70 ©C, 255 OC and 370
OC, accounted for 3.42%, 30.52% and 40.44%. Fc-pEG-cum (blue line) showed
endothermic peaks at 55 OC, 250 OC and 347 ©C (accounted for 5.9%, 12.72% and
53.24% of total mass loss). All peaks shifted to lower temperature as compared to
PEGCG-gum. The peak shifting of Fc-pEG Il and Fc-pEG-gum confirms the chemical

modification of ferrocene into pEGCG and pEGCG-gum.

—pEGCG ——pEGCG-gum ——Fc-pEGIl ——Fc-pEG-gum
40 140 240 340 440 540 640 740

DTG (%/min)
@

Temperature (°C)

Figure 3.11 TGA thermogram of pEGCG (orange line), pEGCG-gum (green line), Fc-pEG

Il (purple line) and Fc-pEG-gum (blue line)
3.3 Oxidation-responsive study of Fc-pEG and Fc-EG-gum

Ferrocene can be oxidized by hydrogen peroxide [60, 61]. Ferrocene has been
used as oxidation-responsive moiety in various drug delivery systems [48, 49]. In this

work, we studied oxidation-responsiveness of ferrocene-bearing particles of Fc-pEG |,
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Fc-pEG Il and Fc-pEG-gum using hydrogen peroxide as an oxidizing agent. Fc-pEG |
changed from black precipitates to light yellow solution upon hydrogen peroxide
exposure (1000 mM, 45 min). The same change was observed in Fc-pEG Il (1000 mM,
3.5 h) and Fc-pEG-gum (1000 mM, 1.5 h), respectively (Figure 3.12). The vyields of
oxidation products from the three ferrocene-bearing particles are shown in Table 3.2.
As compared to Fc-pEG Il (Figure 3.12, middle), Fc-pEG | was oxidized more quickly
(Figure 3.12, top). We speculate that the higher weight percent of ferrocene in the
particles is the reason behind this observation. In addition, ferrocene-bearing particles
made from pEGCG-gum was oxidized more quickly than particles made from pEGCG.
The results corresponded well to the weight percent of ferrocene (Table 3.1). The
weight percent of ferrocene of Fc-pEG-gum (7.43%) was higher than Fc-pEG Il (4.52%).
Table 3.3 shows weight percentage of ferrocene incorporated into pEGCG or pEGCG-
gum before and after oxidation. Weight percent of ferrocene in Fc-pEG | and Fc-pEG I
was 19.77 and 4.52%, respectively. After oxidation, weight percent of ferrocene in
oxidized products (oxFc-pEG | and oxFc-pEG II) increased to 46.92 and 37.47%,
respectively. The weight percent of ferrocene in Fc-pEG-gum increased from 7.43 to
40.11% upon oxidation. The increase of weight percent of ferrocene in the three
ferrocene-bearing particles suggested that not only ferrocene moieties were oxidized
but organic components from pEGCG and pEGCG-gum were probably converted into

carbon dioxide.
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Figure 3.12 Oxidation by hydrogen peroxide of the Fc-pEG | (top), Fc-pEG Il (middle)

and Fc-pEG-gum (bottom)

Table 3.2 Code and the vyield of the oxidation of the three ferrocene-grafted

polymerized EGCG materials.

Code Yield (%)
oxFc-pEG | 39.8
oxFc-pEG I 10.1

oxFc-pEG-gum 3.98
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Table 3.3 Weight percentage of ferrocene incorporated in the particles before and

after oxidation

Weight percentage of ferrocene

Sample
incorporated into the particles (%)

Fc-pEG | 19.77
Fc-pEG I 4.52
Fc-pEG-gum 7.43
oxFc-pEG | 46.92
oxFc-pEG I 37.47
oxFc-pEG-gum 40.11

oxFc-pEG Il and oxidized ferrocene-bearing particles made from gum (oxFc-pEG-

gum) were subjected to SEM and TEM analyses. The results showed spherical-shaped

particles with sizes of 20+5 and 50+20 nm for oxFc-pEG Il and oxFc-pEG-gum,

respectively (Figure 3.13B and C). The results corresponded well with dynamic light

scattering results for oxFc-pEG Il and oxFc-pEG-gum of 20.01+0.54 and 55.86+1.23 nm,

respectively (Table 3.4). SEM analysis revealed that oxFc-pEG | was spherical with the

size of 20+10 nm (Figure 3.13A). Dynamic light scattering results of oxFc-pEG | showed
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bigger size compared to SEM image. The fact that Fc-pEG | aggregates well correspond

to its low zeta-potential values (Table 3.4).

Figure 3.13 SEM (Top) and TEM (Bottom) images of (A) oxFc-pEG |, (B) oxFc-pEG Il and

(C) oxFc-pEG-gum

Table 3.4 Particles sizes and zeta-potential values of the three oxidized Ferrocene-

bearing particles

Code Particle size (nm) Zeta-potential (mV)
SEM DLS
OoxFc-pEG | 20+10 67.60+6.36 -15.2
oxFc-pEG I 2045 20.01+£0.54 -30.1
oxFc-pEG-Gum 50+20 55.86+1.23 -18.9
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Chemical composition after oxidation was also investigated using FTIR
spectroscopy. Compared to Fc-pEG Il (Figure 3.14), oxFc-pEG Il also showed the
vibration bands around 1030-1430 cm™. The appearance of vibration bands around
1030-1430 cm™* was observed in Fc-pEG-gum (characteristic bands of cyclopentadiene
rings of ferrocene at 1000.96, 1105.73 and 1407.98 cm respectively [52, 53]).
Moreover, the C=0 ester bond stretching band was also observed in oxFc-pEG Il and

oxFc-pEG-gum at 1709.7 and 1708.28 cm™, respectively.
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Figure 3.14 FTIR spectra of (A) Fc-pEG II, (B) Fc-pEG-gum, (C) oxFc-pEG Il and (D) oxFc-

PEG-gum

The XPS spectra were used to determine functional groups on the surface of

Fc-pEG Il and Fc-pEG-gum after being oxidized (Figure 3.15). Deconvoluted Cls spectra
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of oxFc-pEG Il showed 5 main peaks observed in the original materials (Figure 3.9). The
results showed C-C and C-H (283.44 eV), aromatic C=C (284.94 eV), epoxy C-O (286.44
eV), carbonyl C=0 (287.44 eV) and O=C-O (289.44 eV) [54-56]. Apart from the 5 peaks,
oXFc-pEGCG showed an extra peak at 292.28 eV, a shake-up satellite peak which
corresponds to TU-TU* satellite of the extended delocalized electrons [62, 63]. It
suggested that oxidation induced further electron delocalization. Deconvoluted O1s
spectra oxFc-pEG Il revealed 2 peaks at 530.05 and 532.46 eV, corresponding to C=0
and O=C-O, respectively [57]. Deconvoluted Fe2p spectra of oxFc-pEG Il showed 2
important peaks at 711.26 and 723.26 eV, corresponding to Fe2ps/, and Fe2p,,, of Fe(lll)
[58, 64]. It implied that ferrocene moieties turned to ferrocenium ion upon oxidation.
In addition, oxFc-pEG Il showed another peak at 708.26 eV which is Fe2ps,, of Fe(ll) [58,

59]. The results indicated that ferrocene moieties in Fc-pEG Il wasn’t totally oxidized.

Deconvoluted C1s spectra of oxFc-pEG-gum showed 5 main peaks observed in
Fc-pEG-gum (Figure 3.9B). The results showed C-C and C-H (283.07 eV), aromatic C=C
(284.57 eV), epoxy C-O (286.07 eV), carbonyl C=0 (287.07 eV) and O=C-O (289.57 eV)
[54-56]. Deconvoluted Ols spectra oxFc-pEG-gum revealed 2 peaks at 530.40 and
532.64 eV, corresponding to C=0 and O=C-O, respectively [57]. oxFc-EG-gum showed
a reduction of C=0 intensity and the increase of O=C-O intensity, as compared to Fc-

EG-gum. The results indicated that carbonyl groups of Fc-pEG-gum turned to O=C-O
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Figure 3.15 Chemical analysis of (A) oxFc-pEG Il and (B) oxFc-pEG-gum by XPS: Cls

core-level spectra (top), Ols core-level spectra (middle) and Fe2p core-level spectra

(bottom)
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groups upon oxidation. Deconvoluted Fc2p spectra of oxFc-pEG-gum showed 2 peaks

at 711.76 and 725.76 eV, corresponding to Fe2ps,, and Fe2p,,, of Fe(lll) [58, 64].

Thermal property of oxFc-pEG Il and oxFc-pEG-gum was investigated by TGA
(Figure 3.16). oxFc-pEG Il (red line) showed peaks at 110 ©C, 190 ©C and 460 °C
(accounted for 6.18%, 65.17% and 40.47% of the total mass loss). The peak at 336.4
OC observed in Fc-pEG Il (purple line) could not be observed in the oxidized product.
A new peak at 460 OC appeared in the oxidized product. The results implied that
oxidation of ferrocene-bearing pEGCG probably induce the reorganization of chemical
interactions within the particles in each a way that makes a certain portion of the
particles more heat stable (degrades at higher temperature). Thermogram of oxFc-pEG-
gum (yellow line) showed 3 peaks at 95 ©C, 195 OC and 310 ©C (accounted for 9.5%,
55.48% and 39.29% of the total mass loss). Compared to Fc-pEG-gum (blue line), the
shifted of endothermic peaks after oxidation was observed, thus indicating that
oxidation produced a functional change that affected thermal property of the

materials.
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Figure 3.16 TGA thermogram of Fc-pEG Il (purple line), Fc-pEG-gum (blue line), oxFc-

PEG Il (red line) and oxFc-pEG-gum (yellow line)

To evaluate the anti-cancer activity of the oxidized particles, we used MTT
assay to determine the cell viability. The oxFc-pEG I, oxFc-pEG Il and oxFC-pEG-gum
were tested against HepG2 liver cancer cells using EGCG, pEGCG, EGCG-gum, and
paclitaxel (PTX) as controls (Figure 3.17). The results showed that oxFc-pEG-gum (Figure
3.17, yellow line) possed about 30% growth inhibition of cancer cells at 100 Yg/mL.
oxFc-pEG-gum exhibited less cancer cell growth inhibition when compared to that of
the controls (EGCG, pEGCG, pEGCG-gum and PTX). The anti-cancer activity of pEGCG-
gum was tested using pEGCG-gum in DMSO, whereas that of the oxFc-pEG-gum was
tested in water. We expect that if the amount of ferrocene moieties on the polymers
is reduced, more anti-cancer activity might be obtained. This work will be our future

work.
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Figure 3.17 Cell viability of HepG2 cell with oxFc-pEG | (red line), oxFc-pEG Il (orange
line), oxFc-pEG-gum (yellow line), pEGCG (light green line), pEGCG-gum (dark green line),

PTX (blue line) and EGCG (purple line)



CHAPTER IV

CONCLUSION

Ferrocene moieties were grafted onto pEGCG and pEGCG-gum, the polymerized
EGCG particles and the polymerized EGCG gum, respectively. Three weight percents of
ferrocene in the products, 19.77, 4.52 and 7.43% (depicted as Fc-pEG |, Fc-pEG Il and
Fc-pEG-gum) were prepared. To study effect of amount of ferrocene using Fc-pEG | and
Fc-pEG II which boths were synthesized from pEGCG and effect of starting material
(PEGCG and pEGCG-gum) using Fc-pEG I and Fc-pEG-gum which the latter was
synthesized from pEGCG-gum. The yield of ferrocene-bearing products, 19.77, 4.52 and
7.43% were obtained in 53.8%, 62.9% and 82.8%, respectively. The morphology of
three ferrocene-bearing products was spherical-shaped with various particle size. The
size of Fc-pEG | was around 200+20 nm. Fc-pEG Il was 100+20 and 200+20 nm. Fc-pEG-
gum was 100+50 nm to 1000+80 nm. TEM-EDX spectra of ferrocene-bearing particles
revealed the incorporation of iron in particles. FTIR and XPS techniques indicated the
successful grafting of ferrocene onto pEGCG and EGCG-gum through the appearance of
vibrational bands around 1000-1400 cm’, indicating cyclopentadiene characteristic
peaks of ferrocene and the shifting of C=0 stretching from 1705.84 cm™ (observed in
ferroceneacetic acid) to around 1708 cm™ which are attributed to ester bond.
Moreover, deconvoluted FeZp spectra revealed the peaks at 710 and 723 eV,

corresponding to Fe(ll) binding energy of ferrocene moieties. Oxidation-responsiveness
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of three ferrocene-bearing particles were tested by hydrogen peroxide. All ferrocene-
bearing particles were changed from water-insoluble black precipitates to light yellow
solution. However, FTIR, XPS, TGA and ICP-OES results of three oxidized ferrocene-
bearing particles revealed that not only ferrocene moieties were oxidized but also
organic components from pEGCG and pEGCG-gum were affected. The anti-cancer
activity of three oxidized ferrocene-bearing particles was evaluated using MTT assay.
The results showed that the oxidized particles of Fc-pEG | and Fc-pEG Il exhibited no
growth inhibition of HepG2 liver cancer cells (ICso > 100 pg/mL). Fc-pEG-gum particles
showed 30% growth inhibition of cancer cells at 100 Klg/mL. However, Fc-pEG-gum
exhibited less cancer cell growth inhibition than controls (PTX, EGCG, pEGCG and
pPEGCG-gum), we hope that the oxidation with lower concentration (below 1000 mM)
and reduction the amount of ferrocene in particles could alter the anti-cancer activity

of oxidized ferrocene-bearing particle.
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1. Calculation of percent yield of pEGCG and EGCG-gum

weight of pEGCG (orp EGCG-gum)
Yield (%) = x100 (Eq. 1)
weight of EGCG

PEGCG
0.0221 ¢
Yield (%) = x100
0.54 ¢
Yield (%) = 4.1 %
PEGCG-gum
0.0308 ¢
Yield (%) = x100
0.54 ¢

Yield (%) = 5.7 %

2. Calculation of percent yield of Fc-pEG and Fc-pEG-gum

weight of Fc-pEG (or Fc-pEG-gum)

Yield (%) = x100 (Eq. 2)
weight of pEGCG (or pEGCG-gum) + weight of used FAA

Fc-pEG |

59.2 mg
Yield (%) = x100
100 mg + 10 mg

Yield (%) = 53.8 %

Fc-pEG I

12.6 mg
Yield (%) = x100
10 mg + 10 mg

Yield (%) = 62.9 %
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Fc-pEG-gum

16.5 mg
Yield (%) = x100
10 mg + 10 mg

Yield (%) = 82.4 %

3. Calculation of percent yield of oxFc-pEG and oxFc-pEG-gum

) weight of oxFc-pEG (or oxFc-pEG-gum)
Yield (%) = x100 (Eqg. 3)
weight of Fc-pEG (or Fc-pEG-gum)

oxFc-pEG |
3.98 mg
Yield (%) = x100
10 mg
Yield (%) = 39.8 %
oxFc-pEG I
1.26 mg
Yield (%) = %100
10 mg
Yield (%) = 10.1 %
oxFc-pEG-gum
0.39 mg
Yield (%) = %100
10 mg

Yield (%) = 3.98 %



4. Thermal properties
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Thermatogram of Fc-pEG |l
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Thermatogram of oxFc-pEG |l
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5. Calculation of weight percentage of ferrocene incorporated in the particles

lron standard curve

Fe Calibration Curve (ICP-OES)

250
200 .
8 150 L
= o y=367.67x+10.928
= Rt R2 = 0.9976
2 100 .
2 o
£ -
50
0 ¢
0 0.1 0.2 0.3 0.4 0.5 0.6
Fe concentration (ppm)
Concentration of iron calculated from iron standard curve
Sample Iron concentration (ppm)
Fc-pEG | 0.1199
Fc-pEG I 0.1371
Fc-pEG-gum 0.2253
oxFc-pEG | 0.2845
oxFc-pEG I 1.136
oxFc-pEG-gum 1.216
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Calculation of weight percentage of ferrocene incorporated in the particles

. . mg 186.04 mg Fe
weight percentage (%): conc. of iron | — ] x0.01 L x (Eg. 5)
L 55.8 mg Ferrocene
Sample particles volume | particles Fe conc. | Fe (mg) Fc (mg) Fc in
(ppm) (mL) (mg) (ppm) particles
(%)
Fc-pEG | 2 10 0.02 0.1199 0.001199 0.003955 19.77
Fc-pEG I 10 10 0.1 0.1371 0.001371 0.004522 4.52
Fc-pEG-gum 10 10 0.1 0.2253 0.002253 0.007432 7.43
oxFc-pEG | 2 10 0.02 0.2845 0.002845 0.009384 46.92
oxFc-pEG I 10 10 0.1 1.136 0.01136 0.037472 37.47
oxFc-pEG-gum 10 10 0.1 1.216 0.01216 0.040111 40.11
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