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Abstract

Curcumin is a natural pigment extracted from turmeric. It is well known as a
spice and herbal medicine in east Asia. The medicinal effects of curcumin have been
demonstrated for cancer, inflammation, Alzheimer’s disease, and cystic fibrosis. Re-
cent studies have explored a number of delivery systems to suppress rapid aqueous
degradation of curcumin and improve its bioavailability. Previously, we have demon-
strated that diamide linked y-cyclodextrin dimers, namely 66yCD;su and 66yCD,-
ur, suppress the degradation of curcumin by forming strong 1:1 cooperative binding
complexes under physiological conditions. This result indicates the potential for 66-
YCDssu and 66yCD,ur as curcumin delivery systems.

As a part of the thesis work, both 66yCD,su and 66yCD,ur are used as molecular-
scale delivery agents for curcumin in potential treatment of cancer. Cellular viabil-
ity assays and gene regulation in human prostate cancer (PC-3) cells show an anti-
proliferative effect of curcumin complexed with 66yCD,su and 66yCD,ur, which is
comparable with that of curcumin alone. Both 66yCD;su and 66yCD,ur carriers
show a lack of toxicity to the cells. Fluorescence studies show the intracellular de-
livery of curcumin by 66yCD;su and 66yCDyur. Our results strongly suggest the
potential of these carriers for future studies involving animal models.

To further understand the properties of curcumin, particularly its photo-therapeutic
effect, ultrafast dynamics of curcumin complexed with 66yCD;su and 66yCD,ur are
investigated using femtosecond transient absorption spectroscopy. Both curcumin
complexes show only an excited state absorption (ESA) band without any stimulated
emission signals. The ESA decay kinetics reveals the non-radiative relaxation of cur-
cumin through solvent reorganization, excited state intramolecular hydrogen atom
transfer, and other slow dynamics of inclusion molecules and flexibility of the y-CD
moieties of 66yCD;su and 66yCD,ur. In addition, transient absorption anisotropy
studies reveal slow rotational motions of the curcumin complexes due to their large
hydrodynamic volumes.

Hydrophobically modified polyacrylates are also potential delivery systems for
curcumin because they suppress its degradation under physiological conditions. The
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3 % octadecyl randomly substituted polyacrylate, PAAC18, shows a remarkable abil-
ity to suppress the degradation of curcumin, which is attributed to strong hydrophobic
interactions between curcumin and the octadecyl substituents of PAAC18 within the
micelle-like aggregates and the hydrogel. In contrast, the 3 % dodecyl randomly sub-
stituted polyacrylate, PAAC12, shows a negligible effect on slowing the degradation
of curcumin, which is consistent with the dodecyl substituents being insufficiently
long to capture curcumin in an adequately hydrophobic environment.

The ultrafast dynamics of water molecules and curcumin in the PAAC18 hydrogel
are also studied using ultrafast spectroscopic techniques. The solvation dynamics
(reorganization) of water molecules in the PAAC18 hydrogel exhibit a triexponential
characteristic, as shown using femtosecond fluorescence upconversion spectroscopy.
We attribute the slow solvation dynamics to the confinement of water molecules in the
three-dimensional cross-linking network of the octadecyl substituents of PAACIS.
Moreover, non-radiative relaxation processes of curcumin were investigated using

femtosecond transient absorption spectroscopy.
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1.1 Abstract

Curcumin, a yellow pigment extracted from the rhizome of Curcuma longa, com-
monly known as turmeric, is the most active agent of this herbal medicine. The ther-
apeutic activities of curcumin are exemplified not only by its enhancement in wound
healing but also in the treatment of inflammation, cystic fibrosis, Alzheimer’s disease
and cancer. There are two critical issues involving low aqueous stability and solubil-
ity that limit the bioavailability and application of curcumin as a therapeutic agent.
To address these issues, delivery systems of curcumin including surfactant micelles,
liposomes, polymer nanoparticles, casein micelles, plasma proteins and cyclodextrins

have been developed and characterised.
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Figure 1.1. Pictures of Curcuma longa and turmeric powder.

1.2 History and Biosynthesis of Curcumin and Cur-

cuminoids

Turmeric powder is the dried ground rhizome of Curcuma longa, a member of
the ginger family Zingiberaceae (Figure 1.1) [1]. This intensely yellow powder has a
long history of useful benefits and widespread applications in India and other Asian
countries as turmeric is a key ingredient in Indian and Thai cuisines [2]. It was also
introduced in a remedial theory called Ayurveda, the knowledge for long life, in which
a system of traditional medicine and health maintenance was established in India over
2000 years ago [3]. The yellow colour and therapeutic activities of turmeric powder
are derived from a group of active molecules, called curcuminoids.

Curcuminoids are present at 3—5 % in turmeric powder after liquid extraction and
filtration [1, 4]. In 1815, Vogel and Pelletier et al. were the first to isolate curcum-
inoids [5]. Curcuminoids consist of three major components, with curcumin being
the predominant species (77 %), which is followed by demethoxycurcumin (17 %)
and bisdemethoxycurcumin (3 %) (Figures 1.2a—1.2c, respectively). In addition to
these three curcuminoids, a recent study showed that a trace amount of a fourth cur-
cuminoid, cyclocurcumin, is also present [6]. In 1973, Roughly and Whiting et al.
investigated the biosynthesis of the major curcuminoids using '*C-labelled precur-
sors and proposed two possible pathways (Scheme 1.1) [4]. Scheme 1.1a depicts
the synthesis of curcumin using two portions of ferulic acid and a portion of mal-
onic acid. In addition, Scheme 1.1b shows the reaction between cinnamic acid and
multiple malonic acid units through a condensation reaction to produce 7-methoxy-

8-hydroxy-curcumin (curcumin without the methoxy and hydroxyl groups on one
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Figure 1.2. Structures of curcuminoids; (a) curcumin, (b) demethoxycurcumin and

(c) bisdemethoxycurcumin.

side). This research was further investigated [7], in which '3C-nuclear magnetic res-
onance (NMR) results were used to propose a more detailed biosynthesis of curcum-
inoids (Scheme 1.2) [7, 8]. In the major pathway, the curcumin skeleton intermediate
called bisdeshydroxybisdesmethoxycurcumin is first synthesised from two units of
cinnamic acid and one unit of malonic acid, which is followed by modification at the
phenyl groups to form bisdemethoxycurcumin, demethoxycurcumin and then finally
curcumin. Alternatively, cinnamic acid is modified to form p-coumaric acid and fer-
ulic acid which randomly react with malonic acid to generate other curcuminoids in
the minor pathway. This recently proposed biosynthesis scheme supports the earlier
proposed pathway by Roughly and Whiting et al. (Scheme 1.1a) [4].

1.3 Physical Properties of Curcumin

Curcumin, (1E,6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-di-
one, is an orange-yellow solid at room temperature (Mw = 368.38 g/mol, mp = 183
°C), also known as E100 or Natural Yellow 3. Curcumin exists in two tautomeric
forms, the keto-enol and di-keto tautomers (Schemes 1.3a and 1.3b, respectively).
The predominant tautomer of curcumin is the keto-enol form when it is present in
polar organic solvents such as methanol and DMSO [9]. This tautomer possesses

intramolecular hydrogen bonding in the keto-enol moiety and 7-conjugation is main-
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Scheme 1.1. Proposed mechanisms of biosynthesis of curcumin by Roughley and
Whiting [4].

a | e H.
> H OH |
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2H300 N OH d H,CO. O N N O OCHj,4
-------- >
HO OH

Scheme 1.2. Proposed major (solid arrows) and minor (dashed arrows) mechanisms
of biosynthesis of curcumin and curcuminoids by Kita et al. [7]. The letters represent
the following molecules; (a) cinnamic acid, (b) p-coumaric acid, (c) ferulic acid, (d)
malonic acid, (e) bisdeshydoxybisdesmethoxycurcumin, (f) bisdemethoxycurcumin,

(g) demethoxycurcumin and (h) curcumin.
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Scheme 1.3. Tautomerisation of curcumin in (a) keto-enol and (b) di-keto forms.

tained across the molecule, which results in an ultraviolet-visible (UV-Vis) absorption
peak around 420 nm [10]. The strongly allowed 7 — m* transition gives rise to a high
molar extinction coefficient of 30.000-70.000 M~!cm™! at the absorption peak in
water, methanol or ethanol [11]. Although curcumin is essentially non-fluorescent
in water, it has a fluorescence quantum yield of 2—10 % in polar organic solvents,
lipid membranes, and hydrophobic environment including non-polar solvents [11].
Several groups have used time-resolved fluorescence spectroscopy to investigate the
rapid intramolecular hydrogen atom transfer in the keto-enol moiety of curcumin in
the excited state [12—15]. In addition, the keto-enol tautomer possesses three hy-
droxyl groups of which the enolic and phenolic hydrogens can be deprotonated under
alkaline conditions. The pKa values of the enolic and phenolic hydrogens are 8.3
and ~10, respectively, in aqueous environment [16]. Hence, curcumin is expected to
remain protonated at physiological pH (7.4).

In contrast, the conjugation length of the minor di-keto tautomer is significantly
shorter, extending over only half the length of curcumin. The shorter conjugation
length is due to the presence of an sp> hybridised carbon between the two carbonyl
groups in the di-keto moiety of this tautomer (Scheme 1.3) [17, 18], which results in
an absorption maximum around 350 nm. The presence of the di-keto form is indicated

by an absorption shoulder around 350 nm when curcumin is solubilised in water.

1.4 Solubility and Stability of Curcumin

Although turmeric powder has a long history of medicinal applications in Asia,
two critical issues involving low aqueous solubility and stability must be addressed in
order for curcumin to be utilised as an effective therapeutic agent. Because curcumin
is a moderately hydrophobic molecule with polar moieties, it has a high solubility
and stability in polar organic solvents such as methanol, ethanol, acetone and DMSO.
Although these solvents can solubilise curcumin at a high concentration, it is cru-
cial to consider its solubility and stability in the aqueous environment for biological
applications. The water solubility of curcumin is only approximately 30 nM, which

is equivalent to 11 pg/L [19, 20]. In the presence of micelles, vesicles or polymer
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nanoparticles, curcumin partitions largely into the hydrophobic domains under either
slightly acidic or neutral condition due to its hydrophobicity [21]. However, under
alkaline condition, the aqueous solubility of curcumin is improved due to deproto-
nation of the enolic and phenolic groups such that it becomes negatively charged.
Under this condition, curcumin decomposes rapidly in water by a retro-aldol hydrol-
ysis reaction, which is catalysed by hydroxide and followed by molecular fragmen-
tation [22, 23]. The degradation of curcumin leads to formation of several metabo-
lites, including trans-6-(4’-hydroxy-3’-methoxyphenyl)- 2,4-dioxo-5-hexenal (half-
curcumin), vanillin, ferulic acid and feruloyl methane.

The poor aqueous stability of curcumin reduces an effective uptake in vivo and as
such frequent doses may be required to maintain a sufficient curcumin level for ef-
fective medicinal response [23]. Therefore, a number of research groups are focusing
on encapsulation of curcumin using delivery agents to improve the aqueous solubility
and stability, with the ultimate goal of enhancing bioavailability of curcumin in the
treatment of diseases. Such delivery agents require two key features to achieve a high
solubility and stability of curcumin under physiological environment. First, encapsu-
lation of curcumin by delivery agents with either a hydrophobic interior or moiety is
essential to stabilise curcumin as well as segregate curcumin from water to prevent
rapid hydrolysis. Second, a hydrophilic exterior is necessary to disperse the delivery
agents in the aqueous environment. Recent work has demonstrated curcumin delivery
using agents such as micelles, liposomes, polymer nanoparticles, plasma proteins and

cyclodextrins.

1.5 Curcumin Encapsulation by Micelles, Liposomes

and Polymer Nanoparticles

Micelles and liposomes are often used as cell membrane mimics because of the
similar microscopic environment produced by these self-assembled structures. Sur-
factant and lipid molecules consist of long alkyl tail(s) and a charged head group [24,
25]. In the formation of micelles in the aqueous environment, the long alkyl tails of
surfactants aggregate and form a hydrophobic core, while the polar head groups pro-
vide charges on the surface of the micellar particle to facilitate interaction with the
surrounding water molecules. However, this aggregation can only occur above the
critical micelle concentration [24]. Surfactant micelles are often used for solubilis-
ing and stabilising hydrophobic molecules. Curcumin is stable in anionic and neutral
micelles including those of sodium dodecyl sulphate (SDS) and Triton-X 100 [26,
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27]. Cationic micelles such as cetyltrimethylammonium bromide (CTAB) and dode-
cyltrimethylammonium bromide (DTAB) also show significant stabilisation of cur-
cumin, especially under alkaline condition as rapid hydrolysis is expected [11, 18]. A
measurable fluorescence quantum yield of approximately 4 % indicates a strong inter-
action between curcumin and the hydrophobic domain of the micelles (as curcumin is
non-fluorescent in water), resulting in segregation of curcumin from water molecules
and hence inhibition of hydrolysis [18].

Similarly, lipid molecules aggregate to form vesicles with a lipid bilayer and they
are also known as liposomes [28]. The core and the surrounding environment of the
vesicle are composed of water with which the polar head groups interact, allowing
the vesicles to remain suspended in an aqueous solution. Aggregation of the long
alkyl tails of the lipid molecules provides a hydrophobic environment to accommo-
date hydrophobic species including drugs inside the bilayers [29-31]. Stabilisation
of curcumin using liposomes has been demonstrated in physiological environment
[32, 33]. In 1993, Tgnnesen et al. first showed stabilisation of curcumin using lipo-
somes [32]. In a separate study, Barry et al. determined the orientation of curcumin
using 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) vesicles in order to in-
fer the interaction between curcumin and the membrane [34]. At low concentrations,
curcumin binds to either side of DMPC bilayer through hydrogen bonding with the
phosphate group of the lipids. At high concentrations of curcumin, however, linear
dimers of curcumin that are held by hydrogen bonding between the phenol moieties
bind across the lipid bilayer.

Synthetic polymers also form micellar aggregates to yield polymer nanoparti-
cles, which are useful for curcumin delivery. Bisht et al. demonstrated the syn-
thesis and characterisation of 50-nm polymeric nanoparticles which are aggregates
of cross-linked and random copolymers of N-isopropylacrylamide, with N-vinyl-2-
pyrrolidone and poly(ethyleneglycol)monoacrylate [35]. The micellar nanoparticles
solubilise curcumin in water at a concentration that curcumin alone would precipitate.
In addition, Mohanty et al. achieved stabilisation of curcumin using copolymeric mi-
celles composed of methoxy(polyethyleneglycol) and poly-€-caprolactone [36]. The
curcumin-loaded micellar nanoparticles, which were present in 65 % humidity for
three months, were able to maintain a curcumin level of approximately 56 % at the
end of the study.
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1.6 Curcumin Binding with Protein Micelles and Plas-

ma Proteins

In spite of the high stabilisation effects on curcumin using micelles, liposomal
vehicles and polymer nanoparticles, their potential incompatibility in vivo may be-
come issues in clinical trials. While surfactants may have a low toxicity to humans,
their degradation products may be harmful [37, 38]. An alternative delivery method
to improve the bioavailability of curcumin is to use milk proteins and plasma proteins
to resolve the potential toxicity issue.

Food proteins possess potential abilities not only to suppress curcumin degrada-
tion but also to exhibit biocompatibility. Casein is the major protein in mammalian
milk and widely used in the food industry [39]. Cross-linking of caseins using glu-
taraldehyde enables formation of micellar microspheres [39, 40]. Casein micelles
exhibit a stabilisation effect of curcumin with a strong binding constant on the order
of 10° M~ [39, 41, 42]. Cytotoxicity assays of curcumin in the presence and absence
of casein micelles revealed that curcumin encapsulated in casein micelles is as effec-
tive as curcumin alone against cancer cells [39, 41], indicating a potential application
in clinical trials.

Plasma proteins play an important role as transporters in physiological functions
[43, 44]. Multiple binding sites of plasma proteins provide possible interaction with
a variety of ligands including metal ions, fatty acids, amino acids and drugs [43,
45]. Serum albumin is the most abundant plasma protein and its hydrophobic pock-
ets allow curcumin to form a complex in the aqueous environment [44]. Absorp-
tion and fluorescence quenching studies on the serum albumin-curcumin complex
resulted in a binding constant of 10*-10° M~ ! [44]. Furthermore, we have previ-
ously investigated stabilisation of curcumin using plasma proteins including human
serum albumin (HSA), fibrinogen, transferrin and immunoglobulin G (IgG) under
physiological conditions [46]. The spectroscopic studies revealed that both HSA and
fibrinogen suppress hydrolysis of curcumin, whereas neither transferrin nor IgG sta-
bilises curcumin [46]. The stabilisation effect of HSA and fibrinogen is enabled by
the strong binding of curcumin to the hydrophobic domains of the proteins. The
binding constants of curcumin to HSA and fibrinogen are (1.22+0.35) x 10° and
(5.9941.75) x 10* M~!, respectively [46]. In addition, denatured HSA at 50°C
shows a significantly weaker ability to stabilise curcumin than wild type, which is
indicative of a weaker interaction between curcumin and the hydrophobic pockets

[46]. In short, delivery of curcumin using plasma proteins, particularly HSA and fib-
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rinogen, may be a practical method in clinical trials. Curcumin can be delivered in

vivo using the patient’s own plasma proteins through intravenous delivery.

1.7 Stabilisation of Curcumin by Cyclodextrins and

Diamide Linked y-Cyclodextrin Dimers

Oral dosage of curcumin may be achieved by using cyclodextrins as delivery
agents. Cyclodextrins are naturally occurring cyclic oligosaccharides, appearing as
white crystalline powder at room temperature. The Food and Drug Administration
(FDA) has approved the clinical use of cyclodextrins due to their non-toxic properties
[47-49]. There are mainly three types of cyclodextrins; a-, B- and y-cyclodextrins,
consisting of six, seven and eight glucopyranoside units, respectively, which are
linked with a-1,4 glycosidic bonds in a toroidal shape [50, 51]. Cyclodextrins have
a hydrophilic exterior and a hydrophobic interior. The hydrophobic interior interacts
with the hydrophobic moieties of the bound molecule, typically with the aromatic
ring by van der Waals interactions [51, 52]. In a drug carrier system, cyclodextrins
act as hosts to capture hydrophobic guest molecules [53, 54]. The driving force for
this self-assembly is the entropy increase due to exclusion of water molecules from
the cyclodextrin cavity [51, 55], which must overcome the corresponding decrease
due to host-guest complexation to result in a successful binding event. A significant
advantage of this delivery system is its high structural integrity. Micellar particles
may lose their structural properties below critical micelle concentrations, and plasma
proteins may denature depending on pH and temperature. Cyclodextrins, however,
retain their structural properties as drug delivery systems under a wide range of phys-
iological conditions, exhibiting more potential for drug delivery than micelles and
plasma proteins.

The low toxicity of cyclodextrins and the structural characteristics lead to a possi-
ble delivery pathway for curcumin using cyclodextrin-curcumin complexation. How-
ever, neither - nor B-cyclodextrin stabilises curcumin even at 100 : 1 cyclodextrin :
curcumin molar ratio under physiological conditions, while y-cyclodextrin at the
same molar ratio shows some stabilisation effect, resulting in a short degradation
half-life of curcumin of approximately (4.46+0.12) h [56]. The short half-lives of
curcumin in the presence of a-, B- and y-cyclodextrins imply a rather weak inter-
action between curcumin and cyclodextrins. Therefore, synthetic modifications of
cyclodextrins are essential to improve the cyclodextrin-curcumin interaction and to

increase the aqueous stability of curcumin. (2-Hydroxypropyl)-a-cyclodextrin, (2-
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Figure 1.3. Structures of (a) y-cyclodextrin, (b) 66yCD,su-curcumin and (c) 667-

CDjur-curcumin complexes.

hydroxypropyl)-B-cyclodextrin and (2-hydroxypropyl)-y-cyclodextrin are modified
cyclodextrins with enhanced hydrophobicity. Suppression of curcumin degradation
has been demonstrated in the presence of these modified cyclodextrins at 30 °C [57].
Baglole et al. and Singh et al. have demonstrated stronger interactions between the
modified cyclodextrins and curcumin, and the level of 1 : 1 host-guest complexation
is increased by 3 — 10-fold [58, 59]. Another possible modification of cyclodextrin
is to introduce a linker between two cyclodextrins in order to induce cooperative in-
teraction with a guest molecule. Pham et al. has established the synthesis of diamide
linked cyclodextrin dimers for 8- and y-cyclodextrins [60, 61]. Our previous study
has demonstrated strong cooperative binding and effective stabilisation of curcumin
using diamide linked y-cyclodextrin dimers, N,N’-bis(6*-deoxy-y-cyclodextrin-62-
yl)succinamide, 66yCD;su, and N,N’-bis(6*-deoxy-y-cyclodextrin-64-yl)urea, 66}-
CDyur (Figure 1.3) [56]. Both 66 yCD>su and 66yCD;ur stabilise curcumin atthe 1: 1
molar ratio and the half-life of curcumin is extended by at least 180 — 750 times, when
compared to curcumin alone [56]. The binding constants of 66yCD;su-curcumin and
66YCD,ur-curcumin complexes are (8.7 +0.4) x 10° and (2.0£0.1) x 105 M, re-
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spectively [56]. Overall, the remarkable and effective suppression of curcumin degra-
dation using diamide linked y-cyclodextrin dimers, 66yCD,su and 66yCD,ur, pro-

vide a potentially attractive method for oral dosage.

1.8 Medicinal Activities of Curcumin

Turmeric has been utilised not only as a dietary herbal medicine but also as a
topical agent for wound healing enhancement for centuries [62]. Despite the limited
bioavailability of curcumin as described before, the therapeutic activities of curcumin
have been demonstrated for diseases including inflammation [63—70], cystic fibrosis
[71-73], Alzheimer’s disease [74—77], and cancer [62, 68, 78—82] without significant
side effects in the past decades. A recent clinical trial indicated that a large oral dose

of curcumin shows insignificant toxicity [83].

1.8.1 Wound Healing and Anti-Inflammatory Activities of Cur-

cumin

Wound healing is a complex process of cell proliferation and migration involv-
ing different types of cells [84]. Inadequate treatment of the wound further causes
inflammatory response at the trauma. The use of herbal medicine including turmeric
as wound dressing has been documented in ancient Indian medical literature [62]. An
in vitro study has revealed that curcumin is more effective in suppressing inflamma-
tion than demethoxycurcumin and bisdemethoxycurcumin [63]. In addition, recent
in vivo studies have also demonstrated that curcumin possesses the ability to reduce
inflammation and enhance wound healing [64—66]. The anti-inflammatory activity of
curcumin has been related to the inhibition of the NF-xB activation pathways [68].
Other proposed mechanisms are inhibition of cyclooxygenase-1I (COX-II) transcrip-
tion and expression [63, 68], activation of peroxisome proliferator-activated receptors
(PPARSs) and urokinase plasminogen mRNA [66], and scavenging of oxidative radi-
cals [62, 66, 68].

1.8.2 Anti-Cystic Fibrosis Activities of Curcumin

Cystic fibrosis is a life threatening disease caused by mutations in the gene ex-
pressing the cystic fibrosis transmembrane conductance regulator (CFTR). Misfolded
CFTR proteins interact with calcium-dependant chaperones in the endoplasmic retic-

ulum, resulting in degradation by the proteasome in the cytoplasm before CFTR
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proteins activate the chloride ion channel across epithelial membranes [72]. Conse-
quently, the elevated level of chloride ions induces influx of sodium ions [73], which
causes dehydration of the tissue surface and production of viscous secretions typi-
cally in the lungs and nose. Egan et al. have demonstrated a potential use of cur-
cumin to treat the cystic fibrosis defect [72]. The results of immunoblot assay and
surface density measurements are indicative of an enhanced level of CFTR proteins
in the cytoplasm after doses of curcumin. It is possible that binding of curcumin
corrects the CFTR protein expression and/or the tertiary structure of CFTR proteins
[72]. An alternative mechanism suggests that curcumin decreases the calcium level in
the endoplasmic reticulum and inhibits calcium-dependent chaperones [73]. Hence,
the reduced level of proteasomal degradation of CFTR proteins leads to efflux of
chloride ions, even though the misfolded CFTR proteins can act as a chloride chan-
nel [73]. Moreover, encapsulation of curcumin using poly(lactic-co-glycolic acid)
(PLGA) nanoparticles enhances the activity of curcumin against the cystic fibrosis

defect owing to a possible delivery of curcumin into the endoplasmic reticulum [71].

1.8.3 Alzheimer’s Disease and Activities of Curcumin

A proposed cause of Alzheimer’s disease is aggregation of amyloid B-peptides
and accumulation of f3-amyloid fibrils in the brain tissue [85]. The potential ability
of curcumin to treat Alzheimer’s disease has been studied both in vitro and in vivo
[75-77]. Solutions of amyloid B-peptides and B-amyloid fibrils were prepared in
the absence and presence of curcumin in order to study its effect on preventing ag-
gregation of B-amyloid fibrils. The results show that curcumin binds to the end of
B-amyloid fibril and/or amyloid -peptide, and hence it inhibits further aggregation
of B-amyloid fibrils [75, 76]. Yanagisawa et al. have revealed molecular insight into
the binding of curcumin to amyloid B-peptides by discovering that the keto-enol and
di-keto tautomerisation of curcumin is essential to inhibit amyloid -peptide aggre-
gation [86]. In an in vivo study, although the curcumin concentration in the mouse
brain was as low as 1 uM, curcumin was still able to either reduce aggregation or
promote the destabilisation of amyloid -peptides and B-amyloid fibrils [76]. Fur-
thermore, curcumin also reduces oxidative stress and inflammation of the brain due
to Alzheimer’s disease [74]. Overall, curcumin exhibits a considerable promise to

promote neuroprotective treatment for Alzheimer’s disease.
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1.8.4 Anti-Cancer Activities of Curcumin

Cancer (malignant neoplasm) is classified as a disease in which a group of cells
exhibits uncontrolled growth, destruct adjacent tissues, and spread to other body parts
by either the lymph nodes, blood stream, or both [87]. A statistical report has esti-
mated that 10.9 million new cancer cases were found and 6.7 million deaths were
recorded worldwide in 2002 [88]. The most common and lethal cancers are lung,
stomach and liver cancers [88]. The anticancer activities of curcumin have been
widely investigated using different types of cells and animal models [1, 62, 68, 78—
82]. The anti-proliferative effect of curcumin has been determined in previous studies,
using different delivery agents including PLGA nanoparticles [89], B-cyclodextrins
[90], glycerol manooleate based nanoparticles, copolymeric nanoparticles of Pluronic
F-127 and polyvinyl alcohol [91], and O-carboxymethyl chitosan nanoparticles [92].
It is also known that curcumin induces cellular apoptosis [93—95]. Although the pro-
posed mechanisms are complicated, there are two roles of curcumin in its anti-cancer
activities. First, curcumin activates and/or inhibits some of the regulators and re-
ceptors involving cellular proliferation, migration and transcription [89-92]. These
indirect activities of curcumin seem to explain its efficacy against multiple types of
cancerous cells. Second, curcumin interacts and directly damages deoxyribonucleic
acid (DNA), which leads to apoptosis [93-95]. The ability of curcumin to cause DNA

damage often involves transition metals including copper and iron.
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2.1 Abstract

Diamide linked y-cyclodextrin (-CD) dimers are proposed as molecular-scale de-
livery agents for the anticancer agent curcumin. N,N’-bis(6*-deoxy-y-cyclodextrin-
6A—y1)succinamide (66YCDjsu) and NN ’—bis(6A—deoxy—}/—cyclodextrin—6A—yl)urea (66-
YCDs,ur) markedly suppress the degradation of curcumin by forming a strong 1 : 1
cooperative binding complexes. The results presented in this study describe the po-
tential efficacy of 66 yCD;su and 66 YCD»ur for intracellular curcumin delivery to can-
cer cells. Cellular viability assays demonstrated a dose-dependent anti-proliferative
effect of curcumin in human prostate cancer (PC-3) cells that was preserved by the
curcumin-66yCDs,su complex. In contrast, delivery of curcumin by 66yCD,ur sig-
nificantly delayed the anti-proliferative effect. We observed similar patterns of gene
regulation in PC-3 cells for curcumin complexed with either 66 yCD,su or 66yCD,ur
in comparison to curcumin alone, although curcumin delivered by either 66 yCD;su or
66YCDsur induces a slightly higher up-regulation of heme oxygenase-1. Highlight-
ing their non-toxic nature, neither 66yCD,su nor 66yCD,ur carriers alone had any
measurable effect on cell proliferation or candidate gene expression in PC-3 cells. Fi-
nally, confocal fluorescence imaging and uptake studies were used to demonstrate the
intracellular delivery of curcumin by 66yCD,su and 66yCD,ur. Overall, these results
demonstrate effective intracellular delivery and action of curcumin when complexed
with 66yCD;su and 66yCD,ur, providing further evidence of their potential applica-

tions to deliver curcumin effectively in cancer and other treatment settings.
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2.2 Introduction

Prostate cancer remains a worldwide health concern, with approximately 913 000
new cases diagnosed each year, or around 14 % of all male cancers [1]. The treatment
options for men diagnosed with early stage prostate cancer include surgery and/or ra-
diation and are often curative. For men diagnosed with cancer that has already spread
beyond the prostate gland, however, treatment options are essentially palliative and
often involve removal of the gland and/or surgical or chemical castration. While these
treatments are initially effective, many patients eventually relapse, after which the
only remaining treatments are chemotherapy or blockade of androgen metabolism,
which have limited efficacy and significant side effects [2—4]. It is unsurprising,
therefore, that there is considerable interest in developing adjuvant or alternative can-
cer agents to improve treatment response or prolong progression and/or quality of life
or have fewer side effects. One potential agent in this regard is the naturally occur-
ring compound curcumin, found in the Indian spice plant turmeric (Curcuma longa),
which has previously been shown to possess chemo-preventive properties with low
toxicity [5, 6].

Turmeric contains a group of yellow pigments, namely, curcuminoids, which
are mainly comprised of curcumin (~ 77 %), demethoxycurcumin (17 %), and bis-
demethoxycurcumin (3 %) [7]. In the past decade, curcumin has been investigated
intensively and is shown to have anticancer [8—10], anti-inflammatory [10, 11], anti-
Alzheimer’s [12], anti-cystic fibrosis [13], and wound healing activities [9, 10]. In
a phase I clinical study, Cheng et al. demonstrated that curcumin is non-toxic up
to 8 g/day when orally administrated for three months, but at that dose it did not
significantly affect a variety of either pre-malignant or high-risk lesions [5]. Poor
bioavailability is likely to be a major contributor to the disparity between in vitro
and in vivo effects of curcumin, which is poorly soluble in water (~ 11 ug/L) [14,
15], and prone to hydrolysis and fragmentation, resulting in significant degradation
within 30 min [16-19]. These challenges must be overcome to increase the practical
applicability of this compound. Previous studies have demonstrated effective stabili-
sation of curcumin using a range of potential delivery agents, including micelles [19-
22], liposomes [23-25], polymers [26-28], and proteins [17, 29-32]. Each of these
large-scale supramolecular assemblies may, however, limit intracellular delivery of
curcumin, as they typically undergo significant structural perturbation upon contact
with cellular membranes [33]. The development of molecular-scale delivery agents
for curcumin and other agents is therefore of significant interest, because they have

the potential to be more effective at delivering these agents to the intracellular milieu
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Figure 2.1. Structures of (a) y-CD and curcumin complexed in (b) 66yCD;su and (c)
66yCDour.

while maintaining their structural integrity [33]. Our previous study has shown that
diamide linked y-cyclodextrin dimers possess many desirable properties for molecu-
lar encapsulation and delivery of curcumin, including a high structural stability and
the ability to suppress degradation of curcumin under physiological conditions [16].
Cyclodextrins (CDs) are natural cyclic oligosaccharides that are FDA-approved
[34-36] and are already utilised in the food and cosmetic industries [37]. y-Cyclo-
dextrin (y-CD), which consists of eight glucopyranoside units in a toroidal structure,
possesses a hydrophobic interior and hydrophilic exterior (Figure 2.1a). As such,
Y-CD can act as a host to encapsulate and solubilise hydrophobic guest species in wa-
ter through host-guest complexation [38, 39]. Recently, Pham et al. established the
synthesis of y-CD dimers linked with either succinamide or urea substituted onto the
C6" site of a glucopyranose unit in each of the y-CD, namely, N,N’-bis(6*-deoxy-7}-
cyclodextrin-62-yl)succinamide, 66yCDssu, and N,N’-bis(6*-deoxy-y-cyclodextrin-
6A—yl)urea, 66yCDyur (Figures 2.1b and 2.1c) [40]. These diamide linked y-CD
dimers are excellent systems for drug delivery because (1) of their small size relative to

other delivery agents mentioned above and (ii) the diamide linker can be hydrolysed
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by intracellular enzymes to release the encapsulated species. The close proximity of
the two y-CDs in the dimers results in cooperative binding to the guest molecule. In
the case of curcumin, the resulting molecular encapsulation by the diamide linked -
CD dimers at the 1 : 1 molar ratio suppresses the rates of curcumin degradation sub-
stantially under physiological conditions [16]. Cooperative binding of the diamide
linked 7-CD dimers to curcumin results in a high binding constant of 10 M~!, which
is indicative of an entrapment efficiency of nearly 100 % in water. In addition, a high
concentration of curcumin of at least 1.3 mg/mL (3.3 mM) in aqueous solution can
be achieved with either 66yCD;su or 66yCDsur at a 1 : 1 molar ratio, which is more
than 100 times higher than the aqueous solubility of curcumin (~ 11 pg/L) [14, 15].
Moreover, this high concentration of curcumin is unachievable with single y-CDs,
demonstrating the importance of cooperative binding by 66yCD;su and 66yCD,ur.
Thus, they possess the potential to be effective and non-toxic delivery systems for
curcumin.

Here, we report for the first time the intracellular delivery of curcumin using 66-
YCDssu and 66yCD,ur and the biological consequences to human prostate cancer
(PC-3) cells. Using cell viability assays, we observed a significant, dose-dependent
decrease in cellular proliferation in response to encapsulated curcumin without any
observable effect from the carrier 66 yCD;su or 66yCD,ur alone. The intracellular de-
livery of curcumin to PC-3 cells by 66yCD;su and 66yCD,ur and the maintenance of
biological activity of curcumin delivered by these carriers were verified by a variety
of techniques, including confocal fluorescence imaging, uptake studies using fluo-
rescence spectroscopy, and expression of several well-characterised curcumin target
genes. Overall, the results indicate the potential of 66yCD;su and 66yCD,ur as ef-

fective and non-toxic delivery agents for curcumin in cancer treatment.
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2.3 Experimental Section

2.3.1 Materials

Curcumin was obtained from LKT Laboratories (purity > 98 %). Methanol (AR
grade, 99.5 %) from Merck Pty Ltd. was used as received. The phosphate buffer
solution (50 mM) used in the stability study was prepared with deionised water from
a Millipore Milli-Q NANO pure water system, and the pH was adjusted to 7.4. The
human prostate cancer (PC-3) cell line was obtained from American Type Culture
Collection (VA, USA). RPMI 1640 cell culture medium with and without phenol red
were purchased from Invitrogen (Mulgrave, VIC, Australia). Dimethyl sulphoxide
(DMSO, > 99.7 %, sterile filtered), fetal bovine serum (FBS), dextran-coated char-
coal stripped fetal bovine serum (DCC-FBS), bovine serum albumin (BSA), and
0.1 % trypan blue diluted with PBS (endotoxin free) were purchased from Sigma-
Aldrich (Castle Hill, NSW, Australia). RNA was extracted using the RNeasy mini kit
(Qiagen, VIC, Australia) and cDNA generated using the iScript cDNA synthesis kit
(Biorad, NSW, Australia). Cells were maintained in RPMI supplemented with 10 %
FBS. For cell treatments, phenol red-free (PRF) RPMI was supplemented with 10 %
DCC-FBS.

2.3.2 Synthesis of Diamide Linked y-CD Dimers

The C6*-to-C6# diamide linked y-CD dimers, N,N’-bis(6-deoxy-y-cyclodextrin-
64-yl)succinamide, 66yCDssu, and N,N’-bis(64-deoxy-y-cyclodextrin-64-yl)urea, 66-
YCDour, were synthesised using methods established by Pham et al. [40]. Briefly,
the native gamma-CDs were substituted with 4-toluenesulfonylchloride for activation
at the C6# position, which yielded 6*-0-(4-methylbenzenesulfonyl)-y-cyclodextrin
(6yCDTs). For the synthesis of 66YCD»su, the reaction between 6yCDTs and ammo-
nium bicarbonate produced 6*-amino-6*-deoxy-y-cyclodextrin, 6yCDNH,, which
was then dimerised by the reaction with bis(4-nitrophenyl)succinate as the linker.
For the synthesis of 66yCD,ur, the reaction between 6yCDTs and sodium azide pro-
duced 6%-azido-6"-deoxy-y-cyclodextrin, 6YCDN;, which was then dimerised by the

reaction with carbon dioxide as the linker.

2.3.3 Measurement of Cell Viability

A 50 mM solution of curcumin in DMSO and 8 mg/mL solutions of 66yCD,su
and 66yCD,ur in PBS were used as stock solutions. PC-3 cells (5 x 103 cells/well
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in 24-well plates) were plated in phenol red free RPMI 1640 (PRF RPMI 1640) me-
dia containing 10 % dextran-charcoal stripped fetal bovine serum (DCC-FBS) and
allowed to attach for 24 h. Cells were washed with PBS once and treated in quadru-
plicates with curcumin (3.1-50.0 uM), 66 yCD,su (12.5 uM), 66yCDyur (12.5 uM),
curcumin-66yCDjsu (12.5 uM), or curcumin-66yCDjur (12.5 uM) in PRF RPMI 1640
media containing 10 % DCC-FBS, and the plates were incubated for 1-5 days. Ow-
ing to curcumin’s low solubility and stability in PBS, it was delivered to PC-3 cells
using a small quantity of DMSO. As a consequence, each solution contained a total
of 0.03 vol% DMSO as vehicle control to maintain consistency in each study. The
negligible quantity of DMSO was expected to have an insignificant effect on cell via-
bility. The curcumin stock solution was mixed with either the 66yCD,su or 66yCD,ur
solution to facilitate the diamide linked y-CD dimer-curcumin complexation before
being added to the medium. Viable and dead cells were manually counted using a
haemocytometer on the day of treatment (Day 0) and at Days 1-5 post-treatment by

trypan blue exclusion as described previously [41, 42].

2.3.4 Curcumin Target Gene Expression in PC-3 Cells

PC-3 cells (2 x 10° cells/well in 6-well plates) were plated in PRF RPMI 1640
containing 5 % DCC-FBS and allowed to attach for 24h. Cells were treated in
triplicate for 12h with curcumin (6.3-25.0 uM), 66yCD;su (25.0 uM), 66yCD,ur
(25.0uM), curcumin-66yCDssu (6.3-25.0 uM), or curcumin-66yCD,ur (6.3-25.0
uM) in PRF RPMI 1640 containing 5 % DCC-FBS. Each solution contained a to-
tal of 0.05 vol% DMSO as vehicle control for the reason stated above. For the studies
involving a diamide linked y-CD dimer, the control was either 25.0 uM 66 yCD;su or
66yCDour, in addition to a total of 0.05 vol% DMSO without curcumin. RNA was
extracted using the RNeasy mini kit and DNase treated using the RNase free DNase
kit according to the manufacturer’s instructions (Qiagen, VIC, Australia). RNA was
reverse transcribed using the iScript cDNA synthesis kit according to the manufac-
turer’s protocol (Biorad, VIC, Australia). Quantitative real time PCR (QPCR) was
performed using 1Q SYBR green supermix (Biorad) on a Biorad CFX96 real time
PCR machine. Data are presented as the average of three biological replicates in
technical duplicates, with gene expression normalised to the reference genes GAPDH
and RPL32.
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2.3.5 Qualitative and Quantitative Cellular Uptake of Curcumin

The qualitative cellular uptake studies involved imaging PC-3 cells with cur-
cumin with a laser scanning confocal fluorescence microscope (Leica TCS SP5).
The purpose of these studies is to confirm cellular uptake of curcumin. PC-3 cells
(1.6 x 103 cells/well in 8-well chamber slides) in PRF RPMI 1640 containing 10 %
DCC-FBS and allowed to attach for 24h. Cells were washed once with PBS and
treated with 12.5 uM curcumin, 66 yCD;su, 66yCD,ur, curcumin-66yCD,su, or cur-
cumin-66YCD,ur in PRF RPMI 1640 containing 10 % DCC-FBS, and incubated for
1-5days. Each of these solutions contained a total of 0.08 vol% DMSO as vehi-
cle control for the reason stated above. Prior to imaging, cells were washed with
PBS twice (0.5 mL/well) so that only intracellular curcumin was detected. The ex-
citation and emission wavelengths used were A., = 405nm and A.,, = 470-600 nm,
respectively. The excitation source was a PicoQuant PDL 800-B pulse diode laser
with a repetition rate of 4 MHz. The average excitation power used was 3 mW.
The excitation light was focused onto the sample using a Leica HCX PL APO 63 x
N.A. 1.20 water-immersion objective with a 220 um working distance. The emis-
sion was collected by the same objective, separated from the excitation source using
a dichroic mirror and dispersed using a built-in spectrometer. Each image was ac-
quired using line and frame averaging of 1 and 8, respectively. The images were
700 um? x 700 um?, and each image acquisition time was approximately 3 s.

The first set of quantitative cellular uptake studies was performed using a FLU-
Ostar OPTIMA microplate reader (A¢, = 400 nm, A,,, = 520 nm). PC-3 cells (5 x 10*
cells/well in 24-well plates) were plated in the same culture media and allowed to
attach for 24 h. Cells were washed with PBS once and treated in sextuplicates with
12.5uM curcumin, 66yCD;su, 66yCDour, curcumin-66yCD;su, or curcumin-667-
CDsur in PBS and incubated for the time periods. Cells were subsequently washed
twice with PBS. At each incubation time point, 200 pL of chilled 100 % methanol was
used to lyse the cells in the six replicate wells. Lysates were combined and transferred
to a well of a 96-well plate on ice in order to reduce methanol evaporation. Curcumin
fluorescence intensity relative to untreated cells was measured. Data were normalised
to the saturation intensity of curcumin (Appendix A, Table A.1) and was obtained by
fitting with first-order binding kinetics.

The second set of quantitative studies was aimed at investigating the role of BSA
in cellular uptake of curcumin. A 4.0 mg/mL BSA solution was prepared in PBS,
which corresponds to the concentration of BSA in PRF RPMI 1640 containing 10 %
DCC-FBS used in our cell viability and confocal fluorescence imaging assays [43—
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45]. Cells were incubated with either 0.0 mg/mL or 4.0 mg/mL BSA solution supple-
mented with 12.5 pM curcumin, curcumin-66yCD5su, or curcumin-66yCD,ur for 10
or 90 min, where fluorescence intensity was found to be within the error range of the
half or full saturation value described above. The curcumin stock solution was mixed
with either 66YCD,su or 66 yCD,ur solution prior to dilution with the BSA solution.
The curcumin fluorescence intensity of 200 uL of chilled 100 % methanol lysates was
measured using the microplate reader described above with identical wavelength set-
tings. Fluorescence intensities were normalised to the half or full saturation intensity

of each sample in PBS without BSA after 10 min or 90 min incubation, respectively.

2.3.6 Statistical Analyses

All data, except for cellular viability assays, are presented as mean + standard
deviation for three independently performed experiments unless described. The data
from cellular viability assays are presented as mean + standard error of the mean
(SEM) of viable or dead cells per well in quadruplicates. Statistical analyses were
performed by two-way ANOVA for paired comparisons of means. Values of p >
0.05 were indicative of insignificant differences, whereas those of p < 0.001 were

indicative of very significant differences.
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2.4 Results

2.4.1 PC-3 Viability in the Presence of Curcumin and Encapsu-
lated by Diamide Linked y-CD Dimers

The anti-proliferative effects of curcumin on PC-3 cells were evaluated using try-
pan blue exclusion, as described previously [41, 42]. We observed a dose-dependent
decrease in cell proliferation between 3.1 uM and 50.0 uyM curcumin, with a 50 %
maximal inhibitory response (IC50) observed at 12.5 uM over a 5 day period (Figure
2.2a). The duration of our studies is consistent with that of previous studies [46-51].
Curcumin treatment did not appear to lead to an increased incidence of dead cells de-
termined by trypan blue exclusion over the course of the experiments (Figure A.2 in
Appendix A). An IC50 concentration of 12.5 uM was determined and used for further
investigation using 66yCD,su and 66yCD,ur as delivery agents.

The effect of curcumin encapsulated in either 66yCD;su or 66yCD,ur, namely
curcumin-66yCD;su and curcumin-66yCD,ur, on PC-3 cells was investigated next
over a 5 day period. Figure 2.2b shows the anti-proliferative effect of curcumin in the
absence and presence of 66yCD;su or 66yCDyur. Compared to vehicle, curcumin
alone and curcumin-66yCD;su were equally effective at inhibiting cell proliferation at
all time points (p > 0.05). While curcumin-66yCD,ur also inhibited cell proliferation
effectively compared to vehicle at all time points (p < 0.001), it was only 73 % as
effective as curcumin or curcumin-66yCD»su after Day 3 (p < 0.001; Figure 2.2b),
indicating a delayed response. Importantly, neither 66yCD;su nor 66 yCD,ur alone
affected PC-3 cell proliferation compared to vehicle control (p > 0.05; Figure 2.2c¢).

2.4.2 Curcumin-Induced Gene Expression in the PC-3 Cell Line

Heme oxygenase 1 gene (HMOX]) is an inducible stress response gene forming
part of the nuclear factor like 2 (NRF2) pathway, a primary cellular defence against
cytotoxic effects of oxidative stress. Curcumin-induced expression of HMOX]I has
been well-characterised in several cellular systems [52-54]. Here we used HMOX1
regulation to infer and quantitate the intracellular delivery and biological activity of
curcumin, curcumin-66yCD;su, and curcumin-66yCD,ur in PC-3 cells. At 12.5 uM,
a clear up-regulation of HMOX1 expression with curcumin alone was observed rela-
tive to vehicle control (58-fold, p < 0.001; Figure 2.3a). Similar up-regulation (53-
or 70-fold) was observed with curcumin encapsulated in 66yCD;su or 66 yCDsur,
respectively (p < 0.001). Furthermore, at 25.0 uM, both curcumin-66yCD,su and
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Figure 2.2. Cell viability assays performed using human prostate cancer PC-3 cells.
(a) Viable PC-3 cells were treated with indicated concentrations of curcumin over
5 days, and viable cells were counted in the presence of trypan blue, demonstrating
that curcumin exhibits dose-dependent anti-proliferative activity. (b) Viable PC-3
cells were counted using trypan blue assays after treatment with 12.5 uM curcumin,
curcumin-66yCD;su, or curcumin-66yCD,ur over 5 days. (c) Viable PC-3 cells were
counted using trypan blue assays and treated with 66yCD;su or 66yCD,ur with re-
spect to vehicle control (shown as dashed line), indicating their non-toxic nature
(p > 0.05).
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Figure 2.3. Relative expression of (a) HMOXI, (b) GADD45A, (c) TNFRSF10B,
(d) BRCA2, and (e) NFxBIA in PC-3 cells treated with different concentrations of
curcumin (red), curcumin-66yCDssu (green), or curcumin-66yCDjur (blue). The
gene expression was normalised to those of GAPDH and RPL32. The 0.0 uM repre-
sents vehicle control with 0.05 vol% DMSO (red), 25.0 uM 66yCD5su (green), and
25.0uM 66yCDyur (blue).
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curcumin-66yCD,ur had a significantly greater effect on HMOX1 up-regulation (140-
fold) than curcumin alone (112-fold, p < 0.001). HMOX1 expression did not increase
above baseline levels in PC-3 cells treated with either 66YCD,su or 66yCD,ur alone
(i.e., OuM curcumin; Figure 2.3a and inset), consistent with the results in Figure
2.2. To support this finding further, we investigated four other curcumin target genes
[55-62], one of which was up-regulated (GADD45A) and three down regulated (7N-
FRSFI10B, BRCA2, and NFkBIA) in response to curcumin treatment. The diamide
linked y-CD dimer encapsulated forms of curcumin were equally as effective as cur-
cumin alone in increasing or decreasing expression of these candidate genes (Figures
2.3b—2.3e), and again 66 yCD;su or 66yCD,ur alone did not affect gene expression
(Figures 2.3b—2.3e). Together, these results demonstrate that encapsulation with 66-
YCDssu or 66yCD,ur permits intracellular delivery and biological activity of cur-

cumin.

2.4.3 Qualitative and Quantitative Cellular Uptake Studies of Cur-

cumin

Next, we assessed the amount of curcumin delivered to PC-3 cells qualitatively
using confocal fluorescence microscopy. Figure 2.4 shows fluorescence images of
PC-3 cells treated with 12.5uM curcumin, curcumin-66yCD,su or curcumin-667y-
CDsur for 1 and 4 days. The fluorescence intensity at 1 day of each treatment was
substantially greater than the detection limit (Figure 2.4, upper panels), while the in-
trinsic fluorescence of untreated cells was negligible (Figures A.3—A.5, panel a, in
Appendix A). Irrespective of 66YCD,su or 66yCD,ur encapsulation, curcumin fluo-
rescence was still detectable within cells after single dose treatment at Day 4, with
an intensity roughly half of that observed at Day 1, with slightly lower intensities for
both treatments with encapsulated curcumin (Figure 2.4, lower panels).

Although fluorescence imaging revealed the intracellular presence of curcumin,
the influence of serum proteins on curcumin delivery, specifically the effect of the
most abundant protein in FBS, BSA, was not revealed. Therefore, the uptake of
curcumin by PC-3 cells 10 and 90 min after treatment was measured using a fluo-
rescent plate reader. The treatments involved using solutions of 12.5 uM curcumin,
curcumin-66yCD;su, or curcumin-66yCD,ur in PBS alone or PBS spiked with 4.0
mg/mL BSA, which is the approximate concentration found in 10 % DCC-FBS/PRF
RPMI 1640 and 5 times higher than the 12.5 uM diamide linked y-CD dimers used
in our experiments [43—45]. The relative fluorescence intensity of each curcumin

solution in the presence of BSA at 10 or 90 min was normalised to that in the ab-
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Figure 2.4. Confocal fluorescence images of PC-3 cells treated with 12.5uM cur-
cumin, curcumin-66yYCD,su, and curcumin-66yCD,ur 1 day (top) and 4 days (bot-
tom) after single dose treatment.

sence of BSA (Figure 2.5). Importantly, the relative fluorescence intensity in cells
treated with unencapsulated curcumin was 72 % lower when BSA was present in
the solution (p < 0.001). However, BSA had a minor effect on the relative fluores-
cence intensity in cells treated with either curcumin-66yCD,su or curcumin-66yCD,-
ur (n.s., p > 0.05), as shown in Figure 2.5. In addition, the fluorescence intensity of
cells treated with curcumin alone in the presence of BSA resulted in a similar level
to that of curcumin delivered by either 66yCD;su or 66YCD,ur (Figure A.6 in Ap-
pendix A). Furthermore, the treatments were also applied to PC-3 cells in serum-free
PBS to determine the amount of curcumin in cells within the time scale that cel-
lular proliferation was negligible. Consistent with first-order binding kinetics, the
fluorescent intensity following treatment with curcumin alone reached 50 % of the
maximum value within the first 10 min and saturated around 90 min, increasing at
a rate constant of 0.05040.012min~! (Figure A.7 in Appendix A). The maximum
fluorescence remained constant over an extended period of time (60—180 min; Figure
A.8 in Appendix A). In the presence of either 66yCD;su or 66YCD,ur (Figure A.7

in Appendix A), the curcumin fluorescence intensity increased at a rate constant of
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Figure 2.5. Effects of BSA on cellular uptake of curcumin in the absence (—) and
presence (+) of either 66 yCD;su or 66yCD,ur. PC-3 cells were treated with 12.5 uM
of each solution prepared with either PBS alone or PBS spiked with 4.0 mg/mL BSA,
for 10 (left) and 90 min (right). The asterisks in the figure represent a statistically
significant decrease in fluorescence intensity of curcumin due to the presence of BSA
(p < 0.001).

0.076 £0.031 min~—! and 0.029 0.018 min—!, respectively. The maximum fluores-
cence intensity of curcumin delivered by either 66yCD;su or 66yCDsur is 5 — 9 times

lower than that of curcumin alone.
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2.5 Discussion

Curcumin has been shown to have significant medicinal effects including anti-
cancer and anti-inflammatory activities [8—11]. However, the poor solubility and
stability of curcumin that limit the in vivo availability are major problems for the
development of curcumin as a therapeutic agent. The association of curcumin with a
delivery agent is an approach to address these issues. Our previous study showed ef-
fective and significant aqueous stabilisation of curcumin using diamide linked y-CD
dimers, 66CD5,su and 66yCD,ur [16]. Here, we propose the use of 66yCD;su and
66 yCDour as novel delivery systems for curcumin without perturbing its medicinal
efficacy.

We demonstrated that curcumin inhibits the proliferation of PC-3 cells in a dose-
dependent manner, which is consistent with previous studies [63, 64]. Importantly,
our results reveal that the use of the delivery agents 66yCD;su and 66 yCD,ur does
not prevent the anti-proliferative effect of curcumin, indicating effective intracellular
delivery and biological activity of curcumin. In addition, we demonstrated that 667-
CD;su and 66yCDsur alone do not affect cellular proliferation or death, supporting
a general non-toxic nature of these delivery agents. This observation is consistent
with single y-CDs being non-toxic [34] and the diamide linker of 66yCD;su and 667-
CDsur being hydrolysed enzymatically in the cellular environment [65-68]. It is also
important to stress that delivery of curcumin using 66YCD;su and 66yCD,ur here
was achieved at a 1 : 1 molar ratio, whereas delivery systems with a much higher
cyclodextrin-to-curcumin molar ratios have been reported in previous studies [69—
71]. Curcumin delivery using 66yCD;su and 66yCDsur is therefore more effective
and efficient than other cyclodextrin-based delivery systems, and a higher concentra-
tion of encapsulated curcumin can be achieved.

Intracellular delivery of curcumin and the negligible effect of 66yCD;su and 66-
YCDsur were observed on the expression of curcumin target genes. The increase
or decrease in gene regulation was evident from curcumin treatment and exhibited a
strong dependence on the dose of curcumin, which has been shown previously [54].
Our results showed that the gene expression of PC-3 cells treated with 66yCD;su-
curcumin or 66 yCD,ur-curcumin is also dose-dependent and comparable to curcumin
alone, indicating that these delivery agents do not prevent the intracellular efficacy or
uptake of curcumin. In addition, we demonstrated that neither 66yCD;su nor 667-
CDsur alone has any effect on these curcumin responsive target genes, which further
supports their non-toxic nature up to 25.0 uM, consistent with our viability assay

results.
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Fluorescence imaging and spectroscopic studies provide further, direct evidence
of curcumin-cell interaction owing to the sensitivity of the fluorescence properties of
curcumin to the polarity of the surrounding environment [22, 72, 73]. For instance,
the fluorescence quantum yields of curcumin in BSA and sodium dodecyl sulphate
(SDS) micelles, which have hydrophobic characteristics similar to cell membranes,
are approximately 2-5 %, while that in a pH 7.4 phosphate buffer solution is negligi-
ble [16, 22, 30]. In addition, our previous study showed that curcumin is essentially
non-fluorescent in the presence of either 66yCD,su or 66yCD,ur in buffer solution
[16]. Our observation of intracellular fluorescence here therefore indicates that cur-
cumin is present in hydrophobic regions, for example, membranes, within the intra-
cellular space. The results can be used to directly assess the delivery of curcumin to
PC-3 cells.

Confocal fluorescence images demonstrate a minor difference between the fluo-
rescence intensity of curcumin alone and curcumin delivered by either 66yCD;su or
66YCDsur, similar to our cellular viability and gene expression results. Together, all
of these data indicate efficient intracellular delivery of curcumin by 66yCD,su and
66yCDour. Another interesting observation in the confocal fluorescence images is a
lower fluorescence level in the nucleus, implying that curcumin is present at a higher
concentration in the cytoplasm than the nucleus. This result was also observed in a
previous study [74]. Moreover, the slightly lower fluorescence intensity of curcumin
delivered by 66yCD;su and 66yCD,ur than curcumin alone at Day 4 is unlikely to
arise from lower curcumin levels. This is because nearly identical anti-proliferative
effects of curcumin alone and curcumin delivered by 66yCD,su were observed, as
shown in Figure 2.2b. It is likely that similar levels of curcumin were present in all
cases.

We also considered the role of serum proteins in the cellular uptake of curcumin.
It is possible that a significant proportion of curcumin in either 66yCD;su or 66 yCD,-
ur are bound to serum proteins as the concentration of BSA was substantially higher
than that of either 66YCD;su or 66yCD,ur in the medium. Previous studies showed
that curcumin (in the absence of 66yCD;su and 66yCD,ur) is captured and stabilised
by serum proteins and model membranes [16, 17, 22, 29, 30, 75]. The stabilisation
of curcumin by these systems may result in a similar level of anti-proliferative effect
and fluorescence intensity of curcumin in the absence of 66YCD;su and 66 yCD,ur.
To further understand curcumin delivery to PC-3 cells, we performed quantitative
curcumin uptake studies.

Our results in Figure 2.5 show that a significant fraction of curcumin binds to BSA
in the absence of either 66 yCD,su or 66 yCD,ur. Previous studies determined that the
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binding constants of curcumin to serum proteins are approximately 10° M~! [17, 29,
30]. Therefore, the binding of curcumin to the hydrophobic pockets of BSA may be
sufficiently strong to prevent curcumin from making contact with cell membranes and
thereby inhibit transfer of curcumin by diffusion. In contrast, the intracellular delivery
of 66yCD;su- or 66yCDyur-complexed curcumin appears to be BSA-independent as
there is only an insignificant decrease in curcumin uptake between the results with
the absence and presence of BSA. This phenomenon is attributable to high binding
constants of curcumin to either 66yCD;su or 66YCD,ur, of which are on the order of
10°M~! [16]. Here, we propose that curcumin is directly delivered into PC-3 cells
by either 66YCD;su or 66YCD,ur as follows. Curcumin may exist in the annuli of
either 66yCD;su or 66 yCD,ur or be transferred to the hydrophobic pocket of BSA,
and/or bind to cell membranes, by diffusion. Our uptake results with and without
BSA indicate that a high portion of curcumin remains in the annuli of 66yCD;su
and 66 yCD,ur rather than being transferred to BSA, in spite of a roughly five times
higher BSA concentration. In addition, previous studies suggest a lack of interaction
between either 3-CD or diamide linked y-CD dimers and the cell membrane based
on SDS model membrane experiments [16, 75]. Hence, the results here strongly
suggest that 66 yCD,su and 66 yCD,ur deliver curcumin directly to the cell membrane,
independent of the presence of BSA. Moreover, the fluorescence signal of curcumin
alone in the presence of BSA is significantly weaker than that in its presence (Figure
A.6 in Appendix A), indicating that BSA reduces curcumin availability. However,
the presence of BSA has a negligible effect on the fluorescence signals of curcumin
in either 66yCD;su or 66YCD,ur (Figure A.6 in Appendix A), supporting the high
entrapment efficiency of the y-CD dimers.

Our cellular uptake results in the serum-free environment further shows that cur-
cumin and curcumin delivered by 66yCD;su and 66yCD,ur possess similar rate con-
stants for uptake by PC-3 cells, indicating that similar cell membrane diffusion pro-
cesses are involved for free curcumin and curcumin delivered using either 66yCD;su
or 66yCDsur. In the absence of the diamide linked y-CD dimers, curcumin is able
to partition into the cell membrane by diffusion [16], which results in the maximum
amount of curcumin in the cell. In contrast, in the presence of either 66yCD,su or
66yCDsur, curcumin partitions largely into the diamide linked y-CD dimers [16],
leading to an overall lower level of fluorescence because curcumin in the latter envi-
ronment is essentially non-fluorescent [16]. However, observable fluorescence signal
in addition to similar uptake rate constants illustrates that a moderate level of cur-
cumin is released from 66yCD;su or 66 yCD,ur by diffusion.

The advantage of the BSA-independent delivery of curcumin by 66CD,su and
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66 yCDour is the control of the effective dose of curcumin in cancer treatment. The
direct delivery of curcumin to cells raises the possibility of protecting the highly labile
curcumin against serum proteins and potentially lipoproteins in the circulatory system
for an extended period of time by encapsulation. Furthermore, curcumin forms a
more stable complex with 66yCD,su and 66yCD,ur than with BSA [17], and our
uptake results suggest a possible gradual increase in intracellular curcumin due to
sustained delivery from either 66 yCD,su or 66YCD,ur even in the presence of BSA.
This phenomenon is consistent with the delayed and reduced effects observed in our
cell viability and fluorescence images. Therefore, our delivery agents, 66yCD,su and
66 yCD,ur, potentially offer a prolonged delivery of curcumin in cancer therapy, and
may therefore protect against rapid hepatic or renal clearance. Finally, while this
study is concerned with the delivery of curcumin by 66yCD,su and 66yCDjur in
vitro, these agents may also be efficacious to deliver other therapeutic agents in other
experimental systems.

A combination of either 66YCD,su or 66yCDyur with curcumin will be investi-
gated in our future in vivo studies to investigate their toxicity and pharmacological
profiles, with an ultimate goal of developing curcumin-66yCD;su and curcumin-66-

YCDsur as naturally derived chemotherapeutic drugs or their supplements.
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2.6 Conclusions

We report here for the first time the direct intracellular delivery of curcumin using
diamide linked y-CD dimers, 66yCD;su and 66yCD,ur. These delivery agents offer
molecular-scale encapsulation of curcumin at concentrations ranging from micromo-
lar to millimolar and a high structural integrity under physiological conditions. While
encapsulation of curcumin using either 66 YCD,su or 66 yCD,ur strongly suppresses it
degradation, cellular viability and uptake assays combined with gene expression and
fluorescence microscopy reveal that 66yCD,su and 66yCD,ur alone do not produce
measurable toxicity on viability or gene expression. The 66yCD;su and 66yCD,ur
are both effective means to deliver curcumin into cells, resulting in inhibition of cellu-
lar proliferation, while initiating changes in gene expression similar to that exhibited
by curcumin alone. Furthermore, the formation of 66yCD,su and 66yCD,ur with
curcumin appears to protect curcumin from binding to BSA, which may result in a
more efficient intracellular delivery via cell membranes. Together, our results demon-
strate the promise of these novel non-toxic molecular-scale agents to deliver curcumin
and other highly labile compounds to mammalian cells effectively and therefore may

present a more effective means of delivering these agents in vivo.
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3.1 Introduction to Ultrafast Spectroscopy

The effectiveness of curcumin against melanoma has been demonstrated in previ-
ous studies [1-3], in addition to the medicinal effects described in Chapter 1. Some of
the therapeutic effects of curcumin are induced by photo-excitation. Hence, investi-
gations on excited-state dynamics of curcumin offer insight into the photo-therapeutic
effects of curcumin. However, conventional spectroscopic techniques are unable to
reveal ultrafast processes in the excited states which occur in femto- to nanoseconds
(10715-107s5). The ultrafast spectroscopic techniques employed in our laboratory
possess the ability to reveal electronic and molecular processes in the excited states.
This chapter describes the experimental setups, time-resolved spectroscopy, and ul-

trafast photophysical processes.

3.1.1 Femtosecond Laser Pulses

Ti:Sapphire Regenerative Amplifier

Output : 100-fs pulses at 800 nm with
a repetition rate of 1 kHz

Figure 3.1. Picture of the femtosecond pulsed laser setup which consists of a 8-W
Millennia Pro pump laser at 532 nm, a mode-locked Ti:sapphire oscillator, a 20-W
Empower pump laser at 527 nm, and a Ti:sapphire regenerative amplifier. The output

are 100-fs pulses at 800 nm with a repetition rate of 1 kHz.

Figure 3.1 shows the overall setup of our femtosecond pulsed laser source. Mil-
lennia Pro (Spectra-Physics) is an 8-W continuous wave (CW) diode-pumped solid
state (DPSS) laser. The monochromatic diode at 808 nm overlaps with the absorption
band of neodymium ions (Nd;*) in a neodymium-doped yttrium vanadate (Nd:YVOy)
crystal, which results in emission at 1064 nm. The 1064-nm light is focused onto the
lithium triborate (LBO) doubling crystal with non-critical phase-match. The resultant

532-nm light is guided into an oscillator.
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Figure 3.2. Schematic overview of a mode-locked Ti:sapphire oscillator. CW and

OC stand for continuous wave and output coupler, respectively.

The Tsunami (Spectra-Physics) is a mode-locked titanium-doped sapphire (Ti:sap-
phire) oscillator (Figure 3.2). A mode locking technique is important for generation
of ultrashort pulses (Figure 3.3). The 532-nm light from Millennia Pro excites the
Ti:sapphire crystal, inducing stimulated emission with a wavelength of 600—1000 nm
within the laser cavity which is defined by an output coupler and a high reflector
with a separation of L. The frequencies or modes of this emission are shown as wave
forms in Figure 3.3. These modes are phase-matched or locked to establish a standing
wave, which results in generation of an ultrashort pulse train. Separation of pulses
and repetition rate are defined by the cavity length, L, as,

1 c

Repetition Rate = =— 3.1
cpetition ate Pulse Separation 2L -1

where c is the speed of light. With the 80 MHz T'sunami oscillator, the cavity optics
are separated by L = 187.5 cm, and the separation of two adjacent pulses is 12.5 ns.
In addition, the bandwidth (AA) of the Ti:sapphire emission is important to establish
the ultrashort pulse duration (Af¢) as described by transform limit [4],

12
At > K
AL X ¢

(3.2)

where K = 0.441 by assuming Gaussian-shaped pulses, and c is the speed of light.
For instance, with an emission spectrum centred at A = 800 nm and a bandwidth of
200 nm, the full width at half maximum (FWHM) as pulse duration can be as short as
Sfs.

However, pulse propagation through the optics in the oscillator causes significant

broadening of the pulse owing to group velocity dispersion (GVD). GVD is defined as
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Figure 3.3. Schematic illustration of the mode locking technique in a cavity length,
L. Six longitudinal modes from the Ti:sapphire stimulated emission are exemplified
in wave forms (green). These modes are phase-matched (dashed line) to form a pulse
(blue). Similarly, phase-matching of 100 longitudinal modes forms a sharper pulse
(red) which has a duration of Ar. In the Tsunami, there are more than 10° modes
present. The intensity of each pulse is proportional to square of wave form energies.
The resultant intensity has an overall pulse shape. The separation of the pulses is

determined by 2L/c, where c is the speed of light.
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Figure 3.4. Schematic illustration of GVD compensation using four prisms with
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negative GVD properties. R and B stand for redder and bluer edges of the pulse,
respectively. The slit between the second and third prisms is shown in blue arrows.
The output coupler (OC) reflects most pulses but transmits those with a high peak

power for useful output of the laser.

the difference in group velocity of light in a transparent medium because the refractive
index of the medium depends on the wavelength or frequency of light [5]. When a
pulse experiences a positive GVD, the redder light travels faster than the bluer light.
In addition to GVD, self phase modulation (SPM) of the pulse is also inherent in the
Ti:sapphire crystal at high intensities. SPM is due to intensity-dependent refractive
index (n) of the crystal as,

n=no+nol 3.3)

where ng and n; are the linear and non-linear indices of refraction, respectively, and /
is the instantaneous pulse intensity. As a result, the Ti:sapphire crystal also broadens
the pulse duration. For the Tsunami oscillator, the broadening of the pulse duration
due to effects of a positive GVD and SPM is compensated by two prisms in a folded
geometry, which is equivalent to four-prism setup, providing a negative GVD, where
the bluer light travels a shorter path than the redder light does (Figure 3.4). The pulse
propagates through the four prisms and the duration is shortened. The second and
third prisms provide adjustment for the pulse duration, and the slit between these
prisms selects the peak wavelength of the output. The output coupler is the end of
the cavity and transmits pulses with a high peak power for useful output of the laser
[5]. Overall, the Tsunami mode-locked Ti:sapphire oscillator produces 800-nm pulses
with a FWHM of ~ 100 fs at a repetition rate of 80 MHz, which is used for the thesis

work.
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Figure 3.5. Schematic illustration of a Ti:sapphire regenerative amplifier. Pulses (a—
d) show their relative changes in pulse duration and power. The numbers in the pulse
stretcher and compressor sections represent the sequence of pulse reflection at optics
up to vertical retro-reflectors (VRR) during the stretching and compressing processes,
respectively. The VRR changes the beam height and the pulses follow the same path
in return. PC and PD stand for pockels cell and photodiode detector, respectively.
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The output of the oscillator as a seed laser is guided into a Ti:sapphire regener-
ative amplifier (Spitfire Pro XP, Spectra-Physics, Figure 3.1). Amplification of the
seed laser is illustrated in Figure 3.5. Seed pulses from the oscillator (Figure 3.5a)
are guided to a pulse stretcher. The pulses experience a positive GVD on the stretcher
grating. Note that the redder part of the pulse travels a shorter path than the bluer part.
The reflections from the stretcher to the vertical retro-reflector (VRR) are shown as 1—
6 in Figure 3.5. The VRR decreases the beam height, and the pulses follow the same
path in return but at a lower position. Hence the pulses are stretched further, and the
pulse width is increased (Figure 3.5b). This is necessary to avoid damage in optics
during the following amplification process. The 20-W Q-switched neodymium-doped
yttrium lithium fluoride (Nd:YLF) pulsed pump laser (Empower, Spectra-Physics,
Figure 3.1) produces high power 527-nm pulses which induce population inversion
in a Ti:sapphire crystal rod. The stretched seed pulses are focused on the Ti:sapphire
crystal, which results in amplification of the seed pulse (Figure 3.5¢). This amplifica-
tion is monitored with a photodiode detector (PD, Figure 3.5). Optimally amplified
pulses are ejected by changing their polarisation using two pockels cells (PC1 and
PC2, Figure 3.5). Finally, the amplified pulses experience a negative GVD on the
compressor grating to reduce the pulse width (Figure 3.5d). Note that the bluer part
of the pulse travels a shorter path than the redder part. The pulse reflections from the
compressor to the vertical retro-reflector (VRR) are shown as 1-4 in Figure 3.5. The
VRR increases the beam height, and the pulses follow the same path in return but
at a higher position. Overall, the output of the Ti:sapphire regenerative amplifier is
800-nm pulses with a FWHM of 100fs at a repetition rate of 1 kHz, which are used
for time-resolved spectroscopic studies in the thesis work.

3.1.2 Time-resolved Spectroscopy

Time-resolved spectroscopy with 100-fs pulses possesses the ability to show femto-
to sub-nanosecond dynamics that are inaccessible with conventional spectroscopic
techniques due to their insufficient response time. Typically time-resolved spectro-
scopic measurements involve two pulses arriving at different time points. Figure 3.6
exemplifies a time-resolved spectroscopic measurement, in which the two pulses are
shown in blue and red. The dynamics induced by the blue pulse are of interest (shown
as a dashed curve in Figure 3.6). When the red pulse arrives first, only a background
signal is measured as the blue pulse has not generated any photo-induced dynamics
(Figure 3.6a). Once the blue pulse induces the dynamics of interest, the red pulse

measures the effect which is revealed as a solid curve (Figure 3.6b). By delaying the
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Figure 3.6. Schematic illustration of an example for a time-resolved spectroscopic
measurement. Two pulses are shown in blue and red, and the dynamics (shown as a
dashed curve) induced by the blue pulse are revealed as a solid curve as measured by

the red pulse over time (a—d).
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arrival time of the red pulse, the dynamics are resolved over time by the red pulse
(Figures 3.6¢c—d). The resultant decay curve represents the kinetics of photophysical

dynamics in the excited state, which are fitted with a multiexponential function,
n
f(0)=Y aiexp(—1/7) (3.4)
i=1

where Y ,|a;| = 1, with the minimum number of exponential terms (n). The fitted
function is convoluted with a measured FWHM as a suitable instrument response
function. The number of exponential terms (n) indicates the number of processes
at time constants (7;) and their relative amplitudes (a;). Overall, two pulsed lasers
are used for the basic time-resolved spectroscopic measurements to determine the
photophysical dynamics in the excited states. In particular, femtosecond transient
absorption spectroscopy and femtosecond fluorescence upconversion spectroscopy

are employed in the thesis work.
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3.2 Femtosecond Transient Absorption Spectroscopy

3.2.1 Experimental Setup

Femtosecond transient absorption spectroscopy possesses the ability to reveal
excited-state dynamics. Figure 3.7 shows the experimental setup of the femtosecond
transient absorption spectrometer (Helios, Ultrafast Systems). The 800-nm output
from the Ti:sapphire regenerative amplifier (Spitfire Pro XP, Spectra-Physics, Figure
3.1) is split into pump and probe beam lines. The 400-nm pump beam is generated
using a 0.5-mm type-I B-barium borate (BBO) crystal (Eksma Optics) and focused
onto a sample. The probe beam passes through a delay stage and is used to generate a
white light continuum in a 2-mm sapphire crystal. The probe polarisation is oriented
at 54.7° with respect to the pump polarisation. This relative angle is called magic
angle and necessary to eliminate the effect of depolarisation due to rotational motions
of the molecules in the sample. The probe beam is then split into the sample and
reference beams with a significantly smaller spot size than the pump at the sample
position, which are directed into complementary CMOS detectors for detection in the
visible region. Absorption signal or optical density (OD) is defined as follows,

Iy

OD = log(7) (3.5)

where Iy and I are probe intensities before and after the sample, respectively. The

pump beam is modulated at 500 Hz to obtain transient absorption signals,

AOD = OD,,, — ODy (3.6)
I I
= log(+~) —log(+~) (3.7)
Ion Ioff
1
— 1og(1°—ff) (3.8)
on

where OD,, and OD¢ represent optical densities with and without the pump, respec-
tively. Similarly, I,, and Ig represent probe intensities with and without the pump,
respectively. Hence, AOD is simplified to be independent to the incident probe inten-
sity before the sample (Ip). The reference beam (Z¢) is also employed to reduce the

fluctuation due to the probe beam instability as,

Ioff/Iref
Ion/Iref

AOD = log( ) (3.9)
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Figure 3.7. Schematic illustration for the experimental setup of the femtosecond

transient absorption spectrometer.
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Figure 3.8. Schematic illustration of an excited-state absorption decay. Transient

absorption, AOD, signals is absorbance of a sample at the first excited state.

The results are obtained as a three-dimensional spectrum with AOD, time and wave-
length axes. Time-resolved spectra (AOD against wavelength) show positive and neg-
ative peaks. This thesis focuses on the positive and negative signals as excited-state
absorption and stimulated emission of the sample at the first excited state, respec-

tively.

3.2.2 Excited State Absorption

Excited state absorption (ESA) is a transition of a sample from the first electronic
excited state to higher states. The pump beam generates excited-state population
of the sample, and the measured absorption signals correspond to OD,,. When the
chopper blocks the pump beam, absorption signals of the ground state population are
measured as OD,g. Hence, the transient absorption signals, AOD, are obtained as
ESA signals owing to absorption of the population at the first excited state. As the
probe pulse arrives at different time points, the ESA decay is resolved as shown in
Figure 3.8. The ESA decay is fitted with a multiexponential function (eq 3.4).
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Figure 3.9. Schematic illustration of a stimulated emission decay. Probe pulses cause
emission of photons (waved arrow) as a result of depopulation of the excited-state

species. Transient absorption, AOD, shows negative signals.

3.2.3 Stimulated Emission

Figure 3.9 illustrates the stimulated emission (SE) of a sample. The probe pulse
causes depopulation of the first excited-state species by stimulating them to relax to
the ground state through emitting a photon. As a result, OD,, signals become neg-
ative, and transient absorption, AOD, exhibits negative signals. The SE spectrum is
similar to that of the steady-state fluorescence because of the transition of the popu-
lation from the first excited state to the ground state. The SE decay is also fitted with

a multiexponential function (eq 3.4).

3.2.4 Excited State Absorption Anisotropy

The anisotropy decay reflects the time scale of depolarisation or rotational mo-
tions of a sample. The same spectrometer is utilised for the femtosecond transient
absorption anisotropy study. The measurements involve collection of two transient
absorption signals with the probe polarisation at 0° (parallel, AOD)) and 90° (perpen-
dicular, AOD | ) with respect to the pump polarisation, in order to determine the time
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dependent anisotropy decay [6],

B AODH(I) —AODL(Z‘)

1) = 3.10
() AOD (1) +2A0D | (1) (3.10)

It is fitted with a single exponential function,
r(t) = ro exp(—t/7") (3.11)

where ro and 7(") are the initial anisotropy value and molecular rotation time, respec-
tively. The theoretical limit of ry = 0.4 is observed when the pump and probe dipoles
are collinear and no depolarisation processes occur within the instrument response

function [6].
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3.3 Femtosecond Fluorescence Upconversion Spectro-

scopy

3.3.1 Experimental Setup

Femtosecond fluorescence upconversion spectroscopy possesses the ability to re-
veal fluorescence relaxation processes. Figure 3.10 shows the schematic experimental
setup of the femtosecond transient absorption spectrometer (Halcyone, Ultrafast Sys-
tems). The 800-nm output of the Ti:sapphire regenerative amplifier (Spitfire Pro XP,
Spectra-Physics) is split into pump and gate beam lines. The 400-nm pump pulses are
generated using a 0.5-mm type-I BBO crystal to excite a sample. It is important that
the fluorescence decay kinetics show insignificant dependence on the pump power.
The fluorescence signal (A4) is collected using a plano-convex lens. Then, the gate
pulse (at A; = 800 nm) and fluorescence signal are focused onto a 0.4-mm type-I BBO

crystal to generate the sum frequency light at A3,

1 1 1

Al A (3.12)

The sum frequency signal is detected by a photomultiplier tube attached to a monochro-
mator. The FWHM of the instrument response function is 380 fs which is determined

by Raman scattering from neat water.

3.3.2 Fluorescence Lifetime and Solvation Dynamics

The fluorescence decay is fitted with a multiexponential function (eq 3.4). Fluo-

rescence lifetime, (7), is calculated as,
n
(t) = ) lail (3.13)
i=1

where a; and 7; are defined above. More importantly, each exponential term indicates
a relaxation process from the first excited state. Possible relaxation processes of cur-
cumin are described in Chapters 4 and 6. However, this chapter focuses on ultrafast
relaxation owing to solvation dynamics.

Figure 3.11 illustrates a schematic diagram of solvation dynamics of water molecules.
The dipole moment of a probe molecule is extended at the first excited state owing
to its electronic transition induced by photo-excitation. Water molecules, which also

possess a dipole moment, need to reorganise to accompany the dipole change of the
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Figure 3.11. Schematic illustration for solvation dynamics of water molecules in
response to the dipole change of a probe molecule (green oval) induced by photo-
excitation (black arrow). Non-radiative relaxation due to solvent reorganisation is
shown as a dashed arrow. Fluorescence emissions are shown as blue, green and red
arrows at frequencies, v(t1), v(f2) and v(eo), respectively. Note that water molecules
are reorganised to accompany the dipole change of the probe molecule within the first
excited (S) state.

excited probe molecule. This reorganisation of water molecules is solvation. The
probe molecules are solvated over time within the first excited state, followed by
undergoing radiative relaxations to the ground state. Therefore, fluorescence decay
kinetics are different depending on emission wavelengths. These decay profiles at a
range of wavelengths can be used to reconstruct the time-resolved fluorescence spec-
tra [7], which show a spectral red shift over time (¢). At a later time point (t — o), the
time-resolved spectrum becomes the steady-state fluorescence spectrum. Peak fre-
quencies of those time-resolved fluorescence spectra (v(¢)) are quantified by means

of the solvation correlation function,
V(t) — V(e
C(t) = —<) () (3.14)

where v(0) and v(eo) denote the peak frequencies of emission spectra at time zero and
infinity. The zero-time fluorescence spectrum is approximated using that of a probe

molecule in hexane, according to the method of Fee and Maroncelli [7, 8]. The v(eo)
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is the peak frequency of the steady-state fluorescence spectrum. Using this method,
previous studies have shown that the ultrafast solvation dynamics of bulk water occur
in < 1ps[7,9, 10]. Chapter 6 of this thesis shows the first solvation dynamics of
water in a hydrogel system using curcumin as a probe, and the obtained results are

compared with other aqueous systems.
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4.1 Abstract

Curcumin is a biologically active polyphenol and a yellow pigment extracted from
turmeric. Our previous study has shown effective encapsulation of curcumin using
diamide linked y-cyclodextrin dimers, namely 66yCD,su and 66 yCD,ur, through co-
operative 1:1 host-guest complexation. In this study, the excited state dynamics of
curcumin complexed with either 66yCD;,su or 66yCD,ur in water are investigated
using femtosecond transient absorption spectroscopy. Both 66yCD;su-curcumin and
66yCD,ur-curcumin complexes in water show only an excited-state absorption (ESA)
band at 530 nm without any stimulated emission (SE) signals, indicating non-radiative
decays as the major relaxation pathways. The ESA dynamics of 66yCD,su-curcumin
are similar to those of 66yCD,ur-curcumin, consisting of a rapid growth component
and three decay components. The growth component, which has a time constant of
0.25-0.41 ps, is assigned to solvent reorganisation. The relatively fast decay compo-
nents with time constants of 9.3-21.8 ps show significant deuterium isotope effect,
consistent with the presence of excited-state intramolecular hydrogen atom trans-
fer (ESIHT) of curcumin. The small-amplitude and slow decay components may
be attributed to the dynamics of complexed curcumin and molecular motions due to
flexibility of 66yCD,su and 66yCD,ur. In addition, transient absorption anisotropy
measurements reveal slow rotational motions of 66yCD;su-curcumin and 66 yCD,ur-
curcumin complexes. The overall results show that complexation in 66yCD;su and

66yCDour has pronounced effects on the photophysics of curcumin.
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4.2 Introduction

Curcumin (Figure 4.1a) is a naturally occurring yellow polyphenol present in the
rhizomes of the spice plant Curcuma longa, commonly known as turmeric [1, 2].
It constitutes 77 % of curcuminoids, which are composed of a group of curcumin
analogues, in company with demethoxycurcumin (17 %) and bisdemethoxycurcumin
(3 %) [3]. Another curcuminoid, cyclocurcumin, which is also present but at a much
lower level, [4] was recently studied [5]. The dominant conformation of curcumin
is the keto-enol form in polar solvents (Figure 4.1a) [1, 2]. Recent research on cur-
cumin has shown its medicinal effects including anti-cancer [6—10], anti-Alzheimer’s
disease [11-13], anti-cystic fibrosis [14, 15], and anti-inflammation properties [16].
However, the poor aqueous stability and solubility of curcumin limit bioavailabil-
ity and hence hinder applications of curcumin as an effective therapeutic drug [17—
19]. Therefore, molecular assemblies as delivery systems, which include micelles
[20-23], globular proteins [24, 25], polymer nanoparticles [26, 27], micelle-like ag-
gregates and hydrogels [28], and cyclodextrins [29, 30], have been developed and
investigated to improve the availability of curcumin in vivo.

Cyclodextrins (CDs) are naturally occurring cyclic oligosaccharides with either 6
(o), 7 (B), or 8 (y) glucopyranoside units. Figure 4.1b shows the structure of y-CD.
The hydrophobic interior of CDs has the ability to encapsulate a hydrophobic molec-
ular species, while the hydrophilic exterior allows the CD-drug host-guest complexes
to be suspended in water, which is attractive for delivering a hydrophobic drug [31,
32]. However, this approach is limited to small molecule drugs due to the limited
cavity size of CDs [33]. In order to further improve the CD-based drug delivery sys-
tems, a diamide linker between two CDs has been introduced to promote cooperative
binding to large molecular guests [34-36]. Our previous study has shown a strong
1:1 cooperative binding of diamide linked y-CD dimers, namely 66yCD;su and 667-
CDaur, to curcumin (Figures 4.1c and 4.1d), which results in a remarkable aqueous
stability of curcumin under physiological conditions [29].

Our recent study has also reported the use of 66yCD,su and 66yCD,ur as cur-
cumin delivery systems to cancer cells [6], and other studies have shown that cur-
cumin has a range of photo-therapeutic effects on melanoma cells [37-39]. There is a
growing interest in understanding the photophysical processes of curcumin [40—47].
Thus far, femtosecond transient absorption spectroscopy and fluorescence upconver-
sion spectroscopy have shown that the dominant relaxation pathway of curcumin is
excited-state intramolecular hydrogen atom transfer (ESIHT) [40-45]. The ESIHT

process is influenced by polar solvents including methanol, DMSO, and acetone due
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Figure 4.1. Structures of (a) curcumin, (b) y-CD, and curcumin complexed with (c)
66yCD,su and (d) 66yCD5ur.

to solvent-curcumin interactions. Although there have been reports of a relatively
fast ESIHT of curcumin in non-polar solvent systems [43, 44, 47], it is still highly
unlikely that the observed ESIHT occurs in a direct manner, possibly due to the pres-
ence of trace quantities of water in these solvents. Previous work on 3-hydroxyflavone
showed that trace amounts of hydrogen-bonding substances can have a significant ef-
fect on ESIHT [48]. Furthermore, Schwartz et al. showed that even with rigorous
purification of methylcyclohexane traces of hydrogen-bonding impurities (e.g., H,O)
are still present, affecting ESIHT of 3-hydroxyflavone [49]. Nevertheless, the study
by Schwartz et al. revealed that ESIHT of 3-hydroxyflavone occurs with a time con-
stant of 240 fs in a highly purified and dried environment [49]. This work provided the
first insight into the ultrafast time scale for a direct ESIHT. Interestingly, a very recent
study by Mohammed et al. showed that ESIHT of 1,8-dihydroxy-9,10-anthraquinone
(DHAQ) involves a direct hydrogen atom transfer from an enol to a keto group in a
wide range of solvents [50]. The results suggest that ESIHT of DHAQ occurs within
the first 150 fs of the dynamics. Therefore, it follows that a direct ESTHT of curcumin
should occur with a similar time constant to those of 3-hydroxyflavone and DHAQ.
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In addition to the time scale of ESIHT, there have been some debates on whether
the excited-state hydrogen atom transfer reaction of curcumin is intramolecular or
intermolecular in nature in polar protic solvents [41, 42, 47]. While Adhikary et al.
proposed an intramolecular pathway [41, 42], Ghosh et al. suggested intermolecu-
lar hydrogen-bonding of curcumin with the polar protic solvent as an excited-state
hydrogen atom transfer mechanism [47]. Although it appears that there are two dif-
ferent pathways, these two proposals are in fact very similar, if not identical. This
is because the intramolecular pathway proposed by Adhikary et al. actually involves
interactions of curcumin with the polar protic solvent, which is consistent with the
conclusions drawn by Kasha and Maroncelli on the ESIHT reactions of 3-hydroxy-
flavone and 7-azaindole, respectively [48, 51]. Therefore, rather than having two
different mechanisms for excited-state hydrogen atom transfer, there is in fact a con-
sensus in the field that interactions with polar protic solvents play an important role
in ESIHT of curcumin.

Here, we report the excited-state photo-dynamics of curcumin complexed by the
cyclodextrin dimers, 66YCD;su and 66yCD,ur, for the first time. The steady-state
absorption and fluorescence spectra show that curcumin is non-fluorescent when it
is complexed by 66yCD;su or 66yCD,ur. Femtosecond transient absorption spec-
troscopy reveals excited state absorption of curcumin complexed by 66yCD,su or 66-
YCDour in water, without any stimulated emission signals. The non-radiative decay
processes involve ESIHT of curcumin, reorganisation of water molecules within the
cavity of 66YCD,su and 66yCD»ur, and other processes including dynamics of com-
plexed curcumin and molecular motions due to flexibility of the y-CD moieties of
66yCD,su and 66 yCD,ur. Time-resolved anisotropy results show that the rotational
motions of curcumin complexed by 66YCD,su and 66 yCD,ur occur on a significantly
longer time scale than that of curcumin in a polar organic solvent. Overall, the fem-
tosecond transient absorption results provide insight into the photophysical properties
of curcumin when it is complexed by 66yCD;su and 66yCD,ur.
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4.3 Experimental Section

4.3.1 Materials

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione) was
obtained from LKT Laboratories (purity > 98 %). A previous study showed that cur-
cumin with this purity was still comparable to that with a 70 % purity [42], and hence
the 2 % impurities were unlikely to affect our spectroscopic measurements. Methanol
(MeOH, HPLC grade, 99.7 %) from Scharlau was used as received, and deuterated
water (D,0) and methanol (MeOD-d4) were purchased from Cambridge Isotope Lab-
oratories (D, 99.9 %). Water (H,0) was obtained from a Millipore Milli-Q NANOp-
ure water system. The pH of H,O and pD of D,O were approximately 7. The C6t-
to-C6* diamide linked y-cyclodextrin dimers, N,N’-bis(6*-deoxy-y-cyclodextrin-6-
yl) succinamide (66yCDssu), and N,N’-bis(6*-deoxy-y-cyclodextrin-62-yl) urea (66-
YCDour), were synthesised using literature methods [36]. Briefly, the native y-CDs
were substituted with 4-toluenesulfonylchloride for activation at the C6* position,
which yielded 64-0-(4-methylbenzenesulfonyl)-y-cyclodextrin (6yCDTs). For the
synthesis of 66yCD;su, the reaction between 6yCDTs and ammonium bicarbonate
produced 64-amino-6*-deoxy-y-cyclodextrin, 6yCDNH,, which was then dimerised
by the reaction with bis(4-nitrophenyl) succinate as the linker. For the synthesis of
66YCD,ur, the reaction between 6YCDTs and sodium azide produced 6*azido-64-
deoxy-7y-cyclodextrin, 6YCDN;, which was then dimerised by reaction with carbon

dioxide as the linker.

4.3.2 Steady-State UV-Visible Absorption and Fluorescence Spec-

troscopic Studies

UV-visible absorption spectra of 1 pM curcumin complexed with either 66yCD,su
or 66yCDsurina 1:1 ratio in H,O or D,0O in a 1-cm quartz cuvette were recorded from
300 nm to 700 nm using a Cary 5000 UV-Vis/NIR spectrophotometer (Varian). Sim-
ilarly, UV-visible absorption spectra of 1 uM curcumin in either MeOH or MeOD-d4
were acquired from 300 nm to 700 nm. Fluorescence spectra of these solutions were
subsequently recorded from 415nm to 700 nm using a Cary Eclipse Fluorescence
spectrophotometer (Varian) with the excitation and emission slit widths set at 5 nm.
The excitation wavelength for these experiments was set at 400 nm. The reported

spectra were averaged over 5 scans at a scan rate of 600 nm/min.
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4.3.3 Femtosecond Transient Absorption Spectroscopic Studies

Solutions of 80 uM curcumin complexed with either 66yCD;su or 66yCD,ur at a
1:1 ratio in H,O or D,O were used in the transient absorption spectroscopic studies.
Similarly, a curcumin concentration of 80 uM was used in MeOH or MeOD-d,4. All
the measurements were acquired using a quartz cuvette with a 2-mm path length.
Less than 10 % of curcumin photo-degradation was observed after each set of data
acquisition.

The laser system used for the femtosecond transient absorption experiments con-
sisted of a Ti:sapphire mode-locked oscillator (Spectra-Physics, Tsunami), which
seeded a Ti:sapphire regenerative amplifier (Spectra-Physics, Spitfire Pro XP) pumped
by a 20 W Q-switched Nd:YLF laser (Spectra-Physics, Empower). The output of the
amplifier was centred at 800 nm with a repetition rate of 1kHz and pulse duration
of 100 fs, which was then split into pump and probe beam lines. The 400-nm pump
pulses were generated using a type-I BBO crystal (Eksma Optics), which was mod-
ulated at 500 Hz and then focused onto the sample with a spot size of 710 um and
pulse energy of 720 nJ. The probe beam passed through a delay stage and was used
to generate a white light continuum in a 2-mm sapphire crystal. The probe passed
through a beam splitter to produce the sample and reference beams with a spot size
of 50 um at the sample position. The sample and reference beams were then directed
into complementary CMOS detectors for detection in the visible region. The probe
polarisation was oriented at magic angle (54.7°) with respect to the pump polarisa-
tion. In all the measurements, a full width at half maximum (FWHM) of 100 fs was
used for data analysis.

The same laser system was utilised for the femtosecond transient absorption aniso-
tropy study. The measurement involved collecting two transient absorption signals
with the probe polarisation at 0° (parallel, 1) and 90° (perpendicular, 7, ) with respect
to the pump polarisation, in order to determine the time dependent anisotropy r(r)
(see eq 4.1). In this study, a concentration of 160 uM was used for 66yCD;su or 667-
CDjur while the concentration of curcumin was kept at 80 uM curcumin to minimise
the probability of multiple curcumin molecules binding to a single diamide linked
Y-CD dimer.
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4.4 Results and Discussion

4.4.1 Steady-State Absorption and Fluorescence Spectra of Cur-
cumin Complexed in 66yCD;su and 66yCD,ur

The steady-state absorption and fluorescence spectra of the 66yCD;su-curcumin
and 66 yCD,ur-curcumin complexes are displayed in Figures 4.2a and 4.2b, respec-
tively. The spectral envelopes of the curcumin complexes in H,O and D, O are very
similar except for a minor blue shift for the D,O solution. In comparison with H,O
and D, O solvent systems, Figure 4.2¢c shows the steady-state UV-visible absorption
and fluorescence spectra of curcumin in MeOH (red) and MeOD-d4 (blue). The ab-
sorption peak around 430 nm corresponds to the & — z* transition of the keto-enol
tautomer of curcumin (Figure 4.1a) [20, 42]. The absorption spectrum of curcumin in
MeOD-d, exhibits a very small blue shift without observable spectral changes [52].
The absorption peak around 420 nm and spectral envelope of 66yCD,su-curcumin
and 66’ yCD,ur-curcumin are similar to those of curcumin in MeOH, which are shown
as a gray dashed spectrum in Figures 4.2a and 4.2b. This result indicates that the
keto-enol tautomer of curcumin is present in the 66 yCD,su-curcumin and 66yCD,;-
ur-curcumin complexes, as shown in Figures 1c¢ and 1d [29].

Additionally, the absorption spectra of both 66yCD,su-curcumin and 66 yCD,ur-
curcumin complexes show no 350-nm spectral shoulder, indicating a lack of signif-
icant water-curcumin interactions [20, 24, 29]. However, the water-curcumin inter-
actions are still sufficiently strong such that the 66yCD,su-curcumin and 66yCD;-
ur-curcumin complexes exhibit very weak fluorescent signals (Figures 4.2a and 4.2b)
[29]. At the same curcumin concentration, the fluorescence spectrum of curcumin
in MeOD-d, exhibits a higher intensity than that of curcumin in MeOH, while their
spectral envelopes remain similar (Figure 4.2c) [52]. The fluorescence intensities
of 66yCDssu-curcumin and 66yCDur-curcumin in D,O are also higher than those
in H,O. It is clear that the fluorescence intensity and hence the fluorescence quan-
tum yield of curcumin is sensitive to the hydrogen/deuterium (H/D) exchange of cur-
cumin.

It has been shown previously that the enolic hydrogen of curcumin undergoes H/D
exchange in deuterated protic solvents and changes the fluorescence quantum yields
of curcumin [52]. A previous time-resolved fluorescence spectroscopic study has
concluded that ESIHT is a major photophysical process of curcumin in polar protic
solvents [42]. The higher fluorescence quantum yield of curcumin in MeOD-d,4 than

that in MeOH is due to a longer fluorescence lifetime as a result of the deuterium
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Figure 4.2. Steady-state absorption and fluorescence spectra of curcumin complexed
with (a) 66yCDssu and (b) 66yCD,ur in H,O (red) and D, O (blue), and (c) curcumin
in MeOH (red) and MeOD-d4 (blue), respectively. The gray dashed spectra in panel
(a) and (b) represent steady-state absorption and fluorescence spectra of curcumin
in MeOH as a reference. The fluorescence spectra of 66yCD;su-curcumin or 667-
CDyur-curcumin complexes in H,O or D,0O were multiplied by ten for illustration

purposes.
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isotope effect [42, 52]. Although, time-resolved fluorescence spectroscopy has been
very useful in previous work, it is inapplicable to 66YCD;su-curcumin and 66yCD;-
ur-curcumin due to their non-fluorescent nature [29]. Hence, in this study, transient
absorption spectroscopy was used to offer insight into the excited state dynamics of

the 66yCD;su-curcumin and 66yCD,ur-curcumin complexes.

4.4.2 Femtosecond Transient Absorption of Curcumin Complexed
in 66yCD,su and 66yCD,ur

Femtosecond transient absorption spectroscopy has been employed for investiga-
tions of the excited state dynamics of curcumin in different systems [40, 47]. Here
we report the first femtosecond transient absorption study on curcumin solely com-
plexed in 66YCD;su and 66yCDsur, in a 1:1 host:guest ratio in the aqueous environ-
ment. Figures 4.3a and 4.3b show the transient absorption spectra of the 66yCD,-
su-curcumin complex in H,O and D, 0O, respectively, with several probe delay times,
ranging from 0.1 ps to 200 ps. The excited state absorption (ESA) band of curcumin
complexed in 66yCD;su in H,O at 0.1 ps shows a 500-nm peak, but the 530-nm ESA
signal becomes pronounced at > 1 ps. Figures 4.3a and 4.3b show that the transient
absorption dynamics of 66yCD,su-curcumin in H,O are faster than those in D,0,
which is discussed below. A similar behaviour in the transient absorption spectra are
also present when curcumin is complexed with 66yCD,ur in H,O or D,0, as shown
in Figures 4.3c and 4.3d, respectively.

Figures 4.3e and 4.3f show the transient absorption spectra of curcumin in MeOH
and MeOD-d,, respectively, with several probe delay times ranging from 0.1 ps to
200 ps. Curcumin in MeOH exhibits a rapid ESA peak around 600 nm at 0.1 ps, which
is followed by the appearance of another ESA peak around 500 nm and a stimulated
emission (SE) signal around 540 nm at 1 ps. These early time ESA and SE peaks of
curcumin in MeOH were also observed in a previous study [40]. The ESA at 600 nm
rapidly evolves into SE between 10 ps and 200 ps. The SE signal observed at 540 nm
becomes a part of the ESA band centred at 500 nm around 10 ps. This band reaches a
maximum AOD value around 30 ps and decreases thereafter.

There are three notable differences between the transient absorption spectra of
complexed and free curcumin. First, the transient absorption spectra of 66yCD;su-
curcumin and 66YCDsur-curcumin complexes only exhibit ESA signals within the
time window of investigation. The transient absorption spectrum of curcumin in
MeOH and MeOD-d4 at 30 ps are shown in Figures 4.3a—4.3d as gray dashed spec-
tra to highlight the absence of SE signals of curcumin complexed in 66yCD;su and
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Figure 4.3. Transient absorption spectra of 66yCD,su-curcumin complex in (a) H,O
and (b) D,0, those of 66yCDyur-curcumin complex in (¢) H,O and (d) D,0, and
those of curcumin in (¢) MeOH and (f) MeOD-dy, at different time delays. Each set
of spectra is normalised to the maximum AOD signal of the sample. The gray dashed
spectrum in panel (a—d) represents transient absorption spectra of curcumin in either
MeOH (panel (e)) or MeOD-d4 (panel (f)) at 30 ps as a reference.
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66yCDour. The absence of SE signals for the 66yCD;su-curcumin or 66yCD,ur-
curcumin complexes is consistent with the very weak fluorescence signals, as shown
in Figures 4.2a and 4.2b. Second, there is an apparent difference in the maximum
ESA peak position between complexed and free curcumin. Curcumin complexed
in either 66yCD;su or 66yCDyur only shows an ESA peak at 530nm. In contrast,
the ESA maximum of free curcumin appears at 500 nm. However, the ESA and SE
signals of free curcumin overlap between 450 nm and 700 nm such that the overall
ESA maximum of free curcumin appears at 500nm. Finally, the ESA signals of
the 66yCD;su-curcumin or 66 YCD,ur-curcumin complexes evolve faster than that of

curcumin in methanol, as is discussed below.

4.4.3 Excited State Dynamics of Curcumin Complexed in 667-
CD;su and 66}’CD2I11’

Figures 4.4a and 4.4b show the 500-nm ESA signals of curcumin complexed with
66YCD,su and 66yCD,ur, respectively, in H,O (red) and D, O (blue) as a function of
pump-probe delay time. The 500-nm ESA signals of 66yCD;su-curcumin and 667-
CDjur-curcumin complexes were fitted with a quad-exponential function consisting
of a growth component (77) and three decay components (7», 73, and 74), which are
summarised in Table 4.1. The ESA signals of 66yCD;su-curcumin complex in H,O
and D, O show a rapid growth component with a time constant (71) of 0.25 ps with an
amplitude of approximately ~ 40 % of the maximum signal amplitude. Comparable
results were obtained for the 66yCDsur-curcumin complex (Table 4.1). There are
three decay components characterised by time constants, 7, 73, and 74, for the ESA
signals of both the 66yCD;su-curcumin and 66yCD,ur-curcumin complexes (Table
4.1). The time constants 7, are approximately 9.3 ps (39 %) and 14.6 ps (34 %) for
the 66yCD,su-curcumin complex in H,O and D,0O, respectively. For the 66yCD,-
ur-curcumin complex in H,O and D,O solvent systems, the time constants 7, are
12.7ps (55 %) and 21.8 ps (53 %), respectively. The time constants 73 and 74 are
fixed to 109 ps and 1200 ps, respectively [53], which are discussed below.

The rapid growth components 7; of the ESA signal for both 66yCD;su-curcumin
and 66yCD,ur-curcumin complexes are assigned to reorganisation of H,O and D,0O
[41, 53, 54], which is consistent with the Stokes shift observed in the steady-state
spectra (Figures 4.2a and 4.2b). Vajda et al. have investigated the dynamics of water
molecules inside the y-CD cavity, and their results indicate the presence of signif-
icant solute-solvent interactions inside the y-CD cavity, occurring within 1 ps [53].

Therefore, the interactions between curcumin and water molecules inside 66yCD;su
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Figure 4.4. Normalised excited state absorption signals of (a) 66yCD,su-curcumin
and (b) 66yCD,ur-curcumin complexes in H,O (red) and D,O (blue), and (c) those
of curcumin in MeOH (red) and MeOD-d4 (blue), at 500 nm. The insets show the
signals at later times. Note the time scales of panels (a) and (b) are different from that
of panel (c).
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and 66yCDsur cavities are expected. The presence of water-curcumin interactions
is consistent with the non-fluorescent nature of 66yCD;su-curcumin and 66yCD;ur-
curcumin complexes [29], and the results from a previous molecular dynamics study
on these complexes [55]. The process with a time constant of 7, is the dominant re-
laxation process and shows a deuterium isotope effect of 1.6 for 66yCD,su-curcumin
and 1.7 for 66 yCD,ur-curcumin. This relaxation is attributable to ESIHT, which is in
agreement with previous studies on curcumin in protic solvents including methanol
[41, 42]. The substantial contribution of the decay component 7, (approximately 35—
55 %) indicates that ESIHT is an important photophysical process of excited state
curcumin complexed with 66yCD;,su and 66yCD,ur. However, the resultant deu-
terium isotope effect of 7, is less than 2, indicating that other relaxation processes
may occur at similar time-scales to ESIHT. The relative amplitude of the ESIHT
component is lower for 66 yCD;su-curcumin (37%) than 66yCD,ur-curcumin (54 %),
as shown in Table 4.1. The difference in relative amplitude is likely to be related to
the difference in the hydrogen bonding interactions of curcumin in these assemblies.
A recent computational study suggested a significant level of hydrogen bonding be-
tween curcumin and the diamide linker of 66yCD,ur [55]. However, this interaction
is absent between curcumin and 66yCD;su due to the high flexibility of the diamide
linker. The long decay time constants 73 and 74 are present in the ESA decay without
showing any deuterium isotope effect. These small-amplitude and slow relaxation
processes may involve motions of complexed curcumin and the y-CD moieties of
66YCDssu and 66yCDsur due to their flexibility. A previous study has shown that
the limited cavity size of y-CD leads to the appearance of small-amplitude and slow
relaxation processes, including diffusive motions of the guest molecule, reorientation
of highly constrained water molecules within the y-CD cavity, or fluctuations of the
7-CD molecule [53]. In the same study, the time constants of 109 ps and 1200 ps were
assigned to these molecular motions [53]. Here, we fixed 73 and 74 to these values as
these molecular motions are expected to be present in both 66yCD;su-curcumin and
66 yCDur-curcumin complexes. Similar results have also been reported in other stud-
ies [56, 57]. Moreover, a recent computational study has shown the presence of water
molecules and diffusive motions of curcumin within the y-CD cavities of 66yCD;su
and 66YCD,ur [55]. In addition, our previous 2D NOESY "H NMR spectroscopic
results show the intermolecular alkyl hydrogen-hydrogen interactions between cur-
cumin and the y-CD moieties of 66yCD,su and 66 yCD,ur [29]. In short, the slow re-
laxation dynamics of 66yCD;su-curcumin and 66yCD,ur-curcumin complexes may
be derived from fluctuations of the y-CD moieties, reorientation of constrained wa-

ter molecules, diffusive motions of curcumin within the y-CD cavities, and/or alkyl
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hydrogen-hydrogen vibrational motions between curcumin and the y-CD moieties.

Figure 4.4c shows the time-dependent 500-nm ESA signals of free curcumin in
MeOH (red) and MeOD-d4 (blue), which decay slower than those of curcumin com-
plexed in 66yCD;su and 66yCD,ur. The 500-nm ESA signals of curcumin in MeOH
and MeOD-d, are fitted with a tri-exponential function with two growth compo-
nents and a single decay component, which are shown in Table 4.1. The two growth
components with time constants, 7| of 1.17 ps (6 %) and 7, of 9.4 ps (43 %), are in
agreement with previous studies [40, 47]. The growth components in the ESA sig-
nals of curcumin in MeOD-d4 result in time constants 7; of 1.81 ps (7 %) and 1, of
10.6 ps (42 %), which are similar to those for curcumin in MeOH. These time con-
stants for curcumin in either MeOH or MeOD-d, are assigned to reorganisation of
solvent molecules. In addition to the growth components, the ESA signals of cur-
cumin in MeOH show a single decay component with a time constant 73 of 116 ps
(51 %), as previously reported [40, 47]. The decay component in the ESA signal of
curcumin in MeOD-d4 results in a time constant, 73, of 231 ps, showing a signifi-
cant deuterium isotope effect of 2.0. This decay component is related to ESIHT, as
previously investigated using femtosecond fluorescence upconversion spectroscopy
[41, 42]. Furthermore, the ESIHT process is influenced by polar solvent molecules,
including methanol, due to significant solvent-curcumin interactions, resulting in a
longer time constant of free curcumin in MeOH than that of curcumin complexed in
66yCD,su and 66yCD,ur.

Overall, the non-radiative relaxation processes of curcumin complexed in 66y-
CDjsu and 66 yCD,ur are determined to be solvent reorganisation, ESTHT, and other
slow dynamics. For free curcumin in MeOH and MeOD-d4, solvent reorganisation
and ESIHT are the non-radiative relaxation processes. In all cases, the ESIHT is a
major relaxation process and it plays an important role in the photophysical properties

of curcumin.

4.4.4 Anisotropy of Curcumin Complexed in 66YCD;,su and 667-
CDzuI'

To gain further insight into the dynamics of curcumin, the rotational motions of
curcumin complexed in 66yCD;su and 66yCDyur were investigated and compared
with that of free curcumin in methanol. Transient absorption anisotropy involves
measurements of two transient absorption signals with the probe polarisation at 0°

(parallel, /) and 90° (perpendicular, I, ) with respect to the pump polarisation. The
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Table 4.2. Time-resolved transient absorption anisotropy decay parameters of cur-

cumin in different systems at 500 nm?.

Host Solvent ro 7(r) (ps) ’cl()?Eb (ps)

66yCDysu H,O  0.33£0.01 >1200 8691189
66yCDur H,O  0.32£0.01 >1200 869 —998
— MeOH 0.34+0.01 249+13 375

@ The transient absorption anisotropy decays were fitted to r(t) = rg exp(—t/7(").
b Debye-Stokes-Einstein equation at 293 K (refer to eq 4.3).

polarisation anisotropy function, r(¢), is defined as follows.

() —1.(7)

r(t) = 4.1
( ) I||(t)+2ll(t)
The anisotropy decay, r(t), is fitted using a single exponential function,
r(t) = ro exp(—t /7)) 4.2)

where ry and 7(") are the initial anisotropy value and molecular rotation time, respec-
tively.

Figures 4.5a and 4.5b show the anisotropy decays of 66CD,su-curcumin and
66yCD,ur-curcumin in H,O, respectively. The 66yCD;su-curcumin and 66yCD,ur-
curcumin in H,O show ryp = 0.33 £0.01 and 0.3240.01, respectively. The deviation
from the theoretical limit of 0.4 in both cases may be due to rapid energy transfer
from curcumin to either 66yCD;ysu or 66yCDyur and/or to the surrounding solvent
molecules. It is clear from Figures 4.5a and 4.5b that (") of 66yCD;su-curcumin and
66yCD,ur-curcumin in H,O are significantly longer than the time window available
for polarisation anisotropy measurements. The (") value of > 1200 ps produces a
reasonable fit to r(¢) for these species. In contrast, Figure 4.5¢ shows the anisotropy
decay of curcumin in MeOH, with ryp = 0.34 +0.01 and () = 249413 ps. These
values are in good agreement with those from a previous study [42]. It is clear that ro-
tational motions are present for curcumin in MeOH within the experimental time win-
dow. The slow anisotropy decays of 66yCD;su-curcumin and 66yCD,ur-curcumin
indicate substantially slower rotational motions than that of curcumin in MeOH, as
summarised in Table 4.2.

To understand the difference between the (") of curcumin in MeOH and in the di-
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Figure 4.5. Transient absorption anisotropy decays of (a) 66yCD;su-curcumin in
H,O and (b) 66yCD,ur-curcumin in H,O, and (c) curcumin in MeOH, at 500 nm.
Note the time scales of panels (a) and (b) are different from that of panel (c). The
insets show the anisotropy variations in the first 175 ps. Refer to the eq 4.1 for the
definitions of 7 (¢) and I, (t).
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amide linked y-CD dimers, we turn to the Debye-Stokes-Einstein relation to estimate
the rotational time constant.
) =Vn/keT (4.3)

The symbols V, 1, kg and T are the hydrodynamic volume of the species under in-
vestigation, the viscosity of the medium, the Boltzmann constant and the temperature
in Kelvin, respectively. With the use of Ny.0p = 5.90 X 10~*Pas at 293K and a
hydrodynamic radius of 0.85 nm for curcumin [58], TI()?E of curcumin in MeOH is
375 ps, which is in general agreement with the experimentally determined () of
~ 250 ps. Similarly, with the use of the lengths of the succinamide and urea link-
ers and the dimensions of y-CD [33], the hydrodynamic volumes of 66yCD,su and
66YCD,ur are estimated to be (3.50-4.79) x 1072’ m? and (3.50-4.02) x 10~ m?,
respectively, depending on the distances between the y-CD moieties owing to flexi-
bility of the diamide linkers. Therefore, given that MH,0 = 1.01 x 1073 Pas at 293 K,
the range of ‘L',(j?E values for curcumin complexed in 66yCD;su and 66yCD,ur are
869—-1189 ps and 869-998 ps, respectively. These 71()215 values are also in general
agreement with the experimentally determined 7(") values of > 1200 ps. These re-
sults indicate that the substantially longer () of 66yCD,su-curcumin and 66yCD;-
ur-curcumin complexes than that of curcumin in MeOH is due to the significantly

larger hydrodynamic volumes of these complexes.
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4.5 Conclusions

The excited-state dynamics of curcumin complexed by either 66yCD;su or 66y-
CDsur in water are investigated for the first time, using femtosecond transient absorp-
tion spectroscopy. Comparisons are made with respect to free curcumin in methanol
to gain insight into the effects of complexation in 66 yCD;su and 66yCD,ur. Steady-
state absorption and emission spectroscopic studies indicate significant reduction of
water-curcumin interactions as a result of complexation in 66yCD;su and 66 yCD,ur.
Both 66yCD;su-curcumin and 66 yCD;ur-curcumin in water only show an ESA signal
at 530 nm without any SE signals, indicating the presence of significant non-radiative
relaxation. The ESA dynamics of 66yCD,su-curcumin and 66yCD,ur-curcumin are
similar, having a rapid growth component and three decay components. The growth
component of 0.25-0.41 ps is assigned to rapid reorganisation of solvent molecules.
The relatively fast decay components are attributed to relaxation due to ESIHT (9.3—
21.8 ps). The small-amplitude and slow decay components are likely to be due to
dynamics of complexed curcumin and molecular motions due to flexibility of the -
CD moieties of 66YCD;su and 66yCD,ur. Finally, the transient absorption anisotropy
results reveal that the slow rotational motions of 66YCD,su-curcumin and 66yCD;-
ur-curcumin in comparison with that of curcumin in MeOH are due to their large

hydrodynamic volumes.
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5.1 Abstract

Hydrophobically modified polyacrylates are shown to suppress the degradation of
the medicinal pigment curcumin under physiological conditions. In aqueous solution,
the 3 % octadecyl randomly substituted polyacrylate, PAAC18, forms micelle-like ag-
gregates at a concentration of < 1 wt% and a hydrogel at > 1 wt%. Under both condi-
tions, PAAC18 shows a remarkable ability to suppress the degradation of curcumin at
pH 7.4 and 37 °C such that its degradation half-life is increased by 1600-2000 folds.
The suppression of degradation is attributed to hydrophobic interactions between cur-
cumin and the octadecyl substituents of PAAC18 within the micelle-like aggregates
and the hydrogel, as indicated by 2D NOESY 'H NMR spectroscopy. UV-visible
absorption titration results are consistent with the interaction of curcumin with five
octadecyl substituents on average, which appears to substantially exclude water and
greatly decrease the curcumin degradation rate. Dynamic light scattering and zeta
potential measurements show the average hydrodynamic diameters of the PAAC18
aggregates to be 0.86—1.15 um with a negative surface charge. In contrast to the oc-
tadecyl substitution, the 3 % dodecyl randomly substituted polyacrylate, PAAC12,
shows a negligible effect on slowing the degradation of curcumin, consistent with the
dodecyl substituents being insufficiently long to capture curcumin in an adequately
hydrophobic environment. These observations indicate the potential for PAAC18 to

act as a model drug delivery system.
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5.2 Introduction

Curcuminoids are a group of naturally occurring pigments extracted from the rhi-
zomes of Curcuma longa, commonly known as turmeric [1, 2]. The most abundant
active agent is curcumin (Figure 5.1a), which constitutes 77 % of curcuminoids [3].
Other major curcuminoids include demethoxycurcumin and bisdemethoxycurcumin,
which compose 17 % and 3 %, respectively [3]. The medicinal effects of curcumin
have been demonstrated for cancer [4-8], inflammation [8, 9], Alzheimer’s disease
[10-12], and cystic fibrosis [13, 14]. As a result, clinical trials are either under-
way or have been completed with an aim to develop curcumin as a therapeutic agent
[15-18]. However, there are two key challenges that have hindered the development
of curcumin as a readily usable drug. These are the low aqueous solubility of cur-
cumin which limits its availability in vivo [19, 20], and its susceptibility to hydrolysis
and fragmentation which result in substantial degradation within 15 minutes [21-23].
Seeking to address these problems, recent studies have explored a number of delivery
systems which include micelles [24-28], plasma proteins [22, 29, 30], cyclodextrins
[21, 31, 32], and polymer nanoparticles [33-35].

An attractive approach is to capture and deliver curcumin in hydrogels, which
have been utilised in pharmaceutical and biomedical fields including drug delivery
and tissue engineering [36—41]. Hydrogels possess the ability to hold large quantities
of water and biological fluids by forming three-dimensional networks [42]. Poly-
acrylate is an attractive starting material for hydrogel construction because of its
well-established applications in drug delivery and tissue engineering [43—46]. The
synthesis and characterisation of the 3 % octadecyl and dodecyl randomly substi-
tuted polyacrylates, PAAC18 and PAAC12, respectively (Figure 5.1b) were reported
in previous studies [47—49]. In aqueous solution, hydrophobic interactions between
the alkyl substituents of these polyacrylates result in intra- and inter-strand associa-
tions, depending on the polyacrylate concentration in weight percent (wt%) as fol-
lows. Aqueous solutions of PAAC18 at 0.5 wt% exhibit a low viscosity [48, 49],
suggesting the formation of micelle-like aggregates due to the dominant presence of
intra-strand associations. Increasing the PAAC18 concentration up to 1 wt% results in
a gradual increase in viscosity [48, 49], showing a greater propensity to form cross-
linking between different strands. At a concentration > 1 wt%, PAACI18 aqueous
solutions form a hydrogel. Similarly, > 2.7 wt% PAACI12 aqueous solutions form
a hydrogel [48]. Thus, the spontaneous cross-linking between polyacrylate strands
conveniently allows a variation of viscosity up to the formation of hydrogels as con-

centration is varied.
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Figure 5.1. (a) The keto-enol form of curcumin. (b) The synthetic scheme for the
random substitution of polyacrylate with either octadecyl or dodecyl substituents to
give PAAC18 and PAAC12, respectively, where NMP is 1-methyl-2-pyrrolidone and
R represents either the octadecyl (a = 16) or dodecyl (a = 10) substituent. The degree
of random substitution is presented as x : y = 97 : 3 for 3 % substitution and x : y =
90 : 10 for 10 % substitution.

In this study, we investigate the capture of curcumin by hydrophobically modified
polyacrylates in aqueous solutions. Both the micelle-like aggregates and hydrogels
formed by PAAC18 show a remarkable ability to increase the solubility of curcumin
and suppress its degradation under physiological conditions, while PAAC12 shows
little effect. A strong binding of curcumin by the octadecyl substituents is revealed
by UV-visible absorption titration studies and a similar binding is shown to occur by
2D NOESY '"H NMR spectroscopy. Dynamic light scattering studies reveal average
hydrodynamic diameters of 0.86—1.15 um for the PAAC18 micelle-like aggregates,
of which zeta potential results show to have negatively charged surfaces.
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5.3 Experimental Section

5.3.1 Materials

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione) was
obtained from LKT Laboratories (purity 98%). Methanol (AR grade, 99.5%), dimethyl
sulphoxide (DMSO, ACS grade), sodium dihydrogen phosphate monohydrate (NaH,PO,-
H,O, AR grade) and disodium hydrogen phosphate dihydrate (Na,HPO, -2H,0,
AR grade) from Merck Pty Ltd were used as received, and D,O and DMSO-dg
were purchased from Cambridge Isotope Laboratories (D, 99.9%). Polyacrylic acid
Mw = 250,000, Mw/Mn ~ 2) was obtained from Sigma Aldrich as a 35 wt% aque-
ous solution and freeze dried to constant weight. Dodecylamine (99%), octade-
cylamine (99%), 1-methyl-2-pyrrolidone (NMP) (99.5%) and dicyclohexylcarbodi-
imide (DCC) (99%) were used as received from Sigma Aldrich. Sodium hydroxide
(NaOH) pellets (AR grade, 97.0%) from Ajax Finechem were used to make a 40 %
NaOH solution with water deionised using a Millipore Milli-Q NANOpure system.
The 50 mM phosphate buffer solution at pH 7.4 ([NaH,PO, - H,0] = 0.156 %w/v and
[Na,HPO, -2 H,0] = 1.04 %w/v) was also prepared in deionised water.

5.3.2 Syntheses of Hydrophobically Modified Polyacrylates

The 3 % octadecyl and dodecyl randomly substituted polyacrylates, namely PAAC-
18 and PAACI12, respectively, were prepared and characterised as previously de-
scribed [48, 49]. Briefly, octadecylamine and DCC solutions in NMP were added
to a solution of polyacrylic acid in NMP with vigorous stirring. After 48 h at 60 °C,
the solution was cooled to room temperature, and a 40 % NaOH aqueous solution was
added to induce precipitation of the polyacrylate product. After washing and filter-
ing the precipitate with NMP at 60 °C and methanol at room temperature, the crude
PAACI18 was dialysed (molecular weight cut-off of 7500 Da) against deionised water
for five days. The solution in the dialysis tube was then freeze dried and PAACI18
was obtained as a white solid. A similar method in which dodecylamine replaced
octadecylamine was used to synthesise PAAC12. The 10 % octadecyl and dodecyl
randomly substituted polyacrylates, 10%-PAAC18 and 10%-PAACI12, respectively,
were also synthesised by methods similar to those described above except that the
amounts of octadecylamine and dodecylamine used were proportionately increased.
The degrees of substitution for the substituted polyacrylates were determined from
"H NMR spectra as described previously [48, 49].
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5.3.3 UV-Visible Absorption Spectra of Curcumin in Aqueous So-
lutions of PAAC18, PAAC12 and 10%-PAAC12, and the Half-

Lives of Curcumin Degradation

All UV-visible absorption measurements were carried out in solutions made up in
50 mM phosphate buffer solutions at pH 7.4 and temperature was kept at 37 °C. The
concentrations of PAACI18 were 0.3 wt%, 1.0wt% and 2.0 wt%, those of PAAC12
were 1.0wt% and 2.9 wt%, and that of 10%-PAACI12 was 0.5 wt%. Solutions of
10%-PAAC18 became cloudy as a result of precipitation and were not further stud-
ied. For the experiments in which the curcumin half-lives , #; /2, Were determined, the
samples were prepared by adding ~ 4 uL. of curcumin stock (5.4 mM in methanol)
to either 700 uL of buffer solution alone or solutions of PAAC18, PAAC12 or 10%-
PAACI12 to give a curcumin concentration of 30 uM. Absorption spectra were ac-
quired from these solutions in 0.2-cm quartz cells thermostated at 37 °C using a Var-
ian Cary 5000 UV-Vis/NIR spectrophotometer. In the experiments where degradation
of curcumin occurred in phosphate buffer solution alone or in the presence of 1.0 wt%
PAAC12, the UV-visible absorption spectra were collected over 30 min at 1-min inter-
vals in the wavelength range of 300-700 nm. For the experiments where degradation
of curcumin was much slower in the presence of PAACI18 (at 0.3 wt%, 1.0 wt% or
2.0wt%), 10%-PAACI12 (at 0.5 wt%) and PAAC12 (at 2.9 wt%), the UV-visible ab-
sorption spectra were collected over 18 h at 60-min intervals in the wavelength range
of 300-700 nm. In addition, evolution of absorbance around 350 nm which is at-
tributed to generation of curcumin degradation products was analysed by normalising
it to the peak absorbance around 430 nm to show the release kinetics of curcumin
from PAAC18, PAACI12 and 10%-PAACI12 (Figure B.2 in Appendix B) [21-23].

5.3.4 Binding Constant of the PAAC18-Curcumin Complex

The binding constant, K,,, for the PAAC18-curcumin complex, (C18),-Cur, was
determined from the UV-visible absorbance changes (equation 5.1 below), which oc-
curred on addition of aliquots in the range of 2—5 uL of the 2.5-mM curcumin stock
solution in DMSO in a stepwise fashion to 700 uLL of a 0.3 wt% PAAC18 aqueous
solution in three separate titrations, in which curcumin concentrations ranged from
8 uM to 248 uM in 50 mM phosphate buffer at pH 7.4, at 37 °C. Thus, the DMSO
concentration was kept to < 10 %v/v in the PAAC18 solution to minimise any effect
of DMSO on the binding of curcumin with the octadecyl substituents of PAAC18, for

each titration. Each titration was carried out in a 0.2-cm path-length quartz cell over
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45 min during which time curcumin degradation was insignificant and no precipita-
tion of either curcumin or PAAC18 occurred. The binding constants were determined
by best-fitting an algorithm derived through equations 5.2—5.6 (discussed below) for
the variation of molar absorbance at 0.5-nm intervals over the wavelength range 400—
500 nm with the ratio of the total octadecyl substituent concentration of PAACI18 to
the total curcumin concentration, [C18],/[Cur], as the average number of octadecyl
substituents binding to each curcumin, n, was varied from 1 to 10 using a non-linear

least-squares program (HypSpec) [50, 51].

5.3.5 2D NOESY 'H NMR Spectra of Curcumin in PAAC18 and
10%-PAAC12

The 2D NOESY 'H NMR spectra were recorded with a Varian-Inova 600 spec-
trometer operating at 599.602 MHz using a standard pulse sequence with a mixing
time of 300 ms and acquisition time of 150 ms with 8 repetitions. The first sample was
prepared by adding 6.4 uLL of a 40 mg/mL stock solution of curcumin in DMSO-dg to
700 uL of a 1.0 wt% solution of PAAC18 in D,O to achieve a curcumin concentra-
tion of 1.0 mM, which resulted in an approximately 1 : 3 molar ratio of curcumin to
the octadecyl substituents of PAACI18. It is noted that the curcumin concentration in
the NMR study is about 30 times higher than that used in the UV-visible absorption
study. The second sample was prepared by adding 6.4 uL. of a 80 mg/mL stock solu-
tion of curcumin in DMSO-dg to 700 uL. of a 1.0 wt% solution of 10%-PAACI12 in
D, 0O, which resulted in an approximately 1 : 7 molar ratio of curcumin to the dodecyl
substituents of 10%-PAAC12. The rate of degradation of curcumin in the presence of

PAACI12 was too rapid for spectra of adequate reliability to be collected.

5.3.6 3D Molecular Illustration and Molecular Size Estimation of
Curcumin in PAAC18 and PAAC12

The chemical structures of curcumin, PAAC18 and PAAC12 were energy-minimised
and illustrated using CS Chem3D Ultra MM2 protocol [52]. The 3D molecular illus-
tration of curcumin in PAAC18 is shown in the table of content graphic. The size of
curcumin was calculated using the distance between methoxy carbon atoms. Further-
more, assuming that the octadecyl substituent is present as a straight chain, its length
was calculated using the distance between the terminal carbon atoms. Similarly, the

length of a straight dodecyl substituent was calculated.



Stabilisation of Curcumin Using Hydrophobically Modified Polyacrylates — 112

5.3.7 Dynamic Light Scattering and Zeta Potential Measurements
on PAAC18, PAAC12 and 10%-PAAC12

Hydrodynamic diameters and zeta potentials of PAAC18, PAAC12 and 10%-
PAACI12 were determined using a Malvern ZetaSizer Nano S. The instrument settings
were automatically set by Malvern dispersion technology software with a 633-nm
laser. Hydrodynamic diameter and zeta potential measurements were made on de-
gassed aqueous solutions of either 0.3 wt% and 1.0 wt% PAACI18S, 1.0 wt% PAACI12,
and 0.5 wt% 10%-PAACI12 alone or in the presence of 30 uM curcumin in low vol-
ume disposable cuvettes. Zeta potential measurements were made on these solutions
alone in disposable zeta potential cuvettes (DTS1060). The ionic strength varied over
the range of approximately 30 mM to 60 mM, depending upon the weight percent of
the polyacrylate solution. The refractive index (RI) of each polyacrylate solution was
assumed to be similar to that of a sodium dodecyl sulphate (SDS) micellar solution
(material R =0.11 and water dispersant RI = 1.33) due to their structural similarities.
The width of a distribution for hydrodynamic diameter is represented as a standard de-
viation (SD). Hydrodynamic diameter measurements for a 2.0 wt% PAAC18 solution
showed inconsistent results due to a combination of the instrument hydrodynamic
diameter detection limit of 6 um and its unsuitability for measurements of viscous

solutions.
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5.4 Results and Discussion

5.4.1 Degradation of Curcumin in Phosphate Buffer and Stabili-
sation Effects of Hydrophobically Modified Polyacrylates

High levels of the aqueous stability of curcumin are important to its availabil-
ity in vivo. The rapid changes in the absorption spectra of curcumin in a pH7.4
phosphate buffer solution at 37 °C over 30 min are shown in Figure 5.2a. The de-
cay at the maximum absorbance at 427 nm with a half-life of 0.04 +0.01 h (Table
5.1) is shown in the inset of Figure 5.2a. This result, together with the growth of
the absorbance around 350 nm, is consistent with the degradation of curcumin [21—
23]. Previous studies have shown that degradation of curcumin by hydrolysis and
fragmentation led to possible formation of trans-6-(4’-hydroxy-3’-methoxyphenyl)-
2,4-dioxo-5-hexenal (half-curcumin), ferulic acid, feruloyl methane and vanillin [23,
53].

The time-dependent UV-visible absorption spectra of curcumin in 0.3 wt% PAA-
C18 over 18 h are shown in Figure 5.2b. The shape of the initial absorption spec-
trum is similar to that of curcumin in a sodium dodecyl sulphate (SDS) micellar so-
lution and polar organic solvents including methanol and DMSO [25, 28], which
suggests a similarity between the hydrophobic micro-environments in these solvents
and that of PAAC18. Suppression of rapid curcumin degradation was characterised
by an estimated half-life of 71.6+4.0h in the 0.3 wt% PAACI8 solution, which
is > 1600 times longer than that in the absence of PAACI18 (0.04 +0.01 h, Table
5.1). The time-dependent UV-visible absorption spectra of curcumin in 1.0 wt%
and 2.0 wt% PAACI18 solutions are shown in Figures 5.2c and 5.2d, respectively.
Curcumin degradation is also decreased in these hydrogels as shown by estimated
half-lives of 74.0 9.2 h and 98.6 4= 16.2 h, respectively, which are 1700-2000 times
longer than that observed in the absence of PAAC18 (0.04 £=0.01 h, Table 5.1). It is
interesting that the degradation of curcumin in the presence of PAAC18 also contains
useful information regarding release of curcumin from these aggregates and hydro-
gels. We argue that degradation occurs when curcumin is released from PAAC18
to the aqueous environment owing to hydrolysis and fragmentation, as mentioned
above. As a consequence, the rate of curcumin release can be inferred from the rate
of curcumin degradation. The results are shown in Figure B.2 (Appendix B).

To gain insight into the effect of the alkyl substituent length on the stabilisation of
curcumin degradation, the 3 % dodecyl substituted polyacrylate, PAAC12, was also
investigated. A previous study has shown that the viscosities of PAAC12 aqueous
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Figure 5.2. Time-dependent UV-visible absorption spectra of 30 uM curcumin in (a)
pH 7.4 phosphate buffer solution, those in PAAC18 at (b) 0.3 wt%, (c) 1.0 wt% and
(d) 2.0 wt%, and those in (¢) PAAC12 at 1.0 wt% and (f) 10%-PAAC12 at 0.5 wt%,
at 37°C. Spectra were recorded for 0.5h in the panels (a) and (e) and 18h in the

panels (b—d) and (f). The insets show the decays of the absorption maxima due

to degradation of curcumin, which are fitted to a mathematical function to estimate

values of half-lives. A 0.5 wt% solution of 10%-PAAC12 possesses the equivalent

number of substituent carbons to 1.0 wt% PAACI18. Note that only selected data are

shown for clarity purposes.
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solutions at 1.0 wt% (~ 2 x 1073 Pas) and 2.9 wt% (~ 8 x 1073 Pas) are similar to
those of PAACI18 solutions at 0.5 wt% and 1.0 wt%, respectively [49], which infers
that similar levels of cross-linking between polyacrylate strands are present. Thus,
PAACI12 at these concentrations should exhibit similar abilities to suppress curcumin
degradation. However, the time-dependent UV-visible absorption spectra showed that
solutions of PAAC12 at 1.0 wt% and 2.9 wt% are ineffective in inhibiting curcumin
degradation, as shown in Figure 5.2e (0.0740.01h, Table 5.1) and Figure B.1 in
Appendix B, respectively. These results indicate that the alkyl substituent must be
sufficiently long to capture curcumin to suppress its degradation. The effect of 10%-
PAACI12 solution at 0.5 wt% was also investigated to give insight into the effect of the
degree of polyacrylate substitution on the aqueous stabilisation of curcumin. At this
concentration, 10%-PAACI12 possesses the same number of substituent carbons as
does PAACI18 solution at 1.0 wt%. The time-dependent UV-visible absorption spec-
tra of curcumin in 0.5 wt% 10%-PAAC12 solution show that the rate of curcumin
degradation is slowed (Figure 5.2f), which is consistent with a considerable increase
of its half-life (22.3 4.0 h, Table 5.1). However, this suppression of curcumin degra-
dation is less than that achieved in 1.0 wt% PAACI18 solution (Figure 5.2c, Table 5.1)
despite of the equivalent number of substituent alkyl carbons. This result indicates
that the length of the substituent has a more substantial effect on the aqueous stability
of curcumin than the effect of the extent of polyacrylate substitution or the concen-
tration of the polyacrylate. Similarly, the rate of release of curcumin from PAAC12
can be inferred from the rate of degradation and the results are shown in Figure B.2
in Appendix B. Overall, the results show the presence of strong interactions between

curcumin and the octadecyl substituents of PAACI18.

5.4.2 Binding Constant of the PAAC18-Curcumin Complex

A systematic variation in the molar absorbance maximum of curcumin, &, and its
wavelength, A, occur as a curcumin stock solution is titrated into an aqueous PAAC18
solution at pH 7.4 and 37 °C (Figure 5.3a), consistent with the binding of curcumin by
the octadecyl substituents of PAAC18, as follows. This binding may be represented
by eq 5.1 where a group of n octadecyl substituents of PAAC18, (C18),, binds to a

single curcumin molecule, Cur, to form a complex, (C18),-Cur:

(C18), + Cur = (C18),-Cur (5.1)
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The binding constant, K, at equilibrium is given by

B [(ClS)n-Cur]
Ko = [(C18),][Cur] 62

Given that [(C18),]o and [Cur]g are the initial concentrations:

[Cur]y = [(C18),-Cur] + [Cur] (5.3)
[(C18),]o = [(C18),-Cur] + [(C18),] (5.4

It follows that the molar absorbance at a particular wavelength, A(A), is given by

A(A) = €(A)-¢-[Cutlo 5.5)
= SCur(l) -0 [CUI‘] + 8(C18),1-Cur(l) -0 [(ClS)n-Cur] (56)

where €, €cyr and gc1g),-cur are the observed molar absorptivity and the molar ab-
sorptivities of Cur and (C18),-Cur, respectively. The magnitude of K, was deter-
mined by best-fitting an algorithm derived through eqs 5.2-5.6 to the variation of the
molar absorbance, A, at 0.5 nm intervals over the range 400—500 nm with the ratio
[(C18),]/[Cur] for n = 1-10.

The number of substituents involved in complexation may vary with the total
[C18] such that complexations of different stoichiometries arise, but it is not possible
to carry out a calculation to determine the exact nature of this variation. Thus, several
calculations were carried out for the equilibria shown in eqs 5.1-5.2 where a group
of n octadecyl substituents for the complex (C18),-Cur was varied in the range of
1 <n <10, using the quantities in eqs 5.3-5.4 to derive an algorithm based on eqs
5.5-5.6 to best fit to the absorbance data. The variations of A,,,, and &, as increasing
the total curcumin concentrations are shown in Figure 5.3a. The variations indicate
changes in the complexation of curcumin by the octadecyl substituents of PAACI18.
A satisfactory fit could not be obtained for the binding of single octadecyl substituent
and single curcumin (n = 1), but good fits were obtained for n = 2—10 for which K,
are plotted in Figure 5.3b. (The binding constants, K,, for other n values appear in
Table B.1 in Appendix B.) The largest derived binding constant of (2.140.1) x 10*
M~! corresponds to n = 5, which implies that the most favourable binding involves a
single curcumin and five octadecyl substituents of PAAC18 on average. It is probable
that there is a small variation of n around n = 5 in a dynamic equilibrium, but the
binding model used here does not allow an exploration of this. The binding constant

of (C18)5-curcumin complex is comparable to those of curcumin in micellar solutions
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Figure 5.3. (a) Molar absorptivity (€) as a function of A for curcumin in titration
studies in pH 7.4 phosphate buffer at 37 °C, where the arrow shows that direction
of change in A, and € with a decrease in [C18]s/[Cur] ratio. The inset shows the
variation of € with [C18]s/[Cur] ratio at 432 nm and the solid line represents the best
fit of the algorithm obtained in the range 400500 nm. (b) Binding constants (K},)
of the (C18),-curcumin complex as a function of n. Note that only selected data are

shown for clarity purposes.
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[24, 27]. Moreover, analysis of the results revealed that the molar absorptivity of
(C18),-curcumin complex is 4.47 X 10*°Mtem ! at Amax =432 nm, while curcumin

alone in buffer possesses an &c;, of 2.20 X 10*M~Yem ™! at Apax = 427 nm.

5.4.3 2D NOESY 'H NMR Study of PAAC18-Curcumin Complex

The 2D NOESY 'H NMR spectrum of a 1.0-mM solution of curcumin in a
1.0 wt% solution of PAACIS8 in D,O, shown in Figure 5.4, provides evidence for
curcumin binding by the octadecyl substituents of PAAC18. The 'H resonances aris-
ing from the curcumin CH protons appear in the range 6.3—7.4 ppm and those of
methoxy (OCHj;) protons appear at 3.8 ppm in this solution. These proton peaks
are broadened and show upfield shifts by comparison with curcumin alone in ei-
ther deuterated chloroform or DMSO-d¢ solutions (Table B.2 in Appendix B) [54,
55]. Within the PAACI18 spectrum, the polyacrylate backbone CH and CH, reso-
nances appear in the range 1.3-2.4 ppm, while the octadecyl substituent CH;, CH,
and N-CH, resonances appear at ~ 0.6 ppm, ~ 1.5 ppm and 3.1 ppm, respectively.
Strong cross-peaks arise from the through-space interactions of the CH protons of
curcumin with the CH, and CH; protons of the octadecyl substituents of PAACI18
(enclosed in a bold rectangle) and those from interactions between the OCH; pro-
tons of curcumin and those of the octadecyl substituents of PAAC18 (enclosed in
plain rectangles). These results indicate an interaction distance of < 400 pm between
these protons. However, no cross-peaks between curcumin and either the octadecyl
N-CH, protons or the polyacrylate backbone CH and CH, protons were observed,
which is consistent with the dominant interaction between the octadecyl substituents
and curcumin. The 2D NOESY 'H NMR spectrum of a slightly viscous sample of
2.0-mM curcumin in 1.0 wt% 10%-PAAC12 solution shows substantial broadening of
the proton resonances of both curcumin and 10%-PAAC12 (Figure B.3 in Appendix
B). This result is consistent with decreased transverse proton relaxation times aris-
ing from a lengthened tumbling time and a consequently decreased effectiveness of
through-space dipolar interactions, resulting in the absence of significant cross-peaks
(Figure B.3 in Appendix B). These observations are consistent with the effectiveness
of the suppression of curcumin degradation through binding by PAAC18, PAAC12
and 10%-PAACI12 being substantially dependent on the relative lengths of the oc-
tadecyl and dodecyl substituents and curcumin which are approximately 2160, 1400
and 1920 pm, respectively. Although increasing the local concentration of the dode-
cyl substituent in 10%-PAACI12 offsets this disadvantage of the shorter substituent
to some extent, curcumin is more likely to be fully encapsulated in hydrophobic do-
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Figure 5.4. 2D NOESY 'H NMR spectrum of 1.0-mM curcumin in a 1.0 wt%
PAACIS solution in D,O at pD 7. The cross-peaks arising from the interactions be-
tween the octadecyl substituent protons and the curcumin CH and CH;O protons are
enclosed in bold and plain rectangles, respectively. The asterisk indicates the cur-

cumin CH;O resonance.

mains of octadecyl substituent aggregates formed by PAACI18 rather than those of
dodecyl substituent aggregates formed by PAACI12.

5.4.4 Hydrodynamic Diameters of PAAC18, PAAC12 and 10%-
PAAC12 Micelle-Like Aggregates

It was suggested earlier that PAAC18 and PAACI12 exist as micelle-like aggre-
gates at low concentrations in aqueous solutions due to the presence of intra-poly-
acrylate cross-links formed by association between either octadecyl or dodecyl sub-
stituents [48, 49]. In this study, hydrodynamic diameters and zeta potentials of
PAACI18, PAACI12 and 10%-PAACI12 provide insight into the formation of micelle-
like aggregates and their differing abilities to suppress the degradation of curcumin
(Table 5.1). The 0.3 wt% solution of PAAC18 forms aggregates with a mean hydro-
dynamic diameter of 0.86 um (Figure 5.5a). The incorporation of curcumin causes a
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Figure 5.5. Hydrodynamic diameter distributions of (a—b) 0.3 wt% PAACI18, (c—d)
1.0 wt% PAACI1S, (e—f) 1.0 wt% PAACI12, and (g—h) 0.5 wt% 10%-PAACI12 aque-

ous solutions, in the absence (unfilled) and presence (filled) of 30 uM curcumin.

small change in the hydrodynamic diameter of the micelle-like aggregates to 0.98 um
and an increase in the width of the distribution (as its standard deviation) from 0.14
um to 0.22 pm, as shown in Figure 5.5b. Similarly, Figures 5.5¢ and 5.5d show that
the mean diameter of the PAAC18 micelle-like aggregates is 1.12 um at 1.0 wt% and
that the addition of curcumin causes a negligible change (Table 5.1). These results
suggest that the increased concentration of PAACI18 allows more extensive cross-
linking among octadecyl substituents and an increase in aggregate size. Thus, the
octadecyl intra-strand associations of PAAC18 are sufficiently strong to maintain the
micelle-like structure of the hydrophobic substituents in the presence of curcumin. A
more viscous solution of 2.0 wt% PAACI18, however, produced inconsistent size dis-
tributions (data not shown), probably due to a high level of inter-strand cross-linking
resulting in large aggregates with hydrodynamic diameter over the detection limit of
6 um, consistent with the formation of a hydrogel network.

Figure 5.5e¢ shows that a solution of PAAC12 at 1.0 wt% has a mean hydrody-
namic diameter of 1.40 um, which is larger than those of PAAC18 at 0.3 wt% and
1.0 wt%. This is consistent with the shorter dodecyl substituents forming looser ag-
gregates than do the octadecyl substituents. The incorporation of curcumin increases
the width of the distribution from 0.29 um to 0.38 um for the smaller aggregate and

causes the formation of larger aggregates, as shown in Figure 5.5f. The overall effect
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may be that curcumin is more exposed to water, which is consistent with the rapid
degradation of curcumin observed under these conditions (Figure 5.2¢). Figures 5.5g
and 5.5h show that the mean hydrodynamic diameter of the 10%-PAAC12 micelle-
like aggregates is 1.42 um at 0.5 wt% and the presence of curcumin significantly shifts
the mean hydrodynamic diameter to 2.26 ym, with a corresponding change in the
distribution width from 0.44 pm to 0.92 um. Thus, addition of curcumin appears to
reduce dodecyl intra-strand polyacrylate associations of 10%-PAAC12, resulting in
the wider hydrodynamic diameter distribution of the micelle-like aggregates. Never-
theless, the degradation of curcumin is greatly slowed (¢; , = 22.3 h) by comparison
with that in PAAC12 at 1.0 wt% (1, = 0.07 h) as a consequence of the greater con-
centration of dodecyl substituents in 10%-PAAC12. These results suggest that the
reduced intra-strand associations of dodecyl hydrophobic substituents of PAAC12
and 10%-PAAC]12 are related to their lesser ability to suppress curcumin degradation
by comparison with PAAC18. It has been shown in previous studies that sodium do-
decyl sulphate (SDS) and dodecyl trimethylammonium bromide (DTAB) micelles are
effective in stabilising curcumin [25, 28]. However, in this study, PAAC12 exhibits
no stabilising effects even though it also has dodecyl groups. It should be noted that
the number of dodecyl groups per curcumin in a SDS or DTAB micelle is > 60 [56].
Although a similar ratio of dodecyl groups to curcumin is found in 1.0 wt% PAAC12,
it is clear that not all dodecyl groups are involved in binding of curcumin due to
the large aggregate size, as shown in Figures 5.5e and 5.5f. It is highly likely that the
available dodecyl groups for curcumin binding is significantly less than 60 in 1.0 wt%
PAAC12, which contributes to its inability to stabilise curcumin. From these obser-
vations, it is clear that the greater ability of the octadecyl substituents to aggregate is
the origin of PAAC18 being more effective in suppressing curcumin degradation than
PAACI12 and 10%-PAACI12. The smaller hydrodynamic diameters of the micelle-like
aggregates of PAAC18 than those of PAACI12 are attributed to the formation of more
strongly bound aggregates, which is consistent with the significant decrease in the

curcumin degradation rate in the presence of PAACI18 (Figures 5.2b—5.2d).

5.4.5 Zeta Potentials of PAAC18, PAAC12 and 10%-PAAC12 Mi-
celle-Like Aggregates

The zeta potentials determined for the PAAC18, PAAC12 and 10%-PAACI12 sys-
tems, which are attributable to the negatively charged polyacrylate carboxylate groups,
are shown in Figure 5.6. The high zeta potential values of PAAC18 at 0.3 wt%
and 1.0wt% of =706 mV and —73 +5mV, respectively (Table 5.1 and Figures
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Figure 5.6. Zeta potential measurements of aqueous solutions of PAACI18 at (a)
0.3 wt% and (b) 1.0 wt%, (c) PAAC12 at 1.0 wt%, and (d) 10%-PAAC12 at 0.5 wt%.

5.6a—5.6b), are consistent with the formation of stable colloidal micelle-like aggre-
gates as indicated by no precipitation occurring over 30 days. This is similar to the
behaviour of other highly stable colloidal systems of similar zeta potentials [S57]. Two
zeta potentials of —70+7mV and —354+5mV were determined for a PAACI12 so-
lution at 1.0 wt% (Figure 5.6¢). The main zeta potential peak of 10%-PAACI2 is
located at —64 =6 mV, and minor broad peak arises around —40mV (Figure 5.6d).
The zeta potential values of —70 mV and —64 mV for PAAC12 and 10%-PAAC12, re-
spectively, correspond to the micelle-like aggregates, while the smaller zeta potential
peaks may be attributable to the presence of non-aggregated substituents of PAAC12
and 10%-PAACI12, which are consistent with their distributions of hydrodynamic di-
ameters (Figures 5.5¢ and 5.5g). The much greater non-aggregated substituent com-
ponent for PAAC12 is probably related to its inability to suppress curcumin degrada-

tion as shown in Figure 5.2e.
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5.5 Conclusions

This study highlights the potential applications of curcumin micelle-like aggre-
gates and hydrogels formed using hydrophobically modified polyacrylates as model
curcumin delivery systems. The capture of the medicinal pigment curcumin by the
hydrophobically modified polyacrylates, PAAC18 and 10%-PAACI12 helps identify
some of the factors which stabilise curcumin in aqueous solution. The length of the
octadecyl substituent of PAACI18 and its aggregation with curcumin in both micelle-
like aggregates and hydrogels show a remarkable combined ability to suppress its
degradation, as indicated by an increase in the curcumin half-life by a factor of 1600—
2000. At the molecular level, results from 2D NOESY 'H NMR spectroscopy indi-
cate that the association of curcumin with octadecyl substituents of PAAC18 occurs
through hydrophobic interactions, where those from UV-visible absorption titration
show that it occurs dominantly through five octadecyl substituents binding curcumin
with a K5 = (2.140.1) x 10* M~!. These molecular interactions underpin the macro-
scopic observations of hydrodynamic diameters and zeta potentials which indicate the
formation of micelle-like aggregates and hydrogels of PAAC18. The shorter dodecyl
substituent of PAACI12 is ineffective in suppressing curcumin degradation. While
the more highly substituted 10%-PAAC12 shows an improved stabilisation of cur-
cumin, it is less effective than PAACI18. In conclusion, the octadecyl hydrophobic
substituents of PAAC18 possess a significant ability to stabilise curcumin in both

micelle-like aggregates and hydrogels under physiological conditions.
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6.1 Abstract

Curcumin is a yellow polyphenol extracted from turmeric. A large number of
studies have demonstrated its multiple medicinal effects. These effects, however, are
limited due to its poor aqueous stability and solubility. A hydrogel of 3 % octadecyl
randomly substituted polyacrylate (PAAC18) has been shown to provide a high aque-
ous stability for curcumin under physiological conditions. In this work, we study the
ultrafast dynamics of water and curcumin in the PAAC18 hydrogel. The steady-state
absorption and fluorescence spectra show a large Stokes shift, indicating solvation dy-
namics of water in the PAAC18 hydrogel in response to the presence of excited-state
curcumin. Using femtosecond fluorescence upconversion spectroscopy, we show that
the dominant solvation response (0.91 £0.23 ps) is a fast inertial motion owing to the
presence of bulk-like water in the vicinity of the hydrophobic octadecyl substituents
of the PAACI18 hydrogel. The slow translational diffusion response (5.70 +0.73 ps)
is attributed to the motion of confined water molecules in a three-dimensional cross-
linking network of the octadecyl substituents of PAAC18. In addition to solvation
dynamics of water in the PAAC18 hydrogel, curcumin shows an excited-state absorp-
tion band at 500 nm using femtosecond transient absorption spectroscopy. The dy-
namics of the excited-state absorption reflect the non-radiative relaxation processes
of curcumin, including solvent reorganisation (0.75 +0.03 ps) and excited-state in-
tramolecular hydrogen atom transfer (16.6 0.8 ps). Overall, we demonstrate slow
diffusion of water in the PAAC18 hydrogel and reveal the photophysical processes of
curcumin encapsulated in the PAAC18 hydrogel using ultrafast spectroscopic tech-

niques.
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6.2 Introduction

Curcuminoids are a group of naturally existing pigments extracted from turmeric
(Curcuma longa) [1, 2]. The most abundant polyphenol is curcumin (Schemes 6.1a
and 6.1b), which constitutes 77 % of curcuminoids in company with demethoxycur-
cumin (17 %) and bisdemethoxycurcumin (3 %) [3]. Previously, the medicinal effects
of curcumin have been demonstrated in the treatment of inflammation [4, 5], cancer
[5-10], Alzheimer’s disease [11-13], and cystic fibrosis [14, 15]. As a consequence,
clinical trials are either underway or have been completed with an aim to utilise cur-
cumin as a therapeutic drug [16—-19]. However, poor aqueous solubility and stability
of curcumin hinder its availability in vivo. The aqueous solubility of curcumin is ap-
proximately 11 pg/L [20, 21], and its low stability results in a rapid degradation within
15 min at pH 7.4 and 37 °C [22, 23]. In order to overcome these two challenges, re-
cent studies have investigated a number of delivery systems, including micelles [24—
27], globular proteins [28-30], cyclodextrins [22, 31, 32], and polymer nanoparticles
[33-35]. Previously, our work has shown that hydrophobically modified polyacrylate
hydrogels have the ability to stabilise curcumin in the aqueous environment [36].

Hydrogels have been utilised in various fields including drug delivery and tissue
engineering [37-42]. They possess the ability to hold a large quantity of water by
forming a three-dimensional network as a result of polymer cross-linking [43—46].
Previous studies have reported synthesis of 3 % octadecyl randomly substituted poly-
acrylate, PAACI18 (Scheme 6.1c) [47-49]. PAACI18 forms a micelle-like aggregate
at concentrations of < 1 wt% in aqueous systems; however, it becomes a hydrogel
at concentrations of > 1 wt% as a result of substantial interstrand associations be-
tween octadecyl substituents of PAACI8 [48, 49]. The 1.5 wt% aqueous solution of
PAACI18 exhibits a viscosity of approximately 1 Pas [48, 49], which is ~1000 times
higher than that of bulk water. We have shown that the stabilisation effect of PAAC18
as micelle-like aggregates and hydrogels for curcumin is attributed to the host-guest
complexation of curcumin with the hydrophobic octadecyl substituents rather than
the polyacrylate moiety of PAAC18 [36].

Previous studies have also demonstrated photo-dynamic therapy effects of cur-
cumin for treating melanoma [50-52]. Hence, it is important to understand the pho-
tophysical dynamics of curcumin. In previous work, femtosecond transient absorp-
tion spectroscopy and fluorescence upconversion spectroscopy have been employed
to provide insight into the photophysical processes of excited-state curcumin [53—
59]. The dominant relaxation of curcumin is excited-state intramolecular hydrogen

atom transfer (ESIHT) in the keto-enol moiety of curcumin (Scheme 6.1a) [53-59].
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Scheme 6.1. Equilibrium of curcumin between (a) keto-enol and (b) diketo forms. (c)
A scheme depicting the synthesis of polyacrylate randomly substituted with octade-
cylamine to produce PAAC18. NMP is 1-methyl-2-pyrrolidone. The 3 % substitution

is represented as the mole ratio m : n of 97 : 3.

Furthermore, solvent reorganisation (solvation) also plays an important role in the
excited-state dynamics. Because a significant level of solvent reorganisation occurs
in < 1 ps in bulk water [60, 61], it is critical to employ time-resolved spectroscopic
techniques with a sufficiently high time resolution. As a result, femtosecond fluores-
cence upconversion spectroscopy, which has a time resolution of 300—400 fs, has been
used to reveal ultrafast dynamics of solvent molecules [59—65]. In addition, previous
studies have explored solvation dynamics of water in other aqueous systems including
micelles [59, 64], reverse micelles [62, 63], and proteins [64—66]. In these studies,
solvation dynamics were observed with an average time constant ranging from 1 to
475 ps. To our knowledge, the dynamics of water molecules in a hydrogel have not
been reported in the literature.

Here, we report solvation dynamics of water and the photophysics of excited-state
curcumin in the PAACI8 hydrogel. The steady-state absorption and fluorescence
spectra of curcumin in the PAAC18 hydrogel show a large Stokes shift. Femtosecond
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fluorescence upconversion spectroscopy offers insight into the solvation dynamics of
water in the PAACI18 hydrogel by using curcumin as a probe. The solvation corre-
lation function reveals similar solvation dynamics of water in the PAAC18 hydrogel
compared with those of confined water in reverse micelles. In addition, the results
show the presence of slow dynamics of water in the PAAC18 hydrogel compared
with those of bulk water. The excited-state dynamics of curcumin in the PAAC18 hy-
drogel are also investigated using femtosecond transient absorption spectroscopy. The
non-radiative decay processes of curcumin involve solvation, ESIHT and other mo-
tions including alkyl hydrogen-hydrogen vibrational motions and diffusive motions
of curcumin in the flexible octadecyl substituents of PAAC18. Overall, the ultrafast
spectroscopic results in this study reveal the photophysical properties of curcumin

and behaviour of the surrounding water molecules in the PAAC18 hydrogel.
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6.3 Experimental Section

6.3.1 Materials

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-1,6-diene-3,5-dione) was
obtained from LKT Laboratories (purity > 98 %). Methanol (AR grade, 99.5 %),
dimethyl sulphoxide (DMSO, ACS grade) and hexane (AR grade) from Merck Mil-
lipore were used as received. Deuterated water (D,0) and methanol (MeOD-dy)
were purchased from Cambridge Isotope Laboratories (D, 99.9 %). Polyacrylic acid
(Mw = 250,000 g/mol, Mw/Mn ~ 2) was sourced from Sigma Aldrich as a 35 wt%
aqueous solution and freeze dried to a constant weight. Octadecylamine (99 %), 1-
methyl-2-pyrrolidone (NMP) (99.5 %) and dicyclohexylcarbodiimide (DCC) (99 %)
were used as obtained from Sigma Aldrich. Sodium hydroxide (NaOH) pellets (AR
grade, 97.0 %) from Ajax Finechem were used to make a 40 % NaOH solution with
deionised water from a Millipore Milli-Q NANOpure water system. A 50 mM phos-
phate buffer solution at pH 7.4 was also prepared with Milli-Q water in this study.

6.3.2 Synthesis of Octadecyl Substituted Polyacrylate Hydrogel

The 3 % octadecyl randomly substituted polyacrylate (PAAC18) was prepared and
characterised as previously described [48, 49]. Briefly, octadecylamine and DCC
solutions in NMP were added to a solution of polyacrylic acid in NMP with vigorous
stirring. After 48h at 60 °C, the solution was cooled to room temperature, and a
40 % NaOH aqueous solution was added to induce precipitation of the polyacrylate
product. After washing and filtering the precipitate with NMP at 60 °C and methanol
at room temperature, the crude PAACI8 was dialysed (molecular weight cut-off of
7500 g/mol) against deionised water for 5 days. The solution in the dialysis tube was
then freeze dried and PAAC18 was obtained as a white solid. The degree of octadecyl
substitution for PAAC18 was determined using 'H NMR spectroscopy as described
previously [48, 49]. The PAACI18 solid was dissolved in a 50 mM phosphate buffer
solution at pH 7.4 to form a 1.5 wt% PAACI18 hydrogel.

6.3.3 Steady-State UV-Visible Absorption and Fluorescence Spec-
tra of Curcumin in PAAC18 Hydrogel
The 1 uM curcumin solution in either 1.5 wt% PAACI18 hydrogel or hexane in a 1-

cm quartz cuvette was prepared with an absorbance of < 0.1 to avoid the inner filter

effect. Absorption spectra were recorded in the wavelength range of 300-800 nm



Ultrafast Dynamics of Curcumin and Water in Hydrogel — 138

using a Cary 5000 UV-Vis/NIR spectrophotometer (Varian). Fluorescence spectra
of the solution were subsequently recorded from 415 nm to 750 nm at a scan rate
of 600 nm/min using a Cary Eclipse fluorescence spectrophotometer (Varian) with
excitation and emission slit widths of 5nm. The excitation wavelength was set at
400 nm. The fluorescence spectra were corrected for the wavelength dependence of

the lamp spectral intensity and detector response.

6.3.4 Femtosecond Time-Resolved Fluorescence Measurements

Solutions of 100 uM curcumin in 1.5 wt% PAACI18 hydrogel were used in the flu-
orescence upconversion spectroscopic studies. All the measurements were acquired
using a quartz cuvette with a 2-mm path length.

The laser system used for the femtosecond time-resolved fluorescence experi-
ments consisted of a Ti:sapphire mode-locked oscillator (Spectra-Physics, Tsunami),
which seeded a Ti:sapphire regenerative amplifier (Spectra-Physics, Spitfire Pro XP)
pumped by a 20 W Q-switched Nd: YLF laser (Spectra-Physics, Empower). The out-
put of the amplifier was centred at 800 nm with a repetition rate of 1 kHz and pulse
duration of 100 fs, which was then split into pump and gate beam lines. The 400-
nm pump pulse was generated using a 0.5-mm type-I BBO crystal with a pulse en-
ergy of 50nJ. No pump pulse energy dependence was observed in the results. The
fluorescence signal was collected using a plano-convex lens. Then, the gate pulse
and fluorescence signal were focused onto a 0.4-mm type-I BBO crystal to generate
the sum frequency light, which was detected by a photomultiplier tube attached to
a monochromator. The full width at half maximum (FWHM) of the instrument re-
sponse function was 380 fs, which was determined by Raman scattering of neat water
[67]. Time-resolved fluorescence decays were collected from 470 nm to 590 nm at
intervals of 10 nm. Less than 10 % of curcumin photo-degradation was observed after
each measurement.

Solvation dynamics of water in the PAAC18 hydrogel were quantified using the

solvation correlation function,
_ )
cr) = JDZV=) 6.1)

where v(0), v(t), and v(eo) denote the peak frequencies of the fluorescence spectra
at time zero, ¢, and infinity. The zero-time fluorescence spectrum was approximated
using the fluorescence spectrum of curcumin in hexane, according to the method of

Fee and Maroncelli [68, 69]. The v(e) value was taken as the peak frequency of
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the steady-state fluorescence spectrum. The v(¢) values were determined by taking
the maxima from the log-normal fits of the time-resolved fluorescence peaks which
were re-constructed according to the procedure described by Maroncelli and Fleming
using the steady-state fluorescence spectrum and fitting parameters from wavelength-
resolved decay traces [69]. Standard deviations of fluorescence maxima are 60 cm !
for the time-resolved fluorescence spectra and 30 cm~! for zero-time and steady-state
spectra, which were determined from three independent experiments. These uncer-
tainties were included in error bars for C(¢) in addition to the standard deviations
of C(t) from three independent experiments. The fractional solvation at 380 fs was
calculated using,

fa80 ts = 1 — C(t = 380 fs) (6.2)

as described previously [58, 59, 63].

6.3.5 Femtosecond Transient Absorption Spectroscopic Studies

Solutions of 100 uM curcumin in 1.5 wt% PAAC18 hydrogel were used in the
transient absorption spectroscopic studies. Similarly, 100 uM curcumin in 1.5 wt%
PAAC18 hydrogel solution of neat water and deuterated water were also used in the
transient absorption spectroscopic studies to demonstrate a deuterium isotope effect.
All the measurements were acquired using a quartz cuvette with a 2-mm path length.

The same 800-nm output of the Ti:sapphire regenerative amplifier (Spectra-Physics,
Spitfire Pro XP) was split into the pump and probe beam lines. The 400-nm pump
pulse was generated using a 0.5-mm type-I BBO crystal, mechanically chopped at
500 Hz and then focused onto the sample with a spot size of 385 um and pulse en-
ergy of 700 nJ. The probe beam line passed through a delay stage and was used to
generate a white light continuum as the broadband probe in a 2-mm sapphire crystal.
A 750-nm shortpass filter (optical density 4, 3 mm, Edmund Optics) was placed after
the sapphire crystal to separate the probe from the 800-nm seed beam. The probe
passed through a beam splitter to produce the sample and reference beams with a spot
size of 80 um at the sample position and pulse energy of < 10nJ. The sample and ref-
erence beams were then directed into complementary CMOS detectors for detection
in the visible region. The probe polarisation was oriented at magic angle (54.7°) with
respect to the pump polarisation. In all the measurements, the FWHM of 100 fs was
used as the instrument response function for data analysis. The error values were de-
termined as standard deviations of three independent measurements. Less than 10 %

of curcumin photo-degradation was observed after each set of data acquisition.
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6.4 Results and Discussion

6.4.1 Steady-State Absorption and Fluorescence Spectra of Cur-
cumin in PAAC18 Hydrogel

10t 11.0
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Figure 6.1. Normalised steady-state absorption and fluorescence spectra of curcumin
in PAAC18 hydrogel (50 mM phosphate buffer at pH7.4).

In this study, PAACI18 hydrogel is used to capture and stabilise curcumin in an
aqueous environment. The spectroscopic properties of curcumin complexed with the
PAACI18 hydrogel reveal the microenvironment of water and curcumin in the octade-
cyl hydrophobic aggregates of PAACI18. Figure 6.1 shows steady-state UV-visible
absorption and fluorescence spectra of curcumin in the PAAC18 hydrogel. The 430-
nm absorption peak is attributed to the keto-enol tautomer of curcumin (Scheme 6.1a),
which is in agreement with previous studies [22, 26, 28, 59, 70]. The absence of a
spectral shoulder around 350 nm in the absorption spectrum indicates that the diketo
form of curcumin is present at a negligible level (Scheme 6.1b) [22, 25, 59, 70]. Pre-
vious studies have shown that curcumin exists solely as the keto-enol tautomer in a
hydrophobic environment [22, 26, 28, 59, 70], which is consistent with the binding of
curcumin to the hydrophobic octadecyl aggregates of PAACI18 [36]. The absence of
vibronic structures in the absorption spectrum of curcumin in the PAAC18 hydrogel
indicates the presence of rapid interactions between curcumin and water molecules at
the hydrophobic octadecyl substituents of PAAC18 [59].

The fluorescence spectrum of curcumin in the PAAC18 hydrogel shows an emis-
sion band around 560 nm and a Stokes shift value of 5430 40 cm™!, which indicates
the presence of solvation dynamics due to excited-state curcumin. The fluorescence
spectral features and Stokes shift value of curcumin in the PAAC18 hydrogel are sim-
ilar to those of curcumin in sodium dodecyl sulphate (SDS) micellar solutions [25,

59]. In contrast, previous studies have shown low Stokes shift values when curcumin
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Figure 6.2. Representative normalised time-resolved fluorescence decays of cur-
cumin in the PAAC18 hydrogel at 480, 530 and 590 nm.

binds to Triton X-100 (TX-100), dodecyl trimethyl ammonium bromide (DTAB),
bovine serum albumin (BSA) and human serum albumin (HSA) [28-30, 59]. It is
well-established that curcumin binds to micelles in the palisade layer, where dynam-
ics of water molecules are similar to bulk water [59]. Therefore, the steady-state
spectra of curcumin in the PAAC18 hydrogel suggest that the microenvironment of
curcumin complexed with PAAC18 would be similar to that of curcumin bound to
micelles, and the solvation dynamics of water in the PAAC18 hydrogel may be sim-
ilar to that of bulk water. However, steady-state spectroscopy is unable to reveal the
dynamics of the excited states. Ultrafast spectroscopic techniques offer insight into
solvation dynamics of water and photophysical properties of curcumin in the PAAC18

hydrogel.

6.4.2 Solvation Dynamics of Water in PAAC18 Hydrogel

In a previous study, Jarzeba et al. have shown that the solvation dynamics of
bulk water occur with an average time constant of 0.86 ps [60]. Our study offers
insight into solvation dynamics of water in the PAAC18 hydrogel, using curcumin as a
probe. Curcumin possesses a large dipole moment change of Ay = 6.1 D [71], which
is comparable to that of Coumarin 153 (Au ~ 8 D), a common probe for solvation
dynamics [69].

Here we report solvation dynamics of water in the PAAC18 hydrogel using fem-
tosecond fluorescence upconversion spectroscopy. Fluorescence upconversion mea-
surements ranging from 470 nm to 590 nm generate time-resolved fluorescence spec-
tra of curcumin in the PAACI18 hydrogel, as shown in previous studies [58-61, 68,

69]. Figure 6.2 shows the representative normalised time-resolved fluorescence de-
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cay traces of curcumin in the PAACI18 hydrogel at 480, 530, and 590 nm. A fast
fluorescence decay is observed at 480 nm while the fluorescence decay is slower at
530nm, which is followed by a further reduction in the rate of decay at 590 nm.
These wavelength-dependent changes are indicative of the presence of the solvation
dynamics [58—61].

Figure 6.3a shows fluorescence spectra of curcumin in the PAAC18 hydrogel at
0, 0.38 and 3 ps together with the steady-state fluorescence spectrum (¢ = o). It is
clear that a rapid spectral shift is present within the instrument response function of
0.38 ps. However, the fluorescence spectrum at 3 ps is still evolving to approach the
steady-state spectrum, indicating the presence of a slow component in the solvation
dynamics of water in the PAAC18 hydrogel. In Figure 6.3b, the solvation correlation
function, C(r) (eq 6.1), exhibits the dynamics of water in the PAAC18 hydrogel, and
the solvation parameters are summarised in Table 6.1. The fractional solvation value
(f380 s> €q 6.2) shows that approximately 67 % of reorganisation of water molecules
in the PAAC18 hydrogel is completed within the instrument response time. This result
reflects the rapid appearance of the fluorescence spectrum at 0.38 ps that resembles
the steady-state spectrum (Figure 6.3a), which has also been observed in other sys-
tems [58, 59]. Moreover, C(t) is well fitted with a triexponential function with time
constants of 0.05 ps (58 %), 0.91 +0.23 ps (24 %) and 5.70 +0.73 ps (18 %), respec-
tively. The presence of ultrafast librational motions is represented as a fixed time
constant of 0.05ps [58, 59, 61]. The average time constant, (7), for the dynamics
of water molecules in the PAAC18 hydrogel is 1.29 +£0.14 ps. To our knowledge,
this is the first study on solvation dynamics of water in a hydrogel using femtosecond
fluorescence upconversion spectroscopy. Comparisons to other experimental results
provide understandings of the solvation dynamics of water in the PAAC18 hydrogel
(Table 6.1).

Jarzeba et al. have shown ultrafast response of bulk water using 7-(dimethyl-
amino)-coumarin-4-acetic acid as a probe [60]. Their instrument response function
of 280fs is unable to resolve the ultrafast librational motions (< 50 fs) of bulk wa-
ter. However, the diffusion components of bulk water have been shown to have time
constants of 0.16 ps (33 %) and 1.2 ps (67 %) [60]. Jimenez et al. have also reported
comparable time constants of 0.13 ps (20 %) and 0.88 ps (35 %) using Coumarin 343
as a probe [61], which are in agreement with another study [62]. Similarly, solvation
dynamics of bulk water have been examined using L-tryptophan as a probe [64]. In
this previous study, the solvation correlation function was fitted with a biexponential
function with time constants of 0.18 ps (20 %) and 1.1 ps (80 %). Therefore, there are

genuine agreements with solvation dynamics of bulk water molecules, where inertial
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Figure 6.3. (a) Normalised time-resolved fluorescence spectra of curcumin in the
PAACI18 hydrogel with spectra at # = 0, 0.38, 3 and o ps. The fluorescence spectra at
t = 0 and oo ps are estimated using the steady-state spectra of curcumin in hexane and
the PAAC18 hydrogel, respectively [68, 69]. The fluorescence spectra at t = 0.38 and
3 ps are re-constructed according to the procedure described by Maroncelli and Flem-
ing [69]. (b) Solvation correlation function, C(¢) (eq 6.1), of water in the PAACI8
hydrogel. Note that 67 +2 % of the solvation is completed within the instrument

response function (380 fs). The inset shows the function from 0.38 ps.
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diffusion occurs at ~ 0.2 ps as the minor process and translational diffusion occurs at
~ 1 ps as the major process [62]. For the PAAC18 hydrogel, both time constants of
0.91£0.23 ps and 5.70 £0.73 ps are substantially longer than those of bulk water.

Dynamics of water in a confined environment have also been studied using re-
verse micelles. Riter et al. have investigated solvation dynamics of water/Aerosol
OT (AOT)/isooctane reverse micelles with a range of water contents [62]. Reverse
micelles contain with [H,O]/[AOT] = 7.5 exhibit solvation dynamic time constants
of 0.11ps (69 %) and 3.0ps (31 %) [62]. The fast inertial diffusion time constant
is similar to that of bulk water, but it becomes a dominant process. In contrast, the
translational diffusion at 3.0 ps appears substantially slower than that observed in the
dynamics of bulk water (~ 1 ps). These observations were also reported in another
study [63]. Additionally, electrostatic charges of electrolytes and hydrophilic moiety
of surfactants also contribute to the immobilisation of water [62, 72, 73]. Because
the solvation time constants of water in the PAAC18 hydrogel are similar to those for
the reverse micellar systems (Table 6.1), it is likely that the slow dynamics of water
in the PAAC18 hydrogel are attributed to the motion of confined water molecules in
a three-dimensional cross-linking network of the octadecyl substituents of PAACI18.
This assignment is supported by the high viscosity of 1 Pas of the PAAC18 hydrogel
(at 1.5 wt%) [48, 49].

Water molecules at the surface of macromolecules and proteins play an important
role in biological activities and assemblies [64, 74], which have attracted investi-
gations on dynamics of water molecules in micellar and protein systems [59, 64—
66]. Adhikary et al. have demonstrated dynamics of water at the surface of differ-
ent micelles using curcumin as a probe. Their results show a slow mobility of water
molecules. Pal et al. have revealed solvation time constants of 0.8 ps and 38 ps in
a protein solution. These slow time constants are comparable to those in other pro-
tein solutions [65, 66]. Thus, significantly slower solvation dynamics are reported
in these studies than those of bulk and reverse micellar systems. There are possible
interactions including hydrogen bonding of water molecules at the surface of macro-
molecules and proteins, which are expected to result in substantially slow dynamics
[64]. As mentioned earlier, curcumin binds to the hydrophobic octadecyl substituent
aggregates of PAACI18 [36]. Hence, weak interactions between the hydrophobic oc-
tadecyl substituents of PAAC18 and water molecules in vicinity of excited-state cur-
cumin are expected. The lack of strong interactions leads to faster dynamics of water
molecules in the PAAC18 hydrogel than those in micellar and protein systems.

Overall, we show that the solvation time components arise from inertial and trans-
lational diffusions of water molecules in the PAACI18 hydrogel (Table 6.1) [61, 62,
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67, 69, 75, 76]. The fast time constant (0.91 ps) is in agreement with those of bulk
and reverse micellar systems [60—62]. This fast inertial diffusion in response to dipole
change of curcumin is a result of the absence of interactions between water molecules
and the hydrophobic octadecyl substituent aggregates of PAAC18, where curcumin
is present [36]. In contrast, the relatively slow time constant (5.70 ps) of water in the
PAACI18 hydrogel is similar to those of the reverse micellar systems [62, 63], but are
faster than those of protein and micellar systems [59, 64—-66]. The water molecules in
the PAACI18 hydrogel are restricted to undergo translational diffusion in a confined
environment owing to the three-dimensional cross-linking network of the octadecyl
substituents of PAAC18.

6.4.3 Femtosecond Transient Absorption and Excited-State Ki-
netics of Curcumin in PAAC18 Hydrogel

Femtosecond transient absorption spectroscopy has been used to study the excited-
state dynamics of curcumin in various systems [53, 77]. Figure 6.4a shows transient
absorption spectra of curcumin in the PAAC18 hydrogel, with several pump-probe de-
lay times. Curcumin complexed with PAAC18 exhibits rapid excited-state absorption
(ESA) peaks around 490 nm and 560 nm at 0.5 ps, followed by evolution of another
ESA peak around 500 nm. The 560-nm ESA peak observed at 1 ps evolves into stim-
ulated emission (SE) signals around 640-720 nm, which is still present at 50 ps. The
500-nm ESA peak shows a spectral shoulder around 550 nm, which reaches a maxi-
mum AOD around 3 ps and decreases thereafter. These spectral features are similar
to those of curcumin in methanol and micellar solution [53]. The 500-nm ESA peak
is still observable after 500 ps although the SE signals have disappeared, which is
discussed below. In Figure 6.4a, the overlap between the ESA and SE signals results
in the overall ESA peak observed at 500 nm.

Changes in the transient absorption signals reveal the excited-state relaxation of
curcumin in the PAAC18 hydrogel. Figure 6.4b shows the time-dependent 500-nm
ESA signal of curcumin in the PAAC18 hydrogel, which is fitted with an exponential
function with a growth term (7) and three decay terms (7>, 73 and 74). The 74 com-
ponent represents a slow decay that occurs over several nanoseconds. First, the ESA
signals of curcumin in PAACI18 show a growth component with a time constant 7;
of 0.75£0.03 ps (46 % of the maximum signal amplitude). This growth component
at 500 nm represents the solvation dynamics of water in the PAACI18 hydrogel, con-
sidering a transition from the lowest vibronic energy level in the first excited state.

Therefore, the time constant 7; = 0.75 ps is an average solvation time constant, which
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Figure 6.4. (a) Transient absorption spectra of curcumin in PAACI18 hydrogel
(50 mM phosphate buffer at pH 7.4) at several pump-probe delay times. The data
are normalised to the maximum AOD signal. (b) Decay kinetics of the excited-state
absorption signals of curcumin in the PAAC18 hydrogel at 500 nm. The inset shows

the signals at longer delay times.
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Figure 6.5. Decay kinetics of the 500-nm excited-state absorption signals of cur-
cumin in the PAACI8 hydrogel in H,O (green) and D, O (blue) solvent systems. The
data are normalised to the maximum AOD signal.

is comparable with the average solvation time constant of (7) = 1.29+0.14 ps (Table
6.1). Second, the time constant 7, is 16.6 0.8 ps (40 %), which shows a deuterium
isotope effect of 1.8 (Figure 6.5 and Table 6.2). This dominant relaxation process is
ESIHT of curcumin as established previously [53-59], which is an important photo-
physical process of excited-state curcumin. Interactions between the enolic hydrogen
of curcumin and polar solvent molecules influence the rate of ESIHT [54-56, 58, 59,
77]. The time constant 7, shows relatively fast ESIHT process of curcumin in the
PAAC18 hydrogel compared with that in protic solvents [53, 54, 58, 59, 77]. Finally,
the time constants 73 and 74 are fixed to 109 ps (9 %) and 5000 ps (5 %) [78], respec-
tively, which shows insignificant deuterium isotope effects (Table 6.2). In a previ-
ous study, the 2D NOESY 'H NMR spectrum of curcumin in PAAC18 has shown
cross-peaks arising from interactions between curcumin and octadecyl substituents
of PAAC18, and substantial broadening of proton signals of curcumin [36]. The re-
sults of the 2D NOESY 'H NMR spectrum indicate that the hydrophobic octadecyl
aggregates of PAAC18 where curcumin binds are likely to exhibit dynamic charac-
teristics. Furthermore, similar slow and small-amplitude relaxation components have
also been observed from excited-state dynamics of guest molecules encapsulated by
Y-cyclodextrins [54, 78]. These studies suggest that the slow decay dynamics may
be originated from the fluctuation of the y-cyclodextrins, diffusive motions of the
guest molecules, and/or alkyl host-guest interactions. In this current work, the in-
teractions between curcumin and the octadecyl substituents of PAAC18 are expected

to be similar to those between the guest molecule and the hydrophobic annulus of
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Y-cyclodextrin. Thus, the time constants of 109 ps and 5000 ps are attributable to re-
laxation processes of excited-state curcumin in the PAAC18 hydrogel owing to fluc-
tuation of the octadecyl aggregate moieties, diffusive motions of curcumin, and/or
alkyl hydrogen-hydrogen vibrational motions between curcumin and the octadecyl
aggregates of PAACI18.
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6.5 Conclusions

This study highlights the ultrafast dynamics of water and curcumin in a PAAC18
hydrogel. The steady-state spectra show a large Stokes shift value of 5430 +£40cm™!,
indicating the presence of solvation response and water-curcumin interactions due
to dipole change of curcumin induced by photo-excitation. To our knowledge, we
have demonstrated the first results of solvation dynamics of water in a hydrogel us-
ing femtosecond fluorescence upconversion spectroscopy. The dominant component
at 0.91 ps 1is bulk-like fast inertial diffusion response, due to a lack of significant in-
teractions between water molecules and the hydrophobic octadecyl substituents of
PAACI18. The slow translational diffusion response at 5.70 ps is a result of the con-
finement of water molecules in the three-dimensional cross-linking network of the
octadecyl substituents of PAAC18. Femtosecond transient absorption spectroscopic
results provide insight into the time-resolved ESA and SE spectra. The ESA decay
profile reveals that the non-radiative relaxation processes of curcumin are solvation
(0.75 ps), ESIHT (~ 17 ps) and other slow motions due to dynamic interactions be-
tween curcumin and octadecyl aggregates of PAAC18. In conclusion, we have shown
the excited-state dynamics of water and curcumin in the PAAC18 hydrogel using ul-

trafast spectroscopic techniques.
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Figure A.1. Degradation kinetics of 15.0uM curcumin in (a) pH 7.4 phosphate
buffer, (b) 66yCD;su and (c¢) 66yCDyur at 37 °C. The mole ratio of curcumin to

either 66 yCD,su or 66YCDjur is 1 : 1. Signals were recorded for (a) 20 min, and (b)
15h.
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Figure A.2. Cell viability assays performed using human epithelial prostate cancer
PC-3 cells. (a) Dead PC-3 cells with increasing concentrations of curcumin over
5 days, with respect to the corresponding vehicle control. (b) Dead PC-3 cells treated
with 12.5uM curcumin, curcumin-66yCD,su or curcumin-66yCD,ur over 5 days,

with respect to the corresponding vehicle control.
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Figure A.3. Confocal fluorescence images of PC-3 cells treated with (a) 0.08 %v/v

DMSO (vehicle control) and 12.5 uM of curcumin for (b) 1, (¢) 2, (d) 3, (e) 4 and (f)
S days.
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Figure A.4. Confocal fluorescence images of PC-3 cells treated with (a) 12.5 uM of

66yCD>su (0.08 %v/v DMSO) and 12.5 uM of curcumin-66yCD;su for (b) 1, (c) 2,
(d) 3, (e) 4 and (f) 5 days.
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Figure A.5. Confocal fluorescence images of PC-3 cells treated with (a) 12.5 uM of

66 yCDour (0.08 %v/v DMSO) and 12.5 uM of curcumin-66yCD,ur for (b) 1, (c) 2,
(d) 3, (e) 4 and (f) 5 days.
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Figure A.6. Effects of BSA on cellular uptake of curcumin in the absence and pres-
ence of either 66yCD;su or 66yCD,ur. The PBS solutions contain 0.0 or 4.0 mg/mL
of BSA. PC-3 cells were incubated with 12.5 uM of each solution for 10 (left) and
90 min (right). Fluorescence intensities were normalised to the saturation intensity of
the curcumin-only sample without BSA after 90-min incubation, showing it is com-
parable to Figure 2.5. Note the different scales for the left and right panels. Asterisk
symbols in the figure represent very significant decrease in fluorescence intensity of
curcumin due to the presence of BSA (p < 0.001).
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Figure A.7. Kinetics of cellular uptake of curcumin in the absence and presence of
either 66YCD;su or 66YCDjur in PBS. PC-3 cells were incubated with 12.5 uM of

each treatment up to 90 min.
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Figure A.8. Kinetic of cellular uptake of curcumin in the absence of either 66 yCD,-
su or 66yCDsur in PBS. PC-3 cells (4 x 10* cells/well) were incubated with 80 uM
curcumin up to 3 h. The resultant amount of DMSO is 0.06 %v/v. This kinetic shows
cellular uptake may cease within 1-2 h.
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Table A.1. An example of normalisation process in the cellular uptake study.?

Incubation Fluorescence Intensity *SD Normalised Fluorescence Normalised

Time (min)  of Curcumin (a.u.) Intensity of Curcumin ¥SD
0.083 434 35 3.692 0.296
5 3744 146 31.870 1.244
10 4889 163 41.609 1.389
15 6732 198 57.295 1.685
30 7575 250 64.477 2.125
45 10479 322 89.194 2.743
60 11375 328 96.813 2.796
90 11514 336 98.003 2.861

Plateau 11749
Intrinsic 155 59 1.321 0.504
fluorescence

¢ Fluorescence intensity of curcumin is the difference in intensity between cells
treated with curcumin and vehicle control to obtain the fluorescence intensity of
curcumin only. This intensity is fitted with a first order kinetics to estimate the
plateau value. All the fluorescence intensities of curcumin are then normalised with
respect to this plateau value. The intrinsic fluorescence is the difference in intensity
between vehicle control and methanol, that is, the fluorescence intensity due to cells,

which is very small compared to that of curcumin.
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Figure B.1. UV-Vis absorption spectra of 30 uM curcumin in 2.9 wt%, at 37 °C. Sig-
nals were recorded for 18 h. The inset shows the decay of the absorption maxima due
to decomposition of curcumin. The 2.9 wt% PAAC12 possesses an equivalent num-
ber of carbon atoms on the substituent as 2.0 wt% PAACI18. The 2.9 wt% PAAC12
shows a similar viscosity as 1.0 wt% PAACI18 in a previous study. However, PAAC12

exhibits insignificant suppression of curcumin decomposition at 37 °C.
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Figure B.2. Release kinetics of curcumin in (a) pH 7.4 phosphate buffer solution,
those in PAACI18 at (b) 0.3wt%, (c¢) 1.0wt% and (d) 2.0 wt%, and those in (e)
PAACI12 at 1.0wt% and (f) 10%-PAAC12 at 0.5 wt%, at 37 °C. The kinetics were
determined by the evolution of the absorbance around 350 nm with respect to the
maximum absorbance of curcumin around 430 nm. Absorbance around 350 nm cor-
responds to degradation products of curcumin as a result of its release from the poly-
acrylate micelle-like aggregates or hydrogels. Curcumin in buffer (a) shows rapid
formation of degradation products. Curcumin in PAACI18 (b—d) shows sustained re-
lease profiles over 18 h. PAACI12 releases curcumin rapidly (e) within 1h, while
10%-PA AC12 exhibits a sustained release of curcumin (f).
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Table B.1. Binding constants, K,,, of PAAC18-curcumin complexes for n = 1-10

n K, (x10*M~1)

1 —

2 0.3640.01
3 0.7040.01
3.5 1.0440.01
4 1.48+0.06
425 1.65+0.06
45 1.85+0.10
475 2.0640.13
5 2.0840.13
525 1.86+0.18
5.5 1.674+0.26
5.75 1.3940.18
6 1.36+0.12
6.5 1.14+0.15
7 0.9240.09
75 0.8540.08
8 0.75+0.06
9 0.6740.05
10 0.6140.05

Table B.2. Chemical shifts of curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)hepta-
1,6-diene-3,5-dione) in different solvent systems and 1.0 wt% PAACI18

Chemical shifts (ppm)

Curcumin Hydrogens | dg-DMSO | CDCl3 | PAAC18 in D,O
trans H1, H7 7.55 7.57 7.39
Ph H5 7.32 7.32
Ph Hl 7.15 7.16 6.80-6.97
Ph H2 6.82 6.85
trans H2, H6 6.76 6.76 6.40
Alpha H4 6.06 6.06 D-Exchange
Methoxy - 3.90 3.85 3.82
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Figure B.3. 2D NOESY 'H NMR spectrum of curcumin in 2.0 wt% 10%-PAAC12
in D,O at pD7. No cross-peaks arising from the interactions between the dodecyl

substituent protons and the curcumin CH and CH;O (as indicated as asterisk) are

observed.
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