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AN ABSTRACT OF THE THESIS

Linda Mohammed Bechnak for Master of Science

Major: Chemistry

Title: Understanding Self-assembly Behavior and Nanocapsule Formation of Poly(ethylene
oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide): Application as Vehicle for
Curcumin Delivery and Fluorescence Sensing

F108 is a water-soluble non-ionic triblock copolymer. It belongs to the class of
block copolymers, so called pluronics or poloxamers. These copolymers have dual
character: hydrophilic and hydrophobic which establishes these molecules as amphiphilic
species that can self-assemble in aqueous media into micelles having a hydrophobic core
and a hydrophilic surface. Micellization occurs above a certain concentration, known as
critical micelle concentration (CMC)and/or above a certain temperature, called critical
micelle temperature (CMT). There has been extensive research on the utility of these
micellar structures in different fields. On the other hand, extensive research is being held on
curcumin, known for its therapeutic effects. However, this efficiency is still limited due to
its low water-solubility and oral bioavailability. Therefore, various methods were
developed to enhance solubility of curcumin. Moreover, due to its responsive fluorescence
properties, curcumin is being extensively used as a probe to target specific systems.

In this work, properties of F108 are studied in solution using fluorescence technique
and curcumin as the molecular probe. Fluorescence of curcumin has been tracked in
solutions of different concentrations of F108. The CMC and CMT have been found to be
23.2 uM and 35 °C respectively. Furthermore, fluorescence quenching technique, using
Cetylpyridinium Bromide (CPB), has established the position of curcumin. Effect of ionic
strength and bile salt on the CMC and CMT values of F108 is evaluated through curcumin
probing.CMC has decreased with the increase in the concentration of the three salts except
for NaC. The effect has been arranged in decreasing order as follows: NaDC> NaCIl>NaC.
On the other hand, the effect of the three salts on the CMT of F108 has been found to be
less remarkable, with a 1-fold decrease for NaCl and NaDC and almost no change for NaC.
Lastly, quenching results, using CPB which has proved to be a better quencher, have
established that curcumin is located at the stern layer of the micelle.

Curcumin is well known for its therapeutic efficiency that is yet limited by its poor
solubility in water and low oral bioavailability. To overcome these limitations, we attempt
to stabilize curcumin through encapsulating it in F108 nanocapsules having a 1:1 drug to
copolymer ratio. Under scanning Electron Microscopy (SEM), they have appeared as
spherical particles of size between 270 and 310 nm. Besides, the interaction between
curcumin and F108 is assessed by thermogravimetric analysis (TGA), X-ray diffraction
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(XRD), and Fourier Transform Infrared Spectroscopy (FTIR). The XRD has indicated a
change in curcumin’s structure upon encapsulation. Moreover, the FTIR has verified
interaction with F108 at the hydroxyl and carbonyl sites. In addition, the degradation pattern of
1:1 nanocapsules has indicated stability up till ~250 °C. Toxicity assays of curcumin and
nanocapsules is assessed using two types of cancerous cells, A549 and A375 cells, in the
presence and absence of irradiated light. Results have indicated an enhancement in the
phototoxicity of curcumin upon encapsulation.

Furthermore, we have investigated the dependence of encapsulation of curcumin on
the drug to copolymer ratio. Therefore, a variation of the previous nanocapsulesis
synthesized where the curcumin to F108 ratio is 1:40. XRD patterns and calculation of the
degree of crystallinity have revealed change in packing of curcumin with higher change in
the 1:40 ratio. Moreover, in the FTIR spectra have indicated a type of hydrogen bonding
and dipole interaction between curcumin and F108. Drug loading was measured using UV-
visible spectroscopy. Results have demonstrated an enhancement in curcumin loading from
14.9 % to 79.1 % in the 1:40 nanocapsules. Furthermore, fluorescence and absorbance
profiles of curcumin in both nanocapsules have indicated location of curcumin in more
hydrophobic microenvironment in the 1:40 ratio. The relative fluorescence yield has
increased by 6 times in the 1:40 nanocapsules, which renders them as more sensitive probes
to be used later on in our sensing study. Therefore, based on the functionality of curcumin
as a fluorescent transducer, encapsulated curcumin is used in biomedical application as
DNA and RNA sensing. Detection limits are detected as 50 uM and 60 uM for DNA and
RNA respectively. The interaction between the nanocapsules and our targeted molecules is
further approved by zeta potential studies. Furthermore, the real interaction of DNA with
the encapsulated curcumin is confirmed by the interaction of the adenine and cytosine
nucleotides. This has been verified through zeta potential measurements. Moreover, our
prepared nanocapsules has presented a high percentage recovery of DNA and RNA (96-
101%). Finally, stability results have illustrated a high photostability of encapsulated
curcumin, indicating that our nanocapsules can be considered as a stable sensor during
measurement time.
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CHAPTER I
INTRODUCTION

A. Block Copolymers
1. Background

Self-assembly processes involving amphiphilic molecules have attracted numerous
interest in nanoscience and nanotechnology' because of their unique property to form
thermodynamically stable self-assemblies and modify interfacial and surface properties.’
Hartley introduced the word amphiphile referring to a large class of compounds with two
distinct moieties that are covalently bonded and have different affinity for the same
solvent.*These molecules possess two blocks: one is soluble in polar solvents such as water
while the other is soluble in non-polar solvents such as esters, ethers and
hydrocarbons.Typical examples of amphiphiles are lipids and surfactants. Generally
speaking, surfactants or surface-active agents have low molecular weight and are composed
of a hydrophilic head and a hydrophobic tail;’the head can be either charged or uncharged
and the tail might be composed of one or more hydrocarbon, fluorocarbon, or
dimethylsiloxane. Surfactants can be classified into four categories based on the nature of
their head: cationic, anionic, non-ionic and zwitterionic surfactants. Cationic surfactants are
comprised of a positively charged head like fatty amine salts. Anionic surfactants have a
negatively charged head such as carboxylate and sulfonates. Non-ionic surfactants possess
an oligo(ethylene oxide) chain as a hydrophile. Zwitterionic surfactants consist of a head

with both negative and positive charges along with a long hydrocarbon tail. Surfactants



have attracted much attention because of their surface activity.’ At very low concentrations,
they can remarkably alter the air-water or oil-water interface, and this can serve many
surface chemistry functions offered by surfactants, such as solubilization,’ emulsiﬁcation,8
foaming,’and cosmetics.'’. Over recent years, block copolymers have attracted a
considerable attention as a new category of amphiphiles which proved to benefit a plethora
of applications including drug delivery,'" tissue engineering,'> nanoparticles synthesis, "
mesoporous materials,'* and many other applications. Block copolymers belong to the class
of non-ionic surfactants and are considered as macromolecular amphiphiles of high

molecular weight.*
2. Structure

A representative class of block copolymers which have proved to be beneficial in
numerous applications are poloxamers, known commercially as pluronics. These are water-
soluble non-ionic triblock copolymers. These block copolymers exhibit an amphiphilic
assembly: a hydrophobic polypropylene oxide (PPO) chain terminated by two hydrophilic
polyethylene oxide (PEO) chains; hence, the general structure is an A-B-A structure: PEO-

PPO-PEO (Figure 1.1)."

RS-

Figure I. 1 Structure of triblock copolymers



3. Nomenclature

Nomenclature of pluronics includes a numeric code preceded by a letter which
expresses its phase. The letter “L” stands for the liquid, “F” for flakes or solid, and “P” for
paste. The numeric code defines the PPO and PEO structure of the copolymer. The first
one or two digits multiplied by 300 indicate the approximate molecular weight of the PPO
block in Da whereas the last digit signifies the percentages of ethylene oxide. For example,
‘F-127’ is a solid copolymer with an approximate PPO molecular weight of 12600 and 70%

ethylene oxide.'®

4. Micellization of Pluronics (the hydrophobic effect)

Owing to the dual structure of pluronics and the difference in solubility between
their two blocks, they can spontaneously self-assemble into various organized structures,
the most prominent ones being spherical micelles with a hydrophobic core and hydrophilic
corona.'” However, this self-assembly process known as ‘micellization” occurs only above
a certain polymer concentration known as critical micelle concentration (CMC) and above a
certain temperature at which micelles form, critical micelle temperature (CMT)."®This self-
association process is driven by the hydrophobic effect. This term was first coined by
Charles Tanford in 1970s referring to the nonpolar molecules that have tendency to form
aggregates in water.'° An ambiguity in understanding this phenomenon is still present due to
the many intermolecular forces involved. Some has attributed micellization process to the
strong hydrophobic attractive forces that exist between the nonpolar chains in aqueous
media. Others have opposed this by saying it is completely the opposite; the origins of these

interactions are rooted in the strong attractive forces (hydrogen bonding) between water



molecules. Thus, hydrophobic effect is clearly defined as the tendency of water molecules
to decrease the alkyl chain/water contacts that increase the free energy of the solution. As
the copolymer concentration increases in the solution and as more copolymers adhere to the
air/solution interface, the unfavorable interactions between the hydrophobic blocks and
water continue to grow, which cause the free energy of the system to increase. To avoid a
further increase in the free energy, water molecules reduce these alkyl chains/water
contacts by pushing the insoluble lipophilic blocks to aggregate to form micelles having an
oily core where PPO blocks are in contact with each other. The head groups (PEO) form a

shell at the surface of this core to further decrease the alkyl chains/water contact.*
5. Thermodynamics of micellization

For a better understanding of self-assembly processes, it is crucial to study their
thermodynamics.This requires the discussion of the equilibrium aspects of micellization as
well as some thermodynamic quantities such as entropy (AS), enthalpy (AH), and Gibbs
free energy (AG). A productive insight on the thermodynamics of micellization was
obtained by Alexandridis et al. in the early 1990s.'® %! In principle, there are two
mechanisms or models through which micellization can proceed: open and closed
association mechanisms. The former takes places through a series of equilibria including
monomers, dimers, trimers, up to n-mers. Yet, the latter is characterized by a dynamic
equilibrium between dispersed copolymers (monomers) and the aggregated structures
(micelles).?It has been proved by Alexandridis et al. that block copolymer micellization
occurs through the closed association model.'® Indeed, it is well established that micelles

are thermodynamically stable species.” However, an important question arises in the



thermodynamics of micellization: which term, the enthalpic or entropic term, contributes
more to the thermodynamic stability of micelles? As mentioned above, to reduce the free
energy of the system upon the increase in the unfavorable interactions between the PPO
chains and water molecules, water molecules tend to aggregate the nonpolar blocks
together, forming micelles. To answer this question, there are two approaches that can
analyze the thermodynamics of micelle formation: the phase separation model and mass-
action model. In the phase separation model, micelles, formed at CMC, exist as a separate
phase in the solution. It is also assumed that the concentration of free monomers in
equilibrium with micelles is equal to the CMC value. In the mass-action model, it is
considered that the free monomers and micelles are in an association-dissociation
equilibrium.For both models, the free energy of micellization for non-ionic block
copolymers i.e. the Gibbs free energy change for 1 mole of amphiphile to transfer from

solution to the micellar phase is
AG®° = RTIn(X ) (1)

where R is the gas constant, T is the absolute temperature, and X, is the critical micelle

concentration in mole fractions.

If aggregation number, that is the number of surfactant units (monomers) constituting a
micelle, is assumed to be independent of temperature according to the mass action model
and applying the Gibbs Helmholtz equation (G = H-TS), the standard enthalpy of

. . . o 24
micellization, AH , can be expressed as
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Finally, the standard entropy of micellization can be written as

_ (AH°— AG®)

AS° - (3)

Some studies have shown that for block copolymer micellization, the following equation

applies™
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Where T.nds the critical micellization temperature and X is the block copolymer

concentration in mole fractions; thus, equation 2 becomes
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Thermodynamic quantities AG°, AH®, and AS® for various pluronics at their critical

micellization temperature were calculated by Alexandridis and his collaborators.'®

AHP® values were positive indicating that micellization is endothermically
unfavorable process. However, the negative standard Gibbs free energies, AG®, values
show that micelles are thermodynamically stable moieties formed spontaneously. It can be
concluded that the negative free energies are exclusively a result of the positive entropy
contribution. Therefore, micellization is an entropy driven process. This contradicts the
aggregation process in which dispersed monomers form highly ordered clusters (micelles),
which is entropically unfavorable. However, solvation effect of water molecules plays an

important role in increasing the entropy.'” The non-polar chains of block copolymers are



not dissolved in water due to their inability to hydrogen-bond with water molecules. Thus,
without breaking hydrogen bonds, water molecules in their vicinity arrange themselves to a
more ordered assembly to form a cavity in which the nonpolar molecules can be solvated.
This results in an entropy decrease which disfavors the process to occur. However, the loss
of entropy becomes very large to the extent that favors the restoration of the previous
hydrogen-bonding structure of water, which will lead to an increase in the entropy
outweighing the entropy loss resulting from the aggregation process of monomers into

micelles. Hence, the driving force behind micellization is entropic.*
6. Morphologies of Micelles

Micelles of diverse morphologies can be obtained when block copolymers self-
assemble in solution.'” Furthermore, polymeric assemblies are more stable compared to
small-molecule aggregates. Due to this versatility, they offer greater opportunities that can
meet the requirements of a wide range of applications. For instance, in the synthesis of
mesoporous materials, morphology of the micelle plays an important role in the
determination of the pore structure of the material. Several conditions can dictate the
destined structure of the micelle, including the HLB balance (hydrophobic/hydrophilic
ratio) or copolymer composition, polymer concentration, solvent concentration and nature,
and other properties.**Following the same principle of surfactants, a dimensionless factor,
p, can predict the final morphology of the micelle in solution. This parameter, p = v/ayl., is
a packing parameter, where v and /.are the volume and length of the hydrophobic segment
respectively and ay is the area of the polar head. According to the value of p, pluronics can

self-assemble into a variety of nanostructures, such as spherical micelles, cylindrical or



worm-like structures, polymersomes and flat bilayers, lamellae, vesicles, etc. Spherical
micelles are considered the pre-requisite morphology for other aggregates. Figure 1.2

illustrates all the possible morphologies in relation to the p value.'’

1/3<p<1/2 p<1/73 12<p<1

Cylindrical micelle Spherical micelle Polymer membrane

Figure 1. 2 illustration of typical morphologies formed by amphiphilic block
copolymers in solution (red region represents hydrophobic core and blue is for
hydrophilic surface)

7. Factors that affect properties of Micelles

Several physical factors can alter the structures and properties of copolymer
aqueous solution. Effects of temperature,”’” copolymer concentration and molecular
weight,'® added salts,” and other features on the structure and hydrophobic/hydrophilic

character of the PEO-PPO-PEO block copolymers have been studied extensively.

a. Effect of copolymer concentration and temperature

Some studies have revealed a strong dependence of CMC and CMT on the solution
temperature. For instance, using Differential Scanning Calorimetry (DSC), Alexandridis et
al. have shown that CMT of L64 decreased when the copolymer concentration increased

from 1wt% to 10 wt%.”’The observations made here were in a good agreement with an



earlier work for Alexandridis et al. where dye solubilization method was employed to
investigate the effect of temperature and copolymer concentration on the CMC and CMT
values for 12 pluronics having a broad range of molecular weights (2900-14600). Indeed, it
was detected that the CMT values decreased with the increase in copolymer concentration,
and the CMC values decreased with temperature.®Later, Alexandridis et al. used surface
tension measurements for 7 pluronics covering molecular weights from 3400 to 14600 to
further examine the effect of temperature, concentration, molecular weight, and PPO/PEO
composition on the molecular characteristics of pluronics. For that purpose, surface tension
data for P103, P104, F108, P105, P85, and P65 were plotted semi-logarithmically with
respect to the copolymer concentration at two temperatures, 25 and 35 °C. Results showed
a decrease in the CMC with temperature for the 7 pluronics.”' This is in compliance with
the previous conclusions from dye-solubilization technique where it clearly showed that
CMC decreased with temperature. In 2005, Mata et al. have confirmed temperature-induced
micellization by using FTIR spectroscopy to monitor the temperature dependence of the
key infrared bands of L64. The wave number shift of the C-O-C band, exhibited by the
PPO block of pluronics, was tracked for different concentrations of L64 in aqueous media
as a function of temperature. In this study, DSC and FTIR were also employed to assure
that CMT values of L64 decreased with the increase in copolymer concentration from 1 to

25 %w/v.”

b. Effect of molecular composition

Micellization is not only temperature and concentration dependent. However, it

shows a strong reliance on the molecular weight and composition of the pluronic molecule.



Alexandridis et al. have also shown that PPO and PEO composition of the pluronic can
highly affect the CMC and CMT values. Their study showed that for P65, P84, and P123,
having same hydrophilic (PEO) composition but different hydrophobic (PPO) segment,
polymers with the largest PPO weight (P123) formed micelles at lower temperatures and
concentrations i.e. at lower CMC and CMT values. To investigate the effect of the PEO
segment, a group of pluronics having same PPO weight but varying PEO content showed
an increase in the CMC and CMT values as the number of PEO units increased from 40, 50
to 80%. However, the effect of PEO on the CMC and CMT is less pronounced than that of
the PPO, indicating that PPO is the chief feature of micellization, which is in fact a key
contributor to the hydrophobic effect. Moreover, it was shown that for copolymers with the
same PPO/PEO ratio and different molecular weight, those with the higher molecular

weight undergo micellization more readily, or at lower CMTs and CMCs.?'

c. Effect of added salt

Furthermore, many studies have illustrated the influence of added salts on the
aggregation behavior of pluronics. It has been confirmed that pluronics in salt-containing
solutions demonstrated remarkable aggregation properties. After plotting surface tension
data for P65 in water and 2M NacCl as a function of copolymer concentration at 30 °C, Jain
et al. have reported that in the absence of salt, this copolymer did not aggregate up to the
highest concentration studied (1% w/v) where the plot has not shown any break point in
surface tension. This absence of aggregation is mainly due to the high hydrophilic character
of P65 (50%). In contrast, in 2M NaCl, two break points over a wide range of concentration

in the surface tension graph, where the second break corresponding to the CMC occurred at
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0.08% w/v i.e. at a lower CMC value.”*Using surface tension measurements, Desai et al.
have also reported a considerable lowering of the CMC value, concentration at the second

break, of F88 upon increasing the sodium chloride concentration from 1.0 to 2.0 M.*’

8. Fluorescence probing as a new method to study micellization behavior

Recently, steady-state fluorescence measurements using the emission of
fluorescence probes have emerged as a powerful tool to investigate the effect of
temperature, concentration and added salts on the micellization properties of pluronics. In
2008, Patel et al. were interested in studying the changes in aggregation characteristics of
pluronic F88 uponmodifying the concentration, temperature, and adding potassium
chloride. Steady-state fluorescence technique was employed using pyrene as a fluorescence
probe because it has a characteristic emission spectrum of five bands that are strongly
dependent on the polarity of the medium,; the ratio, I;/I; which is the intensity of the first to
the third band, was taken as an indication of the polarity of the medium. Results of polarity
ratio in varying concentration of F88 plotted as a function of solution temperature have
shown a drastic decrease in the CMT value at higher F88 concentration. Another plot for
polarity ratio of pyrene for 2.5% F88 in solutions with increasing salt concentration has
clearly demonstrated that micellization occurs more readily i.e. at lower CMTs when the
salt concentration is larger. Temperature-induced and salt-induced micellization were
further confirmed through viscosity measurements which have shown a gradual decrease in
relative viscosity for F88 solutions with increasing temperatures and amounts of salts. This
is primarily due to the more compact structures of micelles as compared to the F88

unimers.*’As a conclusion, several studies have used multiple techniques to establish
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micelle formation in solution and the alteration of their properties when several conditions

were modified.

9. Polymeric micelles as drug delivery systems

One of the most powerful properties of poloxamers is their capacity to form these
thermodynamically stable species (micelles) whose aqueous solution properties are highly
dependent on concentration, temperature, solvent characteristics, and added salts or other
additives. Depending on the solution conditions, poloxamers can be amenable to multiple
therapeutic drug delivery formulations, leading to various thermodynamically-stable drug-
encapsulating structures such as cubosomes, thermo sensitive gels, ellipsoids, micelles,
rods, etc. Each structure has its unique adsorption and associative characteristics which
allow it to target a specific disease, work with a certain drug, or function at a different
delivery rate and routes.>’ The hydrophobic core of these structures is central to their utility
as it offers a medium to solubilize hydrophobic drugs having low-aqueous solubility and
thus low oral bioavailability.* Dorn et al. was the first to observe and report formation of
drug loaded pluronic micelles.”” Advantages that render poloxamers as a suitable choice for
many clinical applications aside from their supremacy in fundamental research and
industrial applications as foaming agents, stabilizers, emulsifiers, and detergents include:
high commercial availability, wide array of molecular weights and compositions, and
approval for the use in pharmaceutical industry by the FDA for pharmaceutical and medical
applications and by the US and British pharmacopoeia.’’ SP1049C, which is a formulation
incorporating doxorubicin (Dox) in the mixed micelles of pluronics L61 and F127, was the

first micellar formulation to reach clinical evaluation as an anti-cancer therapeutic. The
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pharmacokinetics and biodistribution profiles of Dox have shown that Dox fused in
micelles demonstrated more efficient accumulation in the tumors compared to the free
drug. Furthermore, this analysis indicated that Dox formulated with SP1049C in the tumor
had delayed peak levels and higher residence time as compared to the free Dox. Dox,
paclitaxel or other drugs in pluronics formulations also showed improvement of drug
anticancer effect in in vivo tumor models.**Up till recent years, many researchers have been
thoroughly highlighting the utilization of “smart” drug nanocarriers developed with
pluronic copolymers in numerous drug formulations and treatment pathways for several
diseases. In 1988 Saettone et al. manifested that for a series of poloxamers with different
molecular weights and characteristics, solubility of the cycloplegic drug, tropicamide,
displayed a linear increase upon increasing the copolymer concentration.*’In 1989,
Kabanov et al. recognized a 5-fold improvement in solubility of haloperidol, a neuroleptic
drug, when encapsulated in P85.>°Furthermore, the solubility of the HRT drug, estriol, was
enhanced with the increase in temperature and L64/salt concentration.’’ In 2006, enhanced
oral bioavailability in in vitro of camptothecin was shown by Sugin et al. when this
hydrophobic drug was encapsulated in F127, F68, and P85 delivery vehicles.*® Moreover,
Kwon et al. have also reported that drugs encapsulated in Pluronic micellar systems are
more efficient at tumor cells as compared to the free drug. This can be attributed to the
enhanced circulation time of drug-loaded micelles and slower rate of dissociation of drugs
in micelles in the blood circulation system.’’Recently, results on solubilization of
carbamazepine (CBZ) using pluronic delivery vehicles and its interactions with the block
copolymer solutions were presented by Kadam et al. in 2009. CBZ is a long-established

antiepileptic drug, yet its bioavailability is highly limited by low-water solubility.
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Therefore, Kadam et al. have conducted a systematic study to investigate the solubilization
capacity of P103, P123, P84, and F127 for this drug. Results have shown that the amount of
solubilized CBZ increased with the increase in P103 and P84 concentration. However, the
effect was more pronounced for P103 because it is more hydrophobic. This dissolution
enhancement was observed for P123 and F127 as well. Effect of temperature on
solubilization was also investigated. A slight increase in solubility of CBZ was detected
when temperature was increased.*” Results here were in a good agreement with previous
results from Saito et al. on estriol.*' Fioritto et al. also got similar outcomes on the
dissolution of Furosemide.*” In conclusion, a thorough review of the literature clearly
demonstrates that solubility, therapeutic effects, stability, and drug pharmacokinetics and
biodistribution profiles of low molecular mass drugs can be extremely boosted when

combined into pluronic micelles.
B. Curcumin
1. Background

Curcuma longa is a perennial plant that belongs to the ginger family.* It is broadly
cultivated in the Asian tropical regions. Turmeric is the plant’s extract; it is known for its
golden yellow color and widely used as a preservative, coloring agent, and a spice for food.
India is the chief exporter of turmeric.**Curcuma longa has been also known for its
therapeutic uses since the times of Ayurveda in 1900 BC, the science of long life.*’ Due to
its antioxidamt,46 anti—inﬂammatory,47antimutagenic, antimicrobial,48and anticancer

49-50

properties, turmeric has been acknowledged in Asian countries as a traditional medical

herb.
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Turmeric is constituted of a variety of phytochemicals; the three principal ones are:
curcumin, demethoxycurcumin, and bisdemethoxycurcumin. The main phytochemical that
is responsible for turmeric’s therapeutic importance and counts around 2-5% of turmeric
rhizome is curcumin. It is also the main natural polyphenol that gives turmeric the vibrant
yellow color which is responsible for its usage as a dye.* Curcumin was first isolated in
impure form in1815 by Vogel and Pelletier.’'yet its chemical structure was not identified

until 1910 by Milobedzka and Lampe.>
2. Structure

Curcumin has a molecular weight of 368.37 g/mol, molecular formula C,;H»(Os,
and a melting point of 183 °C.>The chemical name of curcumin is 1,7-bis(4-hydroxy-3
methoxyphenyl)-1,6-heptadiene-3,5-dione. It is also called diferuloylmethane.’*Under
physiological conditions, curcumin tautomerizes between two forms: an enolate and a bis-
keto form. Structures of curcumin’s tautomers are shown in figure 1.3. The percentage of
enol to keto form is highly dependent on the temperature and the properties of the solvent.
Studies including X-ray diffraction patterns and DFT simulations indicate that the stability
of the cis-enol form in vaccum and solution originates from the conjugation of the -
electron system where the enolisable hydrogen is evenly distributed between the two
oxygens. It has been shown through NMR studies that curcumin exists as an enolic isomer
in non-polar and aprotic solvents. However, in protic solvents, the keto-form predominates

due the rupturing of intramolecular hydrogen bonding.>*
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Figure I. 3 Chemical structures of curcumintautomers

3. Photophysical properties of curcumin

The interesting fluorescence and absorption profile of curcumin has rendered it as a
useful molecular probe for many sensing applications.’® It has an absorption maximum in
the range of 408-430 nm.Theoretical studies predicted that the broad absorption band
between 410 and 300 nm is due to the n-n* transition whereas the absorption maximum
between 389 and 419 nm is for the keto and enol form, respectively.’*Moreover, it emits
between 540 and 600 nm depending on the solvent used and has a relatively low quantum

yield and short lifetime.”’

Wang et al.”® have studied curcumin’s stability through studying its degradation in
buffer solution, and it has been shown that it is more stable in acidic medium than in basic
medium owing to the conjugated diene structure. In addition, photodegradation of curcumin

into vanillin and p-hydroxybenzaldehyde as by-products has been widely reported.”

4. Applications

Turmeric has been considered a major component of Asian cookery and traditional

medicine for thousands of years. More recently, turmeric extracts have been extensively
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used by the food industry as additives, flavorings, preservatives, and coloring agents (e.g.
mustards and soft drinks). Indeed, curcumin is approved in the international numbering
system for food additives with the code E100. Also, turmeric serves several nonmedical

. . . . . . .60
applications such as cosmetics, mostly in Hindu rituals and ceremonies.

a. Applications in bio-chemistry and medicine (therapeutic uses of curcumin)

Curcumin has been shown to exhibit a high therapeutic potential as an anti-
inflammatory, antibacterial, anticancer, and antioxidant drug. Besides, curcumin has proven
efficiency in wound healing and reducing cholesterol levels in the blood.’' Moreover, many
studies have shown that curcumin can inhibit platelet aggregation,**and suppress symptoms
related to Alzheimer’s disease.” All of these potential therapeutic uses for curcumin have

established it as a crucial dietary supplement with a safety intake of up to 8g/day.**

i.  Anti-inflammatory and Antioxidant activities

In many chronic diseases which are known to display inflammation symptoms,
curcumin has been shown to exhibit major therapeutic efficiency. Such diseases include
Alzheimer’s disease (AD), Parkinson’s disease, multiple sclerosis, epilepsy, cerebral injury,
cancer, allergy, asthma, bronchitis, colitis, rheumatoid arthritis, cardiovascular diseases,
renal ischemia, psoriasis, diabetes, obesity, depression, fatigue, and AIDS. For example, ina
study by Aggarwal et al., results have shown that curcumin can play a major role in the
treatment of psoriasis. Treatment pathways of curcumin include inhibition of PhK activity,
reducing the amount of keratinocyte transferrin receptor, and density of epidermal CD8" T

cells which are all associated with the appearance of psoriatic activity as assessed by
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clinical, histologic, and immunohistochemical criteria.®’In 2003, Ram et al. focused their
work on the anti-asthma property of curcumin. They have examined the effect of curcumin
on the airway hyper-reactivity in a guinea pig model, and results have demonstrated that
curcumin was very efficient in improving the impaired airway features in OV A-sensitized

. . 66
guinea pigs.

Oxidative stress and inflammation are quite related. They have similar pathological
processes, and it is proven that both can induce one another. For instance, oxidative stress is
caused by inflammatory cells that are known to release numerous reactive species at the
inflammation site.®” Several studies have established the proficiency of curcumin as an anti-
inflammatory and antioxidant agent. For example, upon studying the scavenging activity of
curcumin, Reddy and Lokesh have concluded that curcumin act as an effective scavenger of
a number of reactive oxygen species (ROS) such as hydroxyl radicals and superoxide

anions.®®

ii.  Anticancer activity

Cancer is a complex disease that is characterized by abnormal cell proliferation and
growth caused by accumulation of gene mutations. A common major factor of initiation
and advancement of all types of cancer is inflammation. Because curcumin is a potential
anticancer drug and anti-inflammatory agent, it is expected and has been proven to exhibit
various therapeutic effects in several types of cancer. Curcumin is a well-established
anticancer agent due to its ability to suppress the growth of various tumor cell lines by

controlling the activity of several molecular aspects, which are implicated in
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carcinogenesis.””Till now, the anticancer activity of curcumin has been the focus of more
than 800 reports. Several in vitro and in vivo studies have established the potential of
curcumin in preventing the growth of various cancer cells from different organs and body
parts including blood,” colon,”! brain,® breast,” pancreas,73 prostate,74and skin
cancers.”>14.1 million new cancer cases have been identified in 2012 according to Centers
for Disease Control and Prevention. According to Ries et al., this number is expected to

increase to 19.3 million by 2025.7

b. Applications in Chemistry (Curcumin as a sensor and molecular probe)

Finding new fluorescence probes that can help in studying properties of liposomes
or self-assembly aspects of micelles has been always a topic of great interest among
spectroscopists. Due to its interesting fluorescence profile, curcumin is widely getting

7778 and sensor.”*° The use of

realized for its potential application as a molecular probe
fluorescence technique in probing is widely favored over classical microscopy techniques
because it offers detailed information reaching a single molecule sensitivity.*' For instance,
a study conducted by Khoury et al. in 2016 revealed that curcumin can serve as an efficient,
non-toxic, and easily accessible probe molecule to study the liposome properties.
Furthermore, it was successfully proved in this study that curcumin can be used to observe
the effect of cholesterol on liposomes and study ethanol induced interdigitation of
liposomes.** Another study proposed by Chebl et al. have shown that curcumin formulated

with chitosan oligosaccharide and integrated with negatively charged silica nanoparticles to

form nanocapsules can serve as a cost-effective and highly selective analytical technique
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for cholesterol sensing without enzymatic reaction.*Moreover, Wu et al. reported curcumin

. . . 4
as a chemosensor for fluoride anion in 2010.%

5. Limitations of Curcumin

Despite the extensive research which has entrenched the therapeutic efficiency of
curcumin against several health problems, curcumin alone is a poor therapeutic candidate
due to its low oral bioavailability which is attributed to poor water-solubility, fast
elimination from the body, and high rate of metabolism.* Yang et al. have shown that only
0.36 + 0.05 pg/mL was found in serum after intravenous administration of 10 mg/kg
curcumin in rats. However, a maximum plasma concentration of 0.06 + 0.01 pg/mL was
achieved for a 500 mg/kg of orally administered curcumin. This comparison specified that
the oral bioavailability of curcumin was only 1%.*® Multiple studies have surveyed the
pharmacokinetics profile of curcumin in rodents and human and showed that the maximum
plasma concentration reported till now is 0.051pg/mL from 12g curcumin in human,

1.35ug/mL from 2g/kg in rat, and 0.22ug/mL from 1g/kg in mouse.”’

6. Means to overcome limitations of curcumin

To take advantage of all the therapeutic benefits offered by curcumin, multiple
methods have been pursued to increase curcumin’s solubility and oral bioavailability.
Several strategies including phospholipid-curcumin complexes, liposomes, polymeric
micelles, and curcumin nanoparticles have proved to be potential platforms in improving

bioavailability of curcumin.
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a. Phospholipid complexes

Liu et al. conducted a study on curcumin-phospholipid complexes which they have
prepared and administered orally to Sprague-Dawley male rats at a dose of 100 mg/kg.
They have shown that the maximum plasma curcumin concentration for curcumin-
phospholipid complexes was 600 ng/mL while that of free curcumin was 267 ng/mL. This
study has also found about a 1.5-fold increase in curcumin half-life in rats when it was
formulated in a phospholipid complex.*® Another study conducted by Maiti et al. showed
that curcumin-phospholipid complex displayed a 5-fold enhancement in oral bioavailability

in comparison with suspension of curcumin.®’

b. Delivery systems

i.  Liposomes

Another approach which helps boosting the bioavailability of curcumin is the
encapsulation of curcumin in delivery vehicles. Such systems act as a “cargo” space that
carry water-insoluble drugs such as curcumin to its desired location for therapeutic
applications. Examples of such systems are liposomes, polymeric micelles, and curcumin

nanoparticles.

Liposomes are synthetic lipid-based drug delivery systems. They are described as
vesicles having a phospholipid bilayer surrounding a hydrophilic core. In fact, studies to
date have shown a significant enhancement of oral absorption of hydrophobic drugs when
carried in liposomal drug delivery systems as compared to oral solid delivery or suspension

techniques. Such systems are able to solubilize and stabilize both hydrophilic and lipophilic
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drugs.”® For example, an in vivo study revealed that curcumin’s plasma concentration
significantly improved from 64.6+£10.7 pg/L in free curcumin to 319.2+70.4 pg/L in
liposomal curcumin. This is estimated as a 4.96-fold enhancement in curcumin’s

bioavailability in comparison with orally administered free curcumin.”’

ii.  Polymeric Micelles

Polymeric micelles are self-assembled nanostructures whose size ranges between 20
and 100 nm.”” These structures are composed of amphiphilic macromolecules, such as
block copolymers, which self-assemble in aqueous media to micelles having hydrophobic
core and hydrophilic surface. In their core, they can accommodate many hydrophobic
drugs.”Several lines of studies have proved that such structures are competent for
solubilization of curcumin. In an attempt to increase the solubility of curcumin in aqueous
media, Zhao et al. prepared a composite formulation of mixed micelles made up of P123 to
F68 at a ratio of 2.05:1. The average size of these nanocapsules was found to be 68 nm.
The encapsulation efficiency and drug-loading capacity were estimated to be 87% and 7%
respectively. Curcumin showed a substantial increase in solubility from 11 ng/mL in the

free state to 3.02 mg/mL when encapsulated in the micellar solution.”*

C. Fluorescence

Fluorescence is a simple and highly sensitive luminescence technique. It is based on

photo-excitation of a molecule and collecting the emitted light in return. It is an interesting
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method that is widely employed in various fields including DNA sequencing, biosensing,

molecular interaction, biotechnology, etc.

In 1800’s, several people have noticed and reported on how minerals transmitted and

reflected colors; however, they failed to explain it when they attributed it to light scattering.

The term fluorescence was first used by Stokes between 1852 and 1853. He backed-up
Becquerel observation ten years earlier when he concluded that the molecules emit at a

longer wavelength than the incident light.”

1. Principal of fluorescence
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Figure I. 4 Jablonski diagram

A clear illustration of the fluorescence process can be given by Jablonski diagram as
shown above in figure 1.4. Right after light absorption (10"°s), the molecule experiences
various transition; some of them are light-emitting while others are not. The internal

conversion process is when the molecule relaxes and returns to the lowest vibrational level
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of the first excited state (10'%s). The process in which energy of the system returns from
the lowest vibrational level of the first excited state to ground state Sy is called fluorescence
(107%). However, phosphorescence phenomenon is the result of the intersystem crossing
(ISC) from the first excited S; state to a triplet state T, followed by a forbidden transition
to the ground state Sy. Compared to fluorescence, phosphorescence is characterized by a

delay in the emission which lead to a higher emission wavelength.”

2. Quenching

Quenching is a fluorescence process described by a decrease in the fluorescence

intensity. Two modes of quenching exist: collisional and static quenching.

a. Collisional quenching

Collisional quenching arises when the fluorophore in the excite state collides with
the quencher. Stern-volmer plot represents collisional quenching, where Fy/F is plotted
versus quencher concentration [Q], and the result is a linear relation with a slope k,7) where
k,is the bimolecular fluorescence quenching constant and 7 is the life-time of the
fluorophore in the absence of the quencher.

The dependence of the fluorophore lifetime on the quencher concentration is an important
feature of collisional quenching, represented by the Stern-Volmer equation:

2= =gty [Q]+1 (6)
In addition, the rise in temperature will cause an enhancement in the diffusion rate. Hence,

the collision rate will increase causing an increase in the quenching rate.
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b. Static quenching

It occurs when the fluorophore bound to the quencher forms a stable and non-fluorescent

complex in the ground state according to the equation:

FQ
F+Q— FQ Ks = o ()

So, the Stern-Volmer equation becomes as follows

2= KslQ]+1 8)
This type of quenching, unlike collisional quenching, the lifetime of the uncomplexed
fluorophore is unaffected by the quencher concentration and the raise in temperature causes

the dissociation of the formed complex. Consequently, the quenching rate will decrease.”

D. Aims

Self-assembly process attracts numerous interests for its applicability in drug
delivery materials sciences and sensing application targeting specific systems. In chapter II
of this work, our aim is to investigate self-assembly behavior of F108 copolymer in
solution, which belongs to the class of block copolymers called pluronics. Therefore, using
fluorescence probing technique, curcumin will be employed as an external probe to
determine the CMC and CMT of F108. Secondly, this method will be apprehended to track
changes in CMC and CMT with the addition of some modulators like sodium chloride and
bile salts like sodium cholate and sodium deoxycholate. Finally, the position of curcumin
inside the F108 micelles will be determined through fluorescence quenching, employing

Cetylpyridinium bromide (CPB) and potassium iodide (KI) as quenchers.
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Smart polymers with responsive properties have received much interest in the last
few decades because of their crucial role in nanoscience and drug delivery applications. On
the other hand, curcumin has proved efficiency as an anti-inflammatory, anti-oxidant, and
anti-cancer agent. Nevertheless, its applicability is limited by its poor water-solubility and
low oral bioavailability. Therefore, chapter III of this study will target enhancing the
solubility and oral-bioavailability of curcumin through encapsulating it in F108
nanocapsulesand characterizing these structures using X-ray diffraction (XRD),
thermogravimetric analysis (TGA), scanning electron microscopy (SEM), and Fourier-
transform infrared spectroscopy (FTIR). As an application, the anti-cancer activity of these
nanocapsules will be assessed on two types of cancerous cells using photodynamic therapy.

Aside from its therapeutic efficiency, curcumin is well known for its analytical
specificity as a fluorescence probe for targeted biomedical species. Hence, extensive
research is being held on the sensing abilities of curcumin. Photophysical properties of
curcumin can be tremendously boosted after being coated with a polymer. Therefore, in
chapter IV of this work, we will encapsulate curcumin in F108nanocapsules, but in a 1:40
curcumin to F108 ratio in order to check the effect of copolymer concentration on drug
loading and emission spectrum of curcumin. A brief comparison on encapsulation of
curcumin between the 1:1 and 1:40 nanocapsules will be done using X-ray diffraction,
Scanning Electron Microscopy, and Thermogravimetric analysis. Using UV-visible and
fluorescence spectroscopy, we will investigate whether increasing the copolymer
concentration will successfully enhance the fluorescence signal of curcumin. Later, based
on the functionality of curcumin as a fluorescent transducer, encapsulated curcumin will be

used in biomedical application as DNA and RNA sensing.
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CHAPTER II

UNDERSTANDING SELF-ASSEMBLY BEHAVIOR OF
POLY(ETHYLENE OXIDE)-BLOCK-POLY(PROPYLENE
OXIDE)-BLOCK-POLY(ETHYLENE OXIDE)

A. Introduction

Understanding self-assembly aspects of block copolymers was and is still of great
importance to scientist because of their utility in a wide range of applications whether in
chemistry, pharmacy, or medicine. Pluronic F108 belongs to this class of compounds;
however, interestingly this pluronic, among other pluronics like F127 and P104, is known
for its high hydrophilic percentage (around 80%).”” F108 in solution behaves like
surfactants; above critical micelle concentration and/or temperature, it aggregates into
micelles of hydrophobic core and hydrophilic interface.Studying the CMC and CMT
changes in block copolymers has been a subject of interest to many researchers. Different
methods in literature were employed for this purpose. Such methods include surface tension
measurements,y'28 FTIR technique,29 DPH solubilization method,lgand fluorescence
probing.*® Fluorescence probes, mostly pyrene, proved to be a powerful technique for this
aim. However, studying F108’s behavior in solution using curcumin as a molecular probe is
limited. Curcumin is a well-established ancient drug, existing as a B-diketo which
tautomerizes between its enol and keto structures. Though interaction between curcumin
and pluronics is strong as it is widely reported that curcumin gets buried in the hydrophobic

cavity of pluronic micelles, studying F108 behavior in solution using curcumin as a
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fluorescence probe is very limited. Interestingly, curcumin is becoming an established
fluorescence probe for many systems like micelle,”® liposomes,”” and heterogeneous
systems. °Thus, it is of great importance to comprehend the type of this interaction between
curcumin and F108, taking advantage of curcumin’s fluorescence properties and keeping its
applicability in drug delivery, biomedical applications, and nanotechnology. In this
manuscript, fluorescence techniques, using molecules like curcumin as an external
fluorescence probe is proposed as a method to investigate the self-assembly behavior of
F108 in water. The CMC and CMT are both determined at a fixed concentration and
temperature, respectively. Results obtained are compared to those achieved using pyrene
probing and DPH solubilization technique from literature. Effect of ionic strength and bile
salt is also evaluated. Furthermore, the position of curcumin in the micelle is studied

through quenching technique using CPB and KI as quenchers.
B. Materials and Methods
1. Materials

Pluronic F108, curcumin, Cetylpyridinium Bromide (CPB), sodium chloride
(NaCl), potassium chloride (KI), sodium cholate (NaC), and sodium deoxycholate (NaDC)
were obtained from Sigma-Aldrich and used as received. The solvents used were obtained

from Sigma Aldrich and were of HPLC grade.
2. Sample preparation

Note: all the following experiments were carried out in duplicates
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A stock solution of F108 (10 mg/mL) was prepared in double distilled water.
Likewise, a stock solution of 1 mM curcumin was made in methanol. The stock solutions of
CPB, KI, NaCl, sodium cholate, and sodium deoxycholate were distinctly prepared in
double distilled water. Afterwards, dilutions were made as desired. All fluorescence
measurements were performed at an excitation wavelength of 425 nm and emission spectra

were collected over a wavelength range of 440-800 nm.

a. CMC study

For the CMC study, fluorescence measurements for samples of different F108
concentrations in this range (0, 2.28, 4.56, 6.85,9.13, 13.7, 18.26, 27.4, 41.1, 54.8, 68.5,
82.2,109.6, and 123.3 uM) were conducted. To guarantee micelle formation, CMC study
was performed at 45 °C which is higher than the literature value of CMT. Curcumin’s
concentration was maintained constant at 3.33 mM in all the samples. It is worthy to note
that a sample without curcumin was prepared for each of the samples to check if F108 has
any fluorescent properties, and it was shown that the error is within 10%, meaning that the

fluorescence is solely due to curcumin’s presence.

To study the effect of salt on CMC of F108, the different F108 samples were
prepared at different salt concentration. The first salt tested was sodium chloride. 1, 10,
100, and 150 mM of NaCl was added to all the solutions. The same experiment was done
by varying the concentration of sodium cholate and sodium deoxycholate as follows: 0.25,

0.5, and 5 mM for sodium cholate and 0.25, 0.5, and 1 mM for sodium deoxycholate.
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b. CMT study

For the CMT study, a sample with 3.33 mM of curcumin and 82.2 uM (1.2 mg/mL)
was prepared. The concentration of F108 was chosen to be higher than the literature value
of CMC to ensure micellization. It is worthy to note that the amount of methanol present in
the solution was less than 1 % (v/v) in order not affect our measurement. Fluorescence
measurements of this sample were done at different temperatures (5, 10, 15, 20, 25, 30, 32,

34, 35, 36, 37, 38, 39, 40, 42, 46, 50, 55, 60, 65, and 70 °C).

¢. Quenching study

For quenching experiments, F108 and curcumin concentrations were kept constant
at 82.2 uM (1.2 mg/mL) and 3.33 mM respectively. The concentrations of the quenchers KI
and CPB were varied as follows, respectively: 0, 0.2, 0.4 and 0.6 M for KI and 0, 45, 100,
200, 500 and 800 uM for CPB. Fluorescence measurements were also conducted at 45 °C.
such low concentration range for CPB was selected because it can aggregate at low

concentration, losing its quenching activity.

3. Instrumentation

Steady state fluorescence measurements were performed by a Jobin—Yvon—Horiba
fluorimeter. Emission and excitation slits were both set at 5 nm. The fluorimeter is
equipped with a 100 W Xenon lamp and an R-928 detector operating at 950 V. For
temperature regulation, a thermostat was coupled to the fluorimeter sample holder. The

temperature was read by an external thermometer.
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Morphological characterizations of the aggregate were performed using a scanning
electron microscope (SEM), Tescan, Vega 3 LMU with Oxford EDX detector (Inca
XmaW20). Briefly, some drops of the desired solution of F108 and curcumin with the
targeted salt was deposited on an aluminum stub, coated with carbon conductive adhesive

tape.
C. Results and discussion

1. Self-assembly and critical micelle concentration

Although micellization is a spontaneous process, it only commences above a certain
polymer concentration, the critical micellar concentration (CMC), at a fixed temperature.
Detecting this concentration can be done by tracking the change in several physical
properties as a function of the polymer concentration. Such properties include surface
tension, electrical conductivity, or osmotic pressure. Other spectroscopic techniques like
fluorescence can be employed to determine CMC. Probes like pyrene and N-phenyl-1-
naphthylamine (NPN) are very well known for this target.'® To investigate the CMC of
F108 and reconfirm its value, curcumin was used as a fluorescence probe to examine the
aggregation behavior of F108. Therefore, in the present study we followed the emission
spectra of curcumin at different concentrations of F108 at 45 °C as it is shown in Figure
II.1. The emission spectrum illustrated a maximum at ~512 nm after excitation at 420 nm.
Afterwards, a blue shift to ~ 496 nm occurred at higher concentrations of F108 and
remained constant at concentrations higher than 54.8 uM. The variation of fluorescence

intensity at 512 nm with F108 concentration is shown in Figure II.2. As can be seen in this
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figure, the fluorescence intensity of curcumin increased linearly until a particular
concentration and continued to increase with a larger slope afterward. The break in
fluorescence intensity vs F108 concentration must have arisen from the
micellization/aggregation of F108.Therefore, it corresponds to CMC value and it is
estimated to be ~ 23.2 uM (Table II. 1). Our result is in excellent agreement with the CMC
values reported in literature using pyrene probing are 22.0-22.6 uM'*'"'%* at 37 °C. The

102

value obtained by simulation was lower and estimated to be around 17.1 uM. ™ Conflicting

CMC values resulting from using different techniques is widely observed in previous

. 18,103
studies. ™

The blue shift and the increase in the fluorescence intensity signify that
curcumin experiences a more nonpolar environment in F108 micelles. This marks the

incorporation of curcumin in the hydrophobic core of F108 micelles.'™
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Figure II. 1 Fluorescence emission spectra of curcumin (3.33 uM) at different
concentrations of F108
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Figure II. 2 Fluorescence intensities of curcumin at 512 nm plotted versus concentration of
F108

To examine the effect of ionic strength on the interaction of curcumin with F108,
the fluorescence spectra of curcumin was tracked for the different concentrations of F108,
where the concentration of NaCl was varied from 1 to 150 mM. The fluorescence intensity
of curcumin was monitored at 512 nm for each NaCl concentration in the presence of
different F108 concentrations (See Figure II. 4). It is evident from Table II.1 and Figure I1.5
that the CMC value was significantly lowered from 23.2 to 7.94 uM as the NaCl
concentration reaches 150 mM. This is estimated as a 3-fold decrease. Indeed, this
observation is not surprising as it is widely conveyed in previous similar studies that NaCl
reduces the CMC of micelle.”® Previous studies utilizing SANS on pluronic F88
(E103PO39EQO1¢3) have revealed that the PEO moiety got dehydrated with the addition of

105

salt.”” Reduction of CMC value i.e. enhancement of micellization in the presence of salt is

quite expected as the NaCl salt introduces the salting-out effect.”®
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Figure II. 3 Fluorescence emission spectra of curcumin (3.33 uM) at different
concentrations of F108 in the presence of 1 mM NaCl
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Figure II. 4 Fluorescence intensities of curcumin at 512 nm plotted versus concentration of
F108 and 3.33 uM curcumin in the presence of A. 1 mM, B. 10 mM, C. 100 mM, and D.
150 mM NaCl
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Figure II. 5 CMC variation with increasing concentration of sodium chloride

Bile salt contains a hydrophobic anion which gives it unique properties. In a
heterogeneous environment where aggregation processes, micelles or membranes occur,
bile salt interacts differently compared to ionic salt.”” It can alter micelle/membrane
properties through partitioning into these structures.” In this study, the effect of two bile
salts, sodium cholate (NaC) (Figure II. 7) and sodium deoxycholate (NaDC) (Figure II. 7),
on CMC of F108 was investigated. First, 0.25, 0.5. and 1 mM of NaC were added to
solutions containing a range of F108 concentrations for which fluorescence measurements
was conducted (See Figure II. 6). Rather than being quenched, an enhancement in the
emission intensity of curcumin was observed (Figure II. 8). The increase in curcumin’s
fluorescence intensity in the presence of sodium cholate proposes a cooperation between

the hydrophobic cholate anion and curcumin along with F108 that leads to stabilization of
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the excited state of curcumin. However, the enhancement of intensity was more pronounced
at higher concentrations of F108, and this is expected as curcumin’s excited state gets more
stabilized in the post-aggregation stage. A blue shift in the emission maximum of curcumin
was noted as shown in (Figure I1.6). The blueshift is a sign of aggregation of F108 in higher
concentrations in which curcumin experiences a different microenvironment, namely a
nonpolar one. CMC values in the presence of NaC presented in Table II.1 showed a 1-fold
reduction compared to CMC of F108 then an increase was observed. In the presence of
NaC, the aggregation/micelle formed is no more the same as we expect without NaC,
because the hydrophobic cholate ions get integrated into the micelle/structure, largely
locating around the Stern-layer of the micelle and exposing the charged anion towards the
aqueous medium as presented in. Thus, hydrophobic cholate ion boosts to bring

hydrophobic layers of polymer to come in contact with each other by reducing the CMC.
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Figure II. 6 Fluorescence emission spectra of curcumin obtained at different
concentrations of F108 and 3.33 uM curcumin in the presence of 0.25 mM NaC
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Figure II. 7 Structures of sodium cholate (left) and sodium deoxycholate (right)
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Figure II. 8 Fluorescence intensities of curcumin at 512 nm versus concentrations of F108 in
the presence of 3.33 uM of curcumin and A. 0.25 mM, B. 0.5 mM, and C. 5 mM NaC
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Another bile salt tested was sodium deoxycholate. Similar to NaC, an increase in
the fluorescence intensity of curcumin and a blue shift were noticed at higher F108
concentrations, which is a sign of stabilizing curcumin’s excited state (See Figure 11.9). The
CMC was estimated in the presence of 0.25, 0.5 and 1 mM of NaDC, and values are
summarized in Table II.1. As mentioned earlier, CMC was estimated from the breaking
point of the graphs which show the fluorescence intensity alteration as shown in Figure
I1.10. It was found that CMC decreased with the increase in NaDC concentration similar to
what was observed for NaCl. However, the effect was more pronounced for NaDC
compared to NaC (1-fold) and NaCl (9-fold for NaDC as compared to a 3-fold decrease for
NaCl). This could be due to the hydrophobic nature of NaDC compared to NaC, as the
polymeric aggregate may completely form a new kind of micelle in the presence of NaDC
comparing with NaC due to lower CMC value. Note that at the highest concentration of

NaDC (1 mM) there was no CMC detected due to it low value indicating fast micellization.
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Figure II. 9 Fluorescence emission spectra of curcumin at different concentrations of F108
in the presence of 0.25 mM NaDC
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Critical micellar concentration (CMC) (uM)

0.25 0.5 5.0 10.0 100.0 150.0
0 mM mM mM 1 mM mM mM mM mM
NaCl 23.2 19.2 13.1 12.1 7.94
NaC 23.2 6.36 5.23 6.25
Not
NaDC 23.2 12.5 9.05 detected

Table II. 1 CMC values at different concentrations of sodium chloride, sodium cholate and

deoxycholate
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2. Self-assembly and critical micelle temperature

Micelle formation of pluronics is not only concentration-dependent, but also it is
very sensitive to temperature.'® Pluronic polymers exist in the form of unimers at low
temperatures and start to form micellar aggregates at temperatures higher than CMT.'%'"7
Because temperature has a direct crucial effect on the micellization process, we decided to
evaluate the CMT of F108 at a concentration (82.2 uM) that exceeded the CMC of F108
(23.2 uM) observed in our previous results. Fluorescence spectra of aqueous solution with
82.2 uM F108 (named solution X) and 3.02 puM curcumin were monitored at 2-5 °C
temperature intervals over the range 5-70 °C as shown in Figure II. 11. Emission intensity
of curcumin remained almost constant between 5 and 35 °C (Figure II. 12). This is
expected because at low temperature, F108 does not aggregate in aqueous solution. Thus, a
hydrophobic pocket in which curcumin can be solubilized and stabilized was not formed
yet, and, as a result, the fluorescence intensity of curcumin was very low. When
temperature reached 35 °C, an abrupt increase in the intensity occurred. This sudden
enhancement indicates the formation of micelles with hydrophobic interior in which
curcumin can be solubilized, giving a characteristic spectrum.'®® Increasing the temperature
of copolymer aqueous solution ruptures the hydrogen bonds between the PPO block and
water molecules. This leads to the dehydration of the PPO groups, permitting the
hydrophobic interactions between the hydrophobic segments to take place.'”” Therefore, we
can say that there is a distinct temperature at which fluorescence intensity enhances

dramatically indicating the aggregation of unimers into micelles. This break point can
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therefore be designated out as CMT. In our case, it was obtained at 35 °C. This is in good
agreement with literature values obtained by Alexandridis et al.'® using DPH solubilization
technique; CMT obtained at 68 uM F108 was 36 °C which is quite comparable to our value
(35 °C) obtained at 82.2 uM, keeping in mind that CMT decreases as the concentration of
the pluronic increases. At ~55 °C, an unexpected sudden decrease in the intensity was
observed. This can be attributed to the decrease in the micelles’ viscosity at very high
temperatures, which will push curcumin away from the hydrophobic interior to the aqueous
exterior, and, thus, making it insoluble again. Therefore, there are two factors that interplay
in this process: aggregation and viscosity of micelles. The first factor dominates starting

from the CMT up to a certain high temperature after which the viscosity factor takes over.
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Figure II. 11 Fluorescence emission spectra of 3.33 uM curcumin obtained at a fixed
concentration of F108 and different temperatures
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Figure II. 12 Fluorescence emission spectra of 3.33 uM curcumin
obtained at a fixed concentration of F108 and different temperatures
Fluorescence intensities of curcumin at 512 nm versus temperature
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Similar to the previous part, we tried to figure out the effect of NaCl on the CMT
value of F108. So, we added 1, 10, 100, and 150 mM NacCl to the solution X for which the
fluorescence intensity of curcumin was monitored (Figure II. 14). Results of CMT are
shown in Table II. 2. Interestingly, the trend obtained shows decreasing values of CMT but
the effect was not very pronounced (only 3 °C decrease). Hence, salts have a more
pronounced and direct effect on CMC than CMT. This is in accordance with literature
studies where it is manifested that all ionic liquids or salts causes the reduction of CMT

whenever their concentration increases.'”

0.25, 0.5, 1 and 5 mM of NaC were also added to solution X to check the interaction
of hydrophobic bile salt on the CMT of micellization (Figure II. 16, 18). Results show a
negligible effect for this salt on the CMT of F108. However, adding NaDC progressively
decreased the CMTfrom 35 °C to around 31.7 °C, which means that NaDC has a higher
influence on the micellization of F108 compared to NaC. NaDC and NaCl both were able

to reduce the CMT, endorsing the micellization process.
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Figure II. 13 Fluorescence emission spectra of 3.33 uM curcumin obtained at a fixed
concentration of F108 and different temperatures
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Figure II. 14 Fluorescence emission spectra of 3.33 uM curcumin obtained at a
fixed concentration of F108 and different temperatures
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Figure II. 15 Fluorescence emission spectra of 3.33 pM curcumin
obtained at a fixed concentration of F108 and different temperatures
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Figure II. 16 Fluorescence intensities of curcumin at 512 nm versus
temperatures at different concentrations of sodium cholate
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Figure II. 17 Fluorescence emission spectra of curcumin at different
temperatures in the presence of 0.25 mM sodium deoxycholate
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Figure II. 18 Fluorescence intensities of curcumin at 512 nm versus
temperature at different concentrations of sodium deoxycholate
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Critical micellar temperature (CMT) (°C )

0 mM 0.25mM 0.5 mM 1 mM 5.0 mM 10.0mM | 100.0 mM | 150.0 mM
NaCl 35.0 35.0 33.8 335 32.1
NaC 35.0 36.0 33.7 35.7 35.0
NaDC 35.0 34.1 32.0 31.7

Table II. 2 CMT values at different concentrations of sodium chloride, sodium cholate and
deoxycholate

3. Location of probe molecule, curcumin

Any process which diminishes the fluorescence intensity of a molecule can be
referred to as a fluorescence quenching. Crucial information about the distribution and
microenvironment of a drug can be obtained by fluorescence quenching studies on polymer
bound fluorescence probe by external quencher molecule. In our study, two established

quenchers were used: a hydrophilic quencher, KI''°

and another hydrophobic one, CPB. It
is well-known in the literature that I has a preference to stay in the aqueous phase because
of its negatively charged surface. However, CPB’s long 16 carbon unit hydrocarbon chain
can get easily fused in the hydrophobic region whereas the positive pyridinium moiety of

CPB stays in vicinity to water molecules.'" In this study, the fluorescence quenching of

curcumin by KI and CPB was measured using the Stern-Volmer plot:''’

In2 =1+ Ky [K1] (9)
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Where [y and I are the intensities of curcumin in the absence and presence of the quencher

molecule, respectively, and Kgy is the Stern-Volmer quenching rate constant.

Results shown in Figure II. 20 shows that the fluorescence intensity of curcumin
decreases as the concentration of CPB increases indicated in the trend of fluorescence
emission spectra in Figure II. 19. CPB quenches the fluorescence intensity of curcumin by
electron transfer process.''? Curcumin acts as a donor where electron in the excited state is
transferred from the aromatic ring of curcumin to electron deficient N-atom of CPB.'" The
CPB tail intercalates into the hydrophobic part of F108 micelles and stays at the Stern layer
with its charged moiety exposed at the surface. Therefore, interaction between curcumin
and pyridinium ion will only be favored if F108 micelles allow curcumin to align parallel to

the hydrophobic tail of CPB similar to what is reported for curcumin in liposomes.''*'"> §

o,
the reduced intensity of curcumin is logical as it interacts with CPB at the Stern layer,
donating an electron to the N'-atom of CPB, after which it escapes the hydrophobic pocket
to the aqueous medium. This suggests that curcumin is also located within the hydrophobic
domain of micelle near the Stern layer. The Stern-Volmer plot for fluorescence quenching
of curcumin by CPB is shown in Figure II. 21, and it shows a linear increasing trend having
Kgy equal to 0.00201 M. The quenching rate constant (Ks,) of curcumin by CPB in
liposomes was found to be 0.00187 M, and this is in good agreement with our value. On
the other hand, quenching by KI gave us almost no change in the fluorescence intensity of
curcumin as shown in Figure II. 22. This suggests the absence of interaction between

curcumin and I’; this conclusion is quite expected as it is known that I” prefers to stay in the

aqueous domain where it is so distant from curcumin located at the interface of the micelle.
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Therefore, this further assures our observation from CPB quenching where it is clearly
demonstrated that curcumin enters the hydrophobic pocket of the micelle successfully but

stays at the Stern layer.
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Figure II. 19 Fluorescence emission spectra of curcumin obtained at
different concentrations of CPB
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Figure II. 20 Emission intensity of curcumin at 512 nm versus concentration of
CPB
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Y =0.00201x + 0.93487
R 2=0.9816

0 200 400 600 800
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Figure II. 21 Fy/F versus concentration of CPB (Stern volmer plot)
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Figure II. 22 Fluorescence emission spectra of curcumin at different concentrations of
KI. Inset is the emission intensity plotted at 512 nm versus KI concentrations
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4. Formation of F108 micelles in solution

4

4§ + @y —D> ZS
Polymer F-108 Curcumin Micelle form

Figure II. 23 Schematic illustration of curcumin-F108 micelle formation

D. Conclusion:

To study the micellization behavior of f108 in solution, curcumin was used as a
fluorescence probe to determine the CMC and CMT of 108, which were found to be 23.2
UM and 35 °C , respectively. Curcumin was also used to track changes in CMC and CMT
with the addition of different salts. It was found that NaCl reduced the CMC and CMT
respectively owing to the salting out effect. However, NaC and NaDC decreased the CMC
but did not affect the CMT much. Fluorescence quenching using KI and CPB was
performed to locate curcumin in the micelle. It was found that curcumin is positioned at the

stern layer of the F108 micelle.

52



CHAPTER III

NANOCAPSULE FORMATION OF POLY(ETHYLENE OXIDE)-
BLOCK-POLY (PROPYLENE OXIDE)-BLOCK-
POLY(ETHYLENE OXIDE) FOR CURCUMIN DELIVERY

A. Introduction

Smart polymers with responsive properties have received much interest in the last
few decades because of their crucial role in nanoscience and drug delivery applications.''®
""Water-soluble polymers, specifically, are of great importance in stabilizing nanoparticles,
drug delivery, tissue engineering, bioelectronics, and biosensing applications.''® Properties
like non-toxicity, biological compatibility, chemical diversity and high commercial
availability increase interest in such polymers for a wide range of formulations and health-
care or medicinal applications.'"” The chemical dissimilarity between the two blocks of
pluronics renders them as amphiphilic molecules with surface-active properties. The
segregation in the polarity of the two blocks in aqueous media, PEO solubility and PPO
insolubility, give rise to useful nanostructures, called micelles, formed in solution by the
process of self-assembly. Because of their nano-size, structure diversity, and adsorption

- 120-121
properties

such structures proved importance in many applications like: drug-
delivery,'** nanoparticle synthesis, > effective dispersants for inks/pigments,'** and various
emulsion applications.'* F108 belong to this class of block copolymers. It has a high

hydrophilic character, 80 % PEO, an average molecular weight of 14600 g/mol, and can

self-assemble into micelles in aqueous solution or can form nanoparticles under specific
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conditions. Such structures are constituted of a swollen hydrophobic core with all the PPO
blocks aggregated and a hydrophilic surface where the PEO terminal chains are exposed to
the polar solvent molecules, such as water.”' The hydrophobic domain offers a cargo space
for delivering various hydrophobic drugs, which is at the core of the utility of these
structures in drug delivery applications.**>*Curcumin, or 1,7-bis(4-hydroxy-3
methoxyphenyl)-1,6-heptadiene-3,5-dione, is a B-diketo structure which tautomerizes
between an enol and keto structures. It is a major constituent of turmeric extract which has
illustrated many therapeutic uses, including anti-inflammatory, anti-oxidant,’> and anti-
cancer activities.'*® However, curcumin is limited by its low oral bioavailability which is
attributed to poor water-solubility, fast elimination from the body, and high rate of
metabolism.** Therefore, different methods have been employed to overcome limitations.
Such methods include developing different formulations, like liposomes, phospholipid
complexes, or polymeric micelles. In this work, our aim is to enhance the solubility and
oral-bioavailability of curcumin through encapsulating it in F108 nanocapsules and
characterizing these structures using X-ray diffraction (XRD), thermogravimetric analysis
(TGA), scanning electron microscopy (SEM), and Fourier-transform infrared spectroscopy
(FTIR). In previous studies, there were attempts to encapsulate curcumin in F68 and F127
micelles'?’and other pluronics. However, limited research demonstrated encapsulation of
curcumin in F108 nanocapsules, having a 1:1 ratio of curcumin to F108. Moreover, using
photodynamic therapy, this study aims at testing the therapeutic activity of these

nanocapsules in two types of cancer cells, A-549 and A-537 cells.
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B. Materials and Methods

Note: Experiments were made in duplicates and nanocapsules were prepared in
triplicates

1. Materials

Curcumin and pluronic F108 were purchased from Sigma-Aldrich. To increase its
solubility, acetone of HPLC grade was obtained from ALPHA Chimie and used to dissolve
curcumin. Deoxyribonucleic acid from Aldrich and ribonucleic acid from Toscat.

Cell cultures

The cell cultures consisted of human lung adenocarcinoma (A549) and human
malignant melanoma (A375) purchased from ATCC cell collection, USA. The cells were

handled under sterile conditions as previously described.'?"!
2. 1:1 Nanocapsules preparation

Nanocapsules were prepared by adding 10 mg of curcumin to 10 mg of pluronic
F108 and dissolving in 2.5 mL acetone. The solution was kept under stirring for 40
minutes. In the meantime, 2.5 mL of double distilled water was being added dropwise
while the solution was under continuous sonication. After that, acetone was evaporated, and
the solution was diluted to 10 mL using double distilled water. The formed nanocapsules
were left for two overnights to precipitate. The supernatant solution was discarded, and the
nanocapsules were allowed to freeze dry for two consecutive days. Finally, a lyophilized

formulation was obtained and characterized to be used later on for application.
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3. Sample preparation

a. Cytotoxicity assays

The cytotoxicity assessment was undertaken by seeding and incubating the
respective cells 24 h pre-exposure (in a CO; incubator) on 96 well plates at a density of
25,000 cells per well. The tested substances original stock solution was dissolved in DMSO
prior to dilution in culture medium. The dilution consisted of a serial dilution (3-fold) for
cell survival assessment (Figure III. 6). The percentage of DMSO did not exceed 1%, a
concentration not toxic under our experimental conditions. The cytotoxicity was measured
24 hours post-exposures using the MTS assay as previously reported in the literature.'**'*
132133 Briefly, the assay was based on a color reaction with healthy cells converting the
yellow Formazan into red color mainly through mitochondrial dehydrogenase activity.
Color was measured at 492 nm wavelength in a Multiskan Ascent 96 well Plate Reader.
Statistical analysis was undertaken in GraphPad Prism 7 software. All experiments were

conducted in triplicates and each point on the presented graphs represented the average of

three independent experiments undertaken under identical conditions.

b. The comet assay

The comet assay kit was purchased from Trevigen and consisted of 25 slides.
Exposed and control cells (positive using KMnO4 and negative control using HBSS) were
immediately processed for DNA single and double strand damages as per kit manufacturer
instruction. Briefly cells were lifted from the 96 well plates, assessed for viability using the

countess cell counter. This was followed by mixing the cells at a density of 1 x 10° with
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low melting agarose prior to spreading on the comet slide. The slides were allowed to set
then subjected to various treatments to unwind and denature DNA. The final step consisted
of electrophoresis to allow DNA of damaged cells to migrate as a comet. The various comet

. 129, 131
parameters were measured using the CASP software.

4. Instrumentation

The size of nanocapsules was measured using scanning electron microscopy (SEM).
This analysis was done using Tescan, Vega 3 LMU with Oxford Edx detector (Inca
XmaW20) SEM, where 1 mg of the nanocapsules were dissolved in 20 mL of double
distilled water, and few drops of the nanocapsules suspension were placed on an aluminium
stub, coated with carbon adhesive. The SEM analysis of this sample was done after being

dried.

XRD characterization was achieved using a Bruker D8 advance X-ray
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) at 40 kV, 40 mA (1,600 W)
using Cu Ka radiation (A = 1.5418 A), with a 1.2 mm primary beam slit and 2.0 mm
detector slit. The X-ray scans were carried out for 20 between 3 and 80 degrees at 0.02°

increments.

Thermogravimetric Analysis (TGA) was performed using a Netzsch TGA 209 in
the temperature range of 100 to 1000 °C with an increase of 10 °C min" under an N,

atmosphere.
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5. Spectroscopic method

FT-IR spectra were recorded using a Thermo Scientific Nicolet iS5 FT-IR

Spectrophotometer using KBr pellets.

C. Results and Discussion

1. Formation of nanocapsules

Coprecipitation using
Acetone as a solvent

-—- s e |+ T >
F108 Curcumin

1:1 nanocapsule

Figure III. 1 Schematic illustration showing the formation of 1:1 nanocapsules

The SEM image of the prepared 1:1 nanocaosules is shown in Figure III. 2. The figure

depicts the shape of these particles is spherical and their sizes vary from 270 to 310 nm.

&

d=0731pum

Figure III. 2 SEM images of 1:1 nanocapsules
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2. Interaction between curcumin and F108 within the Nanocapsules
The X-ray diffraction pattern was used to characterize the encapsulation interaction

between curcumin and F108 in the 1:1 nanocapsules. The diffractograms of F-108,
curcumin and the 1:1 nanocapsules are illustrated in Figure III. 3. The characteristic peaks
of F-108 were obtained at 19.4° and 23.6°. This crystal line structure is resulting from the
formation of PEO crystallites."**As for the curcumin, the main characteristic peaks
appeared at diffraction angles of 20 equal to 8.06°, 9.20°, 12.46°, 14.95° and 17.75°
signifying that curcumin is present in the crystalline form. Yet, it is found that all the
relative peaks of curcumin except 14.95° are absent in the spectrum of 1:1 nanocapsules,
and the peak at 14.95° was shifted to 14.01°. Hence, this indicates the loss of packing in

curcumin structure upon interaction in the nanocapsules.

1:1 nanocapsules

F-108

‘ Curcumin

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

20

Figure III. 3 XRD patterns

59



Fourier transform infrared spectroscopy was employed to characterize the 1:1
nanocapsules and depict the type of interaction between curcumin and F108 in the 1:1
nanocapsules (Figure III. 4). In the FTIR spectrum of curcumin, the peak at 3508 cm”
'represents the phenolic O-H stretching vibration whereas the peak at 1626 cm™ is due to
mixed C=C stretching. Another two bands at 1602 cm ' and 1508 cm ' are attributed to the
symmetric aromatic ring stretching vibrations w(C Cying) and (C=0) stretch, respectively. The
peak at 1424 cm corresponds to the C-H asymmetric stretching whereas C-O stretch appears in
the 1280, 1207 and 1150 cm” bands. In addition, C-O-C stretch corresponds to the band at 1026
cm’. The 960 cm ' band corresponds to the trans -CH vibration and finally the peak at 856
corresponds to C-C skeleton vibration.'*’In the FT-IR spectrum for the F-108 polymer, the peaks
at 2890 cm ', 1476 cm ' and 1110 cm ™', represent the asymmetric stretching vibrations of —-O—

H,-C-H, C-C and C=0 respec‘[ively.136

Hence, the band at 3508 cm™and 1150 cm™ present in the curcumin FT-IR, were shifted
t0 3409 cm™ and 1130 cm'respectively in the 1:1 nanocapsules. The shift in these bands verifies

the interaction of the curcumin with the polymer at these sites.
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Figure III. 4 FTIR spectra of free curcumin, F108 and 1:1 nanocapsules

Thermogravimetric analysis was used to assess the stability of our prepared 1:1
nanocapsules. Interestingly, no loss of water around 100 °C in any of the three samples was
observed which means our samples are dehydrated, and our formed nanocapsules are
stable. F-108 illustrated a sharp weight loss between ~350 °C and 400 °C. However, both
curcumin and 1:1 nanocapsules illustrated similar degradation pattern which started earlier
at ~250 °C. The similarity between curcumin and nanocapsules degradation pattern and the
earlier degradation of the nanocapsules compared to F108 suggests that curcumin is

incorporated inside the F108 nanocapsules.
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Figure III. 5 TGA patterns for F108, curcumin and 1:1 nanocapsules

3. Photodynamic therapy

In this study, we assessed the toxicity of three compounds; curcumin, nanocapsules, and a
polymer F-108 control using two established cancerous human cell lines: A549 human lung
adenocarcinoma cells and A375 human malignant melanoma. The various compounds were
assessed for toxicity (with or without controlled light irradiation) using the MTS
cytotoxicity assay in vitro. The irradiated wells were exposed to 30 min blue light
irradiation post 6 hours incubation with the drug and the drug was left for a total of 24 h.
The ICso on MDA-MB-468 human breast cancer cell lines in the dark was previously
reported in the dark (ICsy ~ 1-5 uM after 72 h-96 h incubation) and was shown to be time-

dependent with negligible activity at 24 h that significantly increase with incubation time
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ranging until 96 h."*” The ICso on A549 was found to be 11.2 uM after 72 h incubation."® It
was found that curcumin induced apoptosis in upper aerodigestive tract cancer cells through

138

the activation of tumor suppressor p73 and inhibition of p-AKT and Bcl-2. " In this

study,'*®

it was also shown that the apoptotic activity of curcumin was increased with the
concentration of curcumin and incubation time. In our experiments, we have set the
incubation time to 24 h to probe the potential effect of encapsulating the curcumin in
nanocapsules as delivery mechanism. The respective 1Csg calculated by Graphpad were
reported in Table III. 1. The ICs of curcumin after 24 h exposure in the dark was 148.7 +
1.0 uM on A549 and 125.4 = 1.2 uM on A375 cells. After light exposure, curcumin
displayed an ICsyp 0f 48.9 = 0.1 uM on A549 and 47.6 £ 1.1 uM on A375 cells. The
phototoxicity indices (ICs park / ICs0 Light) Of curcumin were 3.0 on A549 and 2.6 on A375.
The nanocapsules displayed ICsp in the dark of 4.4 +£ 0.1 pM on A549 and 3.9 = 0.1 uM on
A375 cells. Upon light exposure using similar experimental conditions to ones used for
curcumin, the ICsy of nanocapsules were 1.8 = 0.1 uM on A549 and 1.8 £ 0.1 uM on A375
cells. The phototoxicity indices were 2.4 and 2.2 on A549 and A375 respectively. The ICs
of the plain polymer F-108 could not be determined since the cell survival was above 50%
even at the highest soluble concentration of the polymer in cell culture media.

There was a 34-fold and 32-fold decrease in ICso on A549 and A375 respectively attributed

to the encapsulation of curcumin.
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Figure III. 6 Effects of light on compound activity as measured on A549 and A375 cells. (a)
Curcumin using A549 cells, (b) curcumin using A375 cells, (c) nanocapsules using A549
cells, (d) nanocapsules using A375 cells, (e) polymer F-108 using A549 cells, (f) polymer
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Compounds 1Cso
A549 A375
Light Dark Light Dark
Curcumin 48.9+0.1 148.7+£ 1.0 47.6+ 1.1 1254+1.2
Nanocapsules 1.8+£0.1 4.4 +0.1 1.8 +0.1 39+0.1
Polymer F-108 N/A N/A

Table III. 1 Calculated ICsy of curcumin, nanocapusles and the polymer F-108 on A549 and
A375 cell lines. Each value represents the average of three independent experiments
performed on the same day and using the same batch of cells.

Single cell gel electrophoresis, commonly known as comet assay was undertaken
on exposed and control A375 cells to elucidate the potential genotoxic mechanism of action
of each compound. The comet assay detected single-strand and double-strand breaks and
typically indicated DNA damages. The Tail Moment Index (TMI) was calculated from the
data generated by the CASP Software using the comet photos and consisted of tail DNA
content of cells multiplied by the tail length and divided by 1000. The data displayed in
Figure II1. 7 shows a significant increase in DNA damage upon light activation in both the
nanocapsules and the curcumin compound when compared to the dark conditions. In
addition, the extent of DNA damage measured around the ICsy concentration in the
nanocapsules was less than the curcumin compound which could be due to the fact that
curcumin contain > 200 times more the concentration of curcumin molecules than the
nanocapsules at the concentrations used. Upon light exposure, the DNA damage is

significantly increased in both the nanocapsules and curcumin indicating efficient
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photodynamic therapy in the tested cell line. The increase of DNA damage upon irradiation

is likely caused by the production of reactive oxygen species (ROS) which was previously

. . . o . 1
shown to increase when using curcumin for in vitro photodynamic therapy of cancer.'*

mDark mLight
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TMI imdex

Figure III. 7 DNA damage assessment using the comet assay on negative control (pure

cells), positive control (KMnOy solution), nanocapsules and curcumin in the dark (blue)

and upon light irradiation (red). The concentration of nanocapsules and curcumin were

at the 1Csp in the dark.Statistical significance was reported versus the negative control as
follow: * P <0.05 and ** P <0.01.
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D. Conclusion

Curcumin is a well-established therapeutic agent; however, it is limited due to its
low water solubility. Therefore, various methods in previous research studies aimed at
enhancing curcumin’s solubility in water, including encapsulating curcumin in polymeric
micelles, liposomes, gold nanoparticles, etc. In this chapter, our aim was to boost the
solubility of curcumin in water through encapsulating it in F108 nanocapsules in 1:1 drug
to copolymer ratio. This was done using coprecipitation method with acetone as a solvent.
Later, nanocapsules were characterized using SEM, XRD, TGA, and FTIR spectroscopy.
SEM imaging revealed our prepared nanocapsules as spherical particles whose size was
between 270 nm and 310 nm. The XRD spectra of the 1:1 nanocapsules compared to free
curcumin clearly illustrated the vanishing of some peaks with a shift in some peaks,
indicating successful interaction between curcumin and F108. Besides, the IR spectra
further assured this interaction took place at the hydroxyl and carbonyl site of curcumin and
F108. TGA patterns showed that nanocapsules are dehydrated and stable till ~250 °C. The
cytotoxicity of nanocapsules, curcumin, and F108 control was assessed using two types of
human cancerous cells (with or without controlled light irradiation): A549 human lung
adenocarcinoma cells and A375 human malignant melanoma. For A549 and A375
respectively, results indicated a 34-fold and 32-fold decrease in the ICsg, suggesting
enhanced anticancer activity of curcumin when encapsulated. ICsg also decreased in the
presence of irradiated light, indicating an efficient photodynamic therapy. The mechanism
of action of curcumin was assessed using comet assay on A375 cells. Results showed an

increase in the DNA damage for both curcumin and nanocapsules upon exposure to light,
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indicating successful photodynamic therapy. The increase in DNA damage was most likely
to happen because of the generation of more reactive oxygen species (ROS) in the presence

of light.
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CHAPTER IV

NANOCAPSULE FORMATION OF POLY(ETHYLENE
OXIDE)-BLOCK-POLY (PROPYLENE OXIDE)-BLOCK-
POLY(ETHYLENE OXIDE) FOR FLUORESCENCE SENSING

A. Introduction

Multifunctional nanocapsules present great importance for their potential as probes
to label and detect specific targets of interest in biological systems, because they can be
detected/imaged using multiple modalities, such as fluorescence. The polymer plays an
indispensable role in the process of design, preparation, and development of
multifunctional nanoparticles in virtue of excellent biocompatibility and easy surface
functionalization. Physicochemical properties of fluorophores can be extremely improved
after being coated with a polymer. When the fluorophores are incorporated inside giant
polymers, higher fluorescence signal intensity, better biostability (owe to the exclusion of
oxygen by the polymer encapsulation), compared to original modality, can be obtained.'*’
In this work, curcumin is encapsulated inside of F108 copolymer in 1:40 drug to copolymer
ratio to check the effect of copolymer concentration on encapsulation and drug loading.
These 1:40 nanocapsules are later characterized by X-ray diffraction, Thermogravimetric
Analysis, Scanning Electron Microscopy, UV-visible and fluorescence spectroscopy. A
brief comparison between the 1:1 and 1:40 nanocapsulesis illustrated based on the
characterization. Based on the functionality of curcumin as a fluorescent transducer,
encapsulated curcumin is used in biomedical application as DNA and RNA sensing.'*' In

the field of nanoparticles research and analytical chemistry, emission spectra are recently
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being utilized. When the analyte interacts with the probe, the emission intensity is greatly

increased.'#

B. Materials and Methods

Note: Experiments were conducted in duplicates and nanocapsules were repeated in
triplicates

1. 1:40 Nanocapsules preparation

Nanocapsules were prepared by adding 10 mg of curcumin to 400 mg of pluronic
F108 and dissolving in 2.5 mL acetone. The solution was kept under stirring for 40
minutes. In the meantime, 2.5 mL of double distilled water was being added dropwise
while the solution was under continuous sonication. After that, acetone was evaporated, and
the solution was diluted to 10 mL using double distilled water. The formed nanocapsules
were left for two overnights to precipitate. The supernatant solution was discarded, and the
nanocapsules were allowed to dry for two consecutive days. Finally, a lyophilized

formulation was obtained and characterized to be used later on for sensing application.

2. Sample preparation

a. UV and fluorescence measurements

For the fluorescence and UV-visible spectroscopic measurement, 1 mg of the
nanocapsules were added to 10 mL of double distilled water. For the curcumin sample, 1
mg of curcumin was dissolved in 3 mL of methanol. 50 uL of this sample was dissolved
afterwards in 2990 uL of double distilled water. Drug loading of the two types of

nanocapsules was measured using UV-Vis spectroscopic technique.
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b. Drug loading

For establishing the curcumin calibration curve (Figure IV. 1), a stock solution of 1
mM of curcumin was prepared in 3 mL of methanol. Out of this stock, 8 different standards
with the following concentrations were prepared: 1, 3, 5, 7, 10, 15, 17, and 20 uM. The
solutions of nanocapsules were prepared by dissolving 1 mg in 3 mL methanol and diluting

100 times. UV-visible spectroscopic measurements were performed at a range of 200-800

nm.

Absorbance

Y =0.04986x + 0.02669
R?=0.9963

0 5 10 15 20
[curcumin] (uM)

Figure IV. 1 Calibration curve of curcumin

Drug loading was calculated according to the following formulas'* 144

weight of curcumin in NHPs

Drug loading (%) = weight of NHPs

x 100
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c. DNA and RNA sensing

For sensing study, stock solutions of 300 uM in DDW of DNA and RNA were
prepared in order to make up several solutions with known concentration in the range 0 to
100 uM. All the experiments were done by keeping the concentration of the nanocapsules

constant in a total volume of 3 mL.
3. Instrumentation

The size of nanocapsules was measured using scanning electron microscopy (SEM).
This analysis was done using Tescan, Vega 3 LMU with Oxford Edx detector (Inca
XmaW20) SEM, where 2 mg of the nanocapsules were dissolved in 15 mL of double
distilled water, and few drops of the nanocapsules suspension were placed on an aluminium
stub, coated with carbon adhesive. The SEM analysis of this sample was done after being

dried.

XRD characterization was achieved using a Bruker D8 advance X-ray
diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) at 40 kV, 40 mA (1,600 W)
using Cu Ka radiation (A = 1.5418 A), with a 1.2 mm primary beam slit and 2.0 mm
detector slit. The X-ray scans were carried out for 20 between 3 and 80 degrees at 0.02°

increments.

Thermogravimetric Analysis (TGA) was performed using a Netzsch TGA 209 in
the temperature range of 100 to 1000 °C with an increase of 10 °C min™ under an N,

atmosphere.
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4. Spectroscopic method

The absorption spectra were recorded using a JASCOV-570 UV-VIS-NIR

Spectrophotometer at room temperature.

FT-IR spectra were recorded using a Thermo Scientific Nicolet iS5 FT-IR

Spectrophotometer using KBr pellets.

The steady-state fluorescence spectra (excitation and emission) were recorded at
room temperature using Jobin-Yvon-Horiba Fluorolog III fluorometer and the Fluor
Essence program where the excitation and emission slits width were 5 nm. A 100 W Xenon
lamp was used the source of excitation. The detector used wad R-928 operating at a voltage

of 950 V.

C. Results and discussion

1. Formation of nanocapsules

Coprecipitation using
Acetone as a solvent

F108 Curcumin

1:40 nanocapsule

Figure IV. 2 Schematic illustration showing the formation of 1:40 nanocapsules
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Figure IV. 3 shows the shape and size of the prepared 1:40 nanocapsules. The size
of the nanocapsules range from 240 to 380 nm which is slightly larger than the 1:1
nanocapsules. On the other hand, the shape of the nanocapsules is also spherical as depicted

for the 1:1 nanocapsules.

L)

d=0731pum

Figure IV. 3 SEM images of 1:1 nanocapsules (left) and 1:40 nanocapsules (right) with
inset showing magnification of particles

2. Interaction within Nanocapsules

The X-ray diffraction pattern was used to analyze the effect of the polymer
concentration in the encapsulation phenomena. The diffractograms of F108, curcumin and
the prepared nanocapsules with different ratio of polymer are depicted in Figure IV. 4.The
characteristic peaks of F108 were obtained at 19.4° and 23.6°. Hence, it showed a crystal

3%As for the curcumin, the

line structure resulting from the formation of PEO crystallites.
main characteristic peaks appeared at diffraction angles of 20 equal to 8.06°, 9.20°, 12.46°,

14.95° and 17.75° indicating that curcumin is present in the crystalline form. Yet, it is

found that all the relative peaks of curcumin except 14.95° are absent in the spectrum of 1:1
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and 1:40 capsule and the peak at 14.95° was shifted to 14.01° in both nanocapsules. Hence,
the relative peaks of polymer were absent in the 1:1 nanocapsule and present in the 1:40
nanocapsule, which suggests that curcumin peaks are too broadened and the XRD pattern is
dominated by the structure of F108. The degree of crystallinity was calculated for the
curcumin, 1:1 nanocapsules and 1:40 nanocapsules. The percentage crystallinity of
curcumin was 77.1% which was altered when encapsulated, where the percentage
crystallinity of the 1:1 and 1:40 nanocapsules was found to be 66.2% and 55.1 %
respectively. The decrease in the degree of crystallinity suggests that curcumin may have
lost its packed structure upon formation of nanocapsules especially in the 1:40 which
viewed lower crystallinity.

1:40 nanocapsules

1:1 nanocapsules

F-108

BN
_
| Curcumin

Cadoa b o b o 8 o 0 o & o 0 . 0 . Q& . & . Q& . & . § . § . |
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
20

Figure IV. 4 XRD comparing the 1:1 to 1:40 nanocapsules along with curcumin and F108
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In the FT-IR spectrum of curcumin, the peak presents at 3508 cm™ correspond to the
phenolic O-H stretching vibration, the peak at 1626 cm ™" has a predominantly mixed W(C=C)
stretch. Another band at 1602 cm ' is attributed to the symmetric aromatic ring stretching
vibrations V(C Ciipg). The 1508 cm ! peak is assigned to (C=0) stretch. A C-H asymmetric
stretch is attributed to 1424 cm™. C-O stretch is presented at 1280, 1207 and 1150 cm™ bands. In
addition, C-O-C stretch corresponds to the band at 1026 cm™. The band at 960 cm ™'
correspondsto the trans-CH vibration and finally the peak at 856 corresponds to C-C skeleton
vibration."*

As for the FT-IR spectrum for the F108 polymer, the peaks at 2890 cm ', 1476 cm ' and
1110 cm™, correspond to asymmetric stretching vibrations of -O—H, -C—H, C—C and C-O
respectively.*°Hence, the band at 3508 cm™and 1150 cm™ present in the curcumin FT-IR, were
shifted to 3409 cm™ and 1130 cm™ respectively in both nanocapsules. The shift in these bands
verifies the interaction of the curcumin with the polymer at the hydroxyl and carbonyl sites,
revealing the incorporation of the curcumin in the F108 nanocapsules. This is in a good
agreement with a previous study conducted by Mata et al. in 2005, which also demonstrated a
shift in the C-O-C band of L64.% Note that the band peaks at 1150 and 1026 cm™ were absent in
the 1:40 nanocapsules but present in the 1:1 nanocapsules verifying more incorporation of

curcumin in the 1:40 nanocapsules.'
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Figure IV. 5 FTIR spectra of 1:1 and 1:40 nanocapsules, curcumin, and F108

Thermogravimetric analysis was used to assess the stability of our prepared 1:1 and

1:40 nanocapsules. Interestingly, no weight loss was observed around 100 °C in any of the
four samples, meaning our samples are dehydrated, and our formed nanocapsulesare stable.
Thermogravimetric analysis of F108 shows that it is stable until ~350 °C after which it
illustrates a sharp weight loss that stops at ~400 °C . For the 1:1 nanocapsules, as illustrated
in chapter III, there is loss of curcumin between ~250 °C and ~400 °C . However, this loss
is not present in the 1:40 nanocapsules where we have more degradation and higher weight
loss, similar to F108, due to the presence of higher amount of F108. Hence, the 1:40
nanocapsules are more stable since no degradation of curcumin was observed, meaning that

curcumin is protected by the F108 copolymer in the nanocapsule.
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Figure IV. 6 TGA patterns of 1:1 and 1:40 nanocapsules, curcumin, and F108

3. Drug loading

The drug loading of both nanocapsules (1:1 and 1:40) was found in 1 mg of
nanocapsules. Drug loading content of 1:1 nanocapsules was found to be lower than that of
1:40 (14.6% and 79.1% for 1:1 and 1:40 nanocapsules, respectively). This is expected as
the drug loading percentage must increase with the increase in drug to copolymer ratio. '’
This is in a good agreement with previous findings where it was clearly demonstrated that
the drug loading and encapsulation efficiency of oxcarbazepine increased sharply with the
increase in P84 concentration.'* Other examples found in literature illustrate this finding

14
also.'*
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4. Optical properties of curcumin within Nanocapsules

For free curcumin, 1:1 nanocapsules, and 1:40 nanocapsules, the absorption spectra
are shown first in Figure IV.7 followed by the fluorescence spectra at excitation wavelength

of 425 nm (Figure IV.8) then the fluorescence yield graphs (Figure IV.9).

In the emission spectrum, free curcumin has a maximum at ~551 nm. A red shift to
574 nm occurred in 1:1 nanocapsules followed by a blue shift to 560 nm in 1:40
nanocapsules. In the 1:1 nanocapsules, curcumin molecules are in close vicinity which may
result in their dimerization at very high concentration along with association of these
molecules with F108 polymer chains. This aggregation causes a decrease in the n-n* gap of
the curcumin molecule which is the reason behind the red shift."’ However, this
aggregation is lost in 1:40 nanocapsules due to the high concentration of F108. Thus, the
1:40 nanocapsules and curcumin molecules are exposed to F108 polymer chain as well as
towards the solvent molecules. This resulted in a blue shift to 560 nm compared to 1:1

nanocapsules.

The higher fluorescence intensity and absorbance in 1:40 suggests that the higher
concentration of the curcumin, which causes dimerization, saturates the absorbance and
reduces the fluorescence due to self-quenching of many curcumin molecules present in
proximity in the 1:1 nanocapsules compared to 1:40 nanocapsules. Therefore, 1:40

nanocapsules gives higher fluorescence intensity and higher absorbance.

The relative fluorescence yield was calculated for free curcumin, 1:1, and 1:40

nanocapsules by measuring the absorbance at 425 nm and dividing the fluorescence
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spectrum at 425 nm excitation by this absorbance value. It was found that the relative
fluorescence yield increase about 1.33-fold in 1:1 Nanocapsules compared to free curcumin
in double distilled water whereas this fluorescence yield is further enhanced to 7.81 in 1:40
nanocapsules. This is estimated as 6-fold enhancement. Therefore, using 1:40 nanocapsules
can potentially give higher sensitivity during fluorescence sensing compared to free
curcumin and 1:1 nanocapsules. This is the reason behind using 1:40 nanocapsules for

sensing study.
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Figure IV. 7 Absorption spectra
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Figure IV. 9 Relative fluorescence yields of the prepared nanocapsules
compared to free curcumin
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5. DNA and RNA sensing

The encapsulated curcumin in F108 polymer prepared in 1:40 ratio, were used to
detect DNA and RNA in aqueous solution. Interestingly, addition of DNA had a
remarkable effect on emission spectrum of the nanocapsules, about 5-fold increase in
emission intensity was observed, as shown in Figure IV.10. with a blue shift from 550 nm
to 535 nm upon the increasing of the concentration of DNA in the mixture. However, this
could be due to the large surface area and the high surface free energy of the nanocapsules,
which leaves the DNA molecule inevitably adsorbed on the surface of nanocapsules and
thus takes the place of curcumin. This phenomenon could be the consequence of the
multivalent binding with the polymer, which forms the larger aggregates. Emission
intensity is sensitive to the aggregation particle, thus, presence of DNA in the solution helps
in creating aggregates and boosts emission intensity. The linear correlation of emission
signal alteration of encapsulated curcumin vs. DNA concentration is plotted in Figure
IV.10. As can be seen in the plot, in a range of concentration between 0 - 1000 uM, the
curve showed linear change with a limit of detection equal to 50 uM. This linear increase
was very well fitted with a linear equation, Y = 5442.50x + 16843.55 with R*=0.994. Such
a good correlation justifies the applicability of the present method for the determination of

DNA in the given concentration range.

The interaction between the nanocapsules and the DNA molecules was also verified
by zeta potential analysis (Figure IV.11). The nanocapsules had a positively charged

surface, the DNA were negatively charged due to the phosphate group inducing in
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aggregate molecules with negatively charged surface with a zeta value between that of the

nanocapsules and the DNA.

DNA Mixture Encapsulated curcumin
-9.39 mV -2.63 mV 0 8.87 mV

Zeta Potential value

As for RNA, a boost in the emission intensity was obtained while increasing the
concentration of the RNA in the solution (Figure IV.12), regarding the aggregation
formation. The zeta potential analysis was also established to verify the interaction between
the RNA and the nanocapsules. The zeta value of the RNA in the solution was relatively

between the value of encapsulated curcumin and RNA alone.

RNA Mixture Encapsulated curcumin
-8.5mV -3.12 mV 0 8.87 mV

| | | |
\ ! \ \

Zeta Potential value

The linear correlation of emission signal alteration of encapsulated curcumin vs.
RNA concentration is plotted in Figure IV.12. It is clear that in a range of concentration
between 0 - 1000 uM, the curve showed linear change with a limit of detection equal to 60
uM. This linear increase was very well fitted with a linear equation, Y = 30044.63x +

15546.74 with R*= 0.994.
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Although available methods can detect DNA molecules in lower concentration
range (Table IV. 1). none of them work in the higher concentration range of the present

method.

As nanocapsules were able to detect DNA and RNA molecules that have similar
properties, it was necessary to comprehend the interaction between these two molecules

and the nanocapsules.

The DNA molecule consists of two long polynucleotide chains made of four types
of nucleotide subunits. Each nucleotide contains a phosphate group, a sugar group and a
nitrogen base. The four types of nitrogen bases are adenine which has an amino group (-
NH,), thymine (T), guanine (G), and cytosine (C) belonging to pyrimidine bases. Thymine
contains a methyl group and cytosine contains a hydrogen atom with an amino group, in
addition to the guanine. Furthermore, the sugar is deoxyribose, attached to a single
phosphate group (hence the name deoxyribonucleic acid). Each of these chains is known as
a DNA chain, or a DNA strand. Hydrogen bonds between the base portions of the
nucleotides hold the two chains together. Similarly, RNA molecule contains also adenine,

guanine and cytosine bases but instead of thymine they have another base called uracil.'*

The specific placement of hydrogen bond donor and acceptor groups provides
unique structural identity. The hydrogen atoms of amino groups provide hydrogen bond
donors, and the carbonyl oxygen and ring nitrogens provide hydrogen bond acceptors.
When bases become ionized, their hydrogen bonding properties are changed. This can lead
to many non-Watson-Crick base pairs. Adenine is prone to protonation at low pH, which

can lead to the formation of an A+C wobble base pair. Cytosine is also very prone to
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protonation which can lead to a C+ Hoogsteen base pair. The ionized form of thymidine
can form a T-G base pair."*’ In order to verify the above hypothesis and explain the real
interaction in the solution, the fluorescence synchronous of encapsulated curcumin with
Adenine, Cytosine, Guanine, Thymine and Uracil was established. As it is noticed in Figure
IV. 13, 100 uM of Guanine, Thymine and Uracil did not alter the emission intensity of
encapsulated curcumin unlike ~5-fold increase observed for same concentration of Adenine
and cytosine indicating the formation of A+ and C+ in aqueous solution. The zeta potential
was established in Figure V.14 and Figure IV.15. The zeta potential value of adenine and
cytosine in the presence of encapsulated curcumin was found to be between the value of
encapsulated curcumin alone and adenine/cytosine alone. Thus, the real interaction of DNA
with the encapsulated curcumin is well verified by the interaction of the adenine and

cytosine nucleotides.

Adenine Mixture
-6.59 mV 2.16 mV
Encapsulated curcumin
0 8.87 mV
: } ‘ }
‘ Zeta Potential value
Cytosine Mixture Encapsulated curcumin
-6.31 mV -2.32 mV 0 8.37 mV

\ \ \ \
l N W l

Zeta Potential value

The analytical recovery using the proposed method was estimated by testing 3

different unknown concentration using the last calibration curve obtained. The results
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obtained are summarized in Table IV. 2 and Table IV. 3. The percent of recovery DNA and

RNA of our method was found to be between 96-101%.

Finally, the photo-stability of polymer encapsulating curcumin was verified, which
is illustrated in Figure IV.16. When the fluorescence emission signal of encapsulated
curcumin was recorded in the absence and presence of DNA and RNA for one hour, the

signal was found to be remarkably stable indicating the current sensor is quite stable during

measurement time.
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Figure IV. 10 Fluorescence emission spectra of 1:40 nanocapsules at different DNA
concentrations (left) and linear correlation of the intensities at 540 nm versus DNA
concentration
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Methods Concentration Range | References
Fluorescence change of Ethidium Bromide 0.1-10 pg.mL" 10
after binding with DNA
Fluorescence change of Hoechst33258 dye 0.01-15 pg.mL" Pl
after binding with DNA
Fluorescence change of PicoGreen dye after | 25-1000 pg.mL"' 152
binding with DNA
Fluorescence change of SYBR Green | dye 0.002-2 pg.mL" >3
after binding with DNA
Fluorescence change of polymer encapsulated | 6.5-650 pug.mL" This work
curcumin after binding with DNA
Table IV. 1 DNA sensing in literature
Theoretical Concentration Experimental Concentration Recovery (%)
(ppm) (ppm)
Unknownl1l |1 1.01 101
Unknown?2 | 10 9.87 98.7
Unknown 3 45 45.05 100.1
Table IV. 2 DNA recovery table
Theoretical Concentration Experimental Concentration Recovery (%)
(ppm) (ppm)
Unknownl | 0.5 0.48 96
Unknown 2 12 12.01 100.08
Unknown 3 | 50 49.5 99

Table IV. 3 RNA recovery table
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Figure IV. 16 Photostability measurements

D. Conclusion

Physicochemical properties of fluorophores can be tremendously enhanced after
being coated with a polymer in the form of multifunctional nanocapsules. These
formulations have been a subject of interest for their utility in probing specific targets of
interest. Encapsulation of fluorophores inside copolymers can result in higher fluorescence
signal intensity, better biostability (owe to the exclusion of oxygen by the polymer
encapsulation), compared to original modality. In this work, curcumin was encapsulated
inside the F108 copolymer in 1:40 drug to copolymer ratio. SEM imaging showed spherical
particles whose size was enlarged from 190-310 nm in the 1:1 nanocapsules to 240 -380 nm
in the 1:40 nanocapsules. X-ray analysis, FTIR, and TGA characterization clearly revealed
the higher stability of 1:40 nanocapsules. Moreover, it was shown that these nanocapsules
present higher encapsulation of curcumin, which was further confirmed by the drug loading

study (15 and 80% for the 1:1 and 1:40 nanocapsules, respectively).
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The UV-visible and fluorescence characterization further showed higher
fluorescence and absorbance for the 1:40 nanocapsules due to absence of dimerization. The
relative fluorescence yield of the 1:40 nanocapsules compared to 1:1 nanocapsules showed
a 6-fold enhancement, which renders them as more sensitive probes to be used later on in

our sensing study.

In addition, results of DNA and RNA sensing have demonstrated the applicability
of the 1:40 nanocapsules as a robust sensor for these molecules. A boost in the emission
intensity and blue shift are two observations which established our 1:40 nanocapsules as an
efficient sensor for the DNA and RNA concentration with 50 uM and 60 uM detection
limits for DNA and RNA, respectively. Zeta potential values further confirmed the
interaction between the nanocapsules and our targeted molecules. Furthermore, zeta values
demonstrated that the real interaction of DNA with the encapsulated curcumin is well
verified by the interaction of the adenine and cytosine nucleotides. Moreover, our prepared
nanocapsules presented a high percentage recovery of DNA and RNA (96-101%). Finally,
stability results illustrated a high photostability of encapsulated curcumin, indicating that

our nanocapsules can be considered as a stable sensor during measurement time.
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CHAPTER V
CONCLUSION

In the present work, self-assembly properties of F108 copolymer was studied in
solution using fluorescence-based technique, employing curcumin as an external probe. The
aggregation behavior of F108 was studied through investigating changes in critical micelle
concentration (CMC) and temperature (CMT) in solution. These were determined by
tracking emission intensities for solutions with different concentrations of F108 where all
of them contain a fixed concentration of the probe, curcumin. Results have shown that
CMC and CMT value were equal to 23.2 uM and 35°C , respectively. Values determined
were in a good agreement with literature values obtained through simulation studies and
pyrene probing. Therefore, our employed method based on curcumin probing, which is not
often employed as pyrene probing, can be considered a reliable method to study
aggregation behavior of copolymers in solution. In addition, changes in CMC and CMT
values were investigated in the presence of ionic salt, such as NaCl, and bile salts, such as
sodium cholate (NaC) and sodium deoxycholate (NaDC). Fluorescence results illustrated a
clear decrease in the CMC with the increase in concentration of all three salts except for
NaC. However, the effect was the most noticeable for NaDC, around 9-fold decrease,
compared to 3 and 1-fold decrease for NaCl and NaC, respectively. Accordingly, it can be
concluded that the effect of deoxycholate outweighed the salting out activity of NaCl in
pushing more curcumin into the hydrophobic domain. On the other hand, the effect of the
three salts on the CMT of F108 was less remarkable, with a 1-fold decrease for NaCl and

NaDC and almost no change for NaC. Lastly, fluorescence quenching experiment, using
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both CPB and KI as quenchers. Results have established CPB a more suitable quencher for
the curcumin-F108 micellar system. Since CPB tail is known to be located at the stern layer

of the micelle, curcumin position was also established to be around the same region.

Aside from its fluorescent properties, curcumin is a well-established therapeutic
agent that is yet limited by its poor solubility in water and low oral bioavailability. To
overcome these limitations, using coprecipitation method, curcumin was encapsulated
inside F108 in the form of nanocapsules having a 1:1 curcumin to F108 ratio. Nanocapsules
were characterized by Scanning Electron Microscopy (SEM), thermogravimetric analysis
(TGA), X-ray diffraction (XRD), and Fourier Transform Infrared Spectroscopy (FTIR).
SEM imaging revealed nanocapsules as spherical particles with a size ranging from 270 to
310 nm. Besides, the interaction between curcumin and F108 was evaluated by comparing
the XRD of the 1:1 nanocapsules to free curcumin and F108. XRD spectra demonstrated
change in packing structure of curcumin upon encapsulation. This was signified by the
disappearance of some peaks and the shift in some other peaks of curcumin in the 1:1
nanocapsules. Moreover, FTIR suggested a hydrogen bonding between curcumin and F108.
This was illustrated by the shift of the bands at 3508 cm™ and 1150 cm™ in the FTIR spectrum
of curcumin to 3409 cm™ and 1130 cm™ in the 1:1 nanocapsules. In addition, the degradation
pattern of 1:1 nanocapsules indicated their stability up till ~250 °C. Anticancer activity of
curcumin was assessed through testing toxicity assays on two types of cancerous cells: A549
and A375 cells, in the presence and absence of light. Data have displayed a 34-fold and 32-fold
decrease in the ICs, value of A549 and A375 cells, respectively ascribed to encapsulation of

curcumin. This finding demonstrated an enhancement in the anticancer activity of curcumin in
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the nanocapsules. Furthermore, comet assays illustrated a higher DNA damage for both

curcumin and nanocapsules upon exposure to light, indicating efficient photodynamic therapy.

Furthermore, photophysical properties of a fluorophore can be greatly enhanced when it
is encapsulated in polymeric formulations. Such properties include the boost of fluorescence
signal and higher biostability. Therefore, using coprecipitation method, a different formulation
of the previous nanocapsules was synthesized where the curcumin to F108 ratio was 1:40. SEM
imaging displayed 1:40 nanocapsules as spherical particles ranging from 240 to 380 nm. Change
in structural packing of curcumin was verified in both nanocapsules through XRD results which
illustrated a shift of all the relative peaks of curcumin and the shift of the band at 14.95° to
14.01°. Nevertheless, a more intense decrease in the degree of crystallinity in the 1:40
nanocapsuleshas clearly proved an enhanced the interaction of curcumin with F108 (66.2 % and
55.1 % in 1:1 and 1:40 nanocapsules respectively as compared to 77.1 % for free curcumin).
Moreover, the band peaks at 1150 and 1026 cm™ in the FTIR spectra of free curcumin were
absent in 1:40 nanocapsules but present in the 1:1 nanocapsules confirming the higher
interaction of curcumin and F108 in the 1:40 nanocapsules. In addition, higher stability of the
1:40 nanocapsules was assured by TGA. Drug loading results demonstrated an enhancement in
curcumin loading from 14.9 % to 79.1 % in the 1:40 nanocapsules. Furthermore,in the UV-Vis
spectroscopic characterization of both nanocapsules, the blue shift and the increase in the
fluorescence intensity and absorbance in the 1:40 nanocapsules accounts for the fact that
curcumin is in a more nonpolar environment. This has supported the fact that photophysical
properties can be greatly enhanced by encapsulation in polymeric formulations. Calculations of

the relative fluorescence yield showed a 6-fold enhancement in the 1:40 nanocapsules, which
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rendered them as more sensitive probes to be used later on in our sensing study. Therefore,
based on the functionality of curcumin as a fluorescent transducer, encapsulated curcumin was
used in biomedical application as DNA and RNA sensing. After conducting sensing
experiments, we noticed an enhancement in the emission intensity of curcumin with increasing
DNA and RNA concentrations and a blue shift. These were motives which established our 1:40
nanocapsules as a robust sensor for DNA and RNA concentrations in solution. Detection limits
were found to be 50 uM and 60 uM for DNA and RNA respectively. Zeta potential studies
further assured the interaction between the nanocapsules and our targeted molecules because
values of DNA/RNA and nanocapsules mixture mediated zeta potential values of each of the
nanocapsules and DNA/RNA alone. Furthermore, zeta potential measurements further verified
the real interaction of DNA through the interaction of the adenine and cytosine nucleotides
between two DNA/RNA chains. Moreover, our prepared nanocapsules presented a high
percentage recovery of DNA and RNA (96-101%). Finally, curcumin showed a stable
fluorescence signal in the presence and absence of DNA and RNA. This suggests the
photostability of encapsulated curcumin and established it as a stable sensor during measurement

time.

In chapter II of this work, we have established curcumin as an efficient molecular probe
for studying the properties of F108 self-assembly in aqueous solution. Therefore, in the future,
we will try to investigate self-assembly properties of other polymers and systems as well as
studying the influence of other modulators on these systems using curcumin as a fluorescence
probe. Furthermore, our insight is to synthesize various formulations of the nanocapsules with

different drug to copolymer ratio (1:10, 1:60, 1:100, etc). Besides, we will attempt to study the
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cytotoxicity assays of the 1:40 nanocapsules using photodynamic therapy. Finally, sensing new
analytes like ascorbic acid, melamine, antioxidants, or other analytes will be a good step towards

establishing our nanocapsules containing curcumin as a multifunctional sensor.
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