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ABSTRACT

CUCURBITURIL-BASED SUPRAMOLECULAR
CONSTRUCTS FOR THE DIVERSE APPLICATIONS
OF NANOMEDICINE

Melis Ozkan
M.Sc. in Materials Science and Nanotechnology
Advisor: Doniig Tuncel
August 2020

The supramolecular chemistry of cucurbiturils (CBs) has been rapidly advanc-
ing to span wide range of nanomedicine applications including but not limited
to pharmaceutical drug formulation and delivery, bio/medical imaging and sens-
ing, cancer therapy, tissue engineering, development of antibacterial/antiviral
agents and protein modification. Owing to unique recognition properties and
low cytotoxicity, the supramolecular assemblies of CBs are particular promises
for biomedicine tasks. Inspired by these developments, three multifunctional
supramolecular constructs of CBs containing photoactive conjugated compounds
were prepared to be utilized in nanomedicine applications covering antimicrobial
and anticancer photodynamic therapy (PDT), combined PDT and photothermal
therapy (PTT) for the inactivation of bacteria, drug delivery and cellular imaging,.

A stable rotaxane, namely [5]-rotaxane, based on photoactive alkyne-
substituted porphyrin and azide-substituted stopper group was synthesized
through 1,3-dipolar cycloaddition reaction. Herein, cucurbit[6]uril (CB6) acts as
both macrocycle and catalysis for the reaction and encapsulates formed triazole
ring inside its cavity. [5]-rotaxane was further investigated and results revealed
that it has ability to generate reactive oxygen species (ROS) including singlet
oxygens in high yield even under quite low fluence of light and short exposure
time and this, in turn, renders it ideal photosensitizer which remains stable at
physiological pH (7.4) for prolonged times. By taking the advantages of aforemen-
tioned properties, [5]-rotaxane was employed as a broad-spectrum antibacterial
agent against Gram-negative and Gram-positive bacteria as well as anticancer
agent against human breast cancer cell line (MCF-7) via visible-light-induced
generation of ROS. [5]-rotaxane possess negligible dark cytotoxicity upon com-
plexation with CB6 and it can afford efficacious PDT of cancer and infectious

il
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diseases caused by bacteria.

Another multifunctional photoactive supramolecular assembly was built
through covalently binding of four cucurbit[7]uril (CB7) molecules, functioning
as receptor, to a tetraphenyl porphyrin core using suitable linkers. In addition
to its light-promoted antibacterial property, here, main objective was to combine
chemo- and photodynamic cancer therapy which makes this study novel. Pres-
ence of CB7, enables host-guest interactions with anticancer drug, doxorubicin
hydrochloride (DOX), and therefore this system was used to carry drug molecules
achieving synergistic PD'T and chemotherapy.

Finally, CB7-capped hybrid nanoparticles (NPs) made up of red-emitting con-
jugated oligomer (COL) and gold nanoparticles (Au-NPs) were obtained through
one-pot synthetic method. These hybrid NPs were found to own high photosta-
bility, thermal reversibility and high ROS generation capacity. Benefitting from
these properties, combined photodynamic and photothermal killing efficiency of
NPs towards Gram-positive and Gram-negative bacteria was verified. Addition-
ally, cellular imaging capability of them was shown owing to their inherently flu-
orescent characteristics and this feature could be utilized for image-guided PDT

applications.

Keywords: ~ Cucurbituril, photoactive conjugated compounds, porphyrin,

supramolecular chemistry, nanomedicine applications.



OZET

QESITLI NANOTIP UYGULAMALARI IQIN

KUKURBITURIL TABANLI SUPRAMOLEKULER
YAPILAR

Melis Ozkan
Malzeme Bilimi ve Nanoteknoloji, Yiiksek Lisans
Tez Danigmani: Doniig Tuncel
Agustos 2020

Kiikiirbitiirillerin  supramolekiiler kimyasi, farmasotik ila¢ formiilasyonu ve
dagitimi, biyo/tibbi goriintiileme ve algilama, kanser tedavisi, doku mithendisligi,
antibakteriyel /antiviral ajanlarim geligtirilmesi ve protein modifikasyonunu gibi
uygulamalar1 da kapsayan ancak bunlarla sinirli olmayan cesitli nanotip uygu-
lamalar1 icin hizla geligmektedir. FEssiz tamima ozellikleri ve digiik sitotok-
sisite sayesinde, kiikiirbitiirllerin supramolekiiler diizenekleri biyotip gorevleri
icin oOzellikle gelecek vaat etmektedir. Bu gelismelerden ilham alinarak, fic
adet ¢ok islevli, fotoaktif konjlige edilmis bilegenler iceren, kiikiirbitiiril tabanh
supramolekiiler yapilar, antimikrobiyal ve antikanser fotodinamik terapi (PDT),
bakterilerin inaktivasyonu i¢in kombine PDT ve fototermal terapi (PTT), ilag
taginimi ve hiicresel goriintiilemeyi iceren nanotip uygulamalarinda kullanilmak

tizere hazirlanmigtir.

Fotoaktif alkinlenmis porfirin ve azid ile fonksiyonellesmig durdurucu grup-
tan olugan kararli rotaksan, isimsel olarak, [5]-rotaksan, 1,3-dipolar siklokatilma
reaksiyonlar1 yoluyla sentezlendi. Burada, kiikiirbit[6]iiril (CB6) reaksiyon igin
hem makrosikle hem de kataliz gorevi goriir ve olusan triazol halkasini kendi
boslugu i¢inde kapsiil igine alir.[5]-rotaksan daha fazla aragtirilmig ve sonuglar,
[5]-rotaksanin singlet oksijenleri de igeren reaktif oksijen tiirlerini (ROS), yiiksek
verimde iiretme kabiliyetine sahip oldugunu ortaya koymustur ve bu da onu
uzun siire fizyolojik pH’da (7.4) sabit kalan ideal fotosensitizor yapar. Yukarida
belirtilen 6zelliklerin avantajlari kullamlarak [5]-rotaksan, ¢ok diigiikk akida ve
kisa siireli maruz zamanindaki goriiniir 1sikla bile tetiklebilen ROS iiretimi
araciligiyla, Gram-negatif ve Gram-pozitif bakterilere karsi genig spektrumlu

antibakteriyel ajan olarak ve insan meme kanseri hiicre hattina (MCF-7) karst
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antikanser ajan olarak kullanilmigtir.[5]-rotaksanin, kiikiirbit[6]iiril ile komplek-
slesme tizerine karanlikta ihmal edilebilir sitotoksisiteye sahip oldugu ve boylece
kansere ve bakterilerin neden oldugu bulasici hastaliklara karsi etkili PDT firsati

sagladig1 gortilmiigtiir.

Bir bagka cok iglevli fotoaktif supramolekiiler diizenek, bir tetrafenil porfirin
cekirdegine, reseptor olarak iglev goren dort kiikiirbit[7]iiril molekiiliiniin uygun
baglayicilarla kovalent baglantisi sonucu insa edildi. Sadece 1gikta tetiklenen
antibakteriyel ozelligine ek olarak, buradaki temel amac, kemo ve fotodinamik
kanser terapilerini birlegtirerek, cahigmaya yenilik katmaktir. Kiikiirbit[7]iirillerin
varlig, antikanser ilaci, doksorubisin hidroklortir (DOX) ile konak¢ konuk etk-
ilesimlerini miimkiin kilar ve bu sayede bu sistemin, ilag molekiillerini tagiyarak,
sinerjistik PDT ve kemoterapi i¢in uygunlugu dogrulanmistir.

Son olarak, kiikiirbit[7]iril ile kaplanmig, kirmizi yayici konjiige oligomer
(COL) ve altin nanopartikiillerden (Au-NP’ler) olugan hibrid nanoparcaciklar
(NP’ler) tek potlu sentetik yontemle elde edildi. Bu hibrid NP’lerin yiiksek fo-
tostabilite, termal tersinirlik ve yiiksek ROS iiretim kapasitesine sahip oldugu
bulundu. Bu o6zelliklerden faydalanarak, NP’lerin Gram-pozitif ve Gram-
negatif bakterilere kargi kombine fotodinamik ve fototermal inhibe edici etk-
isi anlagilmigtir. Bunlara ek olarak, bu NP’lerin kendinden floresan ozellikleri
sayesinde hiicresel goriintiileme kabiliyeti gosterilmigtir ve bu ozellik goriinti
kilavuzlu PDT uygulamalar: i¢in kullanilabilir.

Anahtar sozcikler:  Kiikiirbittiril, fotoaktif konjuge bilesimler, porfirin,

supramolekiiler kimya, nanotip uygulamalari.
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Chapter 1

Introduction

1.1 Supramolecular Chemistry

Supramolecular chemistry is the chemistry field specialized in noncovalent inter-
molecular interactions. Jean-Marie Lehn mentioned the term “supramolecular
chemistry” regarding macropolycyclic inclusion complexes [1] in 1978 and later
described supramolecular chemistry as “chemistry beyond the molecule” [2] in
1988. Donald J. Cram, Jean-Marie Lehn and Charles J. Pedersen were awarded
the Nobel Prize in chemistry in 1987 for their development and use of molecules

with structure-specific interactions of high selectivity.

While molecular chemistry investigates the formation of individual molecules
from molecular precursors or constituent atoms, supramolecular chemistry inves-
tigates the formation of organized molecular building blocks in mesoscale regime
(Figure 1.1). Supramolecular constructs form through weak and reversible non-
covalent forces between molecules such as hydrogen bonds, hydrophobic forces,
van der Waals forces, metal-ligand coordination, -7 interactions, charge transfer
interactions and electrostatic interactions. This formation can be via host-guest
complexation, lattice inclusion (clathrate compounds) or molecular self-assembly

(micelles, vesicles, liposomes, membranes, dendrimers, liquid crystals etc.). Even



though noncovalent interactions are remarkably weak (1-350 kJ/mol) in compar-
ison to covalent bonds (150-1075 kJ/mol), multiple noncovalent interactions can
result in the construction of a stable supramolecular system. [3] Supramolecular
smart materials are able to adapt to their environment and have appealing prop-

erties like degradability, self-healing and shape-memory, stimuli-responsiveness.

[4]
2 ‘ Covalent I l Noncovalent I
— bk A—k A X— kX1
Molecular precursors Molecular chemistry Host Guest Supramolecular

chemistry

Figure 1.1: Molecular chemistry and supramolecular chemistry.

Supramolecular chemistry has been extensively studied as an interdisciplinary
research field covering the concepts of molecular self-assembly, host-guest chem-
istry (drug delivery) molecular recognition (molecular sensors, catalysis), logic
gates, molecular machinery, biomimetic systems (artificial enzymes, protein de-

sign, self-replication) and imprinting.

1.1.1 Host-Guest Chemistry

Host—guest chemistry is one of the defining branches of supramolecular chemistry
based on the construction of unique complexation of two or more molecules or
ions via noncovalent interactions. Resulting complexes with large supramolecular
host molecules (e.g. macrocycles, cages, capsules) and smaller guest molecules

own superior physicochemical characteristics superior to that of guest.

Deep understanding of binding and encapsulation properties of supramolecular
hosts are essential for rational design of supramolecular systems towards targeted
applications. High selectivity and binding affinity of hosts to ligands are desirable

to form stable complexes. Therefore, thermodynamics of host-guest interaction



and structural parameters of host and guest molecules govern the complexation.
To gain better insights, as a key concept, selectivity should be understood well
by defining cooperativity, complementarity and preorganization terms, since the
rational design of selective receptor is based on complementarity of host-guest

interaction sites, preorganization and assigning suitable noncovalent interaction.

Cooperativity was basically defined considering enzyme-substrate interaction
referring substrate binding sites in allosteric enzymes. [5]From the thermody-
namic aspect, it is explained by considering free energy change (AG°). In mul-
tistep interactions or binding events, AG® in subsequent steps (in comparison
with the first step) is either decreasing (implying + cooperativity) or increasing
(- cooperativity) where AG® = AH°-TAS®. Here, AH® is enthalpy change, T is
temperature and AS° is entropy change. [6]

Structural and chemical complementarity between binding sites of host and
guest molecules is meant by complementarity. Binding sites of host should be able
to contact, attract the binding sites of guest without disturbance and undergo

conformational change to yield the most proper steric fit with the guest. [7]

Preorganization is another important condition for the formation of stable
host-guest complexes. Prior to complexation, host and guest molecules are highly

organized to minimize conformational change for binding. [§]

High selectivity is the most significant goal of supramolecular chemistry. Se-
lectivity of host towards specific guest is sensing/recognition ability of host for
that target guest by rejecting other guests in the media. Selective performance
of host is determined thermodynamically and kinetically. The host-guest system

with stronger binding constant will yield higher stability of complex.

1.1.1.1 Important Macrocyclic Hosts in Host-Guest Chemistry

Macrocyclic host molecules including crown ethers, cyclodextrins, pillararenes,

calixarenes, cryptands, resorcinarenes, blue box and cucurbiturils are essential



building blocks to construct host-guest interaction based supramolecular plat-
forms. These hosts can bind neutral or charged guest molecules with specific
binding affinity and selectivity. Macrocycle-based supramolecular polymers can
be prepared in solution, in gel or in solid phase and exhibit high responsiveness to
external stimuli covering pH change, temperature, photoirradiation, mechanical

force etc. enabling to design smart materials for different applications. [9]

In the following subsections, crown ethers, cyclodextrins, pillararenes, cal-
ixarenes are briefly introduced. This thesis focuses on cucurbituril-based
supramolecular constructs and therefore cucurbiturils are introduced more in de-
tail than other macrocyclic compounds. In Figure 1.2, chemical structures and

3D representations of these macrocycles are illustrated.
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Calixarane Cucurbituril

Figure 1.2: Chemical structures and 3D cartoon representations of important
macrocyclic hosts.



1.1.1.1.1 Crown Ethers

Crown ethers are macrocycles based on repeating -OCH;CH,- units derived
from ethylene glycol (HOCH,CH3;OH) and they possess cavity and medium po-
larity. Their structures resemble crown and crown ethers have high binding affini-
ties towards metallic and organic cations. In 1967, Charles Pedersen attempted
to prepare complexing agent for divalent cations and as a side product the first
crown ether (dibenzo[18]crown-6) was incidentally synthesized (Figure 1.3). [10]
He proceeded to synthesize and work on their binding properties and then he was

co-awarded the Nobel Prize in chemistry in 1987.

0 Lt 0
0" o o/ HO@ x&o@,
2)

I I
QOH HO© N @[0 OD
Major Product o/

Dibenzo[18]crown-6
Side Product

Figure 1.3: Preparation of the first crown ether, dibenzo[18]crown-6.
1.1.1.1.2 Cyclodextrins

Cyclodextrins (CD) are crystalline non-reducing oligosaccharides made up of
D-glucopyranoside subunits linked by a-1,4 bonds. Number of glucose subunits
(n) determines the nomenclature of CDs, n=6 refers to a-CD, 7 to 5-CD and 8
to 7-CD, as given in Figure 1.4 a, b and c¢. They are obtained from enzymatic

conversion of starch. [11]

CDs own toroidal structure with the large and the small openings (Figure

1.4 d). Small opening of the toroid is exposed to secondary hydroxyl groups of
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solvent while large one is exposed to primary hydroxyl groups. As a result of
this structure, central cavity is lipophilic and considerably less hydrophilic than
the aqueous environment enabling the accommodation of hydrophobic guests.
On the contrary, the outer surface is hydrophilic due to hydroxyl groups which
makes CDs water soluble macrocycles. Properties of a-CD, 3-CD and v-CD are
compiled in the table (Figure 1.4 e). [12], [13] By virtue of their good water

solubility, they can form water soluble and stable complexes.

() (b) ( € w

o
BH HO 0. 3 X/C' a
[ e N H - Ho
HO o a \/_/"f [~ rR/\.,Hl %Z\ H
on J’Hc?/ S~ _OH H
E. o N \kﬂ

(d) (e)
Property o- B- v-
CD | CD | CD
ﬂ—b.i - I I.Oulel' Diameter (up) Glucose units 6 7 ]
s e Molecular weigl I 972 | 1135|1297
i L[ olecular weight (g/mol)
= Solubility in water at 25°C (w/v%) | 14.5 | 1.85 | 23.2
Hejght ot Tarols Cavity diameter (up) (A) 45 | 6.1 | 1.7
. D Outer diameter (up) (A) 13.2 | 149 | 16.1
i ) ;
18 s | Cavity diameter (bottom) (A) 57 | 7.8 | 9.5
i (.‘z!wly Diameter (br_pliurn}
| — Outer diameter (bottom) (A) 13.7 | 153 | 16.9
‘*—» =
Height of torous (A) 79 | 79 | 7.9
Cavity volume (A%) 174 | 262 | 427
AG of dissolution (kl/mol) 15 20 14

Figure 1.4: Chemical structures of (a) a-CD, (b) 8-CD, (c¢) 7-CD, (d) three-
dimensional representation of CD, (e) summary of a-CD, $-CD and ~-CD prop-
erties.

CDs and their derivatives are desirable for a wide range of applications span-
ning pharmaceutical formulations, nanomedicine (drug delivery vehicles), food

and cosmetic industries, catalysis, chromatography, textile production etc. [14]
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1.1.1.1.3 Pillararenes

Pillararenes are relatively new family of macrocycles composed of hydroquinone
units connected through methylene bridges at para positions. In 2008, Ogoshi et
al. have coined the word “pillar[5]arane” for the product of condensation reaction
of 1,4-dimethoxybenzene (DMB) with paraformaldehyde in the presence of Lewis
acid (Figure 1.5). They have also shown that, pillar[5]arene formed 1:1 host—guest

complexes with dialkyl viologen and alkyl pyridinium derivatives. [15]

OCH,3 m (OC::"'* CHO0 o
Paraformaldehyde <_ e i ¥ c’
Lewisacid HyCd i
CH, 3h i, A0
RT 3
1,4-Dimethoxybenzene :
3 DMpillar|5]arane
DMB I [5]arane Polymer

Figure 1.5: Condensation of DMB with Lewis acid to yield DMpillar[5]arane.

Pillararanes have symmetrical and rigid structures with electron-donating cav-
ities. Versatile functionalization facilitates to be utilized in diverse applications
as artificial molecular machines, [16] fluorescent sensors, [17] selective artificial

transmembrane channels, [18], drug delivery systems [19] etc.

1.1.1.1.4 Calixarenes

Calixarenes are macrocycles obtained from condensation reactions of para-tert-
butylphenol and formaldehyde. [20] Calixarenes with different ring sizes are pre-
pared in high yield by adjusting reaction conditions (base, temperature and time).
In Figure 1.6, structure of Calix[5]arane is given. Calix refers to chalice, vase in
Greek describing the molecular structures of calixarenes and three-dimensional

structures of calixarenes leads to hydrophobic cavities. In the literature, they



were utilized to develop fluorescent sensors, anion receptors, multivalent ligands,

supramolecular nonoconstructs and polymers. [21]

(b)

Figure 1.6: Structure of Calix[5]arane.

1.1.1.1.5 Cucurbiturils

Cucurbiturils (CBs) are robust symmetrical macrocycles obtained from acid-
catalyzed condensation of glycoluril and formaldehyde firstly published by Robert
Behrend in 1905. [22] Now, it corresponds to cucurbit[6]uril (CB6) implying 6
glycoluril units in the macrocycle with two hydrophilic portals containing hy-
drophobic cavity and carbonyls. Product was named cucurbituril due to struc-
tural resemblance to pumpkin under cucurbitaceae botanic family. In 2000, Kim
et al. reported the new CB homologues: CB5, CB7 and CBS8. [23] In 2001, Day
et al. optimized the reaction conditions to achieve higher yield and proposed
mechanism for the formation of CB5 to CB10. [24] After one year, they also
presented CB10 interlocked with CB5. [25] These discoveries enabled prepara-
tion of different CB homologues and derivatives enlightening and improving the

applicability of CBs.

1.1.1.1.5.1 Synthesis and Isolation of CBs



CB6 was the first discovered homologue of CBs. Synthetic route contains two
steps as shown in Figure 1.7 In the first step, glycoluril and excess formaldehyde
were treated with dilute hydrochloric acid and precipitate forms. In the second
step, this precipitate was dissolved in concentrated HySO4 at 110 °C followed by
water dilution to yield CB6. [22]

0O
[
)J\ H,S0 4
HN” “NH i (o] HCI concentrated ) HyO
)L (aq) . Solution ———»
H y HH 110 °C Heat

Paraformaldehyde

Glycoluril ( \ Cucurbit[6]uril

SIERney

(oot

0 1—N N4 J\‘

LIEN‘/

Figure 1.7: Robert Behrend's method for synthesis and crystallization of cucur-
bit[6]uril.

Kim et al. modified the reaction conditions [23] of Behrend's method to obtain
the mixture of isolable CB5, CB6, CB7, CB8 and CB10 homologues (Figure 1.8).

0
HNJLNH

—
H,S0 . a

- ok 4 (aq)
JI\ _— — |
H ) TT T e ‘m \——/

36 h

~

= 4 n=5,6,7,8,10

Figure 1.8: Kim's method for the synthesis of CB homologues.

Different methods were proposed to synthesize CBs based on Kim's [23], Day's
[24] and Isaacs'[26] method. In general, glycoluril, formaldehyde or paraformalde-
hyde solution in water, and 5 M of HCI or HySO,4 are mixed and heated to 80-100
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°C for 36 h. Solvent is evaporated and remained mixture is consecutively pre-
cipitated in water and methanol to yield mixture of CB5, CB6 (major product),
CB7, CB8 and traces of CB10, iCB6, CB5@QCB10 and other oligomers. Isolation
of each of them relies on solubility difference in water, water /methanol and diluted
hydrochloric acid solutions as shown in Figure 1.9. [27] To isolate CB7, which
is the most water soluble one among other CB homologues, from the mixture of

CBs, hot 20% aqueous solution of glycerol to extract is used.

Reaction mixture

Water \. (?nﬁ, CBS, iCB6, CBS{;’:‘,.(_?B] 0

v —— CB5@CBI10

CB5-CB7
3 M HCI #« m . HgNM\C\f\\[H:
_ HCVHCOOH
St eyl \—m CisHasNa@CB10.2HC

in water (BG 1CB6, (Bﬁ(aCBIO

Mct 1an0] LBI()
Evaporation -

{CB() ). iCB6, (B)a(BlO —» Fractional crystallizations

Figure 1.9: General isolation procedure of CBs.

Functionalization of CBs has been extensively studied for enhancing their sol-
ubility, stability or rendering them more suitable for the target applications. It
is possible to design and prepare them using different strategies to bear different

substituents on different regions of the molecule.

1.1.1.1.5.2 Structural and Physical Properties of CBs

CBs possess rigid and symmetrical structures verified by X-ray crystallography
whereas larger homologues (CB10, CB13, CB14 and CB15) are flexible. X-ray
crystal structures of common CB homologues are demonstrated in Figure 1.10.
[28] These crystal structures reveal the structural parameters of CBs such as

portal diameter, outer diameter, cavity diameter, cavity volume and height.
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Figure 1.10: X-ray crystal structures of CBs (Reprinted with permission from
ref.[28] Copyright, 2005 John Wiley & Sons, Ltd.).

Structural parameters of common uncomplexed CB homologues [23] and in-
verted CBs [29] are compiled in table 1.1

CB M,, (g/mol) | a (A) b (A) c (A)]d(A) V (A3)
CB5 | 830 24 4.4 9.1 13.1 82
CB6 | 996 3.9 5.8 9.1 14.4 164
CB7 | 1163 5.4 7.3 9.1 16.0 279
CB8 | 1329 6.9 8.8 9.1 17.5 479
CB10 | 1161 9.5-10.6 | 11.3-12.4 | 9.1 20.0 870
iCB6 | 996 4.3-3.9 | 3.85.8 9.1 10.7-14.4 | -

iCB7 | 1163 6.7-5.4 | 5.4-7.3 9.1 11.2-16.0 | -

Table 1.1: Structural parameters of common CB homologues and inverted
CBs (M,,= molecular weight, a=portal diameter, b=cavity diameter, c=height,
d=outer diameter, V=cavity volume).

CBs suffer from low water solubility compared to other macrocycles like cy-
clodextrins. CB5 and CB7 (odd numbers) have higher water solubility (~20-30
mM) than that of CB6 and CB8 (0.018 mM and <0.01 mM respectively) since
molecule-water interactions dominate molecule-molecule interactions. [30], [31]
However, solubilities of CB6 and CBS8 are considerably enhanced upon acid ad-

dition.
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1.1.1.1.5.3 Thermodynamics of CB-Guest Binding

CBs are able to encapsulate wide range of guests inside their hydrophobic cavi-
ties. Via hydrophobic and electrostatic interactions, they bind to guest molecules
with high binding affinities in aqueous media. Portals are considered as bind-
ing sites for cationic guest molecules and resulting complex is stabilized through
ion-dipole interactions whereas outer surface are for large anionic guests. Host-
guest complexes can form in several ways as shown in Figure 1.11.[32] Host-guest
interaction and complexation mechanism can experimentally be investigated by
absorbance, fluorescence *H-Nuclear Magnetic Resonance (NMR) spectroscopies
and isothermal titration calorimetry (ITC). These methods can provide thermo-
dynamic parameters such as binding affinity (K, ), binding stoichiometry (n) and
enthalpy changes (AH). From these, Gibbs free energy changes (AG) and entropy
changes (AS) can be calculated using the relation AG=-RTInK,=AH-TAS where

R stands for gas constant and T absolute temperature.

Complex

L

exclusion complex inclusion complex homodimer heteroternary

1:1 1:1

1:1:1 2:2

2:1

Figure 1.11: Host-guest complexes of CBs.
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Ion-dipole interactions, hydrophobic interactions and host-guest packing coeffi-
cients are important parameters for complexation with high binding affinity. Hy-
drophobic interactions imply the interaction between guest and solvent molecules,
cavitation energy and release of high-energy water from cavities. These supply

driving force for host-guest complexation. [33],[34],[35]

Understanding thermodynamic aspects is essential for rational design of com-
plexes with guests owning high binding affinities for CB receptors. Desirable
binding properties enable CBs to be tailored towards target applications such as

drug delivery, nanomedicine, sensing, catalysis etc.

1.1.1.1.5.4 CB-Based Molecular Recognition

Thermodynamics and kinetics of host-guest complexation by CBs have been
widely investigated to demonstrate their specific binding properties for identi-
fication and characterization of suitable guests. Scherman et al. have reviewed
specific binding properties of CBs and association constants of 412 different guests
including organic molecules, gases and homodimers forming inclusion or exclusion
complexes with CB homologues. [32] Owing to their rigid structure, hydropho-
bic inner cavities and ability to form dynamic self-assemblies, CB complexes are
found to be extremely strong and stable in water. [36] By this time, there have
been numbers of articles in which CBs have been integrated into various materials
including polymers, [37] fullerenes, [38] nanosheets, [39] vesicles, [40] 2D films,
[41] dendrimers, [42] hydrogels, [43] metal nanoparticles, [44] and so on to have
unique recognition features. Contribution of CBs to self-assembled structures and
nanomaterial engineering has been gaining keen attention. Herein, complexation
of CBs with guest molecules only related to nanomedicine applications is focused

and compiled in table A1l (Appendix).
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1.2 Conjugated Compounds

As a term, “conjugated” was primarily used by German chemist Johannes Thiele
for the compounds possessing alternating single and multiple bonds. Overlapping
p-orbitals leads to system of delocalized m-electrons throughout the molecule re-
sulting in lowering overall energy of the molecule and therefore enhancing stabil-
ity. The examples conjugated systems are included in graphene, graphite, carbon

nanotubes, conductive polymers, porphyrins and phthalocyanines.

1.2.1 Conjugated Polymers and Oligomers

m-conjugated polymers and oligomers own backbone with delocalized electrons
and therefore their electrical conductivity is enhanced by electrochemical doping.
[45] In contrast to conventional insulator polymers and oligomers, conjugated ones
are conductive or semi-conductive owing to those delocalized electrons. Since they
possess appealing electrical and optical properties, research efforts were directed
towards conjugated compounds to utilize them in many application areas such
as electronics, biomedicine, solar cells, chemical sensing, nanophotonics etc.In

Figure 1.12, structures of some common conjugated polymers are given.

Conjugated polymers and oligomers can be synthesized with cross-coupling re-
actions including Suzuki-Miyaura coupling and Stille coupling. Suzuki-Miyaura
and Stille coupling reactions are based on metal catalyzed (generally palladium-
catalyzed) cross-coupling reaction to obtain conjugated systems of alkenes,
alkynes, styrenes etc. Pd-catalyzed C-C coupling reactions are given in Figure
1.13.
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Figure 1.12: Common conjugated polymers.

1.2.1.1 Photoluminescence of Conjugated Polymers and Oligomers

Photoluminescence (PL), a general name of fluorescence and phosphorescence,
describes the light emission from materials after absorbing photons. Owing to
delocalized m-electrons, majority of conjugated polymers are colored and display

interesting photophysical properties covering PL, photoconductivity etc.

Under light irradiation with sufficient energy, m-electrons of conjugated
oligomers are excited from highest occupied molecular orbital (HOMO or ground
state) to next available energy state called lowest unoccupied molecular orbital
(LUMO). Due to extreme instability of LUMO state, excited electrons go back to
stable HOMO state by either fluorescence or phosphorescence. Jablonski energy

diagram given in Figure 1.14 explains those phenomena schematically.
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Figure 1.13: Palladium-catalyzed C-C coupling reactions.

Energy difference between HOMO and LUMO states is referred as band gap
and it determines the optical and electrical properties of conjugated polymers.
Since the band gap of conjugated polymers can be tuned, their optical and elec-
tronic properties are tunable rendering them quite appealing in multiple applica-

tion areas.

1.2.1.2 Conjugated Polymer and Oligomer Nanoparticles

Nanoparticles based on conjugated polymers (CPNs) have been gaining keen
attention having combined features of nanoparticles and conjugated poly-

mers/oligomers such as high fluorescent quantum yield & molar absorptivity,
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facile synthesis & functionalization, tunable properties, low cost and light-

harvesting capabilities. Rational design of self-assembled conjugated oligomer-

based nanoparticles (CONSs) is also promising since they present extra advantages

over CPNs such as having well-defined molecular weight and relatively smaller

size which enables enhanced cell penetration, permeability and excretion ability

for biological applications. CONs possess higher fluorescent quantum yield than
CPNs and comparable stabilities and molar absorptivities with CPNs. [46], [47]

Preparation methods of CPNs and CONs encompassing reprecipitation, mini-

emulsion, pulsed-laser ablation and direct condensation of organic vapour are

key to determine size and shape of nanoparticles. [48]
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1.2.2 Porphyrins

Porphyrins are naturally existing macrocycles playing vital role in the metabolism
of living organisms for example chemical structures of hemoglobin, protein of red
blood cells, and chlorophyll, photosynthetic pigment, are based on porphyrin
derivatives. Porphyrins are conjugated systems composed of four pyrrolic sub-
units connected via methine bridges (=CH-) at their « carbons. As given in Fig-
ure 1.15, they have 26 m-electrons in total but 18 of them forms continuous planar
structured cycle making the compound aromatic. They appear intense purple as
a result of owning strong absorption bands in the visible region of electromagnetic
spectrum. Intense absorption peak around 405 nm is referred as Soret band and
four relatively weak peaks between 500-630 nm are called Q-bands. Owing to
that strong absorption of light, porphyrins are utilized in photodynamic therapy

which will be introduced under section 1.4.3.
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Figure 1.15: (a) Chemical structure of simplest porphyrin, porphine. (b) UV-vis
absorbance spectrum of porphyrins.

1.2.2.1 Synthesis of Porphyrins

First description of porphyrin synthesis was introduced by Paul Rothemund in
1935 based on high temperature condensation of benzaldehyde and pyrrole in
pyridine (Figure 1.16). [49]
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Figure 1.16: Porphyrin synthesis introduced by Rothemund.

Later on, Adler developed Rothemund's procedure in which benzaldehyde and
pyrrole was refluxed in the presence of carboxylic acids functioning as solvent. [50]
However, Adler's procedure was not suitable for aldehydes which have acid sensi-
tive functional groups. [51],[52] For dealing with this problem, Lindsey reported
an updated method. In this updated method, firstly porphyrinogen was obtained
in the presence of trifluoro borane etherate (BF3;.OEt,). Then porphyrinogen
was irreversibly oxidized to tetraphenylporphyrin (TPP) by 2,3- dicholoro-5,6-
dicyano-1,4-benzoquinone (DDQ). [53] Later, Lindsey modified the method and
dipyrromethane was obtained as a result of using trifluoroacetic acid (TFA) as
catalyst. Dipyrromethane was then reacted with another aldehyde and underwent
oxidation by DDQ or tetra chlorobenzoquinone (TCBQ). [54]

1.3 Supramolecular Constructs Based on Cu-

curbituril and Conjugated Compounds

Supramolecular assemblies of cucurbituril homologues with photoactive -
conjugated compounds covering small photoactive dyes, porphyrins, conjugated
polymers and oligomers have been reported in the literature. [55] As mentioned
in previous sections, conjugated compounds have been utilized in diverse appli-
cations of nanomedicine spanning biological /chemical sensing, [56],[57],[58],[59]
cellular targeting, [60] fluorescence imaging, [61],[62] drug and gene delivery,
[63],[64] biomedical implants, [65] tissue engineering and regenerative medicine,

[66] chemotherapy, [67] photodynamic therapy [68] and photothermal therapy.
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[69] However, to benefit from conjugated compounds in a broader context, some
certain problems need to be eliminated such as low stability, solubility, weak op-
tical properties (low quantum yields, low lifetime) because of aggregation. CB
homologues have great potential to overcome such problems by enhancing sta-
bility and solubility. Conjugated compounds and CB homologues/derivatives
can form supramolecular assemblies in the form of rotaxanes, nanoparticles, hy-
drogels, nanosheets, organic frameworks and so on. Within the scope of this
thesis, as supramolecular architectures based on CB homologues and conjugated
compounds, rotaxanes, nanoparticles and supramolecular assemblies have been

constructed and utilized for nanomedicine applications.

1.3.1 Rotaxanes and Polyrotaxanes

The name of rotaxane was originated from Latin implying wheel (rota) and axle
(axis). Rotaxanes are supramolecular entities based on mechanically interlocked
macrocycles on a dumbbell-shaped molecule by bulky terminating groups on their
ends. In such assembly, macrocycles can freely rotate. Rotaxanes own unique
features and structures. Polyrotaxanes are defined as oligomeric or polymeric ro-
taxane species (linear segment is oligomer or polymer) and they are appealing due
to ability of converting energy to mechanical movements. [70] Pseudorotaxanes
and polypseudorotaxanes are intermediat