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Abstract

Abstract

Cyclodextrins are a family of cyclic oligosaccharides and are
considered as drug carriers due to their structure and properties.
Moreover, cyclodextrin can be crosslinked with various crosslinking
agents in order to develop hyper crosslinked polymers also called
the nanosponges (NSs). The properties of the prepared NSs are
highly dependent on the nature and concentration of the crosslinker.
The synthesis, characterization, and application of the NSs in

different fields are reported in the literature.

In the present thesis, we developed different types of NSs and their
application in the drug delivery has been evaluated. Mainly,
carbonate, ester-based, and glutathione-responsive NSs were
prepared by 1-1"-carbonyldiimidazole, pyromellitic dianhydride, and
2-hydroxyethyl disulfide, respectively. The effect of these prepared
NSs on the physicochemical properties of different drug molecules
such as Kynurenic acid, resveratrol, oxyresveratrol, and curcumin
was studied. The post-synthetic modification of the ester-based NSs
with biotin was also performed. Depending on the applications and
properties of the NSs five different projects have been carried out.

Kynurenic acid (KYNA) demonstrates several pharmacological
activities such as antioxidant, neuroprotective and free radical
scavenging properties. However, the therapeutic activity of KYNA is
affected by its low aqueous solubility. We developed KYNA loaded
cyclodextrin nanosponges to improve the solubility and therapeutic

activity of kynurenic acid. Several characterization techniques were
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used to determine the formation of the inclusion complex of

kynurenic acid with NSs.

The solubility profile of KYNA alone and in the presence of
nanosponges clearly indicated the increase in the aqueous solubility
compared to native cyclodextrin. The developed KYNA loaded NSs
showed good stability during storage. Several methods were used
to determine the antioxidant activity of KYNA alone and compared
with kynurenic acid loaded nanosponges which confirmed that the
better antioxidant activity was observed compared to free kynurenic
acid. The cytotoxicity study confirmed that the prepared NSs are
non-toxic and KYNA loaded NSs do not promote cell death due to

protective nature of the KYNA.

Resveratrol (RES) and Oxyresveratrol (OXY) can be obtained from a
variety of natural sources. Both are considered as effective
molecules against different disease conditions due to their
antioxidant, anti-inflammatory, and anti-tumor activity. However,
their therapeutic activity is limited due to low solubility,
photosensitivity, and aqueous instability. We developed RES and
OXY loaded NSs in order to improve their solubility and stability.
Drug loaded NSs showed significant improvement in the stability of
drug molecules after UV-exposure. Antioxidant study of RES and
OXY loaded NSs further showed high activity compared to respective
drugs alone. We also demonstrated the anticancer activity of RES
and OXY loaded NSs against DU-145 prostate cancer cell lines which
confirmed that high solubility and stability of drug molecules affect
the overall performance of drug molecules in the drug delivery in

terms of high anticancer activity.
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In the next work, we determined the encapsulation constant of
different nanosponges prepared from 1-1"-carbonyldiimidazole
using a novel method. This work was carried out in collaboration
with Prof. José Manuel Lopez-Nicolds, with the help of Adrian
Matencio at Department of Biochemistry and Molecular Biology-A.
Faculty of Biology. University of Murcia. Murcia, Spain. The prepared
NSs were used to encapsulate oxyresveratrol. The encapsulation of
the OXY was confirmed with several methods. OXY is an unstable
drug molecule so we determined the stability of OXY in simulated
biological fluids. Moreover, the anticancer activity of OXY loaded NSs

against HCT116 and HT29 cell lines was also studied.

We demonstrated the application of the stimuli-responsive
cyclodextrin NSs for the selective targeting of the RES. This work
was carried out in collaboration with Prof. Ciro Isidoro, with the help
of Alessandra Ferraresi at the Laboratory of Molecular Pathology,
Department of Health Sciences, Universita del Piemonte Orientale
"A. Avogadro", Novara, Italy. Selective drug delivery can be
achieved to release the drug at a target site in a response to the
cellular microenvironment (i.e. glutathione) of the cancer cells
without affecting the physiology of the normal cells. We performed
cell internalization studies to confirm the preferential uptake of the
nanocarrier to the cancer cells. Moreover, cytotoxicity studies were
also performed which confirmed that the cancerous cells are highly

affected while normal cells remain unaffected.

Another targeting approach is the development of the nanocarrier
with targeting moieties attached to the surface of nanocarriers in
order to improve the drug delivery to a specific site. We developed
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the biotin-functionalized NSs (Bio-NSs) and the presence of biotin
on nanocarrier was also determined. Bio-NSs were used to perform
the encapsulation of curcumin (CUR). CUR is a phytopolylphenol
with different pharmacological properties. However, CUR is
practically insoluble at acidic and neutral pH which subsequently
affects the bioavailability. We demonstrated that the CUR
solubilization was enhanced significantly with NSs. Moreover, the
formation of the inclusion complex was also confirmed. The in-vitro
release profile of CUR was also performed to confirm that
solubilization of the CUR leads to a better drug release profile

compared to CUR alone.
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1. Introduction
1.1 Pharmaceutical Nanotechnology

The term nanotechnology was discovered in the 19th century which
is broadly defined as the synthesis of the particles with a dimension
of less than 100 nm [1]. Nanoparticles (NPs) are considered as the
most promising nanomaterials which exhibit all the three dimensions
in the nanometer range. Because of their size, NPs can easily enter
the cells leading to their intracellular accumulation to facilitate the
release of entrapped active molecules. The development of
nanomedicine involves the synthesis of an NPs based drug delivery
system to improve the solubility of drug, sustained release profile,
better biodistribution and intracellular accumulation of the active

substances encapsulated within the nanomaterials [2].

A large number of active drug molecules exhibit poor aqueous
solubility which further makes it difficult to deliver these drug
molecules. Moreover, some of them are physiologically unstable
molecules and thus exhibit degradation in aqueous systems or in
different physiological pH. NPs based drug delivery systems gained
tremendous interest because of the possibility to entrap active
molecules and to alter their physicochemical properties. The shape,
size, and surface of NPs can be tuned to impart the desired
properties to the nanocarrier to facilitate their transport across the
biological membranes [3,4]. Recently, researchers have generated
interest in the development of the mesoporous or nanoporous
nanomedicines because of their ability to overcome challenges

related to drug molecules [5,6].
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1.2 Cyclodextrins

Cyclodextrins (CDs) are cyclic oligosaccharides with truncated cone-
shaped structures with hydrophobic inner cavity and hydrophilic
outer surface [7,8]. CDs are composed of a-D-glucopyranose units
formed by a-1-4-linked glucose units. Most commonly used
cyclodextrins are @, B, and y-CD, which composed of 6, 7, and 8 a-
D-glucopyranose units, respectively [9]. The arrangement of a-D-
glucopyranose units provides chair conformation of the CDs, in
which primary hydroxyl groups are located at the narrow edge and
secondary hydroxyl groups are located at wider edge of the CDs.
The presence of these hydroxyl groups imparts hydrophilicity to the
CDs. The central cavity of CD is lined by skeletal carbons and

ethereal oxygen, responsible for the lipophilicity of the CDs [10].

Ey % =
&%j\ Lot

Figure 1. 1 Structure of B-Cyclodextrin

The properties of different cyclodextrin are shown in table no 1.1.
CDs have the ability to inclusion complex with variety of drug

molecules to change their physicochemical properties thus, CDs are
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most commonly used as pharmaceutical excipients. An inclusion
complex formation takes place in-between guest molecule and
central cavity of cyclodextrins. No covalent bonds are created or
destroyed during the formation of the inclusion complex and the
physicochemical property of guest molecules such as water

solubility, crystallinity, and chemical stability can be altered [11].
Table 1. 1 Properties of cyclodextrins in Pharmacopoeia

Monographs [12]

Properties a-CD B-CD y-CD
Number of 7 8
glucopyranose units
Molar weight (g/mol) 972 1135 1297
Solubility in water at
25 °C (%, w/V) 14.5 1.85 23.2
5+

Outer diameter (R) 164+04 54+04 (1)745
Inner diameter (A) 4.7-5.3 6.0-6.5 7.5-8.3
Height of torus (A) 79+01 79+0.1 7.9 £ 0.1
Crystal forms (from Hexagonal Monoclinic Quadratic
water) plates parallelograms prism
Crystal water, wt %  10.2 13.2-14.5 8.13-17.7
Pharmacopoeia Ph.Eur., Ph.Eur., Ph.Eur.,
Monoara :s* USP-NF, USP-NF, USP-NF,

grap IPC IPC IPC

*The European Pharmacopoeia (Ph.Eur.), the United States
Pharmacopeia and the National Formulary (USP-NF), and the

Japanese Pharmaceutical Codex (JPC).
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The drug molecules formed an inclusion complex with CDs that are
in dynamic equilibrium in the aqueous solution compared to free
drug molecules. The release of complexed drug molecules is carried
out by serial dilution or by competitive complexation [13,14]. Thus
it is possible that one drug molecule can form an inclusion complex
with one or more CDs or vice versa. However, the most common

type of inclusion complex is 1:1 drug:CD complex [15].

The equilibrium constant for 1:1 drug:CD complex can be

determined from the following equation:
K (1:1) = Slope/So (1-Slope)

Where Sy is the intrinsic solubility of a drug molecule.

i K1) 1
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)
/

P Ho,
=
gl

+ f \{:\ :
o

Figure 1. 2 Inclusion complex of drug-CD.
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A higher value of K reflects higher stability of the drug:CD inclusion
complex. However, a small change in the intrinsic solubility of drug
molecules can significantly affect the K value especially in the case
of drugs with low water solubility. Thus in such a case, the
determination of the complexation efficiency is more important. The
complexation efficiency can be determined by the following

equation:

CE=K1:1xSo
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1.3 Safety and Regulatory Status of CDs

Unlike y-CD, a-and B-CD cannot be hydrolyzed by amylase enzyme
present in the salivary and pancreatic secretions. Hydrophilic
cyclodextrins show low oral bioavailability thus are considered as
non-toxic at low to moderate dosage. Moreover, 3-CD cannot be
administered parentally due to low aqueous solubility and
nephrotoxicity. The majority of CDs (q, B, and y-CD) are considered
as food additives and listed as safe materials by the Food and Drug
Administration (FDA). Several derivatives of CDs such as
hydroxypropyl-beta-cyclodextrin (HP-B-CD) and sulfobutylether B-
cyclodextrin (SBE-B-CD) are considered as safe and considered as
inactive pharmaceutical excipients [16,17]. The use of different CDs
as inactive pharmaceutical excipients has been listed in the

pharmacopoeia monographs of different countries (Table 1.1).

1.4 Cyclodextrin-based Nanosponges

The presence of large number of reactive hydroxyl groups on CDs
allow them to further modify chemically or crosslinked to give
insoluble polymers. One of such polymer is cyclodextrin

nanosponges (CDNSs).

Nanosponges can be prepared by organic or inorganic compounds.
However, organic NSs prepared from cyclodextrins are preferred for
pharmaceutical applications. CDNSs are hyperbranched crosslinked
insoluble polymers of CDs prepared by crosslinking with variety of
crosslinking agents. The reactive hydroxyl groups of CDs act as
monomers for the crosslinking reaction with other polyfunctional

chemical moieties such as carbonates, esters, carboxylic acids and
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diisocyanate. CDNSs are nanosized porous insoluble polymers with
high swelling properties. However, the swelling degree of the CDNSs

can be altered by changing the cross-linker concentration [18,19].

CDNSs can be utilized to form an inclusion complex with hydrophilic
as well as lipophilic drug molecules and can be administered in the
form of nanosuspension via several routes to the humans. CDNSs
are better as nanocarrier compared to native CDs molecules as it
can host more number of guest molecules due to the presence of
cyclodextrin cavities and newly formed interstitial spaces between
CDs [20]. Moreover, due to the presence of the polymeric network,
it is easier to control the release profile of drug molecules from the
nanosponges compared to CDs alone thus slow and uniform drug
release kinetics can be obtained which is important in case of drugs
with low therapeutic index. Over the years, CDNSs have been
utilized for the variety of applications such as solubilization of guest
molecules, chemical stabilization, taste masking, enhancement in
drug absorption, reduction of toxicity and improvement of drug
release profile or sustained drug delivery applications [21].

1.4.1 Classification of CDNSs

CDNSs has been classified in different groups depending on the

types of crosslinker used for the synthesis of the polymer.

1.4.1.1 Cyclodextrin-based Carbamate Nanosponges

These types of NSs are prepared by crosslinking of cyclodextrins
with diisocyanates. The most commonly used diisocyanates are
hexamethylene diisocyanate (HDMI) and toluene-2,4- diisocyanate.

These types of NSs were developed initially for water treatment

6
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applications by Li and Ma [22]. The prepared carbamate NSs were
utilized as an alternative for activated carbon and their performance
was demonstrated on the absorption of p-nitrophenol. Regardless
of low surface area of 1-2 m?/g, a high loading capacity of 20-40

mg/cm3 was observed.

The absorption capacity of carbamate NSs against organic pollutants
generated from feed water of power plants was evaluated by
Mamba and co-workers [23]. The significant results were obtained
as carbamate NSs showed 90 % absorption of volatile compounds
and 84 % absorption of dissolved organic carbon fractions was

observed.

1.4.1.2 Cyclodextrin-based Carbonate Nanosponges

These are the most preferred nanosponges for drug delivery
applications because of their high stability and low toxicity.
Carbonate based NSs are prepared by crosslinking of CDs with
carbonyl  group-containing  crosslinkers such as  1-1-
carbonyldiimidazole (CDI), diphenyl carbonate (DPC) and
triphosgene.

However, triphosgene is not preferred crosslinker as it is toxic in
nature. These NSs exhibit low swelling tendency due to the presence
of short crosslinking bridges. Moreover, high chemical stability in
acidic as well as alkaline medium was observed. It was also
observed that in some cases, the absorption performance of
carbonate-based NSs is similar or higher compared to activated
carbons. The absorption capacity of carbonate-based NSs was

demonstrated by Trotta and group for the removal of chlorinated
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persistent organic pollutants (POPs) from wastewaters, in

comparison with activated carbon [19].

Furthermore, carbonate-based NSs have been extensively utilized
for the encapsulation of several water-insoluble drugs such as
curcumin [24] doxorubicin [25], resveratrol [26], and babchi Oil [27]

to improve their wettability and solubilization.

1.4.1.3 Cyclodextrin-based Ester Nanosponges

These types of NSs are usually prepared from polyesters or
polycarboxylic acids such as pyromellitic dianhydride (PMDA) [28],
ethylene diamine-tetraacetic dianhydride (EDTA dianhydride) [29],
butanetetracarboxylic dianhydride [30] and citric acid [31]. This
class of NSs has a unique property as they can absorb large amounts
of water (up to 25 times) and form hydrogels. The degree of
swelling of ester-based NSs is dependent on the crosslinker
concentration. A higher crosslinker concentration leads to low
swelling of the polymer because of the higher crosslinking density.
In contrast to carbamate and carbonate-based NSs, ester-based NSs
are more susceptible to the hydrolytic degradation. This type of NSs
can further host cationic guest molecules as well due to the
presence of terminal free carboxylic acid groups. The effect of
crosslinker concentration on the vibrational dynamics of NSs was
evaluated earlier and it was observed that crosslinking is dependent
on the crosslinker concentration up to 1:6 mole ratio of CD and
PMDA. However, a further increase in the crosslinker concentration
(i.e. 1:8 and 1:10) led to decrease in the degree of crosslinking due

to possible steric hindrance [32].
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1.4.1.4 Cyclodextrin-based Ether Nanosponges

The ether-based NSs are prepared by the crosslinking of CDs with
crosslinker containing epoxide groups such as epichlorohydrin [33],
bisphenol A diglycidyl ether, and ethylene glycol diglycidyl ether
[34]. Ether based NSs are highly chemically stable and their swelling
properties can be tailored. However, epichlorohydrin is considered
toxic in nature. Despite of toxicity, epichlorohydrin has been

explored in the pharmaceutical field.

CD-based NSs are utilized widely as tablet disintegrating agents
[35], as a drug carrier [36], for the removal of unwanted flavors of
food [37], for the inhibition of enzymatic browning of fruit juices

[38], and as a stationary phase for chromatographic separations.

A different type of swellable NS called poly(amidoamine) CD
nanosponges were synthesized by Ferruti and co-workers [39].
Poly(amidoamine) CD nanosponges were prepared by the
polymerization of B-CD with acetic acid 2,2'-bis(acrylamide) in water
with the help of lithium hydroxide as a catalyst. In another study,
these NSs were utilized in the drug delivery applications and it was
observed that approx. 90 % of the encapsulation of Bovine serum
albumin was obtained. The presence of carboxylic acid and amines
groups in the polymeric network provides a good affinity for proteins

and other similar small molecules [40].

Morales-Sanfrutos et al. developed crosslinked polymer of divinyl
sulfone (crosslinker) with a and B-CD to demonstrate absorption of
aromatic pollutants (i.e. bisphenol a- and B-naphthol) and bioactive

compounds (i.e. progesterone and curcumin) [41].
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1.4.1.5 Functionalized Nanosponges

The presence of the hydroxyl groups of CDs allow the addition of
desired functional groups or moieties to generate new kind of NSs.
The addition of desired moieties can be carried out in three possible
ways: pre-crosslinking functionalization, co-crosslinking

functionalization, and post-crosslinking functionalization of CDs.

Two different class of functionalized nanosponges have been

studied so far:
(i) Fluorescent CD-NSs
(i) Charged CD-NSs

Fluorescent CD-NSs were prepared using rhodamine and fluorescein
as a fluorescent probe on epichlorohydrin-CD polymer by Malanga
and group [42]. In a similar study, Ncube et al. demonstrated the
synthesis of the fluorescent water-soluble polymer [43]. To carry
out cell internalization studies, Lemdo et al. demonstrated the
synthesis of fluorescent carbonate and carboxylated NSs by
incorporating fluorescein isothiocyanate with preformed NSs by
post- crosslinking functionalization. The post-synthetic modification
of carbonate-based NSs was carried out by succinic anhydride. The
carboxylation of the NSs leads to improved encapsulation and higher

intracellular permeability of acyclovir [44].

Charged CD-NSs have been developed in order to promote efficient
complexation of the ionic compounds. Moreover, it was also
observed that charged NSs are more stable compared to non-

charged NSs due to more statistic repulsion between ionic groups.

10
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Positively charged B-CDNSs of glycidyl-trimethylammonium chloride

and epichlorohydrin were also reported [45].

1.4.1.6 Cyclodextrin-calixarene Nanosponge

This is a new class of cyclodextrin based NSs mainly prepared by
the co-polymerization of B-CD and calixarene, covalently crosslinked
via triazole units. Lo Meo et al. first demonstrated the synthesis of
cyclodextrin-calixarene based NSs for the removal of nitroarenes
and commercial dyes [46]. In another study, cyclodextrin-calixarene
polymers were developed by Massaro and co-workers for the
encapsulation of polyphenolic bioactive compounds (i.e. quercetin
and silibinin). It was observed that due to the presence of two
different cavities of cyclodextrin-calixarene NSs, different drug
molecules can also be co-incorporated simultaneously [47].
Moreover, the presence of free or incompletely coupled azide groups
can be utilized for the post-synthetic modification of the NSs.

1.4.1.7 Stimuli-responsive Nanosponges

The stimuli-responsive nanocarriers are responsible for the release
of drug molecules at the target site in a response to stimulating
signals in order to minimize the drug-related side effects [48]. The
controlled drug release at the target site can be obtained using
nanocarrier stimulated by different signals ranging from
temperature, electromagnetic fields, redox potentials, reactive

species and pH levels [49].

Trotta et al. developed glutathione (GSH) responsive hanosponges
for the delivery of an anticancer drug [50]. It is well known that

cancer cells exhibit higher intracellular GSH content (0.5-10 mM)

11
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compared to normal cells (2-20 uM) [51]. The presence of GSH in
the nanocarrier allows the delivery of a drug to the target site
without affecting the normal tissues. GSH responsive NSs were
prepared by the crosslinking of 2-hydroxyethyl disulfide with
pyromellitic dianhydride and B-CD. The prepared NSs were used to
encapsulate the doxorubicin and its effect on cell viability was

determined.

Russo et al. demonstrated the synthesis of pH-responsive
polyaminocyclodextrin nanosponges by crosslinking of (6-deoxy)-
BCD with different aliphatic polyamine linkers. The performance of
polyaminocyclodextrin nanosponges was evaluated in terms of their
absorption ability at different pH values for selected guest molecules
[52].

1.4.1.8 Molecularly Imprinted Nanosponges

These types of NSs are prepared by the reaction of template
molecules (i.e. drug) with functional monomer and crosslinking
agents. The template molecules are usually removed after the
reaction that led to the generation of cavities corresponds to the
target [53,54]. These generated cavities provide molecular
recognition property to the molecularly imprinted polymer (MIP).
Specific molecule recognition, high selectivity, and affinity for the

target molecules are the important properties of MIPs [55].

Shende et al. demonstrated the synthesis of MIPs of PMDA and B-
CD as biomimetics for glucose estimation. MIPs are widely utilized
in drug delivery applications, as a biosensor for recognition of

protein or enzymes, and quantitative assay [56,57]. Trotta and

12
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group developed the L-DOPA imprinted CD-NSs for the treatment of
neurodegenerative disease in which MIPs were prepared by
crosslinking of B-CD and CDI in the presence of the variable amount
of L-DOPA [58].

1.4.2 Method for the Preparation of the NSs
1.4.2.1 Solvent-based Method

This method of synthesis involves the use of solvents such as DMF,
DMSO, and pyridine in order to dissolve CDs and crosslinker. A
mixture of CDs and crosslinker were added into the different molar
ratios and reaction is carried out either at room temperature or
reflux temperature depending on the type of crosslinker. Carbonate
based NSs are prepared at high temperature however, PMDA
containing ester-based NSs are prepared at room temperature
[59,60].

Once the reaction completed, a gel-like mass was obtained which
was washed with water followed by acetone or ethanol. The final
purification of NSs was carried out by Soxhlet extraction. It has been
also observed that NSs of the desired size range can also be
obtained by size reduction techniques such as high-pressure

homogenization and ball-milling.

1.4.2.2 Melt/Fusion Method

This method involves the synthesis of NSs without the use of any
organic solvents. In this method, CDs and crosslinkers were heated
at a higher temperature to carry out a crosslinking reaction [21].

13
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The prepared NSs were purified by method as mentioned in section
1.4.2.1.

1.4.2.3 Ultrasound-assisted Synthesis

This method of NSs synthesis is carried out by sonication without
the use of any organic solvents. B-CD and crosslinker (i.e. DPC) were
added into water and reaction is carried out at 90 °C for five hours
with continuous sonication for the entire experiment. Ultrasound-
assisted synthesis is helpful to control the crystallinity of the
prepared NSs. The purification of prepared NSs is performed as

mentioned above [61].

1.4.2.4 Microwave-assisted Synthesis

The reaction time required to synthesize NSs can be reduced by the
use of microwave and high crystallinity of NSs can be obtained. In
this method, CDs and crosslinker were dissolved in the organic
solvent such as DMF and subjected to the microwave irradiation. It
was observed that the use of microwave irradiation causes a four-
fold reduction in the reaction time. The prepared NSs were purified

as mentioned above [62].
1.4.3 Factors Affecting Nanosponges Formation

1.4.3.1 Types of Crosslinker and Polymer

The performance and nature of NSs are depended on the type of
crosslinker. The native CDs can be converted into a 3-dimensional
nanoporous structure with the reaction with different crosslinkers.
Moreover, the type of crosslinker leads to the formation of either
hydrophilic or hydrophobic NSs.

14
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The hydrophilic NSs can be synthesized by the use of
epichlorohydrin as a crosslinker [63]. Due to their hydrophilic
nature, these NSs can be used to prepare extended or immediate-
release formulations with improved absorption of drugs across the
biological membranes. On the other side, hydrophobic NSs can be
prepared by a variety of crosslinkers such as carbonyldiimidazole,
diphenyl carbonate, pyromellitic dianhydride and diisocyanates
[64,65]. Moreover, the nature of crosslinkers is important to decide

the applications of the prepared NSs.

1.4.3.2 Degree of Substitution

The number, type and position of the substitution on the polymeric
network can affect the complex formation ability of the prepared
NSs. The reactive functional groups of different types of
cyclodextrins are available to prepare NSs with different
crosslinkers. The higher degree of substitution of hydroxyl groups
of cyclodextrin with crosslinkers can lead to the formation of a highly
crosslinked structure that can form more interconnected networks
within the polymer. The higher degree of crosslinking further affects
the complexation efficiency as the presence of highly interconnected
networks hinder the inclusion of guest molecules within the polymer
[66,67].

1.4.3.3 Complexation Temperature

The complexation temperature can significantly affect the stability
of the drug-NS complex. The rise in temperature during

complexation leads to a decrease in interaction forces (i.e. Van der
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Waals forces) required for the formation of complex thus altering
the stability of the NS complex [68,69].

1.4.4 Characterization of Nanosponges

Several methods have been extensively used to characterize

different types of NSs as shown below:

1.4.4.1 Morphological Evaluation

The morphology of blank NSs or drug-loaded NSs can be determined
by Transmission Electron Microscopy (TEM), Scanning Electron
Microscopy (SEM), and Field Emission Scanning Electron Microscopy
(FE-SEM). The shape and size of NSs and drug-NSs inclusion
complex can be predicted by the above-mentioned techniques. The
change in the crystallinity of the inclusion complex compared to
native NSs can be considered as an indication of the formation of

inclusion complex [70,71].

1.4.4.2 Polydispersity and Zeta Potential Determination

The hydrodynamic diameter of NS formulations can be determined
by dynamic light scattering (DLS) method. The prepared formulation
should have nanometer particle size and uniform size distribution
for the drug delivery applications. Surface change of the NSs is
expressed in terms of zeta potential. The stability of drug-NSs
colloidal suspension is dependent on the zeta potential. Zeta
potential values greater than + 25 mV are considered as good to

make a stable suspension [72,73].
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1.4.4.3 Drug Loading and Entrapment Efficiency

The distribution of the drug within the nanocarrier is determined by
the drug loading and the percentage of drug successfully entrapped
inside the nanocarrier is predicted by entrapment efficiency.
Different techniques such as UV-Visible spectroscopy, and high-
performance liquid chromatography (HPLC) are most commonly

used to determine drug loading and entrapment efficiency [74].

The following equations are used to determine drug loading (DL)

and entrapment efficiency (EE).
DL (%) = [Entrapped Drug/weight of NSs]*100

EE (%) = [Entrapped drug/Total drug]*100

1.4.4.4 Porosity and Surface Area

The presence of nanocavities and nanochannels in the NSs can be
determined by porosity measurement. The helium displacement
method is used to determine the true volume due to the ability of
helium to penetrate into intra-particular and inter-particular
channels of the NSs. The most common method for the
determination of the surface area of porous material is Brunauer,
Emmett, and Teller (BET) analysis [75,76].

1.4.4.5 Swelling and Water Uptake Studies

The water uptake and swelling studies of the NSs are used to
determine the extent of swelling in aqueous media and water uptake

capacity mainly in case of the swellable NSs [77,78].
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The following equations are used to depict the swelling and water
uptake of the NSs.

Swelling (%) = [St/Re]*100

Where S; = reading of cylinder after soaking at a specific time and

So = initial reading of cylinder before soaking
Water uptake (%) = [Wy/Wy]*100

Where W; = weight of hydrogel at a specific time and Wy = weight
of dry NSs.

1.4.4.6 In-vitro Release Studies

The release behavior of a drug from the NSs is determined by in-
vitro release profile. Multi-compartment rotating cells or dialysis
membranes method is used to predict the drug release profile. For
drug release studies, at predetermined time intervals aliquots are
withdrawn and replaced with fresh dissolution media that were
subjected to further analysis by UV-visible spectroscopy or HPLC
[79,80].

1.4.4.7 Fourier Transform Infrared Spectroscopy and Raman
Spectroscopy (FTIR)

FTIR and Raman spectroscopy techniques are used to predict the
interaction of a drug with the NSs in the solid-state. NSs are
characterized by the presence of characteristic peaks in their
structure such as carbonate-based NSs prepared from CDI exhibit
peaks at 1720-1750 cm (carbonate stretching vibrations). A
change or shift in the characteristic peaks of the NSs is considered
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as possible interaction of the drug molecules within NSs might be

due to encapsulation of the drug [81,82].

1.4.4.8 Thermal Analysis

Thermal properties of drug molecules and NSs are determined by
differential scanning calorimetry (DSC), and thermogravimetric
analysis (TGA). The appearance of new peaks, disappearance of
existing peaks, peak shift or peak boarding can be evaluated by
DSC. A shift or disappearance of the characteristic peak of a drug
molecule is considered as the formation of an inclusion complex.
Moreover, TGA analysis can be utilized to predict the change in the
weight loss as an indication of the inclusion complex formation
[83,84].

1.4.4.9 Crystalline and Amorphous Nature of the NSs

The nature of the NSs or drug molecules in solid-state can be
determined by the powder x-ray diffraction (PXRD) studies. Most of
the drug molecules exhibit different diffraction patterns compared
to the NSs. The inclusion complex formation can be confirmed by
the change in the crystallinity of the drug molecules, shifting or
disappearance of the diffraction peaks. For instance, the
disappearance of the diffraction pattern of crystalline drug
molecules is considered as the molecular dispersion of drugs within
the NSs. A comparative evaluation of the physical mixture (non-
inclusion complex) of drug and NSs with inclusion complex can also
be carried out to determine the change in the diffraction pattern
[85,86].
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1.4.4.10 In-vitro Stability Studies

The determination of the in-vitro stability of the colloidal suspension
of the drug-NSs inclusion complex is important in order to avoid the
sedimentation or aggregation of the particles. The stability of
suspension is can be evaluated by the DLS method in order to
determine the size and particle size distribution upon storage at
different temperatures. Moreover, particles with nanometer size
range and narrow size distribution offer long term stability due to
the slow sedimentation rate. Furthermore, polymeric stabilizers or
cryoprotectants can also be incorporated in the formulation to
impart the stability during freeze-drying [87].

1.5 Applications of the Nanosponges

NSs are extensively utilized for several pharmaceutical and non-

pharmaceutical applications as discussed below:

1.5.1 Solubilization of Poorly Water-soluble Drug Molecules

Solubilization of drug molecules is an important parameter for drug
delivery applications for instance, in oral drug delivery drugs should
dissolve rapidly to form a solution in order to absorb through the
gastrointestinal tract (GIT). Thus, the low solubility of drug
molecules remains a challenge in the drug delivery applications.
Inclusion complex formation of poorly water-soluble drugs with NSs
can increase the wettability subsequently the solubilization of the
guest molecules. The presence of the internal cavities can host
hydrophobic drug molecules and hydroxyl groups of CDs at the outer
surface are hydrophilic in nature thus can act as a hydrophilic drug-

CD complex [88]. The change in the crystallinity of guest molecules
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after inclusion complex formation can also be attributed to the high
dissolution [89]. Conte et al. developed topical formulation of ester-
based NSs containing Benzoporphyrin-derivative monoacid ring A
(BDPMA), All-trans retinoic acid and Diclofenac sodium to increase
the solubilization, photostability, and localized action of the
encapsulated drug molecules [90]. An increase in the aqueous
solubility and oral bioavailability of telmisartan with the help of
ternary complex of NSs is also reported earlier. The inclusion
complex of telmisartan with NSs exhibited 20 fold enhancement in
the aqueous solubility and 54 % increase in the oral bioavailability
[91].

1.5.2 Modulation of Drug Release Profile

Conventional dosage forms are associated with a major drawback
of frequent dosing that can cause dose-related side effects. NSs
offer several advantages in such cases as they can provide a slow
and uniform drug release profile for a longer period of time. Drug
loaded NSs provide sustained drug release to decrease the dosing
frequency and alter pharmacokinetic profile that can subsequently
decrease drug-related side effects. Swaminathan and co-workers
demonstrated the synthesis of the itraconazole inclusion complex
with CDNSs in order to achieve the sustained drug release profile
compared to itraconazole alone [86]. Dexamethasone encapsulated
carbonate-based NSs were prepared to increase the drug dissolution
and corneal permeability for ocular delivery. In-vitro release profile
suggested a significant increase in the release of dexamethasone
from NSs was observed compared to drug alone. A higher corneal
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permeability of dexamethasone inclusion complex was reported

compared to the marketed formulation [92].

1.5.3 Nanosponges as a Drug Delivery Carrier

NSs are considered as the drug delivery carrier for a variety of drug
molecules such as hydrophobic drugs, hydrophilic drugs or
macromolecules. Short biological half-life, poor aqueous solubility,
low permeability, and low chemical stability are the major challenges
while designing a drug delivery dosage form. For instance,
dissolution in a biological fluid is a rate-limiting step for hydrophobic
drug molecules. CDNSs offer several advantages as they can
accommodate drugs inside the cyclodextrin cavities as well as
nanochannels formed between CDs and crosslinkers thus can also
provide the desired drug release profile. Moreover, the presence of
drug molecules inside the CDs cavities can protect it from the outer

environment.

NSs are considered as biocompatible and nontoxic for the
pharmaceutical applications. In 2014, the EU Commission report
suggested the use of NSs as promising drug delivery vehicles for the
pharmaceutical use, thanks to the versatility of the NSs. NSs have
been utilized as diluents or fillers for the preparation of solid oral
dosage form. In parenteral formulation, freeze-dried NSs containing
drugs can be reconstituted with sterile water for injection or saline
to administer via intravenous route. Drug-NSs inclusion complex
containing hydrogel can be used as topical drug delivery systems.
Morales-Sanfrutos and group developed the divinyl sulfone
crosslinked cyclodextrin nanosponges as a drug delivery carrier for

progesterone and curcumin [41]. Nanosponge based dry suspension
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of gabapentin for the controlled delivery in pediatric patients was
developed by Rao and Bhingole. In-vivo pharmacokinetic studies

confirmed the uniform and consistent delivery of gabapentin [93].

1.5.4 Protein Delivery

The delivery of proteins and peptides is associated with several
challenges such as sensitivity towards various enzymes, poor
bioavailability, the tendency of denaturation, short-half life and high
molecular mass. The use of NSs for the delivery of proteins and
peptides are reported earlier as NSs can accommodate protein with
variable mass and can protect it from the sensitive outer
environment. Deshmukh et al. reported the synthesis of carbonate-
based NSs containing calcium carbonate for the treatment of
hypocalcemia, impregnated with lysozyme to determine the
antimicrobial potential [94]. In another study swellable cyclodextrin-
based poly (amidoamine) nanosponges (PAA-NS) were prepared for
the delivery of Bovine serum albumin (BSA) as a model protein [40].

1.5.5 Protection from Degradation

The encapsulation of drug molecules within the NSs allow protection
form light, chemical and enzyme induced degradation. The
protection of various chemical entities from light degradation has
been studied extensively. Camptothecin is a poorly water soluble
drug most commonly used for the treatment of the cancer.
However, camptothecin is susceptible to the hydrolytic degradation
due to the presence of a lactone ring. Swaminathan et al. prepared
the inclusion complex with NSs to increase the shelf life of

camptothecin [95]. The protection of resveratrol against UV-light
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was also reported by Pushpalatha and co-workers. It was observed
that almost 2 fold protection from light degradation was observed
after the encapsulation of resveratrol with ester and carbonate-
based NSs [96].

1.5.6 Gas Delivery

It has been reported that CDNSs acts as a reservoir for various gas
molecules such as oxygen, carbon dioxide, and 1-methyl
cyclopropane. The use of carbonate-based NSs as a carrier for the
oxygen delivery was first reported by Cavalli and group [97].
Recently, Femmino et al. prepared water-soluble and insoluble
ester-based NSs containing oxygen for the treatment of injury

associated with ischemia/reperfusion [98].

1.5.7 Water Purification

Treatment of the polluted water is another interesting application of
NSs. Polluted water contains several harmful organic and inorganic
chemicals that can cause severe damage to the humans, animals
and the nature. The most common metallic impurities are copper,
zinc, and lead. Aromatic hydrocarbons and alkyl-phenolic
compounds are organic impurities commonly present in industrial
discharge [99]. Li and Ma prepared polyurethane-based NSs for the
removal of organic impurities presented in the polluted water [22].
Euvrard and group demonstrated the absorption capability of ester-
based NSs for the treatment of polluted water containing heavy
metals and organic impurities [100].
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1.6 Literature Survey

1.6.1 Literature Related to Nanosponges

Over the last 20 years, nanosponges have been used extensively in

the pharmaceutical applications. Some of the examples are reported

in the table below.

Table 1. 2 Nanosponges for the several pharmaceutical applications.

S.No. Drug Property Remarks Ref.
enhanced
1. Curcumin Controlled Ester-based NSs were  [101]
and drug delivery  developed for breast
Resveratrol and enhanced cancer treatment. The

€ex-vivo

permeation

controlled release
profile of both drug
molecules was
observed up to 8
hours. Ex-vivo skin
permeation studies
confirmed the 11.5
fold enhancement for
curcumin and 2.5 fold
enhancement for the
resveratrol compared
to their respective free

drugs.
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S.No. Drug Property Remarks Ref.
enhanced
2. Norfloxacin  Intestinal Carbonated-based NSs [102]
permeability were prepared. A
and higher permeation of
antibacterial Norfloxacin with NSs
activity was reported
compared to free drug.
NSs based formulation
of norfloxacin showed
high mucoadhesive
property followed by a
high antimicrobial
activity.
3. Doxorubicin  pH-responsive Cyclic nigerosyl-1-6- [103]

nanocarrier,
improved
internalization
and controlled

drug release

nigerose (CNN)-PMDA
NSs for stimuli-
responsive drug
delivery. Prepared
Doxorubicin NSs
showed a sustained
release of DOX
(32.5%) after 21 days.
Cytotoxicity study
confirmed the 8 fold
enhancement in the
ICso.
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S.No. Drug Property Remarks Ref.
enhanced
4, celecoxib Improved Drug loaded [104]
solubilization ~ Acrylamide NSs
and oral showed up to 40 fold
bioavailability  higher solubilization of
celecoxib. The in-vivo
pharmacokinetic data
suggested high skin
permeation of
celecoxib due to an
increase in the
permeability of drug-
NSs complex.
5. Paclitaxel Increase in Carbonate-based NSs  [105]
the chemical  were prepared for
stability and cancer treatment.
oral Relative oral
bioavailability  bioavailability was

enhanced 2.56 fold
compared to plain
paclitaxel. Higher
cytotoxicity was
observed, and

prepared formulations

were safe compared to

other reported

formulations.
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S.No. Drug Property Remarks Ref.
enhanced
6. Tamoxifen  Improvement Tamoxifen loaded [106]
in solubility, CDNSs were prepared
bioavailability, which showed more
and than 40 %
cytotoxicity solubilization
compared to free drug.
Higher cytotoxicity of
tamoxifen NSs
formulation was
observed with 1.45
fold higher oral
bioavailability.
7. Quercetin Higher Quercetin loaded [107]

solubilization,
photostability,
and
antioxidant
activity

carbonate-based NSs
formulation showed 20
fold higher
solubilization of drug.
Photostability studies
confirmed the
protection of
quercetin, better
antioxidant activity
was observed with
drug loaded NSs
compared to free

quercetin.
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S.No. Drug Property Remarks Ref.
enhanced
8. Imiquimod  Controlled Imiquimod loaded [108]
release and ester-based NSs
high anti- showed controlled
proliferative release profile. In vitro
Activity cell line studies
confirmed the
reduction in the
proliferation of HS
fibroblast and
controlled in-vitro skin
permeation compared
to others.
0. y-Oryzanol  Enhanced y-Oryzanol containing  [109]

photostability
and
antioxidant
property,
better skin

permeability

NSs showed that
photostability,
antiradical activity,
inhibition of lipid
peroxidation were
comparatively higher
for drug-inclusion
complex. y-Oryzanol
loaded NSs 30 fold
higher skin permeation
than o/w emulsion of

the same formulation.
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S.No. Drug Property Remarks Ref.
enhanced
10. Erlotinib Enhanced Erlotinib containing [110]
solubilization, carbonate NSs were
and drug prepared which
release. High  showed more than 8
anti-tumor fold higher
activity solubilization than the
free drug. Biological
studies showed better
internalization and
more than 2 fold
higher cytotoxicity
than the free drug.
11. Rutin, Enhanced Carbonate and [111]
phloridzin protection urethane-based NSs
and from heat and were prepared.
chlorogenic light, Carbonate based NSs
acid controlled showed better
release encapsulation of rutin

while urethane-based
NSs good results with
phloridzin and
chlorogenic acid. All
the NSs formulation
showed consistent
release over a period
of 24 hours.
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S.No. Drug Property Remarks Ref.
enhanced
12. Dexa- Solubility Two different types of [112]
methasone enhancement carbonate-based NSs
(DEX) mainly crystalline and
paracrystalline NSs of
dexamethasone were
prepared to improve
its solubilization.
13. Flurbiprofen Improved Preliminary results [113]
solubilization ~ suggested good
and solubilization of
modulation of  Flubiprofen with
drug release carbonate-based NSs.
Hemolytic and
cytotoxicity studies
confirmed the safety of
the nanocarrier.
14, Acetyl Improvement  ASA loaded ester- [114]
salicylic in the oral based NSs showed
acid (ASA)  bioavailability  slow and uniform drug

release for 24 hours.
In-vivo studies
suggested higher anti-
inflammatory activity
compared to free drug.

31



Introduction

S.No. Drug Property Remarks Ref.
enhanced

15. Rilpivirine Enhancement RLP loaded carbonate [115]

HCI of solubility and ester-based NSs

(RLP) and oral showed higher drug

bioavailability  solubilization which

was confirmed by
contact angle study.
In-vivo
pharmacokinetic
studies confirmed the
increase in the plasma
concentration and
biological half-life of
drug-NSs complex
than free drug.

16. Efavirenz Improvement Efavirenz loaded NSs  [116]
in the exhibited 8-fold higher
solubility and  solubility in water
oral compared to free drug.
bioavailability  In-vivo

pharmacokinetic

studies showed close
to 2-fold higher blood
concentration of the
drug on oral

administration.
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1.6.2 Literature Related to the Selected Drug Molecules
1.6.2.1 Profile of Kynurenic Acid

Kynurenic acid (KYNA) is synthesized endogenously via the
kynurenine metabolic pathway because of the metabolism of the
tryptophan. However, Dietary food products such as broccoli,
potato, and spices also showed the presence of KYNA [117,118].
KYNA acts as an excitatory amino acid antagonist and exhibits
neuroprotective properties. Laszl6 and beal demonstrated the
neuroprotective activity of KYNA [119]. Moreover, KYNA also acts as
glutamate receptor antagonist which was reported by Carpenedo
and group [120]. It has been widely reported that KYNA exhibits
antioxidant and free radical scavenging activity. Majorly, KYNA is
synthesized inside the central nervous system (CNS). However,
presence of KYNA is also reported in the human blood and
peripheral organs. Several neurological disorders such as
Parkinson'’s disease, multiple sclerosis, and Huntington’s disease are
associated with decreased production of KYNA [121,122].

However, KYNA exhibits poor aqueous solubility and limited blood-
brain barrier (BBB) permeability, which limits the therapeutic
application of KYNA [123]. Moreover, it is also reported that KYNA
can cross the blood-brain barrier (BBB) to a limited extent and
systemic administration of KYNA leads to the accumulation in the
brain [124]. The concentration of KYNA in the mammalian brain is
around 10-150nM which was reported by Moroni and co-workers
[125].
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Table 1. 3 Properties of Kynurenic Acid

Name

Kynurenic acid

Chemical name

4-hydroxyquinoline-2-

carboxylic acid

Molecular formula

Ci0H7NO3

Molecular weight

189.168 g/mol

OH

X
Chemical structure

/ OH

N

o]
CAS number 492-27-3
Description White crystalline powder
Melting point 282.5 °C
Log P 1.16
Poor water solubility (0.017

Solubility mg/ml), soluble in DMSO (20

mg/ml).

Therapeutic category

Natural Antioxidant,
Parkinson’s Disease, Multiple
Sclerosis, and Huntington’s

Disease
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Researchers have demonstrated applications of KYNA on systemic
administration and its permeation across BBB. KYNA loaded core-
shell nanoparticles of bovine serum albumin (BSA) were prepared
by Varga and group. They also demonstrated that KYNA loaded BSA
nanoparticles on peripheral administration, produce
electrophysiological effects within the CNS [126]. Hornok and co-
workers demonstrated the pharmacological activity of KYNA loaded
micelles on systemic administration [123]. The solubility of KYNA is
a greater concern in the drug delivery thus researchers also tried
different methods to improve its solubilization. KYNA loaded silica
nanoparticles were prepared by Lopez and co-workers to improve
the solubilization of KYNA [127]. Prodrugs of KYNA with different
ester derivatives were also prepared to improve its solubility and
permeability [128]. Thus, problems associated with KYNA can be
countered by preparing an inclusion complex with NSs as a delivery

carrier.

1.6.2.1.1 Metabolic Pathway of KYNA

Apart from being one of the 20 amino acids that constitute proteins,
tryptophan is also a precursor for the synthesis of serotonin and

L-kynurenine under physiological conditions.

L-kynurenine is an intermediate metabolite of the complex metabolic
pathway that ends with NAD+, kynurenic acid, and xanthurenic acid.
More than 95% of tryptophan is metabolized through the
kynurenine pathway. Tryptophan is transported across the blood-
brain barrier (BBB) with the aid of the large neutral amino acid
transporter. Within the brain, the metabolism of tryptophan

proceeds via the serotonin pathway and the kynurenine pathway.
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The metabolites of this pathway are collectively called kynurenines.
The kynurenine metabolic pathway endogenously metabolizes
tryptophan into KYNA, 3-hydroxykynurenine (3-HK) and quinolinic
acid (QUIN) by kynurenine aminotransferase, kynurenine 3-
monooxygenase, and kynureninase enzymes, respectively. The 3-
HK is a potent free radical generator and QUIN acts as N-methyl-D-
aspartate (NMDA) receptor agonist. However, KYNA is an ionotropic

glutamate and alpha 7-nicotinic receptor antagonist [129].
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1.6.2.1.2 Analytical Methods for the Determination of KYNA

KYNA has been evaluated by several methods. The most commonly
used methods are based on HPLC and fluorescence spectroscopy.

The table lists some of the examples of KYNA determination.

Table 1. 4 Analytical methods of KYNA

Type of Mobile Phase Detector References
Column and Amax
Hypersil GOLD 15 mM potassium UV diode [131]
C18 column phosphate (pH 6.4), array
(50 mm x 2.1 with 2.7% (v/v) detector
mm i.d.) acetonitrile (PDA); 286-

(Isocratic Elution) 360 nm
Synergi 4 ym  27% methanol: 73% UV-Vis [132]
reverse-phase 10 mM sodium detector;
Fusion-RP80A  dihydrogen 220 nm
column phosphate (pH 2.8)  Fluorescence
(250 x 4.6 (Isocratic Elution) (LS 30)
mm) detector;

254/404 nm

TSK-Gel ODS- 0.1% TFA in UV-PDA [133]
80 Ts (250 x  H,O:ACN (90:10 v/v) detector;
4.6 mmi.d., 5 (Isocratic Elution) 220 nm
Hm)
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1.6.2.2 Profile of Resveratrol

Resveratrol is (RES) is a naturally occurring polyphenolic compound
of stilbenes family. In 1939, RES was first isolated from Veratrum
grandiflora O. loes. Later, it has been discovered in a variety of
edible sources such as peanuts, mulberries, grapes, pistachios, and
plums [134]. Serval studies suggested that RES has a number of
potential health benefits, such as antioxidant, anti-cancer, anti-

inflammatory, anti-obesity, and heart/brain-protective effects.

It is also observed that RES is helpful to combat coronary heart
diseases such as myocardial infarction, arrhythmias, hypertension,
atherosclerosis, and thrombosis [135]. Several biochemical
mechanisms have been suggested for the activity of RES in heart
diseases like antioxidant activity, inhibition of cyclooxygenase-I
(COX-I) enzyme [136]. For brain-related diseases, antioxidant
activity of RES, its ability to interference with signaling pathways,
and the ability to rise sirtuin production are responsible [137].
Moreover, RES exhibited the ability to induce apoptosis, caspase
activation, arrest of cell cycle and decrease of the metastasis that is
responsible for the anti-carcinogenic activity [138]. Anti-obesity
activity of RES is due to decrease in lipid production, promotion of
lipolysis, and reduction of lipid accumulation. RES also shows COX-
IT inhibition activity which is responsible for the anti-inflammatory
effect [139]. The pharmaceutical use of RES is limited due to low

water solubility, and chemical instability.

38



Introduction

Table 1. 5 Properties of resveratrol

Name

Resveratrol

Chemical name

Trans-3,5,4'-
Trihydroxystilbene

Molecular formula C14H1203
Molecular weight 228.24 g/mol
Chemical structure : O ~ O
CAS number 501-36-0
Description White powder
Melting point 261 to 263 °C
BCS classification Class 11
Log P 3.1
Poor water solubility (0.03
Solubility g/L), soluble in DMSO (16

g/L) and ethanol (50 g/L)

Therapeutic category

Natural Antioxidant, Anti-
Carcinogenic, Anti-
Inflammatory, and Anti-
Obesity
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Despite of low aqueous solubility, RES showed good permeability
thus can be considered as Biopharmaceutical Classification System
(BCS) class II drug [140]. Moreover, RES is chemically unstable at
elevated temperature, pH change, and exposure to the UV light.
More precisely, UV exposure of RES for 120 minutes leads to
conversion of 90.6% of trans-isomer into cis-isomer which is

therapeutically inactive [141].

Thus, the above-mentioned properties of RES make it a suitable
candidate to study solubilization, release behavior, chemical stability

with NSs based carriers.

1.6.2.2.1 Pharmacokinetics of Resveratrol

Several in-vitro and in-vivo studies were carried out to determine
the absorption, metabolism, and bioavailability of RES. Andlauer and
co-workers demonstrated the intestinal permeability of RES in rat
small intestine perfusion model which suggested that 46% of the
luminally administered resveratrol was extracted by the small
intestine whereas vascular side showed 21% of administered RES
and intestinal tissue showed the presence of 2% of administered
RES [142]. In-vivo metabolism of RES was first evaluated by Bertelli
and group in rodent models which suggested that the peak
concentration of RES was reached within 60 minutes after ingestion
of wine [143]. Moreover, bioavailability determination in humans
was carried out in 2001 by Soleas and group. They suggested that
plasma concentration of RES is very low (1-5 ng/mL) [144].
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Goldberg and group demonstrated that oral administration of RES
leads to peaks plasma concentration within 30 minutes, however, it
gets eliminated rapidly from the body (within 4 hours) [145]. Lancon
and group reported the hepatic uptake of RES in human
hepatoblastoma cell lines (HepG2; tumor cells) and human
hepatocytes (normal cells) to evaluated resveratrol transport in
normal versus cancer cells. The authors suggested that RES showed
transport via passive diffusion and a carrier-mediated transport
mechanism [146]. Burkon and Somoza studied the distribution and
excretion of RES and discovered that more than 90 % of free RES
bound to plasma and it is also reported that renal excretion is the
major route for the elimination of RES [147]. Walle et al.
demonstrated that total excretion (via urine and faces) of orally
administered RES was 71-98% compared to intravenously
administered RES which showed 54-91% of total excretion [148].

1.6.2.2.2 Analytical Methods for the Determination of RES

The detection of RES was carried out majorly by HPLC. Some of the

examples of the HPLC methods are shown below:

Table 1. 6 Analytical methods of RES

Type of Mobile Phase Detector References
Column and Amax

Ultrasphere- Water/acetonitrile UV-Vis [149]

ODS column (50:50, v/v). detector;

(250 mm x 10  (Isocratic Elution) 307 nm

mm, 5 mm)
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Type of Mobile Phase Detector References
Column and Amax

Hypersil ODS2 0.5% (v/v) acetic UV-Vis [150]

C18 (5 um, acid in methanol detector;

4.6 x 250 and distilled water 303 nm

mm) (50:50 v/v),

(Isocratic Elution)
Waters Nova  Acetonitrile/phosph  UV-Vis [151]
Pack C18 (150 ate buffer pH 4.8—  detector;
X 3.9 mm) 4.9 (25:75, v/v). 310 nm
(Isocratic Elution)
ODS2-C18 Methanol: UV-PDA [152]
reverse-phase phosphate buffer Detector;
(250 x 4.6 pH 6.8 (pH adjusted 306 nm

mm, 5 mm) with 0.5% v/v

orthophosphoric
acid solution
(63:37%, v/v).
(Isocratic Elution)

1.6.2.3 Profile of Oxyresveratrol

Oxyresveratrol (OXY) is a polyphenolic derivative of stilbenes family
obtained from mulberry fruits (Morus alba L.) and Artocarpus
lakoocha  Roxburgh  (Moraceae). OXY showed various
pharmacological activities such as antioxidant property,
hepatoprotection, neuroprotection, antiviral (mainly herpes simplex
virus type I, HSV-I), anti-inflammatory, anti-tumor and cholesterol-
lowering property [153,154].
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The anticancer activity of OXY due to inhibition of protein kinase C,
cytochrome P450 (CYP), and 1B1 which act as a tumor promoter.
Moreover, OXY promotes apoptosis which is also responsible for
anti-carcinogenic activity [155]. Neuroprotection activity of OXY due
to its ability to interference with signaling pathways, ability to
decrease cytochrome c release followed by reduction of caspase-3
activation [156]. Moreover, in Alzheimer’s disease OXY causes a
reduction in the B-amyloid induced neurotoxicity [157]. OXY inhibits
replication of the virus in the early and late phase which is
responsible for the antiviral activity of OXY. OXY also demonstrated
the antioxidant activity to prevent oxidative stress-induced
apoptosis. Excessive production of reactive oxygen species (ROS)
such as H20O; or O- can cause oxidative stress that leads to cell
death as a result of apoptosis [158]. The anti-inflammatory effect of
OXY was also reported earlier on leukocyte migration which is

considered as a key step of inflammatory responses.

It was observed that OXY showed inhibition of chemokine receptor
type-4 mediated chemotaxis and extracellular kinase pathway in
immune cells [159]. Despite the several pharmaceutical properties,
several problems associated with OXY limit its uses as
nutraceuticals. OXY is technically unstable molecules as it is
photosensitive and undergoes oxidative degradation in aqueous
solutions. Moreover, the low bioavailability of OXY further limits its

applications [160].
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Table 1. 7 Properties of oxyresveratrol

Name

Resveratrol

Chemical name

trans-2',3,4,

5-tetrahydroxystilbene

Molecular formula C14H1204

Molecular weight 244.24 g/mol

Chemical structure : O h
CAS number 29700-22-9

Description Off-white powder
Melting point 196 to 204 °C

Log P 1.1

Solubility Freely soluble in DMSO,

Methanol, Ethanol, and water

Therapeutic category

Natural Antioxidant, Anti-
Carcinogenic, Anti-

Inflammatory

These above-mentioned problems can be overcome by the use of

CDNSs based drug delivery system.
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1.6.2.3.1 Pharmacokinetics of Oxyresveratrol

It has been observed that OXY exhibits low permeation that leads
to low bioavailability on oral administration. Mei and co-workers
demonstrated the absorption of OXY in caco-2 cell models. The
studies suggested that OXY shows passive diffusion across caco-2
cells which subsequently involved in the efflux mediated transport
by P-glycoprotein (P-gp) that is responsible for the low
bioavailability of the OXY. The degradation of the OXY is another
reason for the low bioavailability at alkaline pH [161]. OXY showed
high tissue distribution mainly in the heart, liver, spleen, lung, and
kidney on oral administration as reported by Bertram and Davies
[162]. OXY also undergoes significant hepatic first-pass metabolism
and metabolizes mainly by glucuronidation and sulfation. Human
intestinal microsomes are also responsible for the metabolism of the
OXY. The metabolic pathway of the OXY was demonstrated by
Huang and group. Based on the LC-MS/MS analysis, various
conjugated metabolites of OXY including glucuronide, methyl, and
sulfate were identified. These metabolites of OXY are excreted via
urinary and biliary excretion. It is also reported that a small amount
of OXY is excreted unchanged with very short plasma half-life of
0.73 = 0.09 h' [163]. Moreover, Huang et al. reported that
administration of a traditional Chinese plant showed cumulative
excretion of OXY in bile and urine was 0.29%, and 0.84%,

respectively [164].
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1.6.2.3.2 Analytical Methods for the Determination of OXY

Some of the examples of methods for the determination of OXY in

the literature.

Table 1. 8 Analytical methods of OXY

Type of Mobile Phase Detector References
Column and Amax
C18 column Acetonitrile and 0.5% UV-Vis [165]
(VertiSep™ v/v aqueous acetic detector;
pHendure 4.6 x acid (27:73, v/v) 320 nm
250mm, 5-um) (Isocratic Elution)
Zorbax SB-C18 (A) acetonitrile and UV-Vis [166]
column (250 x  (B) 0.5% aqueous detector;
4.6 mm, 5um)  acetic acid (v/v) 320 nm
(Gradient Elution)
Agilent Acetonitrile and Milli-  UV-Vis [167]
ZORBAX Q water detector;
Eclipse Plus (Gradient Elution) 325 nm
C18:250 x 4.6
mm i.d., 5mm)
Phenomenex®  Acetonitrile, water UV-Vis [168]
Luna® C18 and formic acid (30 :  detector;
(250 x 4.60 70 : 0.04 v/v) 320 nm
mm) (Isocratic Elution)

46



Introduction

1.6.2.4 Profile of Curcumin

Turmeric is the rhizome part of the plant curcuma longa. Turmeric
contains several polyphenolic compounds collectively called
curcuminoids. The most common curcuminoids are curcumin,
demethoxycurcumin, and bisdemethoxycurcumin. Curcumin is a
major component among the curcuminoids having antibacterial,
anti-inflammatory, hepato-protective, antioxidant, and anti-cancer
activity [169,170].

Curcumin (CUR) is a chemically unstable drug molecule with
photosensitivity, pH-sensitivity, and low aqueous solubility. This
leads to the poor absorption and low bioavailability which limits the

therapeutic applications of curcumin [171].

The antioxidant activity of CUR is due to its scavenging activity
against reactive oxygen species (ROS), and reactive nitrogen
species. Moreover, the anticancer activity of CUR is attributed to the
ability to control DNA damage and ROS mediated lipid oxidation due
to the antioxidant property [172,173].

CUR also exhibits anti-inflammatory properties due to the inhibition
or downregulation of various molecular pathways mainly
cyclooxygenase and lipoxygenase that are responsible for the

inflammatory responses [174,175].

CUR is used in various liver-related disorders due to its hepato-
protective activity. CUR promotes the activity of hepatocellular
enzymes to promote the detoxification, improved the anti-oxidants

level, and hepatic histo-architecture [176]. Moreover, it is also
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reported that CUR exhibit antimicrobial activity against several

Gram-positive and Gram-negative bacteria [177].

Table 1. 9 Properties of curcumin

Name

Curcumin

Chemical name

(1E,6E)-1,7-Bis(4-hydroxy-3-
methoxyphenyl)-1,6-heptadiene-3,5-

dione
Molecular formula C21H2006
Molecular weight 368.38 g/mol

Chemical structure

OCHs

CAS number 458-37-7

Description Bright yellow-orange powder

Melting point 170-183 °C

Log P 3.62

Solubility Insoluble in water but freely soluble in

DMSO, Methanol, and Ethanol

Therapeutic category

Natural Antioxidant, Anti-Carcinogenic,
Anti-Inflammatory, Antibacterial
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1.6.2.4.1 Pharmacokinetics of Curcumin

It is reported in the literature that CUR shows low oral bioavailability.
Pharmacokinetic and bioavailability data suggested low oral
absorption and rapid body clearance of CUR [178]. Sharma and
group reported that 1g/kg CUR was administered to the rats which
showed 75 % excretion through feces with very little amount in
urine [179]. In another study, Ravindranath and Chandrasekhara
reported that the 60 % oral absorption of administered CUR in rats

was observed [180].

CUR is metabolized mainly via glucuronidation and sulfation. It is
also reported that metabolites of CUR exhibit low activity compared
to parent CUR. For instance, tetrahydro-curcumin is a major
metabolite of CUR which is less effective against cyclooxygenase-1,
and 5-lipoxygenase compared to equivalent concentration of the
CUR [181].

1.6.2.4.2 Analytical Methods for the Determination of CUR

Some of the examples of methods for the determination of CUR in
the literature.

Table 1. 10 Analytical methods of CUR

Type of Mobile Phase Detector References
Column and Amax

Diamonsil Acetonitrile— UV-Vis [182]

C18 column 5% acetic acid detector;

(4.6 x 100 (75:25, v/v) 420 nm

mm, 5 pm) (Isocratic Elution)
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Type of Mobile Phase Detector References
Column and Amax
Alltima C18 Acetonitrile and 2%  UV-Vis [183]
column v/v acetic acid detector;

(40:60, v/v) 425 nm

(Isocratic Elution)
Zorbax SB- Acetonitrile (A) and  UV-Vis [184]
C18 column water containing detector;
(250 mm x 0.4% (v/v) acetic 430 nm
4.6 mmi.d., 5 acid (B) (Gradient
Mm) Elution)
Vydac®, RP-  Acetonitrile: 0.1% UV-Vis [185]
18, 250 mm x trifluroacetic acid detector;
4.6 mm, 5 (TFA) (50:50 v/v) 420 nm
Mm, (Isocratic Elution)
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2. Aims

The PhD work presented here summarizes research focused on the
synthesis, and characterization of the dextrin based drug delivery
systems for various pharmaceutical applications. The work
presented in this thesis divided into five different parts comprising
new potential applications of dextrin based polymers in the field of

drug delivery.

Project 1: Kynurenic Acid Loaded Cyclodextrin Nanosponge.

Kynurenic acid (KYNA) showed that it possesses antioxidant,
neuroprotective and free radical scavenging properties. However,
low aqueous solubility of kynurenic acid limits its therapeutic
activity. Moreover, pH-dependent solubility also causes variation in
the bioavailability. In the present study, cyclodextrin nanosponges
were developed to improve the solubility and therapeutic activity of
kynurenic acid. The formation of kynurenic acid loaded nanosponge
was confirmed by different characterization techniques. The effect
of B-CD and NSs on the solubilization of the KYNA was studied.

The change in the properties of KYNA after encapsulation within the
NSs was studied. The effect of solubilization on the drug release was
also demonstrated. In-vitro antioxidant activity of KYNA and KYNA
loaded NSs was carried out to confirm the difference in the activity
after drug encapsulation. The effect of blank NSs and KYNA loaded
NSs on the viability of the SHSY-5Y neuroblastoma cell line was
studied. Thus, these studies demonstrated that nanosponges can be

used as a carrier for the delivery of kynurenic acid.
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This work was published in Carbohydrate Polymer, 2019, 224,
115168.

Project 2: Comparative Evaluation of Resveratrol and Oxyresveratrol
Loaded Nanosponges.

Resveratrol (RES) and Oxyresveratrol (OXY) are natural
polyphenolic stilbenes with several important pharmacological
activities such as antioxidant, anti-inflammatory, and anti-tumor
activity. However, low solubility, photosensitivity, and aqueous
instability are the major limitations in their drug delivery
applications. In the present work, we demonstrated the
encapsulation of resveratrol and oxyresveratrol with nanosponge to
improve solubility and stability. Several characterization techniques
were used to confirm the encapsulation of both drug molecules
within the nanosponges. UV-exposure studies on RES and OXY
loaded NSs were carried out to determine the change in the drug
concentration after UV-exposure. A comparison of antioxidant and
anticancer activity of RES and OXY loaded NS against DU-145

prostate cancer cell lines was also demonstrated.
This work was published in Pharmaceutics, 2019, 11, 545.

Project 3: Determination of Encapsulation Constant and Activity

against Colon Cancer by OXY Loaded NSs

Oxyresveratrol (OXY) is a naturally occurring stilbene derivative with
numerous biological activity and can be obtained from a variety of
natural sources. In this work, we demonstrated a novel method to
determine the encapsulation constant of OXY with different NSs.

The OXY encapsulation within the NSs was confirmed with several
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methods. The stability of OXY in simulated biological fluids (Gastric
and Intestinal Fluid) was also demonstrated. The activity of OXY on

colon cancer was determined using HCT116 and HT29 cell lines.
This work is submitted to carbohydrate polymer.

Project 4: Stimuli-responsive Drug Delivery Carrier for Resveratrol.

Resveratrol (RES) is a polyphenolic compound that is found in a
variety of natural sources such as grape juice, red wine, peanuts,
mulberries, and other plant extracts. It is reported that RES exhibits
anticancer activity along with anti-inflammatory, antioxidant
activity, and cardiovascular benefits. However, poor aqueous
solubility, low bioavailability, and photosensitivity of RES are the
major challenges in the delivery of the RES. In the present work, we
demonstrated the encapsulation of resveratrol with GSH responsive
nanosponge to improve solubility, and selective drug release.
Moreover, stimuli-responsive nanocarriers allow the delivery of the
drug at the target site in the response to redox gradient. The
presence of GSH in the nanocarrier allows the delivery of drug to

the target site without affecting the normal tissues.

Several characterization techniques were used to evaluate
RES loaded GSHNSs. Moreover, Cell internalization study was
carried out to determine the preferential internalization of
nanocarrier in cancer cells with high GSH compared to normal cells.
Consistently, in-vitro cell cytotoxicity studies were performed using
RES loaded GSH responsive nanosponges to determine the
difference of anticancer activity compared to free RES. Taken,
together, our preliminary studies support the view that GSH
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responsive nanosponges can be used as an effective carrier for the
delivery of RES.

Project 5: Development of Biotin-functionalized Cyclodextrin

Nanosponges.

This work was focused on the development of biotin functionalized
ester-based cyclodextrin nanosponges. Biotin is considered as a
prominent biomolecule for the targeting of the cancer cells. It is
observed that the biotin receptor is overexpressed on cancer cells
more than folate and vitamin B-12 receptors in many cancer such
as Leukemia, ovarian, Colon, mastocytoma, lung, renal, and breast

cancer cell lines.

The characterization of the biotin-functionalized NSs was varied out
by FTIR and elemental analysis. The concentration of biotin on the
nanocarrier was determined by the HABA-Avidin assay kit. The
prepared biotinylated NSs were used to encapsulate the curcumin
(CUR) to determine the effect on the aqueous solubilization of the
CUR.

This work is in the continuous process to further demonstrate the
biological activity of the CUR-loaded biotinylated NSs
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3. Material and Methods
3.1 Chemicals

a-cyclodextrin (a-CD), B-cyclodextrin (B-CD), and y-cyclodextrin (y-
CD) were the kind gift from Roquette Italia (Cassano Spinola, Italy).
Before use, B-CD was desiccated overnight in an oven at 80 °C for
the removal of absorbed moisture. Resveratrol, Kynurenic acid,
Curcumin, 1,1"-carbonyldiimidazole, Thiobarbituric (TBA) acid, 2,2-
diphenyl-1-picrylhydrazyl (DPPH), triethylamine, pyromellitic
dianhydrides, 2-hydroxyethyl disulfide, acetone, ethanol were
purchased from Sigma-Aldrich (Milan, Italy). Oxyresveratrol was
purchased from TCI Europe. Deionized and milliQ® water were
obtained using a Millipore Direct-QTM 5 production system. Cell
culture reagents were purchased from Gibco/Invitrogen (Life
Technologies, Paisley, UK). Unless otherwise specified, all other

chemicals and reagents used were of analytical grade.
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3.2 Characterization Techniques

3.2.1 Determination of Particle Size, Polydispersity Index,

and Zeta Potential

Dynamic light scattering (DLS) method was used to determine the
particle size and polydispersity index of selected drugs molecules
and drug loaded NSs. A Malvern Zetasizer Nano instrument at a fixed
scattering angle of 90° was used and all the samples were analyzed
at 25 °C after suitable dilution by milli-Q water. Zeta potential of all
the samples was also determined by placing an additional electrode
within the same instrument. All the results were recorded in

triplicate.
3.2.2 Differential Scanning Calorimetry (DSC)

Thermal stability of selected drug molecules, blank NSs, physical
mixture, and drug loaded NSs were determined by a TA instruments
Q200 DSC (New Castle, DE, USA). Individual samples (2-3 mg) were
placed in an aluminum pan and scanned from 30 to 300 °C at the

scanning rate of 10 °C/min under a nitrogen purge of 50 mL/min.

3.2.3 Thermogravimetric analysis (TGA)

Selected drug molecules, blank NSs, and drug loaded NSs were
subjected to thermogravimetric analysis using a TGA 2050
thermogravimetric analyzer (TA instruments, USA) from 40 to 700
°C at 10 °C/min.
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3.2.4 Fourier Transform Infrared Spectroscopy (FTIR)

The presence of functional groups in selected drug molecules, blank
NSs, physical mixture, and drug loaded NSs were determined using
a PerkinElmer 100 FTIR with an attenuated total reflectance (ATR)
accessory. Data were recorded from 4000-650 cm-1 at a resolution
of 4 cm-1 and 8 scans/spectrum. Collected data were analyzed by
spectrum software version 10.03.05 (PerkinElmer, Waltham, MA,
USA).

3.2.5 X-ray Powder Diffraction Studies (PXRD)

The nature of selected drug molecules, blank NSs, physical mixture
and drug loaded NSs was determined using the Malvern Panalytical
X'Pert diffractometer. Cu Kal as a source of radiation and data were
collected over an angular range from 5 to 45° (diffraction angle) at
a step size of 0.017 ° and a time per step of 100.33 s. The values
of the diffraction angle were reported as 26.

3.2.6 Morphology Evaluation

Field Emission Scanning Electron Microscopy (FE-SEM): Surface
property and morphology of blank NSs and drug loaded NSs was
determined by ZIESS Supra 40 FE-SEM microscope. NS suspension
(3-4 drops) was placed on a copper stub and air-dried later, sputter-
coated with gold. Samples were analyzed at 3 kV accelerating

voltage at a working distance of 10 mm.

Transmission electron microscopy (TEM): A JEOL JEM 3010 (300 KV)
transmission electron microscope was used to acquire TEM images

of blank NS and drug loaded NSs. Samples were placed on a copper
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grid and excess of water was removed by evaporation at room

temperature and later analyzed on TEM.
3.2.7 BET Analysis

The prepared blank NSs and drug loaded NSs were characterized by
nitrogen adsorption-desorption isotherms at 77 K with the help of
automatic adsorption instrument (ASAP 2010, Micromeritics). All the
samples were degassed at 300 °C and then cooled to nitrogen
boiling temperature (77 K). Samples were exposed to a series of
precisely controlled doses of nitrogen gas (from 0 to 1 of nitrogen
relative pressure). Each pressure was recorded and the quantity of
adsorbed gas was determined by universal gas law. The adsorption
of gas starts, filling the micropores followed by mesopores and
macropores, respectively. Once, the adsorption finishes desorption
of gas takes place. Data collected from the above process was used

to describe the adsorption and desorption isotherms.
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3.3 Kynurenic Acid (KYNA) Loaded Cyclodextrin
Nanosponges

3.3.1 Synthesis of B-cyclodextrin Nanosponges (B-CDNSs)

Ester-based nanosponges were prepared by B-cyclodextrin (B-CD)
and 1,1’-carbonyldiimidazole (CDI) as a crosslinking agent. Briefly,
B-cyclodextrin (B-CD) was dissolved in N,N-dimethylformamide
(DMF) and CDI was added in a different molar ratio of 1:2, 1:4 and
1:6 (Table 3.1). Three different types of NSs were prepared
according to the variable molar ratio (i.e. B-CD:CDI). The reaction
was carried out at 90 °C with continuous stirring on a magnetic
stirrer. The reaction was completed within 3 hours and after that, it

was kept overnight for incubation to carry out further crosslinking.

Table 3. 1 Quantities of chemical for the synthesis of hanosponges.

Cyclodextrin B-
CDI DMF

Samples (B-CD) CD:CDI
Molar

@ (mmoL) (g (mmol) (mb) o .

B-CDNS1 5 4.405 1.426 8.794 30 2
B-CDNS2 5 4.405 2.852 17.588 30 4
B-CDNS3 5 4405  4.278 26.382 30 6

The solid monolithic mass of nanosponge was collected, and
crushed in a mortar to obtain small particles. Collected NSs were
washed several times with water to remove unreacted components
using Buchner funnel followed by ethanol. The nanosponges were
subjected to the Soxhlet extraction with ethanol in order to purify
them for a period of 24-48 hours. Later, nanosponges were air-dried
and stored in a desiccator at room temperature for further use. The
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prepared CDI-nanosponges were abbreviated as B-CDNS1, B-
CDNS2, and, B-CDNS3, respectively.

3.3.2 Swelling Degree of Nanosponges

Nanosponges were dried overnight in an oven at 90 °C and known
amounts of different nanosponges were placed in water. At a
predetermined time intervals, the swollen nanosponges were taken
out and the excess quantity of water was removed by blotting the
nanosponges on the filter paper. The weight of swollen
nanosponges was recorded and this procedure was repeated several

times until a constant weight was achieved.

The percentage of a swelling degree was calculated using the

following equation.
% Swelling Degree = (Ws-W4)/(Wg) x 100

Where Ws is the weight of swollen nanosponges and Wy is the

weight of dry nanosponges.

3.3.3 Determination of Percentage Crosslinking

A calibration curve was recorded using beta-cyclodextrin (B-CD and
diphenyl carbonate (DPC) as a carbonate standard using a KBr pellet
method. B-CD and DPC were mixed together in an increasing molar
ratio from 1:1 to 1:8. The weight of all the pellets was kept constant
and FTIR spectra were recorded. A calibration curve was recorded
by taking a ratio of two bands as a standard i.e. 11774 (C=0 stretching
vibration of crosslinker) and I»q99 (C-H stretching vibration of 3-CD).
The calibration curve obtained from the ratio of 11774 and I peak

was found to be linear with a regression coefficient of 0.9986.
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3.3.4 Solubilization of the KYNA

The aqueous solubility of KYNA alone, and in the presence of 3-CD
or NSs (B-CDNS1 to B-CDNS3) was studied. An excess quantity of
KYNA with a fixed amount of B-CD or different nanosponges was
suspended in water (2 mL). The vials were stirred overnight on a
mechanical shaker at room temperature. Later, the supernatant was
collected from suspension after centrifugation at 6000 rpm for 15-
20 minutes. The collected supernatant was filtered through a 0.45
pgm syringe filter and KYNA content was determined by HPLC as

mentioned in section 3.2.6.

3.3.5 Preparation of KYNA Loaded Nanosponges

Individual nanosponges (B-CDNS1 to B-CDNS3) were suspended in
water to make a final concentration of 10 mg/mL. The required
amount of KYNA was added into the nanosponge suspension at
different weight ratios of 1:3, 1:4 and 1:5 (w/w), respectively. The
KYNA-NS suspension was subjected to sonication for 10-15 minutes
and kept for overnight stirring at a magnetic stirrer at room
temperature. Later, to remove the un-complexed drug the
suspension was centrifuged at 6000 rpm for 15 minutes. The
supernatant was collected and freeze-dried with 5 % trehalose
(cryo-protectant; % w/v). The freeze-dried formulations of KYNA
with NSs were abbreviated as KYNA-B-CDNS1, KYNA-B-CDNS2, and
KYNA-B-CDNS3, respectively.

Physical mixtures of KYNA with NSs were also prepared by mixing
KYNA (2.5 mg) with different nanosponges (10 mg) by trituration in
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a mortar for 30 min at room temperature. The physical mixture

formulations were abbreviated as PM1, PM2, and PM3, respectively.

3.3.6 Quantitative Determination of KYNA

The quantitative determination of KYNA was carried out by an HPLC
system (PerkinElmer, Waltham, USA) equipped with a UV detector
(Flexar UV/Vis LC spectrophotometer). A phenomenex C18
analytical column (4.6 mm x 250 mm, 5 pm) was used. The mobile
phase consisted of a mixture of 0.14 % (v/v) TFA (trifluoroacetic
acid) in water and acetonitrile (90:10 v/v). The mobile phase was
filtered and degassed ultrasonically before the use. A flow rate of 1
ml/min was maintained and the samples (20 pL) were injected
through the column. The quantification was carried out on a UV-
Visible detector set at 330 nm. A calibration curve was recorded in
the concentration range of 1-25 pg/mL with a regression coefficient
of 0.9995.

3.3.7 KYNA Loading within the NSs

The KYNA loaded NSs were suspended into a vial containing 1 mL
of DMSO-water mixture (50:50) and sonicated for 1-2 hours. The
suspension was centrifuged at 6000 rpm and the supernatant was
collected. Later, it was filtered and analyzed on the HPLC after

suitable dilution with the mobile phase.

3.3.8 Characterization of the KYNA Loaded NSs

The Particle Size, Polydispersity Index, and Zeta Potential of KYNA
loaded NSs were determined by DLS (Malvern Zetasizer Nano). The

thermal properties of all the samples were evaluated using a TA
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instruments Q200 DSC (New Castle, DE, USA). The functional group
determination of samples was carried out by PerkinEImer 100 FTIR
(PerkinElmer, Waltham, USA). Diffraction studies of all the samples
were performed using an X-ray diffractometer (Malvern Panalytical
X'Pert diffractometer, UK). The morphological evaluation of blank
NSs and KYNA loaded NSs was carried out by FE-SEM. Surface area
and porosity of blank NSs and KYNA loaded NSs was determined by
BET analysis.

3.3.9 In-vitro Drug Release Profile of KYNA

The accurate weight amount of KYNA loaded NS (20 mg KYNA
loaded NS containing 1.5 mg KYNA) or equivalent KYNA alone (1.5
mg) was dispersed in 3 mL of phosphate buffer pH 7.4 and sealed
into a dialysis bag made up of a cellulose membrane (12,400
MWCO). The bag was submerged into 30 mL of phosphate buffer
pH 7.4 at 37 £ 0.5 °C with a rotation speed of 50 rpm. At
predetermined time intervals, 1 mL of aliquots were withdrawn and
replaced with the same amount of fresh phosphate buffer to
maintain sink condition. Later, all the samples were analyzed on
HPLC. Drug release data were represented as % cumulative drug

release vs. time.

The release profile of KYNA and KYNA loaded NS was fitted with
different release kinetic models to determine the mechanism of drug
release. The zero-order release kinetic model was plotted between
% cumulative drug release vs. time, first-order release kinetic model
was plotted between log cumulative % of drug remaining vs. time,

Higuchi—Connors model was plotted between cumulative % drug
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release vs. square root of time and Korsmeyer—Peppas model was

plotted between log cumulative % drug release vs. log time.

3.3.10 Evaluation of Antioxidant Activity

Thiobarbituric Acid Reactive Substances (TBARS) Assay:

This assay is based on the evaluation of oxidative decomposition of
polyunsaturated fatty acid in acidic medium. Oxidative
decomposition leads to the generation of malondialdehyde (MDA),
which reacts with TBA to form TBA-MDA adduct. KYNA (1 mg/mL
stock solution in N-methyl pyrrolidone) and KYNA loaded NS (PBS
pH 7.4) were prepared in the concentrations of 50 uM and 100 uM.
The reaction was carried out by taking 0.1 mL of linoleic acid (1 %
w/Vv) in a test tube, followed by addition of 0.2 mL of sodium dodecyl
sulfate (SDS) (4 % w/v), 1.5 mL of phosphoric acid (1.0 % v/v), 1.0
mL of TBA (0.6 % w/v), 0.1 mL of water and 0.1 mL of KYNA
solution or KYNA loaded NS. The reaction was performed at 100 °C
for 45 minutes later it was cooled down on an ice bath. Later, The
reaction mixture was mixed with 1-butanol (4 mL) to extract TBA-
MDA adduct. All the samples were analyzed by UV-Visible
spectrophotometer (Lambda 25, PerkinElmer, Waltham, USA) at 535
nm. The concentration of MDA in the reaction mixture was
determined from a calibration curve of an MDA precursor 1,1,3,3-
tetraethoxypropane (TRP), which was recorded under the same
experimental conditions. The antioxidant activity of KYNA was
evaluated by determining the reduction in the MDA generation

which was presented as g of MDA generation per mg of lipid.

DPPH Scavenging Activity:
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The DPPH scavenging activity of KYNA loaded NS or KYNA alone was
recorded. The different concentrations of KYNA and KYNA loaded
NS (10-100 pM) were prepared, of which 2 mL of samples were
mixed with a 0.5 mL of ethanolic solution of DPPH (0.004 % w/v).
The reaction mixture was incubated for 60 minutes at room
temperature and analyzed by UV-visible spectrophotometer at 525
nm. Ethanol (0.5 mL) was used as control (without drug). The DPPH
inhibition activity of KYNA samples was compared with a known

positive standard of the same concentrations (i.e. L-ascorbic acid).

The following equation was used to calculate the percentage of
DPPH scavenging activity.

DPPH Inhibition (%) = (Ac-As)/(Ac) x 100

Where Acis the absorbance of the control, and As is the absorbance

of the sample.
H-0: Scavenging Activity:

The H,0, scavenging activity of KYNA and KYNA loaded NS was
demonstrated. Briefly, different concentrations of KYNA and KYNA
loaded NS (10-100 uM) were prepared. 0.5 mL of KYNA or KYNA
loaded NS were mixed with 0.5 mL of KI (1M), 0.5 mL of TCA (0.1%;
w/v), 0.5 mL of phosphate buffer pH 7.4, 0.5 mL of H,0; (10 mM)
at room temperature for 10 minutes. The phosphate buffer pH 7.4
(0.5 mL) was used as a control (without drug). The absorbance was

recorded by UV-Vis spectrophotometer at 350 nm.

The percentage of H,O; scavenging activity was calculated by the

following equation.
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H.O. Scavenging Activity (%) = (Ac-As)/(Ac) x 100

Where Acis the absorbance of the control, and As is the absorbance

of the sample.

3.3.11 Cell Viability Studies

SHSY-5Y human neuroblastoma cell lines were used to carry out 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay, to determine the cell viability for KYNA, KYNA loaded NS and
NS alone. SHSY-5Y human neuroblastoma cells were cultured as a
monolayer in RPMI 1640 medium accompanied by 10 % fetal calf
serum (FCS), 100 U/mL penicillin, and 100 pg/mL streptomycin at
37 °C and cells were maintained under 5 % CO, atmosphere. SHSY-
5Y cell lines were seeded into a 96-well plate and incubated for 24
hours at 37 °C in @ 5 % CO; humidified atmosphere. Cells were
treated with different concentrations of KYNA or KYNA loaded NS
(1-100 uM) for a period of 24 hours. Blank NSs were dispersed in
0.9 % NaCl saline solution followed by suitable dilution with culture
media and treated with the cells as mentioned above. After 24
hours, cell viability was determined by recording the absorbance at
570 nm. Cell medium alone was considered as a control and the
reading obtained from treated cell were represented as % cell

viability.
3.3.12 Stability Studies

The in-vitro stability of blank NS and KYNA loaded NS in 0.9 % NaCl
saline solution was evaluated. All the samples were incubated at 4

°C for a period of one week. The average diameter and zeta
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potential of blank NS and KYNA loaded NS were studied at different

time intervals.

3.4 Resveratrol (RES) and Oxyresveratrol (OXY) Containing

Cyclodextrin Nanosponges

3.4.1 Synthesis of Carbonate-based Nanosponges

Carbonate-based cyclodextrin nanosponges were according to the
procedure mentioned earlier in the section 3.3.1. B-Cyclodextrin-CDI

nanosponges (1:4 molar ratio) were used to perform this study.

3.4.2 Solubilization of RES and OXY

To study the solubilization of RES and OXY, an excess quantity of
RES and OXY was suspended in water (5 mL) and a fixed quantity
of nanosponge was added into it. Samples were kept for stirring for
24 hours in dark at room temperature. The samples were
centrifuged at 6000 rpm for 20 minutes, and the supernatant was
collected. The collected supernatant was filtered and analyzed on
HPLC to determine RES and OXY content as stated in section 3.3.4.

3.4.3 Preparation of RES and OXY Loaded Nanosponge

An aqueous suspension of nanosponges (10 mg/mL) was mixed with
the required amount of RES or OXY at different weight ratios of 1:2,
1:4, and, 1:6 (w/w; drug: nanosponge). Samples were sonicated for
a few minutes and kept for stirring for 24 hours in dark at room
temperature. All the samples were subjected to mild centrifugation
and dialyzed for few minutes to remove the uncomplexed drug.
Dialyzed samples were freeze-dried to obtain free-flowing powder

samples.
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3.4.4 Quantitative Determination of RES and OXY by HPLC

The quantity of RES and OXY was determined by an HPLC system
(PerkinElmer, Waltham, USA) equipped with a UV detector (Flexar
UV/Vis LC spectrophotometer) with the help of reversed-phase
phenomenex C18 analytical column (4.6 mm x 250 mm, 5 um) for
both drugs. Two separate mobile phases were used for the
determination of RES and OXY. A mixture of 0.5 % acetic acid in
methanol and water (52:48, v/v) was used for RES and a mixture of
acetonitrile and 0.5 % aqueous acetic acid (27:73, v/v) was used
for OXY. The isocratic elution was performed at room temperature,
with a flow rate of 1 mL/min and an injection volume of 20 pL. The
UV detector was used with Amax Of 305 nm for RES and 326 for OXY.
The calibration curve was recorded between peak area and
concentration of RES and OXY. OXY showed a good correlation
coefficient of 1 at the concentration range of 2-10 pg/mL and RES
showed a correlation coefficient of 0.9997 at the concentration
range of 0.5-2.5 pg/mL.

3.4.5 Determination of RES or OXY Loading

The concentration of RES or OXY within the NSs were determined
by taking the required amount into a vial containing 1 mL of ethanol
and sonicated for 1-2 hour. Later, the suspension was centrifuged
followed by filtration and analyzed on HPLC for RES or OXY content

after suitable dilution with the respective mobile phase.

3.4.6 Characterization of Drug Loaded NSs

The Particle Size, Polydispersity Index, and Zeta Potential of drug-

loaded NSs were determined by DLS (Malvern Zetasizer Nano). The
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thermal properties of all the samples were evaluated using a TA
instruments Q200 DSC (New Castle, DE, USA). The functional group
determination of samples was carried out by PerkinElmer 100 FTIR
(PerkinElmer, Waltham, USA). Drugs alone, blank NS and drug-
loaded NSs were subjected to diffraction studies using an X-ray
diffractometer (Malvern Panalytical X'Pert diffractometer, UK). The
morphology of RES and OXY loaded NS was determined by a JEOL
JEM 3010 (300 KV) transmission electron microscopy (TEM; JEOL,
MA, USA).

3.4.7 In-Vitro Drug Release Profile

The drug release study of OXY and RES was carried out by
a dialysis bag prepared by cellulose membrane (cut-off = 12,400
Da). Drug loaded NSs (20 mg RES-NS containing 1 mg RES or 20
mg OXY-NS containing 2 mg OXY) or equivalent quantity of free
drugs (1 mg RES or 2 mg OXY) were dispersed into 2 mL of
phosphate buffer pH 7.4 and filled into the dialysis bag. Dialysis bag
was immersed into 30 mL of phosphate buffer pH 7.4 at 37 £ 0.5
°C with a constant rotation speed of 50 rpm during the experiment.
5 mL of aliquots were withdrawn at predetermined time intervals
and RES or OXY content in aliquots was determined by the HPLC as
described earlier. Data were represented as % cumulative drug

release vs. time.

The mechanism of drug release was determined by fitting
the drug release profile into different release kinetic mathematical
models. The zero-order release model, first-order release model,

Higuchi-Connors model, and Korsmeyer-Peppas model were used.
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3.4.8 Photodegradation Study

The photodegradation study of RES and OXY was carried out under
a UV lamp (CAMAG UV LAMP 4; wavelength 320-400 nm). All
samples were irradiated under UV light from a fix distance of 10 cm
and analyzed on HPLC at different time intervals according to the
HPLC method specified in section 3.4.4. Data were presented as a
ratio of change in drug concentration (C) against initial drug

concentration (Co) versus time.

3.4.9 Antioxidant Activity of RES and OXY

DPPH assay was performed to determine the antioxidant activity of
OXY, RES, OXY loaded NS and RES loaded NS. A series of
concentrations (10-100 uM) of drug alone (RES or OXY) in ethanol
and drug-loaded NS in water were prepared. 1mL of DPPH solution
(0.004 % w/v ethanolic solution) was mixed with 1 mL of drug alone
or drug-loaded NSs and incubated for 30 minutes. All the samples
were analyzed by a UV-visible spectrophotometer (PerkinElmer
Lambda 25) at 525 nm. Ethanol (1 ml) was used as a control
(without drug). The following equation was used to calculate the
percentage of DPPH inhibition.

% DPPH Inhibition = Control absorbance value - Sample absorbance

value/Control absorbance value x 100

3.4.10 Cytotoxicity Studies

DU-145 cell lines were grown as a monolayer culture in RPMI 1640

medium supplemented with 10 % fetal bovine serum, 2 mmol/L L-
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glutamine and 100 U/mL penicillin-streptomycin at 37 °C and cells

were maintained under 5 % CO; atmosphere.

The percentage inhibition of cell viability by RES and OXY loaded NS
was evaluated using MTT assay against DU-145 prostate cancer
cells and compared with respective free drugs. DU-145 cells (2 x
103/well) were seeded into a 96-well plate and incubated for 24
hours at 37 °C in a 5 % CO, humidified atmosphere. Different
concentrations (10-100 uM) of OXY and RES loaded NSs were added
into the cell culture and incubated for 96 hours. The Blank NS was
also dispersed in RPMI 1640 medium and treated with the cells as
mentioned above. After 96 hours, the absorbance was recorded at
570 nm using a microplate reader. The control (i.e. cells that have
received no drugs) were normalized to 100%, and the readings from
treated cells were expressed as % of viability inhibition. Eight
replicates were used to determine each data point and five

experiments were performed.
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3.5 Determination of Complexation Constant and Activity
Against Colon Cancer by OXY Loaded NSs

3.5.1 Synthesis of NSs of Different Cyclodextrins

CDI-based nanosponges with different cyclodextrins (a-, -, and y-
) were prepared. Briefly, 100 mL of anhydrous DMF was placed in a
round-bottomed flask and 10 g of the appropriate CD was added
until complete dissolution. Then, the required quantity of CDI was
added at a molar ratio of 1:4 or 1:8 (CD:linker). The solution was
allowed to react for 4 h at 90 °C. The prepared NSs were purified
according to the method mentioned earlier in section 3.3.1. Below,
the different CD-NS will be called “X-CDI 1:Y"” where X is the type of
CD and Y the linker ratio.

3.5.2 Determination of Apparent Encapsulation Constant

To obtain the apparent encapsulation constant, the methodology
described by Benesi-Hildebrand was used with slight modifications
[186].

The following points need to be considered to determine the

encapsulation constant:

i) CD-NSs have a random number of cavities, it was assumed that
each cavity, which has its own microscopic encapsulation constant,
to give an overall (macroscopic) apparent encapsulation constant.
Using this approximation only a 1:1 complex could be evaluated,
where R? is the degree of alteration between each microscopic

constant.
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n
i=0 Kn

n

= KFapp

where n is the number of the microscopic cavities and K, the
constant for each cavity and Krpp the macroscopic apparent

complexation constant.

ii) However, It is not possible to determine the molecular weight of
CD-NSs accurately but it is possible to know the molecular weight

of the guest (in our case, OXY).

ii) As since our CD-NSs are insoluble, and also the complex, the
quantity encapsulated can be eliminated from the dissolution. So,
we can measure the [OXY] before and after the equilibrium. Its

variation is proportional to the CDNS-OXY formed.
[OXY]Final - [OXY]Initial x [CDNS - OXY]Formed
So, assuming a 1:1 complex, the following equilibrium was applied

—_—
CD-NS+ OXY €<—— CDNS-OXY

The apparent encapsulation constant, Krapp is given by:

o [CDNS — OXY]]
FapP ™ [OXY][CDNS]

where [CDNS], [OXY] and [CDNS-OXY] are equilibrium

concentrations.

To calculate Krapp, eppendorfs with increasing OXY (or RES)
concentration (from 2 to 400 pM) at 1 % CD-NSs in water were
mixed in @ Thermomixer Comfort® (Eppendorf) at 25 °C and 800
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rpm for 48 hours to measure the respective absorbances (to). After
this time, the eppendorfs were centrifuged in refrigerated conditions
at 7500 x g for 15min. The concentration of the OXY was determined
by the HPLC method. Briefly, 15 pL of OXY at different
concentrations were injected into Shimadzu LC-2210cHT (Shimadzu,
Japan) HPLC with a Kromasil C18 (150mm x 4.6 pm) column
(AnalisisVinicos, Spain) at 25 ©°C. The mobile phase was
acetonitrile:water:acetic acid (27:73:0.5 v/v at 1 mL/min). The UV
signal was obtained at 301 nm. The calibration curve showed
linearity with a coefficient of correlation value 0.99. The absorbance
of the supernatant was measured in an appropriate dilution. Finally,
the expression corresponding to the Benesi—Hildebrand method was

used to determine the Krapp value.

1 1 1

= +
A— A4 (Aoo - AO)KFapp [OXY] Aw — Ay

where [OXY] denotes the OXY concentration; Ao is the absorbance
of OXY in solution without CDNS (at the initial time); A is the
absorbance when all CD-NSs are complexed with OXY; and A, is the
absorbance of any sample at each OXY concentration indicated (at
48 h). Krapp Would be obtained by fitting (1/A-Ao) vs 1/[OXY], being
“1/(Ax-Ao)Krapp” the slope and “1/A«-a0” the intercept; the quotient
between intercept and slope gives Krapp.

3.5.3 Drug Loading and Encapsulation Efficiency

OXY loaded NSs were prepared in the following way: OXY (100 mg)
was taken into 150 mL of water and sonicated for 15 minutes. Later,

500 mg of NSs were added into it and kept for stirring for 24 hours
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in dark. This suspension was centrifuged and the nanosponges
containing OXY were collected and dried overnight in an oven at 60
oC.

The weighed amount of OXY loaded NS (10 mg) was added to 1 mL
of ethanol. This was sonicated for 3 hours and then centrifuged to
remove the solid part. The supernatant was diluted and its
absorbance was measured at 301 nm in a UV-Vis spectrophotometer
(PerkinElmer Lambda 25).

3.5.4 Characterization of OXY Loaded NSs

The characterization of OXY loaded NSs was carried out by several

methods as mentioned below:

The thermal properties of samples were evaluated by TA
instruments Q200 DSC (New Castle, DE, USA), and TGA 2050
thermogravimetric analyzer (TA instruments, USA). Functional
groups were determined out by PerkinElmer 100 FTIR (PerkinElmer,
Waltham, USA).

3.5.5 In-vitro Drug Release Profile

The drug release profile of OXY from NSs and OXY alone was carried
out by a dialysis membrane (cut-off 12000 Da) submerged in
different stirred flasks at 37 °C with 40 mL of 0.1M phosphate-
sodium-potassium buffer at pH 7.4 and 5.5 respectively. The donor
phase was filled with 2 mL of buffer containing drug-loaded NSs (20
mg OXY-NSs containing 1.5 mg OXY) or equivalent free OXY.

Samples were withdrawn from the receptor phase at predetermined
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time intervals and replaced with the same amount of buffer. The

samples were diluted and its absorbance was recorded at 301 nm.

3.5.6 In-vitro Digestion Studies

Free OXY (225 uM) and OXY (225 pM) with 1% w/v NSs suspension
were mixed for a period of 24 hours to perform the complexation.
Later, samples were subjected to in-vitro digestion to determine the
behavior of the complexes. Initially, the samples were prepared in
saline solution at pH 3 with pepsin-HCIl to simulate the gastric phase.
Later, samples were incubated in a water bath shaker at 37 °C for
1 hour. The incubation was stopped by adding Na,COs to increase
the pH to 6.9. In the subsequent intestinal phase, the pH was
adjusted to 6.9 and a pancreatin/autoclaved bile extract/lipase
mixture followed by incubation at 37 °C for 2 hours. The tubes
containing OXY samples were placed in an ice bath to stop digestion
and the contents were mixed vigorously. Later, samples were
filtered using cellulose filters (0.22 um) and analyzed using an HPLC
method as described earlier to determine the amount of OXY. The

results were compared using the initial amount of OXY.

3.5.7. In-vitro Cell Cytotoxicity Studies

HT-29 and HCT116 colon cancer cell lines were purchased from
ATCC (Manassas, VA, USA). Cancer cell lines were seeded into a 96-
well plate and incubated for 24 hours at 37 h in a 5 % CO;
atmosphere. The cells were treated with OXY, OXY-NS or NS alone
(previously sterilized by autoclave) in the concentration range of 1-
100 pM for 72 hours. Then, cell viability was evaluated using MTT
by recording the absorbance at 570 nm according to the
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manufacturer’s protocol. The cells treated with culture medium
alone were considered as a control and normalized to 100%, and
the readings obtained from treated cells were expressed as % of
viability inhibition. Eight replicates were used to determine each

data point and five different experiments were performed.
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3.6 Stimuli-responsive Cyclodextrin Nanosponges for
Resveratrol

3.6.1 Synthesis of Glutathione-responsive Cyclodextrin
Nanosponges

Glutathione-responsive nanosponges (GSHNSs) were prepared by a
method developed by our group earlier. Briefly, 4.0 g (3.52 mmol)
of anhydrous B-CD (desiccated in an oven at 100°C, up to constant
weight) was dissolved in 16 mL of DMSO in a 100 mL round bottom
flask followed by the addition of 0.400 g (2.59 mmol) of 2-
hydroxyethyl disulfide and 4.0 mL (28.70 mmol) of trimethylamine
with continuous stirring for approximately 30 minutes. Finally, 11.01
g (48.96 mmol) of pyromellitic dianhydride was added to the
solution to carry out the reaction. Gelation was achieved within a
few minutes which was incubated for 24 hours at room temperature
to complete the reaction. At the end of reaction, a solid monolith
block was obtained which was crushed with mortar to obtain a
coarse powder followed by extensive washing with water and air-
dried. The purification of prepared GSHNSs was carried out by
Soxhlet extraction with acetone (for approximately 24 h). After air-
drying, a white powder was collected and stored in a desiccator at

room temperature.

3.6.2 Elemental Analysis

Elemental analysis was performed to determine the quantity of
sulfur in the prepared GSHNSs. CHNS elemental analysis (Thermo
Electron Corporation Flash EA 1112 series CHNS-O Analyzer) was
performed in the triplicate and calculated values were compared
with the theoretical value of the sulfur. Approximately 2.5 mg of
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individual sample was placed in a tin capsule with an equal amount
of V205 (catalyst).

3.6.3 Preparation of Drug Loaded and Fluorescent NSs

Before performing drug loading, nanosuspension of NSs was
prepared by a top-down approach. Briefly, a weighed amount of NS
(10 mg/mL) was suspended in distilled water or saline (for cell Line
studies) under stirring at room temperature. The suspension was
then dispersed using a high shear homogenizer (Ultraturrax®, IKA,
Konigswinter, Germany) for 10 min at 24,000 rpm. Further size
reduction was performed using high-pressure homogenizer (HPH)
for 90 minutes at a back pressure of 500 bar using an EmulsiFlex C5
instrument (Emulsiflex C5, Avestin, USA). The prepared
nanosuspension was purified by dialysis using a cellulose membrane
(cut-off = 12,400 Da) and stored at 4 °C.

RES loaded GSHNSs were prepared by adding the required quantity
of RES in a nanosuspension of GSHNSs (10 mg/mL) at different
weight ratios of 1:2, 1:4, and, 1:6 (w/w; drug: nanosponge).
Samples were sonicated for 10-15 minutes and kept for continuous
stirring in dark for 24 hours at room temperature. The supernatant
was collected after mild centrifugation and dialyzed for few minutes
to remove the uncomplexed drug. Fluorescent NSs were prepared
in similar manner by taking 10 mg/mL NS suspension in 0.9 % NaCl
with 0.1 mg/mL coumarin-6 (C-6). Free coumarin-6 was removed

by mild centrifugation.
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3.6.4 Quantitative Determination and Drug Loading

The quantitative determination of RES was carried out by HPLC
method mentioned in section 3.4.4. The RES loaded GSHNSs were
taken into a vial containing 1 mL of ethanol and sonicated for 1-2

hours. Later, it was filtered and analyzed on HPLC for RES content.

3.6.5 Characterization of Drug loaded NSs

The Particle Size, Polydispersity Index, and Zeta Potential of RES
loaded GSHNSs or C-6 loaded GSHNSs were determined by DLS
(Malvern Zetasizer Nano). The thermal properties of samples were
evaluated by TA instruments Q200 DSC (New Castle, DE, USA).
Functional groups were determined by PerkinElmer 100 FTIR
(PerkinElmer, Waltham, USA). The diffraction pattern was recorded
using an X-ray diffractometer (Malvern Panalytical X'Pert
diffractometer, UK). The morphology of samples was determined by
a JEOL JEM 3010 (300 KV) transmission electron microscopy (TEM;
JEOL, MA, USA) and Field Emission Scanning Electron Microscope
(FE-SEM; ZIESS Supra 40).

3.6.6 In-Vitro Drug Release Profile of RES-GSHNSs

A suspension of RES-GSHNSs (10 mg) was prepared in 1 mL of
phosphate buffer pH 7.4 and sealed into a dialysis bag (12,400
MWCO). The bag was immersed into 10 mL of phosphate buffer pH
7.4 at 37 £ 0.5 °C with a rotation speed of 50 rpm. The effect of
GSH on the drug release was also studied by adding 10 mM GSH
and 20 mM GSH in the dissolution media. The aliquots (1 mL) were

withdrawn at different time intervals and replaced with the same
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amount of fresh phosphate buffer. Later, all the samples were

filtered with a 0.4 um syringe filter and analyzed on HPLC.

3.6.7 In-Vitro Biological Assays

Normal fibroblast cells, human ovarian cancer OVCAR3, non-
tumorigenic epithelial MCF10A, and breast cancer MDAMB231 cells
were purchased from ATCC (http://www.lgcstandards-atcc.org) and
cultured under standard conditions (37 1C, 5% CO,) in RPMI 1640
(cod. R8758) or MEM (cod. M2279) medium, respectively,
supplemented with 10% heat-inactivated FBS (cod. ECS0180L;
Euroclone Spa, Milano, Italy), 1% Glutamine (cod. G7513), 1% non-
essential amino acids (cod. M7145) and 1% penicillin and
streptomycin (cod. P0781).

3.6.7.1 Cell Internalization Study

The internalization of coumarin-6 loaded GSHNSs was studied.
Normal Fibroblast cell, OVCAR3, MCF10A, and MDAMB231 were
cultured in 6-well plate for 24 hours. Internalization of coumarin-6
loaded GSHNSs was studied at different time intervals of 30
minutes, 2 hours, and 24 hours using confocal laser microscope (488

nm exciting laser band 505 to 530 nm bandpass emission filters).

3.6.7.2 Cell Viability Study

To determine cell viability, cells adherent on coverslips were treated
with different concentrations of RES loaded GSHNSs (10-200 pM)
and stained with fluorescent dye CellTracker™ (CellTracker™ Blue-
CMAC-7-amino-4-chloromethylcoumarin; cod. 2110; Life

Technologies Ltd) in serum-free medium for 30 minutes, and the
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blue fluorescence, an indicator of cell viability, was immediately
imaged under the fluorescence microscope (LeicaDMI6000

Microsystems AG, Wetzlad, Germany).

3.6.7.3 Propidium Iodide Staining

Cells plated on coverslips were treated as described earlier. Necrotic
cells were detected by using 0.2 pug/mL propidium iodide incubated
for 10 minutes in dark at 37 °C (PI; cod. 4170, Sigma Aldrich). At
the end of the experiment, fluorescent dye stained coverslips were

observed under the fluorescence microscope.

The effect of GSH inhibitor on the different cells using above

mentioned studies was also determined.

86



Material and Methods

3.7 Synthesis of Biotin-functionalized Ester-based NSs and

Encapsulation of Curcumin

3.7.1 Synthesis of Ester-based NSs

The ester-based nanosponges (NS) were synthesized by cross-
linking of B-CD with pyromellitic dianhydride (PMDA) as a cross-
linking agent in a 1:4 molar ratio. Briefly, 6.108 g of B-CD was
dissolved in 25 mL of anhydrous dimethyl sulfoxide. Then, 6.3 mL
of triethylamine was added into it followed by the addition of the
PMDA (4.695 g) with vigorous stirring. The reaction was completed
within a few minutes and the solid mass of NSs was obtained.
Subsequently, the solid NS was ground in a mortar and series of
washing were performed with deionized water and acetone through
Buchner filtration. Finally, NSs were purified by Soxhlet extraction in

acetone for 24 hours and air-dried to collect coarse powder.

3.7.2 Biotin-Functionalization of the NSs (Bio-NSs)

200 mg of biotin (0.8 mmoL) was activated by 306 mg of EDC (1.6
mmoL) and 195 mg of DMAP (1.6 mmolL) in 30 mL of dry DMF. 1 g
of NS was added into the reaction mixture and kept for stirring at
45 °C for 48 hours. After the reaction mixture was cool down and
solid mass was collected after filtration with continuous washing by
ethanol and water. Collected solid mass was dispersed in water and
subjected to extensive dialysis for 72 hours. Later, Bio-NSs were
freeze-dried and subjected to the characterization.
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3.7.3 Elemental Analysis of Bio-NSs

Elemental analysis was performed to determine the quantity of
sulfur in the prepared Bio-NSs. CHNS elemental analysis (Thermo
Electron Corporation Flash EA 1112 series CHNS-O Analyzer) was
performed in the triplicate and calculated values were used to
determine the percentage distribution of the sulfur within the NSs.
Approximately 2.5 mg of individual sample was placed in a tin
capsule with an equal amount of V205 (catalyst).

3.7.4 Determination of the Biotin Concentration by HABA-Avidin
Assay

The spectrophotometric measurement of the concentration of biotin
on the surface of NSs was performed by 4’-hydroxyazobenzene-2-
carboxylic acid/avidin (HABA/avidin) reagent. 5 mg of Bio-NS was
suspended into 1 mL of water and powdered HABA/avidin reagent
was reconstituted in deionized water to make a solution in a
concentration of 10 mg/mL. 900 uL of HABA-Avidin solution was
added to 100 pL of Bio-NSs and mixed thoroughly. The UV-Vis
spectrum was recorded immediately at 500 nm. The following
equation was used to determine the biotin content as per the

manufacturer’s protocol.

AAsoo = 0.9 X (Absorbance of HABA/Avidin as control) — (Absorbance
of Bio-NSs with HABA/Avidin as sample)

Biotin Concentration (pmol/mL) = (AAse/34) x 10
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3.7.5 Quantitative Determination of the CUR

The quantity of CUR was determined by an HPLC system
(PerkinElmer, Waltham, USA) equipped with a UV detector (Flexar
UV/Vis LC spectrophotometer) with the help of reversed-phase
phenomenex C18 analytical column (4.6 mm x 250 mm, 5 pm). A
mobile phase containing a mixture of methanol and 1 % acetic acid
(75:25, v/v) with a flow rate of 1 mL/min and an injection volume
of 20 pL was used at room temperature. CUR detection was carried
out at a wavelength of 428 nm. CUR showed a good correlation
coefficient of 0.9993 at the concentration range of 1-10 pg/mL.

3.7.6 Solubilization of Curcumin (CUR)

An excess quantity of CUR was suspended in water (2 mL), and with
a fixed amount of B-CD or Bio-NSs was added into it. Samples were
kept for stirring for 24 hours in dark at room temperature. The
samples were centrifuged at 6000 rpm for 20 minutes, and the
supernatant was collected. The collected supernatant was filtered
and analyzed on HPLC to determine CUR content as mentioned

above.

3.7.7 CUR Loading with Bio-NSs

A weighed amount of Bio-NSs (10 mg/mL) was suspended in
distilled water under stirring at room temperature. The suspension
was then dispersed using a high shear homogenizer (Ultraturrax®,
IKA, Konigswinter, Germany) for 10 min at 24,000 rpm followed by
the size reduction using high-pressure homogenizer (HPH) for 90
minutes at a back pressure of 500 bar using an EmulsiFlex C5

instrument (Emulsiflex C5, Avestin, USA). The prepared
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nanosuspension was purified by dialysis using a cellulose membrane
(cut-off = 12,400 Da). 3 mL of Bio-NSs (10 mg/mL) was mixed with
CUR (10 mg) and sonicated for 10-15 minutes. The suspension was
kept for continuous stirring in dark for 24 hours at room
temperature. The supernatant was collected after mild
centrifugation and dialyzed for few minutes to remove the
uncomplexed drug. Later, supernatant was freeze-dried and stored.
The quantity of CUR in Bio-NSs was determined by dispersing 5 mg
of CUR-loaded Bio-NSs in 1 mL of ethanol. Samples were sonicated

for 2 hours and supernatant was analyzed on HPLC.

3.7.8 Characterization of the BIO-NSs and CUR Loaded Bio-NSs

The thermal properties of samples were evaluated by TA
instruments Q200 DSC (New Castle, DE, USA). Functional groups
were determined out by PerkinEImer 100 FTIR (PerkinElmer,
Waltham, USA).

3.7.9 In-vitro Release Profile of CUR Loaded Bio-NSs

A suspension of CUR-loaded Bio-NSs (10 mg of CUR-BIO-NSs
containing 1.2 mg of CUR) or CUR alone (1.2 mg) was prepared in
1.5 mL of phosphate buffer pH 7.4 and sealed into a dialysis bag
(12,400 MWCO). The bag was immersed into 30 mL of phosphate
buffer pH 7.4 with 0.1 % sodium lauryl sulfate (SLS) at 37 £ 0.5 °C
with a rotation speed of 50 rpm. The aliquots (2 mL) were
withdrawn at different time intervals and replaced with the same
amount of fresh phosphate buffer. Later, all the samples were
analyzed to determine the CUR content.
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4. Results and Discussion

4.1 Kynurenic Acid Loaded Nanosponges for Controlled
Drug Delivery

4.1.1 Physicochemical Characterization of NSs and KYNA Loaded
NSs

B-CD has a large number of hydroxy groups that make it a suitable
candidate for the crosslinking reaction. During the synthesis a
carbonate bond between CDI and the hydroxyl groups of B-CD that
leads to the formation of NSs. A schematic of the structure of the

NSs is shown in figure 4.1.

DMF, 90 °C, 3 Hours ,

- LN
- 0 1500 rpm AN §”
(GO E + JL — / Pt B
7~ N -¢
IRy N/__N N:N Purification by Soxhlet A ) ¢ "
Extraction o - Lol
Y o e / 52
‘ N "f; a / <3
B-CD Carbonyldiimidazole e\

Carbonate-NSs

Figure 4. 1 Schematic representation of CDI-based cyclodextrin

nanosponges.

The swelling study suggested that B-CDNS2 showed moderate
swelling (251 %), compared to B-CDNS1 (200 %) and B-CDNS3

(168 %). However, no evident trend was observed.

93



Absorbance

Results and Discussion

The percentage crosslinking of prepared NSs was evaluated from
the ratio of the two peaks i.e. 11774 Which corresponds to the carbonyl
group stretching of the crosslinker and I»q29 which corresponds to

the C-H stretching of B-CD (Figure 4.2).

——p-CDNS3
—— p-CDNS2
—— B-CDNS1

C-H
<« >

Absorbance

3800 3600 3400 3200 3000 2800 1900 1800 1700 1600 3600 3400 3200 3000 2800 1900 1800 1700 1600
cm’! cm’

Figure 4. 2 FTIR spectra of (i) calibration standards and (ii)

nanosponges.

A high ratio of selected peaks (i.e. I1774/I>929) was obtained due to
increment in the Ii774 band of the carbonyl group because of the

high crosslinker concentration.

The % crosslinking of the prepared NSs was calculated from the

following equation.

% Crosslinking (% CL)= (Sample Ii774/Ta029 Value)/(Reference
I1774/T2929 Value)*100
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Table 4. 1 The percentage cross-linking determination

Standard Sample
. Calculated % CL
NSs Molar Ratio Reference Sample .
. Molar Ratio
(Crosslinker I1774/12029  I1774/12029 .
: B-CD) Value Value (Crosslinker
i : B-CD)
B-CDINS1 2 2.20 1.31 1.24 59.49 %
B-CDINS2 4 3.67 2.90 2.84 79.42 %
B-CDINS3 6 5.93 4.93 4.89 83.70 %
100- 6-
2 £5%.,]
£ 60 28 %
- SR%
O sl O%w
5 ] 3522
= 201 g°
c T T 1 e 1 ! 1
0 2 4 6 0 2 4 6
Crosslinker Concentration (Molar Ratio) Theoretical Crosslinker Concentration

(Molar Ratio)
i
® (i)
Figure 4. 3 (i) The percentage crosslinking at different molar ratio

(n=3). (ii) Theoretical vs. actual crosslinker concentration (n=3).

It suggested that higher crosslinker concentration leads to higher
crosslinking of the nanosponges. The highest crosslinking was
achieved with B-CDNS3 (83.7 %) followed by B-CDNS2 (79.42 %)
and B-CDNS1 (59.49 %). No significant change in the % crosslinking
between B-CDNS2 and B-CDNS3 was observed. It might be due to
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the fact that majority of free functional groups were involved in the

crosslinking.

The solubilization of KYNA is depicted in Figure 4.4. Low aqueous
solubility of KYNA (16.4 pug/ml) was observed which was enhanced
to two-fold with B-CD. Moreover, KYNA solubility was significantly
increased to 5.3 folds with B-CDNS1 and 6.77 folds with B-CDNS2.
However, no further enhancement in the KYNA solubilization was
observed with B-CDNS3 (5.65 folds) because of the higher cross-
linker concentration that might have formed more complex

nanochannel which hindered the drug encapsulation.
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Figure 4. 4 Solubilization of KYNA with different NSs.

Drug loading study was performed with the different weight ratios
of drug to NSs i.e. 1:3, 1:4 and 1:5 w/w (KYNA:NS). A weight ratio
of 1:4 showed maximum drug loading of 19.06 % compared to 12.7
% at 1:3 w/w and 19.19 % at 1:5 w/w, respectively. A significant
difference in the drug loading in between 1:3 w/w and 1:4 w/w was
observed. However, further increase in the weight ratio of KYNA:NS
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(1:5 w/w) does not show significant improvement in the drug

loading due to saturation solubility of KYNA.

The drug loading study suggested that the better results were
observed with B-CDNS2 thus further studies were carried out on
KYNA loaded NS (1:4 w/w). Table 4.2 showed the average particle

size and zeta potential of nanosponge formulations.

Table 4. 2 Physicochemical properties of Blank NSs and KYNA loaded
NSs.

. Blank NSs KYNA loaded NSs

Properties

(B-CDNS2) (KYNA-B-CDNS2)
Particle Size (nm) 224.43 £ 3.72 255.8 + 7.88
PDI 0.35 £ 0.040 0.32 £ 0.043
Zeta Potential (mV) -26.3 £ 1.91 -23 + 0.945
Encapsulation

- 95.31 %
Efficiency (%)

Sizz Disiribuiion by biensiy Size Distiuion by rgnsiy

10000 1l 10 100 10000

(A) (B)
Figure 4. 5 Particle size distribution of blank NSs (A) and KYNA
loaded NSs (B).
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KYNA alone showed an endothermic melting peak at 277.15 °C as
shown in figure 4.6. Moreover, NSs were found to be stable over
the temperature range of 30-300 °C without any significant thermal
transition. Physical mixture (PM2) showed endothermic transition
similar to KYNA alone with lesser intensity that might be due to the

possible dilution with NS.

18

161 KYNA loaded NS
= 14—
§ 124 Blank NS
by —
2 %1 Pm2
E 8 — -
z 64
O
T ,| KYNA
®
2

0

5IO 160 150 260 260

Temperature (°C)
Figure 4. 6 DSC thermogram of the different samples.

An endothermic pattern similar to blank NS was observed in case of
KYNA loaded NS which did not show any significant thermal
transition might be due to possible amorphization of KYNA, thus

confirming the encapsulation of KYNA within the nanosponges.

FTIR spectra of KYNA, blank NS, physical mixture and KYNA loaded
NS were showed in figure 4.7. The FTIR spectrum of KYNA showed
strong characteristic vibration peaks at 3095 cm™ (-N-H stretching),
2940 cm! (-C-H stretching), 1660 cm™ (-C=C stretching), 1362 cm"
1 (-OH bending), 1121 cm™ (-C-O stretching).
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Figure 4. 7 FTIR spectra of the different samples.

It is well reported that CDI-based NSs show characteristic carbonate
stretching peak at 1739 cm. Moreover, the superposition of FTIR
peaks of both KYNA and NSs was observed in the case of a physical
mixture. FTIR spectrum of physical mixture does not show any
significant shift or suppression, confirming no interaction or
encapsulation of KYNA with NSs. In contrast, FTIR spectrum of
KYNA loaded NS showed disappearance of peaks at 3095 cm™ (-N-
H stretching), and a significant shift in the absorption band at 3318
cm* (-OH stretching), and 1743 cm (-C=0 stretching). A change
in the characteristic FTIR peaks indicates possible interaction of

KYNA with NSs because of the possible encapsulation of drug.

The PXRD studies demonstrated the amorphous or crystalline nature
of the different samples (figure 4.8). KYNA is crystalline in nature
which was confirmed by the PRXD pattern that showed sharp and
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intense peaks at a 20 angle of 8.01, 9.90, 12.62, 16.07, 24.79,
28.22, 31.68, and 39.89.

KYNA loaded NS
M
Blank NS
M
)
2 PM2
c
L
2=
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2-Theta (Degree)

Figure 4. 8 PXRD pattern of the different samples.

The PXRD of blank NS did not show any sharp peaks which
confirmed the amorphous nature of NSs. The characteristic
diffraction peaks of KYNA were disappeared in case of KYNA loaded
NSs which indicated a loss in the crystallinity and consequent
amorphization of KYNA because of the encapsulation of KYNA inside
the NSs. However, physical mixture showed characteristic diffraction
peaks of KYNA with lesser intensity which remained in the crystalline
form. Thus, confirming that property of KYNA remained unchanged
in physical mixture. FE-SEM analysis was formed to determine the
morphology of the samples (figure 4.9). Both blank NS and KYNA
loaded NS showed small spherical shaped particles of diameter
around 200 nm with appropriate size distribution. FE-SEM data was

in the agreement with the DLS data.
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Figure 4. 9 FE-SEM images of (A) Blank and (B) KYNA-loaded NSs

The porosity and surface area of blank and drug-loaded NSs were
determined by BET analysis. N, adsorption-desorption isotherm and
pore distribution curve of blank and KYNA loaded NS is shown in
figure 4.10. A type IV isotherm with hysteresis loop was observed
for both blank and KYNA loaded NS.
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Figure 4. 10 N2 absorption-desorption (A) and porosity curve of -
CDNS2 (B).

The presence of a hysteresis loop could be attributed to the
mesoporous structure of the NS. Moreover, the pore distribution of
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NSs further suggests the mesoporosity of NSs as the pore diameter
was 50-70 A (5-7 nm).
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Figure 4. 11 N2 absorption-desorption (A) and porosity curve of
KYNA loaded NSs (B).

The surface area of blank NS was less than 1 m?/g. Moreover, BET
analysis of KYNA loaded NS showed a type IV isotherm with
hysteresis loop similar to blank NS (figure 4.11). However, porosity
of KYNA loaded NS (35-45 A) was reduced which might be due to
encapsulation of KYNA within the NSs.

4.1.2 Release Profile of KYNA

KYNA loaded NSs showed a slow and uniform drug release profile
without any initial burst effect (figure 4.12). The presence of KYNA
inside the cavities of nanosponges is responsible for a slower drug
release profile. Moreover, the absence of an initial burst release
could be attributed that the drug was not partially encapsulated or

adsorbed on the surface of nanosponges. The mechanism of KYNA
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release from the NSs was determined by fitting the release profile
in different kinetics models such as zero order, first order, Higuchi-
Connors, Hixen-Crowell, and Korsmeyer-Peppas. It was observed
that the release profile of KYNA was best fitted to Higuchi-Connors
release kinetic model (R? = 0.995) indicating that drug release was

diffusion-controlled.

In the case of KYNA alone, it was observed that KYNA showed a
rapid and uncontrolled release profile in which equilibrium was
achieved within a few minutes. A slow and steady release profile is
important parameter in drug delivery in order to avoid dose-related
toxic effects. Therefore, controlled drug delivery, which can be

achieved by encapsulation of KYNA within NSs, is required.
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Figure 4. 12 In-vitro release kinetics of KYNA.

4.1.3 Antioxidant Activity of KYNA Loaded NSs

Several phenolic compounds demonstrate antioxidant activity due
to their ability to react rapidly with reactive oxygen species.

Moreover, KYNA shows antioxidant activity might be because of the
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presence of an aromatic hydroxyl group that readily provides

protons to react with free radicals (Figure 4.13).
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Inhibition by KYNA TBA-MDA Adduct (pink)

Figure 4. 13 A schematic of the formation of TBA-MDA Adduct.

Moreover, aromatic ring or carboxylic acid present in the structure
of KYNA acts as an electron-withdrawing group which helps to
stabilize the free radical produced by donation of the proton. The
degree of lipid peroxidation can be determined by the generation of
MDA as a result of fatty acid degradation. The generated MDA reacts
with TBA to produce a pink TBA-MDA adduct. The amount of MDA
produced by the degradation of fatty acid is shown in figure 4.14.
Results suggested that significant reduction in MDA generation was
observed (P<0.0001) compared to free KYNA. A decreased
production of MDA could be attributed to the inhibiting and
scavenging activity of KYNA on ROS produced during oxidation

process.
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Figure 4. 14 The inhibition of lipid peroxidation by KYNA loaded NS
in the absence of oxidizing agent (left) and in the presence of the
oxidizing agent (right). *** P <0.0001.

Oxidizing agents promote the generation of MDA during lipid
peroxidation. We demonstrated the effect of KMnO4 as an oxidizing
agent on the MDA generation and high production of MDA was
observed due to rapid oxidation of fatty acid. However, a significant
decrease in the MDA concentration was observed with KYNA alone
and KYNA loaded NSs even in the presence of the oxidizing agent,
demonstrating its antioxidant potential. KYNA loaded NSs were
found to be comparatively more effective than KYNA alone, might
be because of the higher solubilization of KYNA with NSs.

The DPPH consists of a free radical that can be stabilized after
accepting the protons which can be determined by the reduction in
the absorbance at 517 (figure 4.15). The effect of different
concentrations of the KYNA on DPPH inhibition was studied and it

was observed that KYNA showed a dose-dependent increase in the
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DPPH inhibition. Moreover, the KYNA loaded NS showed a significant
reduction (P<0.001) in the DPPH concentration compared to KYNA
alone (figure 4.16).

Q NO, Q NO,

DPPH DPPH-H
Purple, 519 nm Colorless

W'_ H ' represents antioxidant
i.e. KYNA

Figure 4. 15 A schematic of DPPH inhibition by KYNA.

It was clear that the KYNA loaded NSs showed higher antioxidant
activity compared to KYNA alone which could be attributed to the
rapid availability of KYNA due to higher solubilization thus readily
provided protons to DPPH.

100

DPPH Inhibition (%)

Concentration (uM)

#H L-Ascorbic Acid # KYNA EE KYNA loaded NS

Figure 4. 16 The Percentage DPPH inhibition of KYNA, KYNA loaded

NS and L-ascorbic acid.
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Moreover, the antioxidant property of KYNA was further evaluated

by hydrogen peroxide scavenging activity.

The hydroxyl radicals generated from hydrogen peroxide are the
most common reactive oxygen species (ROS) that lead to the
oxidative degradation of biomolecules such as DNA, RNA, and
proteins resulting in the cell death. A schematic of hydrogen

peroxide inhibition is demonstrated in figure 4.17.
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Figure 4. 17 A schematic of H,0O; inhibition by KYNA.

The hydrogen peroxide scavenging effect of KYNA and KYNA loaded
NSs is shown in figure 4.18. It was observed that all the samples
showed concentration-dependent inhibition in H,O, mediated
oxidation. Moreover, KYNA loaded NSs demonstrated higher H,0;
inhibition ranging from 17 % to 78 % compared to KYNA alone
which showed 4 % to 55 % of activity at the same tested
concentration. We also studied the effect of a natural antioxidant
i.e. L-ascorbic acid and compared with KYNA alone or KYNA loaded
NSs. It was clearly evident that L-ascorbic acid showed higher H,0,
inhibition activity. We also determined the effect of NSs alone using
different methods as described above. However, no significant

antioxidant activity was observed.
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Figure 4. 18 The H,0, scavenging activity of KYNA, KYNA loaded NS

and L-ascorbic acid.

4.1.4 In-vitro Cell Viability of KYNA Loaded NSs

The effect of blank NSs on the viability of SHSY-5Y cells was studied
to demonstrate the biocompatibility of the NSs. Blank NSs were
tested in the concentration range of 5-500 pg/mL and results
obtained suggested that NSs are biocompatible without any

significant toxicity (figure 4.19).
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Figure 4. 19 Cytotoxicity of the blank NSs.

Higher cell viability was observed at high NSs concentration (500
Mg/mL) which was around 90 % after 24 hours. The in-vitro cell
viability results are depicted in figure 4.20. The survival of SHSY-5Y
cells was evaluated with KYNA and KYNA loaded NSs. It was
observed that KYNA and KYNA loaded NSs do not induce toxicity to
the SHSY-5Y cells thus confirming their neuro-protective nature. The
results obtained from MTT assay confirmed that cell viability was
more than 90 % for KYNA alone and KYNA loaded NSs over the
concentration range of 10-100 pg/mL.

These results strengthen the reports suggested that KYNA can be

utilized as a neuro-protector in several neurological diseases.
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Figure 4. 20 Cytotoxicity of the KYNA loaded NSs.

4.1.5 Storage Stability of KYNA Loaded NSs

The change in the particle size and zeta potential of blank NSs and
KYNA loaded NSs was studied to determine their stability at 4 °C for
a week. Figure 4.21(A), and 4.21(B) demonstrated the change in
the particle size and zeta potential respectively. It was observed that
all the samples were stable over the testing period. Moreover, Blank
NSs showed little change in the particle size starting from 224 nm
to 289.7 nm after one-week. Furthermore, KYNA loaded NSs also
showed similar trend in the particle size starting from 255.8 nm and
reaching 298.8 nm. Zeta potential of blank NSs and KYNA loaded
NSs does not depict a significant change during the storage and
found to be in the desired range. These findings clearly confirmed
that NSs and KYNA loaded NSs were protected from aggregation

and remained stable for the period of a week.
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Figure 4. 21 The in-vitro stability study of blank NS and KYNA loaded
NS to determine particles size (A) and zeta potential (B). All the

values present in terms of mean = SD (n = 3).
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4.2 Comparative Evaluation of the Anticancer Activity of
RES and OXY

4.2.1 Physicochemical Characterization of RES and OXY Loaded
NSs

The therapeutic activity of several drug molecules is limited due to
their low aqueous solubility which affects their bioavailability thus
remains a major challenge in drug delivery. This work is focused on
the improvement in aqueous solubility, photostability and enhanced
cytotoxicity of RES and OXY loaded NSs.

Figure 4.22 demonstrated the aqueous solubility of RES and OXY
alone and with NSs. RES is a poorly water-soluble drug with aqueous
solubility of 0.04 mg/mL. Moreover, the aqueous solubility of OXY
was 0.6 mg/mL. Aqueous solubility of both the drug molecules was
enhanced significantly with NSs. Indeed, RES exhibited poor
aqueous solubility and high solubilization of RES was achieved
compared to OXY. An increase in the solubility of RES and OXY might
be due to the formation of inclusion complex with CDs present in

the structure of the NSs.
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E — D OXY-NS
>
3 0.6 *x
2 rrmr i
° -----
(7]

0.08- et

0.00-LE& : =
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Figure 4. 22 Solubilization of the RES and OXY within the NSs. ** p
< 0.001; RES vs. RES-NS and *** p < 0.0001; OXY vs. OXY-NS.
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Drug loading study was performed with the different weight ratios
of RES or OXY to NSsii.e. 1:2, 1:4 and 1:6 (w/w; Drug:NS). A weight
ratio of 1:4 w/w showed maximum drug loading of 13.84 %
compared to 9.47 % at 1:2 w/w and 14 % at 1:6 w/w, respectively.
Moreover, OXY also showed similar trend with 11.93 % at 1:2 w/w,
16.06 % at 1:4 w/w and 16.78 % at 1:6 w/w of drug loading was
observed. For both RES and OXY, A significant difference in the drug
loading in between 1:2 w/w and 1:4 w/w was observed. However,
further increase in the weight ratio of RES or OXY to NSs (1:6 w/w)
does not show significant change in the drug loading due to

achieving the saturation solubility of respective drugs.

As per the drug loading data, RES loaded NS (RES-NS) and OXY
loaded NS (OXY-NS) at 1:4 w/w ratio were selected for further
studies. The physicochemical properties of the prepared RES-NS and
OXY-NS are shown in table 4.3.

Table 4. 3 Physicochemical properties of RES-NS and OXY-NSs.

Properties RES-NS OXY-NS
Particle Size (nm) 213.4 £ 2.45 220 .3 £7.24
PDI 0.32 £ 0.02 0.29 = 0.08
Zeta Potential (mV)  23.6 + 0.25 22.3 £ 0.90

Encapsulation
Efficiency (%)

77.73 % 80.33 %
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Figure 4. 23 Particle size distribution of RES-NS (A) and OXY-NS (B).

Carbonate-based NSs are characterized by the presence of
stretching vibrations of the carbonyl group at 1743 cm™ (figure
4.24). Moreover, RES is characterized by the presence of different
FTIR vibrations at 3209 cm® (O-H stretching), 3019 cm™ (C-H
stretching of phenyl ring), 1605 cm™ (C=C stretching), 1322 cm™
(O-H bending). It was observed that RES-NS showed disappearance
of characteristic peaks of RES however, a significant shift was
observed at 3300 cm™ (O-H stretching). Structure of OXY is similar
to the RES thus it also showed similar characteristic vibrations at
3192 cm? (O-H stretching), 3038 cm™ (C-H stretching of phenyl
ring), 1611 cm® (C=C stretching), 1325 cm? (O-H bending).
However, a significant shift was also observed at 3200 cm™ (O-H
stretching) in OXY-NS. The change or shift in the characteristic
vibrations of RES-NS or OXY-NS could be attributed to the formation
of inclusion complex. Physical mixture of both RES and OXY showed
presence of individual characteristic peaks in contrast to the their

respective inclusion complex.
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Figure 4. 24 FTIR spectra of RES, OXY, PM-RES, PM-OXY, RES-NS,
OXY-NS and blank NS.

DSC thermograms of the samples are shown in figure 4.25.
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Figure 4. 25 DSC thermograms of RES, OXY, PM-RES, PM-OXY, RES-
NS, OXY-NS and blank NS.
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It was evident that Blank NSs are thermally stable without any
significant melting transitions. However, RES and OXY showed
prominent endothermic transitions at 266.49 °C and 203.37 °C,
respectively. Moreover, in case of physical mixture of both drug
molecules no change was observed in the endothermic melting.
However, The endothermic melting transitions of RES and OXY were
masked completely in the case of RES-NS and OXY-NS. It might be
because of the possible encapsulation of RES and OXY within NSs.
Moreover, the encapsulation of RES and OXY leads to their
amorphization within the NSs which was further validated by PXRD.

PXRD study was performed to determine the nature of different
samples as shown in figure 4.26. RES and OXY, are crystalline in

nature which was confirmed by PXRD.
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Figure 4. 26 PXRD pattern of RES, OXY, RES-NS, OXY-NS and blank
NS.
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RES showed a sharp and intense diffraction pattern with
characteristic peaks at a 20 angle of 6.61, 16.38, 19.24, 22.38,
23.10, and 28.33. Similarly, OXY also showed sharp peaks at a 26
angle of 14.56, 17.87, 20.30, 21.34, 24.09, and 27.60. However, it
was observed that NSs alone are amorphous in nature. RES-NS and
OXY-NS do not exhibit any intense peaks in their respective PXRD
pattern, which confirmed that RES and OXY were molecularly

dispersed within the NSs resulting in their amorphous state.

The shape and size of RES-NS and OXY-NS were determined by the
TEM (figure 4.27). TEM images confirmed the small and uniform
particle size of RES-NS and OXY-NS. Moreover, TEM results are in
agreement with DLS data (200-250 nm).

(a) (b)

Figure 4. 27 TEM images of (a) RES-NS and (b) OXY-NS.

4.2.2 Release Profile of RES and OXY Loaded NSs

The in-vitro release profile of RES-NS and OXY-NS was studied in
phosphate buffer pH 7.4 as shown in figure 4.28. RES alone showed
very low release even after 90 hours due to low solubility in the
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dissolution media. However, RES-NS showed almost 5-fold (47.74
%) higher drug release. Indeed, the higher release profile of RES-
NS could be attributed to enhanced solubilization and a subsequent

amorphization of RES after encapsulation within NSs.
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Figure 4. 28 The release profile of (a) RES vs. RES-NS and (b) OXY
vs. OXY-NS.
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In contrast, a rapid and uncontrolled release profile was observed
with OXY in which equilibrium was achieved within a few hours.
However, OXY-NS exhibited a slow and uniform release profile
compared to OXY alone. No bust effect was observed with OXY-NS
with nearly 60 % of drug release in the first 24 hours. A slower
release of OXY might be due to encapsulation of drug which leads
to strong complexation within the NSs. Moreover, Both RES-NS and
OXY-NS showed a slow and consistent release profile without an
initial burst effect which can be helpful to decrease dose-related side

effects.

The release profile of RES-NS and OXY-NS was fitted with different
release kinetic models to demonstrate the mechanism of drug
release as shown in table 4.4. The release profile of RES-NS and
OXY-NS was best fitted to Higuchi-Connors release kinetics models
which indicates that RES and OXY were released from the NSs by
the means of diffusion. It is well reported that diffusion acts as

driving force to release the drug from the NSs.

Table 4. 4 Release kinetic models for RES-NS and OXY-NSs.

RES-NS OXY-NS
Models

R2 R?
Zero Order 0.904 0.9311
First Order 0.9596 0.9136
Higuchi-Connors 0.9852 0.9828
Korsmeyer-Peppas Model 0.6052 0.7076
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4.2.3 Photodegrdation Study

RES and OXY both are photosensitive drug molecules and undergo

degradation after exposure in UV-light (figure 4.29).
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Figure 4. 29 Photodegradation study of (a) RES vs. RES-NS and
(b) OXY vs. OXY-NS.

RES and OXY alone were directly exposed to UV-light that lead to
their degradation up to 59.7% and 27.5%, respectively within 15
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minutes. Moreover, RES-NS and OXY-NS showed lesser degradation
compared to respective drugs alone. RES-NS showed two-fold and
OXY-NS showed three-fold protection from degradation after UV-
exposure. Indeed, it was evident that encapsulation of RES and OXY
within the NSs provides protection from degradation by preventing

the exposure of drugs to the UV-light.

4.2.4 DPPH Assay of RES and OXY Loaded NSs

RES and OXY also exhibit antioxidant property which was
determined by their inhibition potential against DPPH. DPPH accepts
protons or electrons from the antioxidants and this leads
discoloration of the DPPH. Antioxidant activity of RES and OXY can
be measured quantitatively by determining the change in the
absorbance values of DPPH compared to control. DPPH inhibition of
RES, OXY, RES-NS, and OXY-NS is shown in figure 4.30..
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Figure 4. 30 DPPH inhibition activity of (@) RES vs. RES-NS and (b)
OXY vs. OXY-NS. ** p < 0.01 and *** p < 0.001.

It is clearly evident that OXY showed better antioxidant activity than
RES alone which could be attributed to the presence of an additional
hydroxyl group in OXY which helps to stabilize the DPPH free radical
Moreover, RES-NS and OXY-NS showed significant improvement in
the antioxidant activity compared to individual drugs that might be
due to high solubilization potential of the NSs by which RES and OXY

readily provide protons for the reaction with DPPH.

4.2.5 Anticancer Activity of RES and OXY Loaded NSs

The cytotoxicity of RES-NS and OXY-NS was confirmed against DU-
145 prostate cancer cells. Cells were treated with increasing
concentrations of the different samples over a period of 96 hours as
shown in figure 4.31. It was observed that all the samples exhibited
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a dose-dependent increase in the cytotoxicity. Moreover, RES-NS
and OXY-NS showed higher toxicity compared to RES and OXY
alone. A significant difference (p<0.05) of cytotoxicity in-between
RES-NS and RES was observed after 96 hours at the concentrations
of 25, 50 and 100 uM, respectively. Furthermore, OXY-NS showed
significant cytotoxicity (p<0.05) compared to OXY alone at the

highest concentration.

The cytotoxicity of the blank NSs was determined after 96 hours and
it was observed that NSs alone are safe and do not exhibit any toxic
effects. The low particle size and high solubilization of RES and OXY
within the NSs that leads to change in the physicochemical

properties could be responsible for the high anticancer activity.
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Figure 4. 31 Cell cytotoxicity study of (A) Blank NS, (B) RES vs. RES-
NS, and (C) OXY vs. OXY-NS after 96 hours. *p<0.05.
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4.3 Determination of Encapsulation Constant of the NSs and
Activity Against Colon Cancer by OXY Loaded NSs

4.3.1 Encapsulation Constant of the NSs

The encapsulation constant of NSs is usually determined by phase
solubility diagram. However, there are certain drawbacks associated
with this method such as necessity to determine the molecular
weight of the polymer and assuming that no water-soluble molecule
that will form complex with insoluble NSs will be solubilized. Indeed,
solubility enhancement is limited which might be due to the fact that
total complexation capacity of the NSs is not determined because it

is insoluble in nature.

For these reasons, we tried a better model to determine the
encapsulation constant. The increasing concentrations of OXY were
mixed with 1 % B-CDI 1:4 NSs and incubated for a period of 48
hours. The effect of NSs on the OXY concentrations is shown in
figure 4.32. A graph was plotted in between 1/(A-A0) vs 1/[OXY] to
determine the decrease in the OXY concentration due to
encapsulation and precipitation. A Krapp value was calculated as
described in material and methods which was around 3917.89 +/-
392.79 M1, Other NSs were also tested in a similar manner and Krapp
value was determined (Table 4.5). A high correlation coefficient (R?)
suggests a homogeneous complexation power between all the

available cavities.

Moreover, among the a-, B-and y-CDI 1:4 NSs, a- and y-CDI 1:4
NSs showed similar and lower Krapp values compared to p-CDI 1:4
NSs. It might be due to the availability of inadequate number of
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cavities for the complexation of OXY, as natural CDs. B-CDI 1:4 NSs
were used for further study due to the better complexation

efficiency.
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Figure 4. 32 Effect of increasing OXY concentration on absorbance
at 48 h with 1% of B-CDI 1:4 in water at 25 °C. Insert. Benesi-
Hildebrand plot of OXY complexed to B-CD-CDI 1:4. The B-CDI 1:8

nanosponge showed the highest Krapp, perhaps due to its higher

number of CDs per gram.

Table 4. 5 Apparent Keapp (M), SD (+/-) values and correlation

coefficients for OXY/CD complexes at 25 °C in water.

Guest CDNS Kapp SD R?

OXY B-CDI 1:4  3917.89 392.79 0.99
0).44 B-CDI 1:8 5575.52 560.55 0.98
OXY a-CDI 1:4 1595.08 155.51 0.99
OXY v-CDI 1:4 1718.64 173.86 0.99
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4.3.2 Physicochemical Characterization of the OXY Loaded NSs

CDI-NSs are characterized by the presence of carbonate peaks
which was observed at 1746 cm (figure 4.33). OXY alone showed
characteristic peaks at 3192 cm™ (O-H stretching), 3038 cm™ (C-H
stretching of phenyl ring), 1591 cm™ (aromatic C=C stretching).
Moreover, Major characteristic peaks of OXY were masked with NSs.
The aromatic stretching peak was also observed with OXY loaded
NSs with lower intensity might due to the possible encapsulation of

OXY with nanosponges.

0.25

0.20 A

Abs

1000 2000 3000 4000

Figure 4. 33 FTIR spectra of OXY, B-CDI 1:4 and OXY-loaded B-CDI
1:4. Legend: (—) OXY, (***) B-CDI 1:4 and (*——) OXY loaded -
CDI 1:4.

DSC method can be used to evaluate the formation of inclusion
complex and it can be differentiated with the physical mixture of the
same components. The disappearance of the characteristic

endothermic melting peak is considered as the formation of the
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inclusion complex. DSC results of B-CDI 1:4 NSs, OXY and OXY
loaded NSs are shown in figure 4.34. B-CDI 1:4 NSs showed an
endothermic peak at 100 °C, due to evaporation of the water.
Moreover, NSs are found to be stable and no melting or degradation
was observed. OXY alone showed endothermic melting peak at
199.94 °C, which was completely masked in the DSC thermogram
of OXY loaded NSs. These findings suggest encapsulation of OXY
within the NSs. The disappearance of the endothermic melting peak

could be the result of the amorphous state of OXY.
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Figure 4. 34 DSC thermogram of OXY, B-CDI 1:4 and OXY-loaded
B-CDI 1:4. Legend: (—) OXY, (***) B-CDI 1:4 and (*—'—") OXY loaded
B-CDI 1:4.

The thermal stability of the OXY, NSs, and OXY loaded NSs was
determined by TGA study (figure 4.35). TGA of blank NSs showed
two degradation peaks (possibly due to different intramolecular
binding strengths) with a mass reduction of 79.29 %. Moreover,
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OXY alone showed early degradation starting after 200 °C.
Furthermore, OXY degradation was shifted towards the higher
temperature in case of OXY loaded NSs and the presence of OXY
not only decreased the mass reduction (69.62%), but the two
degradation peaks of NSs became one. Such observations lend

weight to the complexation.
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Figure 4. 35 TGA curves of OXY, B-CDI 1:4 and OXY-loaded B-CDI
1:4. Legend: (—) OXY, (***) B-CDI 1:4 and (*——) OXY loaded -
CDI 1:4.

4.3.3 In-vitro Drug Release Profile

The in-vitro release profile of OXY loaded NSs was determined in
physiological buffer pH 7.4 and pH 5.5. Samples of OXY were
collected and analyzed to determine the % OXY release over the

period of experiment (figure 4.36).
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The release profile of OXY loaded NSs showed slow and consistent
drug release for more than 80 hours. OXY loaded NSs showed 45 %
and 39 % of drug release at pH 7.4 and pH 5.5, respectively within
12 hours. A slow and uniform drug release profile could be attributed
to the the formation of inclusion complex of OXY with NSs due to

the presence of CD cavities.

These data represent a good approximation to real release
conditions and confirm the potential of B-CDI 1:4/0XY complexes

for nutraceutical applications.
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Figure 4. 36 In-vitro release profile of OXY or complex at pH 7.4 and
5.5 at 37 °C. Legend: (A) OXY loaded B-CDI 1:4 at pH 7.4 and (A)
OXY loaded B-CDI 1:4 at pH 5.5.

4.3.4 In-vitro Digestion Study of OXY

To determine the bioaccessibility of OXY from OXY loaded NSs after
digestion in simulated gastric media, in-vitro digestion study was
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performed for OXY and OXY loaded NSs (figure 4.37). It was
observed that OXY amount was reduced to 89 % after digestion in
stomach media while high amount of OXY was observed with OXY
loaded NSs. Later, amount of OXY alone further reduced to 75 % of
the initial amount after digestion in intestine media. However, OXY
loaded NSs showed an increase in the concentration of the OXY (154

% of initial value) by the end of the digestion step.

When the ratio (r) of OXY in the soluble part, between CD-NS and
free OXY, was calculated, the initial amount of OXY in the free
sample was higher than in the complexed sample (r=0.6) this is
because a part of OXY is loaded in CD-NS in the insoluble part.
However, after the intestine step the complexed OXY was released
from CD-NS, perhaps by the displacement due to bile salts changing
the ratio (r=1.3) and increasing the OXY for absorption.
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Figure 4. 37 Relative abundance of OXY after stomach and intestine
digestion without (black) and with (gray) CD-NS. The data are

normalized using initial OXY abundance.
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Although the initial bioaccessibility of the free OXY sample was
better than that of the complexed sample in the intestine step, the
release of OXY from CD-NS and its additional protection increased
these values suggesting that CD-NS complexation could be a good

option for OXY administration.

4.3.5 Activity of OXY Against Colon Cancer

We compared the ability of OXY solution and OXY loaded NSs to
inhibit the growth of different colon cancer cell lines in vitro. Cells
were incubated for 72 hours and it was observed that OXY-NS
always inhibited cancer cell viability to a higher extent than OXY.
Indeed, OXY alone induced a small inhibition of HT29 viability only
at the higher concentration, being ineffective against the other cell
lines. Instead, OXY loaded NSs effect was concentration-dependent
with the high difference among the different cell lines, being HT29
(figure 4.38) more susceptible than HCT116 (figure 4.39). The
viability inhibition at the higher concentration was 79+3%, and
55+4% for HT29, and HCT116, respectively. Furthermore, Blank NS
does not give any significant toxicity compared to OXY-NS. Against
both types of cancers, OXY loaded CD-NS presented better results
than free OXY. These data suggest a slower release of OXY from
the complexes than from the free drug, which is a desirable
characteristic. In general, the complexation of drugs provides higher
or would provide consequent changes in the physicochemical
properties of OXY. In this case, they might be responsible for the
higher toxicity towards cancer cells.
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Figure 4. 38 Cytotoxicity of OXY, OXY-NS, and NS alone on HT29
cell lines. ** p<0.01; OXY vs. OXY-NS.
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Figure 4. 39 Cytotoxicity of OXY, OXY-NS, and NS alone on HCT116
cell lines. ** p<0.01; OXY vs. OXY-NS.
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4.4 Stimuli-responsive Drug Delivery System of Resveratrol

4.4.1 Physiochemical Characterization of the GSHNSs and RES-
GSHNSs

GSH-responsive nanosponges were prepared from pyromellitic
dianhydride and 2-hydroxyethyl disulfide as crosslinker. A schematic
of the structure of the GSHNSs is shown in figure 4.40.
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Figure 4. 40 Structure of the GHSNSs.

We first performed an elemental analysis to characterize unloaded
(blank) GSHNSs. The elemental analysis confirmed the presence of
disulfide groups in the nanostructures. Additionally, CHNS analysis
demonstrated carbon and hydrogen contents of 54.42% and 5.33%,
respectively. The sulfur content was 0.75 %. However, it was lower
than the expected value of 0.97%, suggesting that 2-hydroxyethyl
disulfide has less reactivity as crosslinking agent than pyromellitic

dianhydride.
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The solubilization of RES alone and in the presence of nanosponge
(GSHNSs) is shown in figure 4.41. The aqueous solubility of RES was
0.04 mg/mL and the encapsulation of RES with GSHNSs leads to 5-
fold enhancement of the aqueous solubility of RES. The
enhancement in the aqueous solubility of RES could be attributed to
the encapsulation in the CD cavities and interstitial spaces of the
NSs.
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Figure 4. 41 Solubilization of the RES with GSHNSs. (***p<0.0001).

RES loaded GSHNSs were prepared by taking a different weight of
drug into GSHNSs. Weight ratios of 1:2, 1:4, and 1:6 (w/w) were
used. The drug loading of RES was 9.95 % at 1:2 w/w, 16.12 % at
1:4 w/w and 13.72 % at 1:6 w/w. A significant difference (p<0.05)
in the drug loading was observed between 1:2 w/w and 1:4 w/w for
RES. However, no significant difference of drug loading between 1:4
w/w and 1:6 w/w was observed, probably it might be because of

the achievement of the saturation solubility of RES.

As per the drug loading data, RES loaded GSHNSs (1:4 w/w) were

selected for the further studies. The average particle size and zeta
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determined as shown in Table 4.6.

loaded GSHNSs were

Table 4. 6 Physicochemical properties of GSHNSs and RES-GSHNSs.

Properties GSHNSs RES- Fluorescent
GSHNSs GSHNSs
(Blank)

. . 1 0.
Particle Size 190.7 + 0.60 2063 + 0.43 200 £ 0.80
(nm)

PDI 0.20 + 0.01 0.24 £ 0.005 0.20 £ 0.005
i -30.4 £ 0.

Zeta Potential 342 +140 -292 +1.78 30.4 £ 0.64

(mv)

Encapsulation 80.64 % -

Efficiency (%)
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The particle size distributions of GSHNSs, RES loaded GSHNS, and
Fluorescent GSHNSs (C-6) are shown below:
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Figure 4. 42 Particle size distribution of GSHNSs (A), RES loaded
GSHNS (B), and Fluorescent GSHNSs (C).
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The characteristic peak of NS was observed at 1743 cm™ because
of the stretching vibrations of the carbonyl group. RES showed
characteristic vibrations at 3209 cm™ (O-H stretching), 3019 cm!
(C-H stretching of phenyl ring), 1605 cm™ (C=C stretching), 1322
cm? (O-H bending). Major characteristic peaks of RES were
disappeared in the case of RES-GSHNS and a significant shift in O-
H stretching was observed at 3450 cm™. It might be due to the
encapsulation of RES within the GSHNSs (figure 4.43). Contrast to
the inclusion complex, in physical mixture (PM-RES) FTIR peaks

remains unchanged.
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Figure 4. 43 FTIR spectra of RES, PM-RES, RES-GSHNS, and GSHNS.

DSC data suggested that Blank GSHNSs were stable and do not
undergo any endothermic transition as shown in figure 4.44. RES
alone showed an endothermic melting peak at 266.49 °C which can
also be seen in physical mixture (PM-RES). However, RES-GSHNS
does not show any endothermic melting transitions because of

possible encapsulation of RES within NSs.
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Figure 4. 44 DSC thermograms of RES, PM-RES, RES-GSHNS, and
GSHNS.

The physical state of all the samples was determined by PXRD

studies as shown in figure 4.45.
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Figure 4. 45 PXRD pattern of RES, RES-GSHNS, and GSHNS.

The diffraction pattern of RES showed crystalline structure due to

the presence of sharp and intense peaks at a 26 angle of 6.61,
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16.38, 19.24, 22.38, 23.10, and 28.33. However, the PXRD pattern
of GSHNS alone demonstrated its amorphous nature. RES-GSHNS
does not exhibit any intense peaks in their respective PXRD pattern
which confirmed that the drug was molecularly dispersed in the

amorphous state within the NSs.

Figure 4.46 represents TEM and FE-SEM images of RES-GSHNSs
which confirms uniform size spherical particles. The particle size of
RES-GSHNS obtained with TEM and FE-SEM is in agreement with
the DLS data (180-200 nm).

(A) (B)

Figure 4. 46 Morphology of the RES-GSHNSs (A) TEM and (B) FE-
SEM.

4.4.2 Release Profile of RES from GSHNSs

The in-vitro release profile of RES and RES-GSHNS is shown in the
figure 4.47. A slow and consistent release profile was observed
without an initial burst effect. From the dissolution profile, it was
evident that RES-GSHNS showed higher release compared to RES
alone. RES-GSHNS showed an almost 2-fold higher drug release
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compared to RES alone after 24 hours. A higher release profile of
RES might be due to enhanced solubilization potential of the
GSHNSs. Moreover, more than 5-fold higher drug release was
observed compared to free RSV in the presence of 10 mM GSH that
was further increased with 20 mM GSH. This behavior of the
GSHNSs confirmed the GSH responsiveness of the nanocarrier. The
presence of GSH in the release media causes rapid breakdown of

the nanocarrier which allows the higher release of RES.
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Figure 4. 47 Release profile of the RES and RES-GSHNSs.

4.4.3 Biological Studies
4.4.3.1 Cell Internalization, Cell Viability and Necrosis Study

The data show that there is a difference between internalization in
tumor cells compared to healthy cells. Cell internalization studies
confirmed that fluorescent NSs were localized around the nucleus to
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a greater extent confirming the internalization of the nanocarrier
(figure 4.48).
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Figure 4. 48 Internalization of C-6 loaded GSHNSs in (A) Normal
fibroblast cells, (B) MCF 10A cells (C) OVCAR3 cells, and (D)
MDAMB231 cell lines.
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Our data show that OVCAR3 cells record the highest internalization
rate at each time point considered, followed by MDAMB231 cells.
Indeed, from the comparison it can be observed that the ability of
MDAMB231 cells to uptake NSs is about 25% less than OVCAR3
cells.

On the other hand, we found that fibroblasts internalize coumarin-
6-GSHNSs about 4 times less than OVCAR3 cells and 3 times less
than MDAMB231 cells. Likewise, MCF10A cells show about 10 times

less uptake efficiency compared to their tumorigenic counterpart.

Our data indicate that RES-loaded GSH-NSs promote a great
decrease in cell viability in the tumor cell lines compared to the
healthy ones as shown by the decrease of fluorescence, that was

dose and time-dependent.

Normal fibroblast cells and MCF10A were treated with RES-GSHNSs
labeled with Lysotracker were taken by an endocytic pathway which
was redistributed in the cytoplasm suggested that even at higher
concentrations RES-GSHNSs were nontoxic to the normal cells up to
48 hours, confirming that the delivery occurs in a specific manner
and GSHNSs were not toxic (figure 4.49).

These observations agree with the limited internalization rates of

GSH-NSs previously observed in these cells.
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Figure 4. 49 Cell viability of different cell lines at increasing
concentration of the RES loaded GSHNSs after 24 hours (A), and 48
hours (B).
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By contrast, in OVCAR3 and MDAMB231 cells we found a dose- and
time-dependent reduction in cell viability, as shown by the decrease
of fluorescence intensity. However, this trend was higher in OVCAR3
compared to MDAMB231 cells, accordingly to the uptake capability

described above.

Another confirmation of selective targeting and increased toxicity of
RES-loaded NS toward cancer cells has been given by propidium
iodide staining. Figure 4.50 depicts fluorescence intensity and

percentage of PI positive cells.

In this case, the increase of propidium iodide (PI) positive cells (red
fluorescent signal) indicates the promotion of cellular necrosis. The
data show a dose and time-dependent increase of necrotic mortality
in cancer cells. By contrast, healthy cells do not exhibit necrosis,
suggesting that the differential uptake observed before reflects in a

differential toxic effect.

These studies confirmed that GSH responsive nanocarrier delivers
the drug in a specific manner in the response to intracellular GSH of

cancer cells without affecting the normal cells.
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Figure 4. 50 Determination of the necrotic cells after treatment with

RES loaded GSHNSs at 24 hours (A), and 48 hours (B).
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4.4.3.2 Effect of GSH depletion on Cell Internalization, Cell Viability
and Necrosis Study

To prove that the targeting promoted by GSH-NS was guided by the
intracellular concentration of GSH, we proceeded to treat the cancer
cells with buthionine sulphoximine (BSO), an inhibitor of gamma-
glutamylcysteine synthetase (GSH synthesis inhibitor) and
comparing the internalization rates and the effects on the viability
and toxicity of the NSs between the treated and untreated cells.

We chose to carry out such studies on the cell models that recorded
the highest internalization rates: OVCAR3 and MDAMB231 cells. We
found that both the cancer cells pretreated with BSO exhibited a
significant decrease in the internalization profiles at each time point
and concentration considered, indicating that GSH is crucial to guide
the targeting of the NSs (figure 4.51).

Moreover, it is possible to appreciate that when adding BSO, there
is no substantial differences in terms of internalization rate between
the various concentrations tested in each time point for both cell
models used, suggesting that GSH depletion strongly hampers the
capability of cancer cells to uptake GSH-NSs.
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Figure 4. 51 Comparison between internalization rate in (A) OVCAR3
and (B) MDAMB231 cancer cells exposed to C-6-GSH-NSs
with/without BSO pre-treatment. **** p< 0.0001; ***p < 0.001;
**p < 0.01; *p < 0.05.

Finally, we aimed to demonstrate that our drug delivery system
relies on GSH to release RES and promote the anti-cancer effects
observed which was evaluated by cell tracker blue and iodide

propidium staining.
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Figure 4. 52 Comparison of the mitochondrial vitality in OVCAR3 and
MDAMB231 cells exposed to RES-GSH-NSs for 24h and 48h
with/without BSO pre-treatment. **** p< 0.0001; ***p < 0.001;
**p < 0.01; *p < 0.05.

As shown in figure 4.52, we found that GSH depletion lead to a
significant rescue of mitochondria vitality compared to the trend

observed in cells incubated with the only RES-loaded NSs.
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In line with these findings, we observed a significant reduction of
PI-positive cells in cells exposed to BSO compared to the untreated

ones (Figure 4.53).
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Figure 4. 53 Comparison of necrotic cell mortality in (A) OVCAR3
and (B) MDAMB231 cells exposed to RES-GSH-NSs for 24h and 48h
with/without BSO pre-treatment. **** p< 0.0001; ***p < 0.001.

Taken together, our data clearly demonstrate that GSH depletion by
BSO prevents NSs uptake and consequently resulted in a marked
reduction (on average by at least 3 folds) in RES-mediated toxic

effects in both cancer cell models.
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4.5 Biotin-modified Nanosponges for Active Targeting of

the Therapeutics

4.5.1 Characterization of the Biotin-modified Nanosponges

Ester-based NSs were prepared with PMDA as a crosslinker and
biotin as a targeting ligand (figure 4.54). The post-synthetic
modification of the PMDA-NSs was carried out by biotin with the
help of EDC and DMAP.

- >
p-cD DMSO +
+ Triethylamine DMF, EDC + DMAP
—
ﬁ + ———————
o o RT 45°C for48 H
N
o 0 —
/ \

¢ ° \3/ /\/\ o ' =pCD 1 Pyromellitic Dianhydride % = Biotin

PMDA Biotin Bio-NSs

Figure 4. 54 A schematic of the biotinylated NSs.

The preliminary characterization of the biotin-functionalized
nanosponges (Bio-NSs) was carried out by elemental analysis which
showed the presence of sulfur content which was not available in
the native NSs (table 4.7). It confirmed the presence of biotin with
nanocarrier moreover, the exact amount of biotin on the surface of

the NSs was confirmed by HABA-Avidin assay.
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Table 4. 7 Elemental analysis of the NSs and Bio-NSs.

Sample % N % C % H %S
NSs 0.0 43.09 4.14 0.0
Bio-NSs 5.75 47.85 5.69 0.69

HABA/avidin binding assay is a spectrophotometric method for the
determination of the biotin levels. HABA/Avidin complex shows an
ultraviolet absorption maximum (Amax) at 500 nm. Moreover, the
addition of biotin into the HABA/avidin complex leads to the
displacement of HABA owing to the higher binding affinity of avidin
with biotin. Figure 4.55 shows the UV-Vis spectra of HABA/avidin
complex before and after the addition of biotinylated NSs. After the
addition of the biotinylated NSs, the original reddish-pink
HABA/avidin complex was destroyed and the yellowish complex was
formed. As clearly seen in the figure, UV-Vis absorbance of HABA-
Avidin complex was decreased significantly confirming the presence
of biotin on the surface of the NSs. The concentration of biotin
calculated on the surface of the NSs was 95 nmolL/mL by
HABA/avidin assay.

HABA/Avidin assay confirmed the presence of the biotin on the

surface of the NSs which can be utilized for active targeting.
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Figure 4. 55 UV-Vis absorbance of the HABA/avidin complex and
Bio-NSs.

The solubilization of CUR alone and in the presence of B-CD or Bio-
NSs is shown in figure 4.56. The aqueous solubility of CUR was 1
Mg/mL and it enhanced to ten-fold with B-CD.

X B3 CURin Water
CUR-Bio-NS — B CUR-BCD
B3 CUR-Bio-NS

CUR-BCD el

CUR in Water <+

Solubilization of CUR (pg/ml)
Figure 4. 56 Solubilization of the CUR alone, with B-CD, and Bio-
NSs.

Moreover, Bio-NSs showed more than twenty-fold enhancement in

the aqueous solubility of the CUR. The enhancement in the aqueous
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solubility of CUR could be attributed to the encapsulation in the CD

cavities and interstitial spaces of the Bio-NSs.

The FTIR spectrum of biotin functionalized NS showed a slight shift
in the carbonyl peak from 1716 cm™to a higher value of 1724 cm"
! due to the formation of ester. Moreover, the emergence of two
new peaks at 1648 cm™ and 1532 cm™ respectively, corresponds to
amide-I and amide-II stretching vibration because of the presence
of biotin functionalized on the NSs. The presence of these peaks

confirmed the formation of biotin-functionalized NSs (figure 4.57).

/L
7/

BIO-NS less

1532

__’/—-\—'\
Biotin

: __/.\J\f"‘/\f//\'\..r\~
__——/_\—'\-

gy
7/ T

T T T v T T T
4000 3500 3000 2000 1500 1000

Absorbance

Wavenumber (cm'w)
Figure 4. 57 FTIR spectra of biotinylated NSs.

The FTIR spectrum of CUR was characterized by the presence of
peaks at 3510 cm (Phenolic O-H stretching), 1615 cm™ (Benzene
ring vibrations), 1510 cm™ (C=0 stretching vibrations), 1250 cm™
(C-O stretching) and 1030 * (C-O-C stretching). The FTIR of CUR
and Bio-NS physical mixture (PM) showed an addition of the all the
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peaks of the individual components. Moreover, CUR loaded Bio-NS
showed significant shift in the phenolic O-H stretching vibration and
carbonyl peak of the curcumin. However, other related peaks of CUR

were masked which suggest successful inclusion of CUR within the

NSs (figure 4.58).
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Figure 4. 58 FTIR spectra of CUR, PM and CUR-Bio-NS.

DSC thermograms of NS, biotin, and Bio-NS are shown in the figure
4.59. DSC thermograms of NS suggested the stability over a
temperature range of 30 to 250 °C without any melting transition.
Moreover, Biotin showed prominent melting transition at 232.13 °C.
The biotin melting transition was masked in case of biotin-

functionalized NS as no significant melting was observed.
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Figure 4. 59 DSC thermograms of biotinylated NSs.

The DSC thermogram of CUR showed a characteristic melting peak
at 174.07 °C. Moreover, a physical mixture of CUR with Bio-NS also
showed the melting peak which is related to the CUR confirmed the
presence of non-inclusion complex. However, CUR loaded Bio-NSs
do not show the characteristic melting peak of CUR. The absence of
melting peaks of CUR could be attributed to the possible inclusion
complex formation which leads to change in the physicochemical
property of the CUR (figure 4.60).

It could be concluded that CUR was molecularly dispersed within the
BIO-NSs thus it was easily distinguished from the non-inclusion

complex (physical mixture).
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Figure 4. 60 DSC thermograms of CUR, PM and CUR-Bio-NS.

4.5.2 Release Profile of Curcumin from Bio-NSs.

The in-vitro release profile of CUR alone and CUR-Bio-NS was

studied in phosphate buffer pH 7.4 as shown in figure 4.61.
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Figure 4. 61 Release profile of the CUR and CUR-Bio-NS.
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CUR alone showed very low release and only 11 % of CUR was
released after 24 hours. Indeed, the low solubility of the CUR alone
is responsible for this behavior. However, CUR-Bio-NS showed more
than three-fold higher drug release in the same time period. The
higher CUR release could be attributed to the enhanced
solubilization of the CUR within the NSs that led to the higher drug

release.
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5. Conclusion

In the first project, we demonstrated the synthesis of KYNA loaded
NSs and it was observed that high solubilization and drug loading of
KYNA was achieved with 3-CDNS2. The higher solubilization of KYNA
was obtained because of the encapsulation of KYNA in the
cyclodextrin cavities and porous matrix of NS. The KYNA loaded NS
was characterized by FTIR, DSC, and PXRD which confirmed the
formation of an inclusion complex of KYNA with NSs. The antioxidant
potential of KYNA and KYNA loaded NSs was studied which further
confirmed that KYNA loaded NSs show better antioxidant activity
compared to free KYNA which can be attributed to the change in the
physicochemical property and higher solubilization of KYNA with
NSs. The cytotoxicity of KYNA and KYNA loaded NS was also
evaluated on SHSY-5Y cell lines which demonstrated that KYNA
alone and in the presence of NS does not produce any significant
toxic effect. Moreover, nanosponges alone were found to be non-
toxic. Thus, the above study demonstrated that cyclodextrin
nanosponge acts as a promising carrier for the delivery of KYNA and
can possibly be employed in biological systems for its antioxidant

potential.

In the second project, we illustrated the synthesis of cyclodextrin
nanosponges and the encapsulation of RES and OXY within the NSs
was demonstrated. The inclusion complex formation between RES
or OXY with NSs leads to higher solubilization compared to drugs
used alone. The effect of different weight ratios of drug to
nanosponges on drug loading was studied which confirmed that OXY
and RES showed higher drug loading in 1:4 w/w ratio of drug to
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nanosponge. The inclusion complex formation of RES and OXY was
confirmed by FTIR, DSC, and PXRD. The drug release profile of RES
and OXY suggested the capability of nanosponge to solubilize drug
molecules and extended their drug release in a controlled manner.
It was clearly evident that NSs protect both RES and OXY from the
outer environment to prevent their degradation under UV light.
Antioxidant activity of RES and OXY was further enhanced in the
presence of NSs. Higher cytotoxicity was observed for both RES-NS
and OXY-NS against DU-145 prostate cancer cells, induced by the
change in the physicochemical property of OXY and RES. Moreover,
nanosponges alone were biocompatible without any significant
cytotoxicity. The above findings clearly suggest that nanosponges
can be employed as a delivery vehicle for a variety of drug molecules
to improve their solubilization, stability and to control their drug

release profile.

In the third project, we studied and applied a new methodology to
calculate, for the first time, the apparent inclusion complex constant
(Krapp) between OXY and CD-NSs using UV-Vis measurement and
the Benesi-Hildebrand method with modifications. The Krap, of OXY,
with different CD-NSs, was evaluated showing that the Krapp is
dependent on the type of cyclodextrin, bridges, and type of linker.
The complex OXY/B-CD-CDI 1:4 was studied in vitro with DSC, TGA
and FTIR and its encapsulation efficiency and release behavior were
also studied. An in-vitro digestion showed the capacity of CD-NS to
protect OXY. Finally, in an anticancer study against colon (HT-29
and HCT-116) cell lines, the greater inhibition of cell viability was

demonstrated. The findings as a whole represent the ability of the
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complexation of drugs in CD-NSs and the use of OXY as an

ingredient in nutraceutical products.

In the fourth project, we demonstrated the synthesis and
characterization of RES loaded GSHNSs. It was observed that high
solubilization and drug loading of RES (16.12 %) was obtained. The
inclusion complex formation of RES with GSHNSs was confirmed by
FTIR, DSC, and PXRD studies. In-vitro release profile suggested that
higher solubilization of RES leads to high drug releases in a
controlled manner. Moreover, the presence of GSH in the dissolution
media further suggested that RES was released from the GSHNSs in
the response to GSH. The biological studies were carried out to
demonstrate the effect of RES loaded GSHNSs on different cell lines.
Cell internalization studies suggested preferential uptake of C-6 to
cancerous cells compared to normal cells. The cell viability studies
confirmed that RES is effective against cancerous cells without
affecting the viability of the normal cell lines. Moreover, the staining
of cells with propidium iodide confirmed that the death of cancerous
cells while no effect on the normal cells was observed. These studies
supported the view that GSH responsive nanosponges can effective

carriers for the delivery of RES.

In the fifth project, we developed novel biotin functionalized NSs for
the delivery of the CUR. Solubilization studies confirmed that NSs
provided better solubilization of CUR compared to native B-CD. The
presence of biotin on the NSs was confirmed by elemental analysis.
Moreover, the concentration of biotin on the NSs surface was
evaluated by HABA/avidin assay. FTIR and DSC studies confirmed
the inclusion complex of CUR with Bio-NSs. The release profile of
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CUR further suggested the higher drug release compared to CUR
alone due to the higher solubilizing potential of the Bio-NSs. These
studies suggested that NSs can be functionalized with targeting
moieties and can be used to deliver drugs for the desired

applications.
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