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Abstract

With passing time medical field has been improving rapidly, because of incessant new
inventions by researches in this particular field. Presently, nanotechnology has strengthened its
root in all trajectory of the biomedical field with a focused persistence for human healthcare
and together it can be termed as nanobiotechnology. Consequently, it has shown potential in
drug formation, preventing and curing any disease, cancer therapy, drug delivery system, tissue
engineering, MRI contrast agent and many more. Biocompatible and biodegradable
nanomaterials play a noteworthy part in this trait. Currently, porous nanomaterials have
enlightened the tremendous possibilities in the applied field of biotechnology by offering void
space to encapsulate or entrapped particles in it like a nanocargo followed by delivery those
encapsulated particles in the site of interest by a sustained controlled release and after
unloading that nanocargo in physiological condition without leaving any side effects.
Encapsulated particles can be drugs, biomolecules, gene, protein and a range of therapeutics.
From a healthcare point of view, these nanomaterials with characteristic porous structures can
decrease the doses of drugs thereby reducing toxicity occurred due to the therapeutics and also
increase the possibility of bioavailability of therapeutics. Then the challenge occurred with the
size of the nanocarrier along with the size of the pores. Therefore, synthesis of nanomaterials
with all required characteristics as a carrier has become vital. However, polymer nanostructures
are getting additional highlights because of their biocompatible and biodegradable nature but
few metal NPs like silica, zinc oxide, quantum dots, titanium dioxide, iron oxide, etc. have also
proved their efficiency as nanodrugcarrier with small size, rigid arrangements, long shelf life

as well as interact with cellular biomolecules thereby facilitates admittance into the cell.

This dissertation comprises a detail synthesis approach of three types of polymeric and
inorganic nanomaterials with varying sizes, followed by a complete systematic characterization
for the biomedical application. Conventional sole gel techniques, chemical synthesis by using
nanotemplates and surfactant free sonochemical technique have been followed for the synthesis
of nanomaterials with different characteristics such as core-shell, hollow porous and

mesoporous. Three different therapeutic fields have been included in this work for the

xxiii | Page



application purpose of synthesized porous structured nanomaterials and the fields are Malaria,

Immunology and Cancer Therapy.

Malaria is becoming a big threat in human by becoming resistant to almost all available
malaria medications and thereby causing about 216 million cases in 91 countries annually with
445000 deaths according to WHO. There instant proper up gradation in the Malaria treatment
is becoming a very urgent issue. The first part of this dissertation includes the development of
a coreshell nanostructure where different sizes of SiO> NPs synthesized by sole gel technique
have been used as core and PCL polymer formed the outer shell layer. Later the templates Si0>
NPs have been etching out to create a new PCL NC with hollow porous morphological
characteristics. This novel amorphous hollow porous PCL NCs are biocompatible
biodegradable and have a great encapsulation efficiency while loaded with antimalarial drugs
Dihydroartemisinin and Chloroquine and Sulfadoxine. Their antimalarial activities have been
studied with Malaria causing P. falciparum parasitic cell culture where these NCs have
efficiently inhibit the growth of the parasite-infected RBCs compared to free drugs. These NCs
are unique because they can be tuned as a “time temperature clock” module i.e., they can be
tuned with predetermined drug dosses obligatory for the Malaria treatment with an increase of
body temperature due to the infection. This nanodrugcarrier has the potential to control the
release of confined drugs from it as soon as the temperature arises gradually reduces the release
of drug with a gradual decrease in the temperature to normal. Therefore, this unique polymer

based NCs can be used as nanodrug carrier for eradicating P. falciparum growth efficiently.

In the field of nanobiotechnology, nanostructures based on metal have received
importance recently for the formation of vaccines. Moreover, nanostructured with porous
morphology is an excellent candidate in that regard. The second part of this dissertation
included designing of nanostructured ZnO with mesoporous morphology by surfactantfree
sonochemical method. This unique stable mesoporous ZnO NCs showed outstanding loading
efficiency by encapsulating protein Ova. These protein loaded metal oxide NCs have
immunized in mice model to investigate the enrichment of immunological responses. Ova has
worked as an antigen in this regard for improvement in CD8" and CD4" T-cell effector
responses. Antigen-specific IgG levels and IgG2a or IgG2b levels in serum has also increased
when lymph node and serum of Ova loaded mZnO immunized mice have studied. The role of
mesoporous ZnO NCs in enriching the immune response makes it as a good promoter to design
nanovaccines in the field of medicine to prohibit various ailments. Later these mesoporous

nanocarriers have been used to encapsulate antimalarial drugs Dihydroartemisinin,
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Chloroquine and Sulfadoxine and anticancer drugs DOX and paclitaxel and a systematic
sustained controlled drug release pattern can be observed in each drug conjugate
nanoformulations. The cellular level interaction of drugs loaded mZnO NCs with cancer cell
line K562 have been studied where these NCs entirely deformed the malignant cell structures

and thereby proved their efficiency as a drug carrier.

With the development of biomedical field, the therapeutic field Cancer has also
developed. A part of credit can be claimed by the involvement of nanotechnology in this
particular medical field with new innovative researches to avoid complications related to the
treatment. The third part of this dissertation includes engineering of a core-shell nanostructure
with mesoporous ZnO NCs as a template and polymer PCL as coating layer where 2-3
templates were coated by a polymeric shell. Later these temples were etched out by leaving
pores in the polymer nanostructures. This amorphous NC is biocompatible and biodegradable
in nature with a great drug encapsulation efficiency. Biocompatibility of this NCs with the
templates as well as without templates were investigated with two different breast cancer cell
lines MCF 7 and MDA-MB-231 respectively. The drug Paclitaxel has been used to load inside
the NCs pores and cell inhibition assay have been conducted by using MCF 7 and MDA-MB-
231 where drug loaded with NCs performed more malignant cell inhibition property compared
to free Paclitaxel drug. Moreover, this nanocarrier showed lower IC50 compared to free drug.
Thus these polymer-based nanodrug carriers can decrease the toxic drug doses thereby

reducing side effects and also can increase the bioavailability of therapeutics.
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Chapter 1

Introduction and Literature Review

1.1 Introduction

A few decades ago the term “Nanotechnology” itself was unfamiliar to the world. In
1959, a talk delivered by prominent physicist Richard Feynman about the possibility of
manipulating and controlling smaller scale [1] had exposed the research platform for
nanotechnology. Later, rapid research works have been started and still going on in the field of
nanotechnology. Since then it catches the attention of researchers from all areas of science,
trying to explore nanotechnology field in their concern research field and consequently today
nanotechnology has proved it’s supremacy over all extents of scientific research by
accomplishing a prominent place in science and technology globally. Currently, the most
advanced technology field is nanotechnology and it comprises more or less all scientific
research domains of physics, chemistry, biology and engineering together with their their sub

applied fields.

Presently in biomedical field a lot of research is going on based on the nanotechnology
(popularly known as ‘Nanobiotechnology’) whether to form a drug or to cure any disease or
cancer therapy or in drug, other biomolecules delivery or tissue engineering or MRI contrast
enhancement or in any device making, etc. which are particularly used in this field [2—14].
Since the biomedical field is a very broad area of science and therefore the rapid enhancement
of nanotechnology in this filed makes it challenging to do research in this area. Hence we have
chosen the area ‘drug delivery’ from the biomedical field as the concern research area by

applying the concept of nanotechnology.

This introduction includes a brief summary about nanomaterials and their use in drug
delivery system focusing on inorganic and polymer nanocarriers and also the application of
these nanocapsules (NCs) in immunology. Further, it comprises a brief introduction of the

drugs, protein and cell line used for the work.
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1.2. Nanomaterials

The basic of nanotechnology is the designing of nanomaterials by following different
physical or chemical routes and their applications in appropriate fields. While describing a
nanomaterial, these are materials having the scale of 10°m (nanometer) and size range about
1-100nm in any of X, y and z dimension. These are designed or fabricated to a smaller scale
than atomic level since they possessed more advanced and unique characteristics compared to
their other bulk counterparts of size scale micrometer (um) or millimeter (mm) in all aspects
and hence can have better multidisciplinary applications.

Since, research works on nanotechnology have tremendously enhanced with time,
simultaneously various synthesis techniques for the production of the nanomaterials have also
developed very promptly. Basically, these synthesis techniques have followed two basic routes,
namely as ‘top down approach’ where breaking down the bulk structure to nanometer size
range and ‘bottom up approach’ where self-assembly of atomic or molecular components for
the production of desired nanostructured material [15]. Specifically ‘bottom up approach’ has
followed for designing nanomaterials in this research work.

Further considering the purpose of this research work, category of nanomaterials
production have been limited to inorganic nanomaterials and organic nanomaterials.

(A) Inorganic nanomaterials: When nanomaterials are synthesized from metal,
semiconductors and metal oxides those nanomaterials are categorized as inorganic
nanomaterials. Metal oxide NPs have been chosen for synthesis for particular use in drug
delivery applications in the present research work.

(B)  Organic nanomaterials: When nanomaterials are synthesized from organic materials
like lipid or polymers those nanomaterials are categorized as organic nanomaterials [16]. Since
polymeric NPs are the most appropriate candidates for several applications in biological
domain, therefore, polymer NPs have been chosen to synthesis for particular use in drug

delivery applications in the present research work.
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Organic

Figure 1.1. Schematic representation of the fields involved in the current dissertation work.

1.3. Drug delivery system

Drug delivery is a most frequently used term in the field of biomedical. Like the term
depicts, the approach or system where administrating a drug or therapeutic compound within
the human or animal body with respect to the desired safety purpose to the site of action is
termed drug delivery system. Exclusively, it focuses on both dosages of drugs and the drugs

administration routes.

While focusing on drug delivery, the key concern goes to the drug administration routes
by which drugs are transporting within the organs as per requirement of the therapeutic
condition. Further, this system can be classified into two categories as conventional drug
administration approach and novel drug administration approach. The conventional approach
of drug administration comprises of a number of approaches mainly, oral i.e., via the mouth
(also is the most common path), injection (injecting by a needle), transdermal i.e., via skin
[17], nasal via nose [18] etc. However, these approaches further include few more drug
administration paths by following injecting drugs or other pharmaceutical products through
sublingual (via tissues present under the tongue), buccal (via oral mucosa), rectal (via the
rectum), intravenous (via veins), intramuscular (via muscles) [19-22]. However, till date
conventional approach of drug administration is widely followed worldwide still, it has many
disadvantages which lead to the development of more advanced as well as up-to-date drug
administration approach is intended for the betterment of mankind. Few limitations can occur

as a result of the conventional doses of drugs administrated by conventional paths are
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mentioned here such as, (1) lesser dose interval which gives less bioavailability, (i1) maintaining
the drug concentration inside the body become more challenging due to immediate release of
drug once the dose is given, (iii) interval of giving doses have shorter half-life than the drug
itself and thus resulting increased other side effects to the patient like irritations, discomfort,
inflammations to the applied area, (iv) problems associated with drug degradation, (v) poor
drug permeability through cell walls, (vi) toxicity of the drugs, (vii) enzymatic degradation of
few drugs and also (viii) few drug administration paths as well as drugs are very expensive and

not cost efficient for general people to take repeated number of times for optimal result.

Hence, to overcome all these limitations of the conventional drug delivery system, as
stated earlier, the requirement of a nonconventional or novel drug administration approach
arises using most improved, modern technologies and design less toxic, biocompatible
formulations. It can also provide the solution of problems allied with doses of existing drugs
with the concept of controlled, sustained as well as targeted drug delivery/release path. These
modes of drug release systems are specially designed to obtain more bioavailability of existing
drugs and to acquire the desirable therapeutic effects by decreasing quantity of doses for longer

period of time.

Conventional drug
release profile

Control drug release profile

Sustained drug

release profile ~ Therapeutic concentration range

Concentration

Time —

Figure 1.2. Comparison of three drug delivery mechanisms.

During the controlled drug release or delivery, the concentration of the drug is made

persistent in the blood flow throughout the treatment period for a predetermined extent of the
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time period and the release of drug is also predetermined. In sustained release or delivery of
drug, the interval of the time period of drug dose is constant throughout the treatment period
for an extended time [23,24]. With the advanced techniques from last few years, bioengineers
are constantly trying to combine these both drug release systems by achieving required
therapeutic response below the toxicity level which can arise because of an overdose of the
applied drugs as like conventional drug delivery system. Targeted drug delivery is the current
achievement in the biomedical fields which can direct drugs or other therapeutic substances
towards the affected or desired area of interest and thereby helps to protect the other uninfected
area of the body from the harmful side-effects of drugs [25,26]. The great example can be the
cancerous tissues, where the whole body is going through severe side effects during the
treatment. The chief mechanism behind these modes of drug release can be diffusion,

dissolution, degradation, osmosis and also based on ion affinity.

Further to improve the mechanism of drug and other therapeutic substances delivery to
the desired sites of action certain carriers are required which are known as drug carriers or drug
vehicles. With the advancement of nanobiotechnology, these nanodrug carriers are able to seek
all the attention of researchers to solve various problems concerned with biomedical science.
There are some benefits to use NPs as the nanodrug carriers over other drug carriers. Size is
the biggest advantage of these NPs and additionally, biocompatibility, stability, efficiency,
unique drug release pattern of each NP, site specific targeted drug delivery as well as their very

fast growth in the research helps to find new development in them, in a regular basis.

A brief introduction about some nanocarriers is mentioned here, i.e., liposome, micelle,

dendrimers, hydrogels, nanospheres, quantum dots, nanorods, NCs etc.

Liposome formation occurred due to the self-assembly of colloidal lipid substances in
a spherical pattern in the aqueous medium. It composed of lipid bilayers where hydrophilic part
of the first layer has made a thick shell and the hydrophobic part of the second layer got attached
to the hydrophobic part of the first layer by forming a hydrophilic core. Thus it can encapsulate
water soluble therapeutic agents inside it safely. These liposomes take the drugs to the cell
either releasing the drugs by attaching to the cell membranes or be taken up by cells followed

by open up to liposomes by releasing drugs to the cells (in case of phagocytic cells) [25,27].

31|Page



Hydrophilic drug

DNA/RNA/SIRNA
Brush regime
(High PEG density)

Targeting ligand | A )

% Protein
? Antibody
0RAG Peptide
_____ , e i “. Carbohydrate

W smal molecule

Surface-
conjugated
drug

Mushroom regime {‘

(Low PEG density)
Hydrophobic drug

i Crystalline drug

Figure 1.3. A schematic representation of the Liposome with different therapeutic agents inside

its aqueous core as well as on its hydrophilic surface [28].

Micelle formation is also occurred because of the self-assembly or aggregation by
hydrogen bonds of amphiphilic polymers in an aqueous medium forming a hydrophilic shell
and a hydrophobic core formed by the hydrophobic part of the polymer structure. Hence, drugs

and other biological substances can load inside it safely for drug delivery [27,29].
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Figure 1.4. Schematic representation of functional block copolymers Micelles [29].
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Dendrimers are branched nanostructures made up of synthetic biodegradable globular
molecules [25]. Different kinds of therapeutic agents, antibodies, functional groups etc., can be
attached to the specific branched structure of dendrimers and hence showed its potential as an
efficient platform for drug delivery. These branched structures can also be used for the trans-

membrane transport as well as gene transfer.

Conjugated drug on surface Conjugated drug into cavity
(exposed) (back-folded)

Encapsulated drug
into cavity - ‘_.D.

‘.: Targeting

L3 ligand

T1

Imaging agent a bs B
H -

Complexed drug on surface

Figure 1.5. A schematic representation of Dendrimer for therapeutic application [30)].

Macroscopic scale Mesh scale Molecular and atomistic scale

Macroscopic hydrogel Non-porous structure Meshes Polymer—drug interactions

Gel size

Porous structure  >_
S P w2
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Figure 1.6. A schematic representation of Hydrogel with decreasing size and porous structure
[31]. At the molecular (or atomistic) scale, therapeutics can be incorporated with the polymer

chains via a covalent linkage.
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Hydrogels or nanogels are formed by 3D cross linked polymer networks possessing
hydrophilic properties. Therapeutic substances are loaded into the pores present in the matrix
of the gel [25]. About 70-90% water content structure of sydrogels makes them resemble with
the structure of tissues and thus makes it a biocompatible drug carrier for encapsulating drug
molecules with hydrophilic nature. However, after functionalization of the surface of the
hydrogel, they are utilized for the delivery of hydrophobic drug molecules. The crosslinking of

the polymer network gives them a solid structure with good mechanical strength.

Quantum dots are semiconductor nanocrystals with 1-10nm in size have unique
fluorescence property by which it can help in imaging purpose [25]. Quantum dot by itself or
functionalised with other complexes can be used as drug carriers also [32]. Amphiphilic
polymers can be functionalised over the quantum dot by considering it as the inorganic core
which serves to embed molecules of imaging contrast agents and also hydrophobic drug
molecules. Whereas therapeutic agents with hydrophilic nature (like siRNA, oligodeoxy
nucleotide i.e., ODN etc.) as well as bioligands (like antibodies, peptides, inhibitors etc.) can

be immobilized to the hydrophilic polymer shell over quantum dot [33].
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Figure 1.7. A schematic representation of multifunctional polymer encapsulated Quantum dot
(where hydrophobic therapeutic agents can be entrapped inside the hydrophobic core whereas
hydrophilic therapeutic compounds can be attached to the outer polymer coating layer) [33]
and PEG functionalized gold Nanorod for platinum delivery [34].

Nanorods are rod shaped nanostructures of inorganic materials and semiconductors
with nanometre range diameter. All therapeutic substances are loaded on the surface of this
NPs for drug delivery purpose. Bioinert, nontoxic Gold nanorod structures possess extended
circulation time period in vivo thereby increase the percentage of nanostructure accumulation

inside the tumors and also they are used for near infra-red imaging due to their excellent optical
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property, gene delivery etc. Moreover, nanorods can be functionalized with polymers to

enhance the efficiency of drug delivery [34].

Nanospheres are NPs with nanometer size and spherical in shape. This nano drug
carrier is used to absorb, encapsulate drug molecules inside its polymer matrix as well as
attached pharmacological agents on the surface of the nanosphere to prevent from chemical
and enzymatic degradation of the therapeutics inside the cell [35]. These nanostructures possess
either amorphous or crystalline nature. Hydrophilic polymer PEG, Poloxamine nanospheres

have been used to target tumours [36].

Nanocapsules are also made up of either inorganic or polymeric nanostructures with
spherical in shape and drug molecules can be inserted inside the solid/liquid core by a
protective outer membrane made of polymer nanomaterials while the hollow core offers great
opportunities for encapsulating different therapeutics [35]. Porous NCs of PCL polymer have
been used to encapsulate siRNA for enhanced siRNA transfection on HepG2 using EGFP

(enhanced green fluorescent protein) [37].

Drug conjugated

Drug encapsulated

Polymer matrix

Drug dispersed

Polymer shell

Drug adsorbed

Nanosphere Nanocapsule

Figure 1.8. A schematic representation of drug interaction with Nanosphere and NC for drug

delivery system [35].

1.4. Mesoporous nanocapsules for drug delivery applications

When nanomaterials possess features like pores/cavities in their structure then they are
acknowledged as porous nanomaterials. There may be one or more pores occur in individual
nanostructure. Subsequently, in the post discovery era of porous nanomaterials, where it has
brightened up tremendous possibilities of porous nanomaterials in the applied fields. Again,

according to the size of the pores i.e., the diameter of the pores, the nanomaterials are classified
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into three categories such as, microporous nanomaterials having pore width less than 2nm,
then mesoporous nanomaterials having pore width in the range of 2nm to 50nm and
macroporous nanomaterials having pore width greater than 50nm [38]. The main benefit of the
extensive use of microporous and mesoporous nanomaterials in various applications from past
decades, is their nanoscale range pore width. Therefore, our main interest also lies in
mesoporous NCs (pore width approx. 2nm-50nm) as a delivery vehicle for biomedical

applications.

1.5. Inorganic metal oxide: Zinc Oxide (ZnO)

A well-known inorganic metal oxide is Zinc oxide nanopowder. It has molecular
formula ZnO and molar mass 81.40g/mol. It possesses a melting point is 1975°C and boiling
point is 2360°C. Its physical appearance is white solid powder without any odour. It is insoluble

in aqueous medium, can dissolve in acidic (very slow) and basic medium.

ZnO nanopowder has a vast range of applications in nanotechnology. This nanopowder
exhibits some remarkable properties like UV-filtering, antibacterial, antifungal as well as anti-
corrosive [39]. Synthetically produced ZnO nanopowders have various commercial utilizations
like optical devices, rubber and plastic industries; glass, ceramics and cement industries;

various paint industries, cosmetics products, lotion and ointment industries [40] etc.

Apart from all these ZnO NPs are also famous as a semiconductor (II-IV type
semiconductor) in the material science field and used as liquid crystal display, energy storage,
and as nanosensor in the electronic field. It possesses some exclusive properties like wide band

gap (3.3eV), high binding energy, high electron mobility and very favorable transparency [41].

The hydroxyl rich surface of ZnO NPs with excellent biocompatible nature made easy
functionalization of other complexes, therapeutics, biological agent to the ZnO surface and thus
they can perform a large number of applications in biomedical domains such as bio-imaging,
delivery of drugs and gene, biosensors etc [32]. The reduction in the size of MNPs to nanoscale
levels predominantly alters the electromagnetic, structural, morphological and chemical
properties, which allows these MNPs to interact in diverse ways with cellular bio-molecules
and facilitates entry into the cells [42]. The MNPs have increased surface reactivity due to the
presence of a large number of atoms at their surface which boost their capacity to be loaded

with therapeutic agents and deliver them to target cells [43].
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1.6. Polymer Polycaprolactone (PCL)

Since a few decades earlier, only polycaprolactone (PCL) has been used in the
biomedical field as a promising platform of drug carrier amongst all other polymers. The
combination of both biodegradable and biocompatible nature makes it favourable for all
biological applications, besides it is correspondingly accepted by FDA (Food and drug

administration) for the delivery of the drug.

O

\[\/\/\)\oh

Polycaprolactone

Figure 1.9. Chemical structure of Polycaprolactone.

Manufacture of PCL is not complicated, inexpensive and one of the oldest most used
polymers from the time of its synthesis since around 1930’s [44]. PCL belongs to the polyester
family and can be synthesized by following the ‘‘ring opening polymerization’’ route of -
caprolactone by the utilization of a catalyst of nature either cationic, anionic or pseudo anionic
(coordination-insertion) [45].

Few unique properties made PCL preferable over other biodegradable polymers, like
viscoelastic property and rheological property [46]. PCL is semicrystalline (with increasing
molecular weight crystallinity decreases) possess low glass transition temperature (Tg about -
60°C), low modulus [47] and low melting point (around 59-64°C). Basically, PCL is a water
and alcohol insoluble polymer. At room temperature, it shows solubility in chloroform,
benzene, cyclohexane, dichloromethane, toluene, carbon tetrachloride etc. and sparingly
soluble in acetone, ethyl acetate etc [48]. The thermal stability of PCL polymer increased in

its composite formulations with other materials.
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1.7. Brief introduction of the drugs/protein used

(A) Chloroquine diphosphate salt (CQDP)

Structure: Molecular formula CisHosCIN3.2H3PO4. This is a member of the quinoline

compound family.
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Figure 1.10. Chemical structure of Chloroquine diphosphate salt (CODP).

Properties: Molecular weight 515.86 g/mol and melting point 193°C. It is soluble in water and

almost insoluble in alcohol, ketone, ether, chloroform etc. It is photosensitive in nature.

Application: Primarily CQDP has extensively used as an antimalarial drug to inhibit the growth
of malaria parasite in blood because of its inexpensiveness, high stability, high efficiency and
less toxic in the body. However, with the improvement of research in the medical field, it has
proved that CQDP has applications beyond malaria cure like, to inhibit cell growth in breast

and lung cancer, antitumor activity, autophagy and apoptosis inhibitor etc [49-51].

(B) Dihydroartemisinin (DHA)

Structure: Molecular formula C15H240s. It is a derivative of artemisinin family.

Figure 1.11. Chemical structure of Dihydroartemisinin (DHA).
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Properties: Molecular weight 284.35 g/mol and melting point of 140°C. It possesses less
solubility in water and showed high solubility in acetone, chloroform and all alcohols. It is
quite unstable in nature. It has less toxicity compared to other artemisinin derivative

combination of drugs.

Application: DHA is used as an intermediate in the formation of other antimalarial drugs
belongs to the family of artemisinin. It is commonly known for the prevention of malaria
infection when combination with piperaquine for commercial use, although it has other medical
importance like CQDP [52-54]. DHA is toxic to cancer cells, active towards

chemotherapeutics and can treat with human melanoma cells.

(C) Sulfadoxine (SD)

Structure: Molecular formula is C12H14N4O4S. It belongs to the drug group Sulfanilamide.

H,N

Figure 1.12. Chemical structure of Sulfadoxine (SD).

Properties: Molecular weight is 310.32896g/mol, melting point 190°C-194°C. It shows
solubility in aqueous medium.

Applications: The combination of SD with drug Pyrimethamine is used to inhibit as well as a
treatment for Malaria infection instigated by P. falciparum when the parasite is showing
resistant to the drug Chloroquine. It prevents bacterial enzyme dihydropteroate syntheses
enzyme activity thereby indirectly prevents the cell growth of P. falciparum and thus
reproduction of the parasite stops [55]. Although SD can be used to treat liver stock, urinary

tract as well as respiratory infection, by combining with other drugs [56].
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(D) Ovalbumin (Ova)

Structure: Molecular formula is CesH105N21023. It is a part of Serpin family of protein and
consists of 385 amino acids. Ovalbumin (Ova) is a glycoprotein and the source of it is chicken

egg white comprising 54% of the total amount of protein.
Properties: Molecular weight is 45kDa.

Applications: Ova is mainly used in immunology as antigen and in vaccination [57]. It is a
very cost efficient, low maintenance, easy to available in large quantity and a stable protein. It
can also be used as a molecular marker in gel electrophoresis calibration as well as in the study

of structures and properties of other proteins.

(E) Paclitaxel (Ptaxel)

Structure: Molecular formula is C47Hs51NOi4. It belongs to the Taxane drug group.

Figure 1.13. Chemical Structure of Paclitaxel (Ptaxel).

Properties: Molecular weight 853.91g/mol, melting point 216°C —217°C. Ptaxel shows

solubility in DMSO, ethanol etc. It is insoluble in water and little bit soluble in aqueous buffer.

Applications: Presently, Ptaxel is a well-known and bestselling anticancer medication for a
number of cancer treatments and also used as a chemotherapic agent. It possesses antitumor
action. For the treatment of breast, pancreatic, lung, ovarian, melanoma, cervical, stomach,
prostate cancer and Kaposi’s sarcoma, Ptaxel drug is widely utilized. It is toxic in nature.

Similar to all other anticancer drugs it also has severed side effect [58,59].
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1.8. Brief introduction of the cell line used

(A) Plasmodium falciparum (P. falciparum)

Plasmodium falciparum also is known as P. falciparum is a member from the protozoan
parasite Plasmodium responsible for the spreading one of the most life threatening sickness
malaria in a human being. Plasmodium comprises altogether four species i.e., Plasmodium
falciparum (P. falciparum), Plasmodium vivax, Plasmodium malariae and Plasmodium ovale.
Among all these four species P. falciparum is the most fatal one for causing more
complications and highest mortality rate. Symptoms of malaria are high fever with chills,
headache, anaemia, diarrhea, muscle ache, vomiting, nausea etc. Through the female
Anopheles mosquito, it is migrated to the human body during the bite of the mosquito [60].
Additionally, the fifth Plasmodium species P. knowlesi which was previously known for
causing infection in animals (macaque monkeys), has found infecting human as well in some

parts of Southeast Asia region, Malaysian Borneo, Singapore and Philippines [61,62].

The life cycle of P. falciparum is considered as a complicated one, where both mosquito
and the human body are included and then parasite goes through differentiation for a multiple
number of times during the whole transmission and infection process. Salivary gland of the
female Anopheles mosquito is the habitat of the sporozoites form of the P. falciparum parasite
which passes to the human body after mosquito bite and directly enters to the blood stream of
the human. Thereafter, these sporozoites attack the hepatocytes, i.e., liver cells by transforming
into trophozoites during next 16 days of mosquito bite. After performing a multiple number of
divisions these parasites produce merozoites of tens to thousands in number and comes out of
the hepatocytes by blasting the cell wall. Further, each merozoite infects erythrocytes, i.e., red
blood cell and performs another round of cell division process and produced around 12-16
number of merozoites within schizont in next 48h which causes the indications of malaria
infection. In the first stage of additional cell differentiation inside erythrocyte, trophozoites
also known as ring stage forms before schizogonic differentiation [63]. After blasting out from
infected erythrocytes, merozoites goes to infect other healthy erythrocytes. Thus infection is
spreading through the human erythrocytes. Some merozoites are only differentiated to
schizonts, some of them participated into sexual cell division by forming gametocytes which
are later collected by anopheles mosquito during the feeding. Male gametocytes performs fast
nuclear division in mosquito midgut by producing flagellated microgametes which later

fertilize female macrogametes and thus generating ookinetes which crosses the mosquito gut
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and enclosed on the outer wall of the gut in the form of oocyst. Rupturing of oocyst produces
around hundreds of sporozoites and accumulated in the salivary glands of the female anopheles

mosquito [64,65].

Merozoites

/ Late Trophozoite

Schematic 1.1. Schematic diagram of the life cycle of P. falciparum with different stages.

The schematic diagram 1.1 represented all stages of P. falciparum life cycle which
started with the invasion of erythrocyte by merozoites of parasites. In the following stage,
parasites appear as a thin ring inside the erythrocyte and because of the shape of the parasite
this stage is considered as ring stage. In the next stage i.e., early trophozoites, parasites develop
trophozoites and on the surface of the host erythrocytes, an electron dense portion appears till
it enters to late trophozoite stage. Then in the early schizont stage, parasites division started to
form merozoites and finally with the completion of 48h in the late schizont stage, merozoites

release due to the outbursts of host erythrocytes.

(B) MCF 7 (Michigan Cancer Foundation 7)

Since the past decades cancer has been occupying the peak position continuously
among all the life threatening diseases globally. Consequently researches on cancer study
becoming most challenging and the great positive accomplishment is in degradation of the

mortality rate by 2% per year including both men and women [66]. When considering all types
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of cancers, breast cancer is the most common occurring form of malignancy in females
worldwide. In modern research, Michigan Cancer Foundation 7 shortly MCF 7, is a well-
recognized, broadly studied and thoroughly characterized epithelial breast cancer cell line
derived from human breast adenocarcinoma. These adherent cells are large enough with 20-25
micron cell size. The growth of this cancer cell line is very slow measuring approximately 30-
40hr. While mentioning about the application of MCF 7 cell line, it is extensively used in cell
culture for in vitro studies. Receptors like progesterone, estrogen as well as glucocorticoid are
expressed by MCF 7 cell line and are sensitive to cytokeratin. Along with its all multiple uses,
MCEF 7 cell line is widely used to estimate cell cytotoxicity study with the help of MTT assay
[67].

(C) MDA-MB-231

Presently, MDA-MB-231 is also a well-studied most commonly used epithelial breast
cancer cell line in medical research. It is derived from a pleural effusion of a metastatic
mammary adenocarcinoma [68] and it is devoid of receptor expressions like oestrogen,
progesterone and human epidermal growth factor receptor 2 amplification (HER2). Therefore,
it was categorized as basal breast cancer cell line initially but later kept in the claudin-low
molecular subtype. MDA-MB-231 is a form of triple negative invasion breast cancer cell line
intermediated by proteolytic degradation of extracellular matrix [69] and having the limited
curing possibility. It appears as endothelial like morphology under 3D culture. It is a recognized
tool in the research of bone metastasis. It is also widely used cell line to estimate cell

cytotoxicity study with the help of MTT assay.

1.9. Immunology

Immunology is a very significant area of biomedical field. Immunology concerns with
the defense system of a multicellular organism (which is the host) against infection causes
because of the exposure of foreign objects which can be any organisms or materials. The
defense system of host organism works for all sorts of properties like physiological, chemical,
physical and any sudden change in these, the defense system becomes activated to fight against
that change. Illness in organism is the result of poor immune system which failed to protect the
body against pathogens. With the constant research and growth in the field of nanotechnology,
it is able to include almost all areas of science in it and even in the development of immunology

also.
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Almost all sort of nanostructured materials are engineered to form immunomodulatory
agents, adjuvants and even vaccines, as nanostructured materials have the advantage of small
size to go to the targeted side and deliver the immunologically active components. Thus with
the involvement of nanotechnology in the field of immunology it can help to improve clinical

outcomes thereby preventing the ailments.

As we cruise into an era of modern vaccines, the use of nanotechnology has open the
platform for researchers to design NPs varying in shape, size, composition and surface
properties [70] for improving efficiency of antigen delivery, antigen immunogenicity by
augmenting antigen processing/presentation, enhancing antigen stability, and sustained

release of antigens [71].

Nanovaccines are virus like NPs being used extensively as therapeutics for the
treatment of various autoimmune diseases as well as degenerative diseases such as
Alzheimer’s, cancer treatment, cardiovascular diseases [72] and nicotine addiction [73—79]. In
European countries, MF59 nanoemulsion is used as a vaccine adjuvant is used against influenza
infection [80]. Different nanostructured particles such as PLGA NPs, polymer based
nanospheres, NCs, hydrogels, liposomes etc. have been widely used by means of vaccines
carriers, antibody immunomodulator agents. In the development of a vaccine, PEGylated
PLGA of size 150-200nm have been designed to encapsulate hepatitis B antigen i.e., HBsAg
[81] and thus it promotes the vaccine antigen uptake as well as induce the production of antigen
specific antibodies in the cell. Currently, nanotechnology has been used to engineer versatile
nanostructured materials to improve immune responses. Recently various NPs have been
engineered to be administered as a prophylactic nanovaccines for the prevention and treatment

of infectious diseases [82] like HIV, influenza and Tuberculosis [83].

In immunology, some other nanostructured materials are also used such as PLGA, PEG,
natural polymers like alginate, inulin and chitosan, liposome-based liposome-polycation-DNA
NPs (LPD) which are coordinated as an adjuvant delivery system for most of DNA vaccines,
virus-like particles (VLPs) [67—69]. Additionally, inorganic and non-biodegradable NPs such
as silica-based NPs (Si NPs), metal-based NPs (MNPs) such as nano-metallic oxides (zinc
oxide, titanium dioxide, iron oxide, and quantum dots), offer many good properties such as
rigid structures, long shelf life and capability to modify immune-stimulatory property of an

antigen [87-90].
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Liposome Oil-in-water emulsion Virus-like particle Synthetic virus-like
particle

Figure 1.14. Nanotechnology applied in immunology (a-c) NPs, (d-f) nanoemulsions and (g
and h) virus-like particles [86].

2. Literature Review

2.1. Malaria parasite P. falciparum resistivity towards antimalarial drugs

Malaria is one of the most life threatening ailment in human which causes annually
about 216 million cases and 445000 deaths across the globe according to WHO [91]. It is an
intermittent fever instigated by protozoan parasites of female Anopheles mosquito bite. Among
the five protozoan malaria parasite species i.e., Plasmodium falciparum (P. falciparum),
Plasmodium vivax, Plasmodium malariae, Plasmodium ovale and Plasmodium knowlesi which

are responsible for causing malaria in human, P. falciparum is the most deadly one.

Currently, to eradicate P. falciparum is becoming the most concerned topic for
biomedical researchers. There are many clinical approaches have been proposed till now to
eradicate P. falciparum infection, among them the array of alkaloids possess antimalarial
properties chosen as treatment like artemisinin-based combination therapy (ACT), CQDP
undermining malaria control efforts and reversing gains in child survival and vector control are
the potent intervention that can reduce malaria. Moreover, Peter ef al. informed that quinine
the first licensed antimalarial drug to prevent P. falciparum, became tolerant to the disease
malaria through the treatment in Brazil in the year 1910 itself [92] and likewise the amount of
drug dose varied from area to area to overturn the infection. In later years, according to Packard

et al., after the development of CQDP in 1930, it took the prime responsibility to eradicate the
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parasitic infection during 1950-1970, although soon it was found out that Southeast Asia (in
1957 Thailand and 1959 Colombia-Venezuela border) took all attention for developing
resistance for this drug, reported in Packard et al. and Farooq et al. [93,94]. Zalis et al. have
also explained that the drug resistance in P. falciparum spread rapidly, it shows resistance for
drug CQDP, which is used as the first-line drug for treatment in most of the epidemic areas
[95]. Farooq et al. have mentioned the development of combination drug artemisinin in the

1990’s due to the gradual growth of lenience towards all established antimalarial treatments

[94].

Consequently, from the research of last decades, it has emerged out the resistivity of P.
falciparum infection towards nearly all available treatments. The report given by Arjen et al.,
suggested the P. falciparum resistance to artemisinin-based combination therapies [96], which
are recommended first-line treatment used for malaria [97]. They selected Thailand-
Cambodian border region for study over 40 patients, where P. falciparum has abridged in-vivo
susceptibility to its treatment by artemisinin. In Mu et al, P. falciparum genome-wide
association study suggested that it is more resistant to drugs and moreover drug resistivity
differs from continent to continents where they have included Asia (Thailand and Cambodia),
America, Africa and Papua New Guinea [98]. They have investigated on 189 P. falciparum
genome, isolated from these different continents to study against seven clinically approved
available antimalarial drugs Dihydroartemisinin, chloroquine, mefloquine, sulfadoxine-

pyrimethamine, quinine, amodiaquine, piperaquine.

It is also noticed that antimalarial drugs enforce strong selective pressure on P.
falciparum parasite and leave a signature of selection in the parasitic genome according to John
et al. and Roper et al. [99,100]. Vreden et al. has reported the presence of Artemisinin
resistance has found > 5 h of parasitic half-life during artesunate monotherapy in Surinam
[101]. Till date no remarkable vaccination is known, only one research vaccine against P.
falciparum is known as RTS, S/ASO1 and is in a clinical trial in 7 countries in Africa and has

been submitted to the European Medicines Agency under art. 58 for regulatory review [102].
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2.2. Nano drug carriers for suppressing malaria infection

The new treatment approach for the malaria infection, via antimalarial drugs has
become an urgent requirement clinically, due to the increased resistance of P. falciparum
against the available treatments. Moreover, extensively used antimalarial drugs like
Dihydroartemisinin (DHA) possess few physical properties like short lifetime, low stability
and also has low bioavailability [103] in its free therapeutic form. Additionally, encapsulation
of antimalarial drugs has become urgency since an overdose of these free drugs are very risky
as they have numerous side effects like gastrointestinal problems, stomach ache, itch,

headache, postural hypertension, nightmares, blurred vision etc.

Jeong et al. and Venkataraman et al., have mentioned that the concept of polymer based
nanomedicine and also the drug delivery vehicles [104,105]. Further, as described by Avnesh
et al. and Mora-Huertas et al., the drugs confined in polymeric NCs increase the stability,

bioavailability as well as the effectiveness of the treatment [106,107].

Till date, many researchers have reported the polymeric antimalarial drug carriers to
suppress the malaria infection across the world. Polyester based PLGA capsules are used in the
controlled delivery of malaria drugs due to their biocompatibility and biodegradability reported
by Fredenberg et al. [108]. However, according to Makadia et al., PLGA can degrade under
hydrolytic conditions due to the hydrolysis of its ester group [109]. Recently, Golenser et al.
reported the rigid block copolymer (PCL-b-MPEG) with artemisin in has been used for cerebral
malaria treatment, but, (i) the polymer used there was not hollow and mesoporous in structure

and (i1) temperature dependent monitoring of doses were not confirmed [110].

According to Foger et al., to date, many NP based research works for antimalarial
activities have been reported such as phosphorothionate antisense oligodeoxyribo-nucleotide
and chitosan based NPs for silencing of malaria but those NPs found are very unstable [111].
B-arteether lipid based NP formulation of curcumin is also reported by Memvanga et al. and
used for malaria therapy [112]. However, because of the poor solubility and bioavailability of
curcumin, this formulation found inefficient to achieve the expected efficiency to overpower

the infection.

Owais et al. explained the use of liposome based drug carrier against the malaria
parasite. They have designed liposome by Egg phosphatidyl choline, cholesterol and

gangliosides where they have attached two mouse monoclonal antibodies MAbsD2 and
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MADbsF10 separately along with antimalarial drug Chloroquine [113] and reported that this
combination of nanocarrier efficiently controls drug susceptibility as well as the malaria
infection. Urban et al., engineered a lipid based immunoliposome with size 200nm to
encapsulate quantum dots further functionalized with P. falciparum specific half- antibodies
against infected RBC’s as well as non-infected RBC’s as targeted delivery nanovector [114].
In the later work, they have checked the liposome based nano vector efficiency with

antimalarial drugs chloroquine and fosmidomycin [115].

Mosqueira et al. reported a formulation involved NCs of an oily core of PLA where
antimalarial drug halofantrine base was entrupted and outer shell surface was functionalized
with grafted PEG chains [116]. Bakker-Woudenberg et al., has reported about PEG-coated
liposome NCs [81] have also been used against parasites, however their short-life in
physiological conditions has become a major concern. Liposome based nanoformulations of
halofantrine has also been studied for malaria treatment and found that due to the uncontrolled
doses of halofantrine, it caused the cardiac side effects (cardiac arrhythmias) explained by
Wesche et al. [118] and it required the correct administration which was explained by

Bouchaud et al. [119].

Jacob et al. has report the antiplasmodial prospective of metal oxide NPs such as Al,Os3,
710, Fe304, MgO and Fe;O4 and later coated by PDDS against P. falciparum infection where
they mentioned coated NPs exhibited superiority as antiplasmodial activity over non-coated
metal oxide [120]. But only PDDS coated Fe3O4 NP has shown a better result than other four
metal oxides by showing low ICso value. However, metal oxide NPs are found not suitable for

abrogating P. falciparum, since they are not biodegradable.

Further, Singh et al. have studied anti-malarial activity by using lipid nanoemulsion of
the size range of 10—200nm combined with Primaquine (PQ) [121]. They reported that this oral
nanoemulsion with antimalarial drug provides low dose and enhanced bioavailability of the

drug in the liver.

Few more recently reported research works for suppressing malaria infection have been

listed in Table 1.
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Table 1. Nanodrug carriers against Malaria infection.

Material

Type of
nanocarrier

Drug used

Purpose

Reference

Poly-¢-
caprolactone
(PCL)

NCs

Artemether
(ATM)

Investigated free drug and
efficiency of drug loaded NCs on
P. berghei infected mice to
improve oral efficacy and to
reduce cardiovascular toxicity.
ATM-NCs have shown a reduced
signal of QT (28%) and QTc
(27%) interval compared to free
ATM during ECG.

Souza et
al. [122]

Poly-¢-
caprolactone
(PCL)

NCs
(~200nm)

Curcumin,
Quinine

Investigated codelivery of both
drugs via  polysorbate 80
functionalized NCs on P.
falciparum and evaluated the
toxicity level of the drugs-NC on
Caenorhabditis elegans. The worm
has shown 30% improved life span
and no effect on reproduction after
the treatment with
nanoformulation compared to free
drugs.

Velasques

etal [123]

Poly-e-
caprolactone
(PCL),
Eudragit®

NCs

Curcuma
aromatic,
Quinine

Developed a set of cationic anionic
based NCs with quinine present in
the oily core composed of
Curcuma oil by changing different
reaction parameters like drugs
conc., precursor conc., amount of
surfactant ~ against P. berghei
infected mice by using polymers
PCL Eudragit® and showed an
improvement in physicochemical
characteristics, drug loading
efficiency with better quinine
photostability.

Gomes
etal [124]

PLA-PEG
diblock
copolymer,
Poly-e-
caprolactone
(PCL)

NCs

Halofantrine
chlorhydrate

Evaluated the toxicity of
halofantrine in cardiovascular
system by encapsulating the drug
in NCs where a drug with PCL NC
has shown better efficiency
compared to the drug with PLA-
PEG formulation in P. berghei
infected mice.

Leite
etal.[125]

Chitosan,
Polyvinyl
alcohol

Solid lipid
NPs
bellow 500
nm

Chloroquine
diphosphate

Developed heparin functionalized
Chloroquine loaded solid-lipid
NPs thereby investigated
efficiency against P. falciparum.

Muga et
al. [126]
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Chitosan NCs Triclosan an | Developed  Triclosan  loaded | Maestrelli
hydrochloride anti-microbic | colloidal chitosan nanocarrier as | et al.[127]
agent an oral delivery system against
malaria P. falciparum infection
and also suggested this chitosan
nanovehicle as a potential carrier
with controlled release of the drug.

Dextran NPs CQDP Developed drug loaded with | Kashyap
Less than Dextran NP which performed | et al.[128]
70nm potential in antimalarial activities

on P. falciparum by depositing in
food vacuoles of parasites as well
as intercellular uptake analysis and
also suggested nanoformulation
can perform prolong drug release
via intravenous drug
administration route.

2.3. Nanotechnology in immunology

The research in the field of modern medicine has attained a new advanced era with the
discovery of vaccines [ 129] by receiving a solution to defeat pathogens against the human race.
However, in spite of this greatest achievement over microbes development of potent vaccines
against several emerging and re-emerging diseases [ 130] continue to be a formidable challenge.
As a result, the limitations such as antigen selection, proper antigen delivery and adjuvant
engineering approaches are used to advance the vaccine development. Nanotechnology has
attained significant importance in the past few decades in the area of biomedical sciences

especially in “nano vaccinology”.

It has been documented by Smith ef al. and Kasturi ef al., that NPs (NPs) have inherent
immunomodulatory functions thereby acting as co-adjuvants, stimulating immunological
reactions. In addition, NPs can be incorporated with other immunodominant structures such as
Toll-like Receptors (TLRs) ligands, cell-targeting moieties or other biologically active
mediators, to enhance vaccine efficacy [86,131]. Kasturi et al. has reported about a NP based
vaccine using PLGA of approximately 300nm sized enclosing the TLR ligands either R837
(TLR7) or MPL (TLR4) or both together with an antigen and found out that antigen and TLR
ligands together in single NP didn’t show much good antibody response like the antibody
responses given by antigen, TLR ligands in separate NPs [131].

50|Page



The NPs enable efficient cross-presentation of peptides [132] and trigger the activation

of APCs like dendritic cells according to Fahmy et al. and Mant et al. [133], respectively.

Metal-based
nanoparticles

Interactions with immune system
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Figure 1.15. Metal NPs interaction in Immune system [134].

Intrinsically, MNPs have been shown to modulate immune responses via TLR
signaling. Lucarelli et al. and Cui et al. have explained that Titanium dioxide (TiO;) and
Zirconium dioxide (ZrO2) NPs were found to regulate TLR 7 and TLR 10 transcripts in human
macrophage U-937 cells and TLR 2 and TLR 4 transcripts in the mouse liver cells [111,112].
However, Petrarca et al. suggested that in spite of several benefits of these MNPs, some of the
MNPs might induce non-specific immunological reactions, cell cytotoxicity, immuno
suppressant and autoimmunity. They may even cause morphological alterations of the
immunologically active tissues which are basically attributed to their physical (size) and
chemical characteristics (through released ions) [137]. It is, therefore, pertinent to carefully
select and effectively engineer the MNPs, which have greater antigen carrying capability
together with immunostimulatory properties for vaccine development.

According to Vigneshwaran ef al. and He et al., a metal oxide such as Zinc Oxide NP

(ZnO) have been widely used for several biomedical applications including bioimaging, drug
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delivery, due to their excellent biocompatibility with human body, non-toxicity, stability and
cost effectively [114,115]. Moreover, ZnO has been well documented as an FDA approved
material as mentioned by Emamifar et al. [140] and has already been shown to have
antibacterial, antifungal and UV protection features. As mentioned by Chang ef al., ZnO NPs
have been proved to induce MyD88-dependent pro-inflammatory cytokines production via a
TLR signaling pathway [141]. Also, Cho et al. reported, multifunctional core-shell NPs
comprising of as core ZnO have been effectively used in DCs based cancer immunotherapy
[142]. Further, elemental Zn has been found to regulate human body growth, bone metabolism,
collagen synthesis and vision and can be easily excreted out from the body through various
routes including sweat and urine thereby reducing the chances of accumulation within the body.
Previous studies highlight that spherical particles larger than 200nm size can be filtered out by
bone marrow, liver, and spleen while particle size smaller than 10nm can be efficiently filtered
by the kidney as reported by Liu et al. [143].

Hence, it has been postulated that the ZnO NPs in the range of 10-200nm might be
considered as an optimal size range for drug delivery. As reported by Paik ef al., and Meier et
al., the formation of hollow, porous mesoporous NCs with precise size have attracted
researchers due to their exclusive capacity for encapsulation of a wide range of biomolecules
including drugs, proteins, nucleic acids together with sustained release of these encapsulated
biomolecules at the target sites with high efficiency [143,144]. Recently, Kupferschmidt ez al.
has reported, mesoporous SiO2 NPs (MSNs) have been shown to efficiently potentiate the
immunological response against an antigen and hence lead to a decrease in the antigen amount
needed for vaccine formulation [146]. Additionally, MSNs have been shown to be an attractive
vehicle for targeted delivery and release of biomolecules such as proteins, peptides, drugs and

nucleic acids reported by Heidegger et al. and Kupferschmidt et al. [147,148].

2.4. Ova protein in immunology

Ovalbumin shortly Ova, is basically a protein extracted from the chicken egg has plenty
of applications in both in-vivo and in-vitro pathways due to its nontoxic, easy availability and
cost efficiency. In immunology, for the analysis of antigen specific immune response, Ova
protein is used as T cell dependent antigen. During the in-vivo study, if there is a condition of
absence of an immune response, the Ova antigen will not cause any toxic effect on the living

organism [149].
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Zhang et al., reported the immunization of Ova antigen in mice model for 10 days where
ova specific proliferation of lymphocyte was inhibited by cathepsin D inhibitor pepstatin A and
thereby suppressed both cellular responses Thl as well as Th2. Their study has revealed the
role of Ova to activate the inhibitor activities as there was no direct influence of the cathepsin

D inhibitor to the function of lymphocyte in-vivo [150].

Sliitter et al., have studied on the efficiency of crosslinker CpG DNA over
tripolyphosphate (TPP) to design Ova encapsulated TMC (N-trimethyl chitosan) NPs and its
capacity to induce Th2 response for antibody response in mice after nasal administration [151].
In another work Sliitter et al. and Keijzer et al., have reported a comparative study of
physicochemical properties of NPs by developing three sets of NPs loaded with Ova such as
PLGA-Ova, TMC (N-trimethyl chitosan)-Ova and PLGA/TMC-Ova in mice for the purpose
of nasal vaccination [152,153]. Compared to other two NPs, Ova loaded TMC has shown a
better immune response after nasal administration [152]. PLGA NPs are efficient to enhance
CD4" T-cell immunoregulatory responses thereby inducing Foxp3 expression present in the

nasopharynx of lymphoid tissue as well as cervical lymph nodes [153].

Rahimian et al. have reported about an Ova antigen polymeric delivery mechanism
where they have developed a spherical polymeric nanocarrier poly(lactide-co-hydroxymethyl
glycolic acid) a hydrophilic polyester of diameter 300nm to 400nm to encapsulate Ova to
dendritic cells in mice by covalently binding fluorescent dyes both to the nanocarrier and the
antigen Ova. Antigen loaded NPs showed efficient CD8" T cells response in lymph nodes than
bare protein antigen [154]. In a similar way, Kim et al. have designed synthetic vaccine
nanomaterial of polymer PGA, 20-70nm in diameter for the lymph node delivery of antigen
Ova and TLR3 in tumour bearing mice. The sole purpose of these synthetic vaccine
nanomaterial to trigger the immune responses in lymph nodes as well as improve the adaptive
and innate antitumor immunity [155]. Anne ef al. have also reported Ova-PLGA with TLR3
and also without TLR3 to prompt immune response for the intradermal administration of
vaccines [156]. A new synthesis route of Ova loaded y-PGA NPs for inter cellular pathway of

cross presentation efficiency has been reported by Mukai et al. [157].

Few more recently reported research works for Ova protein incorporation with NPs in

immunology have been listed in Table 2.
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Table 2. Ova protein incorporation with NPs in immunology.

Material

Type of
nanocarrier

Drug
used

Purpose

Reference

v-PGA,
cholesterol-
amine
polyinosinic-
polycytidylic
acid

NPs
Diameter of
120nm

Ova,
TLR3

Developed vaccine NPs loaded
with Ova for improvement for both
cancer vaccine and antitumoral
immune response in lymph nodes.
After a great cellular uptake by
lymph nodes, these antigen loaded
NPs instigate high  pro-
inflammatory cytokines and also
Immunization of these loaded NPs
induced cancer therapy essential
natural killer cell expansion with
the response of CD8" T cell
thereby preventing the growth of a
tumor.

Kim et al.
[155]

v-PGA

NPs
Size
~200nm

Ova

Developed y-PGA NPs with Ova
antigen boost up a fusion of
endoplasmic reticulum endosome
for cross-presentation. Loaded
NPs  again  retrotranslocated
through translocon sec 61 from
endoplasmic reticulum endosome
to cytoplasm

Mukai et
al.[158]

Poly(propylene
sulfide)

NPs
Size ~30nm

Ova

Described Pluronic-stabilized NP
covalently bound with Ova
delivered via lungs instigate T cell
response. Adjuvant CpG
influenced cellular uptake of
antigen by lungs thereby enhanced
antigen cross presentation and
protect mice morbidity due to
infection of influenza virus.

Nembrini
et al.[159]

1,2-dimyristoyl-
sn-glycerol-3-
phosphocholine,
1-palmitoyl-2-
oleoyl-sn-
glycerol-3-
phosphocholine

Lipoprotein
nanodiscs

Ova,
Peptide

Designed lipoprotein nanodiscs for
multiloading of MPLA, CpG,
TLR4 agonist, TLR9 agonist and
combined with Ova as well as
some peptides improved dendritic
cells activation, promote strong
humoral responses, IgG response,
reduction of plasma cholesterol
rate upto 17-30% and also promote
responses of CD8" T cell by 8fold.

Kuai et al.
[160]
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2.5. Nano carriers against cancer therapy

In modern field of scientific research, the field nanotechnology has achieved rapid
development as it emphases on the coalescence of diverse disciplines of science under one
distinct domain. The constant effort of nanotechnology to improve cancer therapy by
eradicating the malignant cells and by controlling toxicity of therapeutics on unaffected cells
are going on and recently progresses in this aspect prove the potential of reduced size material
in cancer therapy. Although NPs are used as drug delivery vehicles [161], diagnostics of cancer

cell [162], therapeutics [163] etc.

Huang et al. reported about the gold nanorods (aspect ratio of 3.9) for the use as a
contrast agent. They have synthesized gold nanorods with the help of modified seed-mediated
growth approach and conjugate with antiepidermal monoclonal antibodies against oral
epithelial HOC313 clone8 and HSC3 malignant cell lines along with epithelial HaCat non-
malignant cell line. Gold nanorods were synthesized by modified seed-mediated growth
method and used as contrast agent in this case. However, due to the presence of over expressed
EGEFR (anti-epidermal growth factor receptor) on the cytoplasmic membrane of infected cells,
the nanorod-antibody conjugation attached directly there and gold nanorods scattered red light
in dark field laboratory microscope, thus clearly distinguished the malignant cells from non-
malignant cells [164]. Similar work has reported by El-Sayed et al., where they have developed
Au NPs conjugated with anti-EGFR antibodies using HaCat, HOC313 clone8, and HSC3 cell
lines. The nanoconjugate bind to the malignant cells with greater affinity than non-malignant
cells. They have suggested that nanoconjugates could be used as molecular biosensor due to
their surface plasmon resonance scattering imaging as well as absorption [165]. Chen et al.,
have also reported using Au nanocage about 45nm as a photothermal agent for treating cancer
by attaining absorption cross section area of 3.48x107'*m? in NIR region. The conjugation of
nanocage with monoclonal antibodytargeted to over expressed EGFR present on the surface of
SK-BR-3 a breast cancer cell line [166].

Nadine ef al. have shown that the strong absorbance for the SWNTs were used for
optical simulation the nanotubes inside the living cells. They have also reported that for
oligonucleotides the oligos can be translocated into the cell nucleus by rupturing caused by
NIR laser pulses as the repeated NIR laser pulse radiation can cause cell death due to localized
heating of SWNTs. They have reported that the light sources from 700 to 1100nm range can
be used for efficient excitation of SWNTSs in vitro [167].
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Substantial importance of magnetic NPs for cancer treatment as heat nanomadiator have
been discussed by Hyun Ball et al. while designing 30nm sized iron oxide nanocubes stabilized
by surface modification of chitosan oligosaccharide. This conjugate nanostructure of size 103
+ 15 have improved the total magnetic moment thereby exhibiting 26 14W/g specific loss power
value greater than the value 83W/g of super paramagnetic iron oxide NPs available
commercially. Low toxic nanoconjugate exhibit exceptional antitumoral behavior by
decreasing the number of target malignant cells in A549 tumor-bearing mice [168]. Creixell et
al. have also developed magnetic NP iron oxide heaters conjugated to EGF (epidermal growth
factor) which leads to a reduction of cell viability without a necessity to raise the temperature.
They have reported that these MNHs kill cancer cells by altering magnetic fields which are
considered impossible in previous conditions [169]. Chu et al. have synthesized Fe;O4 NPs of
different shapes like hexagonal, spherical and wire shaped, functionalized with PEG for both
in vitro and in vivo esophageal cancer cells. These NPs showed low toxicity without harming
the structure of the cells. At 808nm irradiation, the cell viability can be affected by damaging
cellular organelles by the magnetic NPs. Esophageal tumor growth in mouse inhibited due to
the photothermal effect possessed by these functionalized NPs [170].

Liang et al. have fabricated a photosensitizer of porphyrinlipid bilayer cerasomes with
the help of sol-gel as well as self-assembly process. This conjugate stricter has performed drug
loading efficiency 33.46% superior to the physical entrapment of cerasomes which is less than
10% [171].

Cheng et al., have developed conjugate of PEGylated Au NP of diameter 32nm to
encapsulate a PDT hydrophobic drug Silicon phthalocyanine 4 to the photodynamic therapy
(PDT) site. The release mechanism they have checked together in vitro and in vivo tumor
bearing mice model [172].

Nam et al., have engineered smart Au NPs of size 10nm by changing pH for both
positive and negative charges and the electrostatic attractions of the Au NPs resulted by
accumulating them in the mild acidic intercellular atmosphere. Au NPs have performed an
efficient killing of cancerous cells with an intensity threshold of SW/cm?[172].

Chu et al., have developed quantum dots of CdTe and CdSe coated by different silica
thickness layers. They convert light energy to the heat form at laser radiation of 671nm both in
case of in vivo as well as in vitro. Silica coated CdTe inhibit the growth of mouse melanoma

tumors followed by after laser irradiation [174].
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2.6. Paclitaxel drug loaded nanocarriers against cancer therapy

Amid all other anticancer therapeutic agents, Paclitaxel is the most diversely used and
known for its outstanding effect against a number of solid tumors malignant cells like breast,
lung, ovarian, cervical, pancreatic cancer [175] etc. However, like all other anticancer
therapeutic agents, it is not devoid of side effects. Severe side-effects are associated with this
toxic anticancer drug. Though the advanced nanotechnology research domain has come out
with one solution for this complicated cytotoxic problem with its tremendous research
achievement in a very limited period of time, many researchers have recently reported that the
side effect caused by the Paclitaxel response to the normal body tissues can be minimized by
encapsulating drug inside a nanocarrier or conjugating the drug on the surface of a nanocarrier

by physical or chemical conjugation.

Tao et al., have designed hollow nanosphere of chitosan (diameter ~ 150nm)
functionalized by alginate (shell thickness ~ 20nm) synthesized by hard template method for
the co-delivery of two different anticancer drugs, one was doxorubicin loaded on the negatively
charged surface of the nanosphere by electrostatic interaction and the other drug paclitaxel was
loaded inside the nanosphere adsorption. They have investigated the cytotoxicity effect of the
carriers and inhibition effect of these drugs loaded nanostructures on the lung cancer cell line
A549 and they reported that these nanospheres are accumulated in the cytoplasm and its
biodegradable in nature [176]. Shixian et al., have also reported about co-delivery of
antimalarial drugs doxorubicin and paclitaxel by using nanodrug carrier of triblock copolymer
methoxypoly(ethylene glycol)-b-poly(L-glutamic acid)-b-poly(L-lysine) functionalized with
deoxycholate (mPEsG-b-PLG-b-PLL/ DOCA). Cytotoxicity assays have been checked on lung
adenocarcinoma A549 cell line and combination drug therapy has shown the synergistic effect

to the growth of cancer cell apoptosis [177].

Zhang et al. have synthesized a multifunctional NP based on polyphosphoester and
loaded paclitaxel physically as well as the same drug conjugated chemically to the NP. They
have expected the physically loading paclitaxel could initiate the killing of tumor cells thereby
controlling the growth and the chemically conjugated drug can perform gradual release for a

longer period of time in tumor tissues [178].

Yao et al. have synthesized two sets of nanocarriers to carry drug paclitaxel, such as
PEG-PLA and PEG-PLA-Folic acid. They have studied in vitro slow release effect and in vivo

pharmacokinetic and tissue-distribution studies by using three ovarian cancer cell lines SK-
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OV-3, A2780 and HO8910 [179]. Xiaolin et al. have designed block copolymers of tetrandrine
(Tet) coloaded/amphilicmethoxy poly(ethylene glycol)—poly(caprolactone) for the delivery of
paclitaxel against mice hepatoma H22 cells [180].

Rejinold ef al. have formulated Mn doped ZnS NPs to coat paclitaxel drug and to check
its efficiency on both in-vivo as well as in-vitro. MTT assay, apoptosis assay as well as DNA
fragmentation analysis have performed with paclitaxel/Mn/ ZnS NPs with cell penetration
peptides like PEN, pVEC, and R9. In-vivo studies have been done on breast cancer xenograft
where R9/Mn/ ZnS NPs have performed better than other conjugates [181].

Marcial et al. have analyzed the effect of three lipid formulations like solid lipid
nanostructures, lipid nanocarriers and nanoemulsion by hot melting homogenization and
ultrasonication to load drug paclitaxel. Lipid nanocarriers have performed efficiently on breast
cancer cell lines MCF 7 (with IC50 25.33 £+ 3.17 nM) and MDAMB-231 (with IC50 2.13 +
0.21 nM) [182].

Mo et al. have developed a nanocarrier of folic acid-PEG-p-phosphonated calixarene
for co-drug delivery of drugs paclitaxel and carboplatin against Ovarian cancer cells SKOV-3
cells [183]. Rosiére ef al. have formulated a solid lipid nanocarrier of PEG-Chitosan (diameter
250nm) to encapsulate drug paclitaxel. For in vitro they have used M109-HiFR and HeLa cell
lines and for in vivo M 109 cell line has been used [184]. Gupta et al. have designed solid lipid
core nanocarriers for co-delivery of paclitaxel and erlotinib against NCI-H23 cell line in vitro
by pH dependent release of drugs [184]. Liu ef al. have reported about the formation of
nanocrystals (D-a-tocopherylpolyethylene glycol 1000 succinate) for the delivery of paclitaxel.
Effects of these nanocrystals have been checked on H460, NCI/ADR-RES, KB cell lines [185].

Song et al. have conjugated hyaluronic acid-disulfide-vitamin E succinate nanocarrier
which is redox sensitive for loading paclitaxel against lung cancer therapy. The efficiency of
drug loaded nanoconjugate have been investigated by using CD44 over-expressed A549 cells
in both in vivo and in vitro [185].

Xiaolin et al. have mentioned about the formation of core shell PEG-PCL polymeric
NPs by precipitation method for the co-delivery of paclitaxel and tetrandrine against BGC-823
gastric cancer cell line [186]. Jiang et al. have reported self-assembled vitamin E succinate NPs
for co-delivery of paclitaxel as well as tetrandrine against MCF 7 cells and MCF 7/Adr cells
(breast carcinoma) in vitro study [187]. Mingji et al. have reported about the co-delivery of
chemotherapeutic agents paclitaxel and siRNA to A549 cells by preparing polyethyleneimine-
block-polylactic acid NPs (with size 82.4nm), where paclitaxel was encapsulated in the core

and siRNA conjugated to the NP through electrostatic interaction [188].
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Few more recently reported research works for Paclitaxel encapsulated nanodrug carrier

for cancer therapy have been listed in Table 3.

Table 3. Paclitaxel encapsulated nanodrug carrier for cancer therapy.

Material Type of Drug used Purpose Reference
nanocarrier
DNA, Biocomplex | Paclitaxel, Developed a biocomplex | Xiaoting et
Cyclo(Arg- of DNA | DOX with high drug loading | al. [189]
Gly-Asp-d- nanotube- efficiency and suggested that
Phe-Lys; peptide this biocomplex can be
cRGD) efficient for multidelivery of
different drugs than the
traditional multidrug-
delivery system, transport of
receptor, cell imaging and
drug delivery.
mPEG-b-pAsp | Solid Lipid | Paclitaxel, Developed a multidrug | Gupta et
Core NCs Erlotinib carrier with high loading | al. [190]
Size 195nm efficiency, pH dependent
(high release in acidic pH 5)
sustain release, inhibit NCI-
H23 cell line as well as with
lower ICso value 50 fold
lower than the free drugs.
Polydopamine | Colloidal Paclitaxel, Developed NC has been | Tao ef al.
Linoleic acid capsules DOX used for cytosolic delivery | [191]
Arginine Size 100 nm by loading hydrophobic
Paclitaxel in the linoleic acid
core while DOX was absorbed
on the PDA shell against Hep-
G2 cells
Triblock Micelle Paclitaxel, Developed a NC for | Jian et al.
copolymers Size ~90 nm | Functionalized | coencapsulation of CuS | [192]
F127 CuS nanodisk | nanodisks with paclitaxel
(PEO106PPO7 (photothermal |and can perform high
0PEO106) agent) stability, biocompatibility,
micelle less toxicity with great NIR

absorbance and also exhibit
sustained  drug  release
pattern stimulated via NIR-
photothermal irradiation.
Drug encapsulation
efficiency showed 41.25%
and showed remarkable
antitumoral effect in mice.
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Poly(lactide)-
poly(ethyleneg
lycol) (PLA-
PEG)

Magnetically
responsive
nanocarriers

Paclitaxel,
Nanocrystal
organophilic
iron oxide (7nm)

Designed a  magnetic
nanocarrier for codelivery
of drug, iron oxide and
performed a good loading
efficiency with sustained
responsive to the
alternating magnetic field,
cytotoxicity against A549
cells which is more than
free drug. The performance
of the nanocarrier on
malignant cells further
improved by
functionalized with
cysteine TAT peptide.

Koutsiouki
et al. [193]

Chitosan
Amino acid
derivatives

NCs

Paclitaxel, green
fluorescent
protein, Nile
Red,

Casp-3 protein

Designed chitosan
aminoacid derivative
nanocarriers linoleic

Acid as the core for
multiple deliveries of drug
and protein to HeLa cells
with improved stability,
biocompatibility,
biodegradability, lower
IC50 value and good % of
apoptotic cells than
aminoacidfunctionalized
gold NPs and
mondrugdelivery system as
well.

Wu et al.
[194]

Chloroauric
acid Pluronic-
b-poly(L-
lysine)

NPs

Paclitaxel

NPs
by

Developed  gold
surface  modified
Pluronic-PLL
encapsulating drug for
chemo-photothermal
therapy where irradiating
MDA-MB-231 malignant
cells with NIR light and in
vivo study confirmed these
drug loaded nanocarriers
have possessed better
biocompatibility, more
cytotoxicity by improving
cellular uptake than free
drug.

Sun et al.
[195]
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3. The motivation behind this work

This dissertation consists of three parts i.e., designing of polymeric and inorganic NCs
followed by characterizing them and application of those NCs in different biomedical fields.
Basically, three different biomedical areas of application have been included in this research

work and those are Malaria, Inmunology and Cancer therapy.

Application field-Malaria: A polymer with moderate degradation rate could advance the
sustained delivery of anti-malarial drugs in physiological conditions under periodic
enhancement of body temperature. Using the nanoemulsion droplets of lipid molecules were
found not possible since without using surfactants the emulsion cannot be formed and it is toxic
in nature. Thus extensive efforts have been made to find out a suitable nanocarrier for anti-
malarial drugs to facilitate the treatment and for killing the P. falciparum where each having
individual drawbacks. It is worth mentioning that, till date only the poly(N-
Isopropylacrylamide) based copolymers were reported which control the temperature
dependent release of drugs [196] but not for the hollow PCL capsules. The disadvantages of
poly(N-Isopropylacrylamide) for treatment of malaria is that the critical transition temperature
(T¢) of drug release for this polymer is 32°C, which is very low compared to the normal body
temperature (37.4°C) and hence poly(N-isopropylacrylamide) may not useful for control
release of DHA/CQDP for treatment of the P. falciparum as most of the drug released below
the body temperature, rather the excess release of drugs from poly(N-Isopropylacrylamide) at
low temperature (33°C) caused side effects and increased the resistance of drugs to the P.
falciparum [197]. Not to be ignored the issue with all antimalarial drugs is their bioavailability,
which is very less in conventional drug administration system. However, the main challenge
occurred when all Plasmodium species have shown the resistivity towards the available
antimalarial drugs and an overdose of these drugs resulting with side effects like
gastrointestinal problems, stomach ache, itch, headache, postural hypertension, nightmares,
blurred vision etc. Therefore, engineering of an appropriate drug carrier is becoming very

essential.

Application field-Immunology: In the past decade diverse nanostructure materials
irrespective of polymers or inorganic materials have been administered as adjuvant delivery
systems. Inorganic NPs such as (zinc oxide, titanium dioxide, iron oxide, quantum dots etc.)
[88] possess many advantages due to rigid structures, long shelf life and the capability to tailor

the immune-stimulatory property of an antigen and also to interact in diverse ways with cellular

6l1|Page



biomolecules and facilitates entry into the cell. Despite several benefits of MNPs, emerging
evidence suggests that some of the MNPs might induce non-specific immunological reactions,
cell cytotoxicity, immunosuppression and autoimmunity, morphological alterations of the
immunologically active tissues [137]. It is, therefore, pertinent to carefully and effectively
engineer the NPs with greater antigen carrying capability together with immunostimulatory
properties for vaccine development. Additionally, for in vivo application of nanomaterials,
there are few immunology consequences like immune-mediated destruction or rejection,
induced by a defensive immune reaction ensuing in the removal of the nanomaterials and the
next is immunotoxicity, resulting by damaging the immune system with effecting pathological
changes and immunocompatibility, not related to immune response [198]. While delivering
Ova antigen in this current research work, is predominantly released from the hollow core (or
pores), to avoid a burst-effect for Ova release which can be observed in case of SBA-15 with

non-functionalized and relatively large mesoporous size (above 10nm).

Application field-Cancer Therapy: Polymer is the most promising and potent candidate
when the focus goes to drug delivery because of their biocompatibility with living cells,
biodegradability in the physicochemical environment together with their convenient
engineering procedure by encapsulating or attaching therapeutic agents as well as other
biomolecules inside or on the surface of it. Life threatening cancer therapy includes all
therapeutics with a lot of side effects. Administration of anticancer drugs is effecting healthy
normal cells along with malignant subsequently causing unavoidable severe side effects. In
that concern, a carrier with all required properties for delivering the anticancer therapeutic
agents during the treatment of cancer is becoming very much urgent. The biggest challenge for
the utilization of anticancer therapeutic agents is their solubility, as few of them are non-water
soluble. Widely used drug Paclitaxel is also possessing the same characteristic. To improve the
solubility of this drug non-ionic surfactant Cremophor EL and dehydrated ethanol can add to
it which in return can cause clinical complications [59]. Additionally, progressive resistance of
ovarian carcinoma A2780 cell line against Paclitaxel [199] is becoming a serious medical issue
and to minimize all these limitations of the anticancer therapeutic appropriate delivery vehicle

is becoming necessary.
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4. Objectives of this dissertation

1. Designing of core-shell NPs of SiO» as template coated with PCL and followed by the
formation of hollow mesoporous PCL NCs and systematic characterizations of these NCs to

analyze their chemical, physical properties.

2. Loading of hollow mesoporous PCL NCs with two antimalarial drugs (DHA and CQDP)

and checking their efficiencies in suppressing malaria infection with P. falciparum.

3. To study the drug release efficiency and cell inhibition of hollow mesoporous PCL NCs

while loaded with antimalarial drug Sulfadoxine against P. falciparum.

4. Designing of mesoporous ZnO NCs and study their chemical physical properties with all

characterization results.

5. Mesoporous ZnO NCs incorporated with protein Ova for the enhancement of immunological

responsces.

6. Mesoporous ZnO NPs incorporated with different drugs (DHA, CQDP, SD, Paclitaxel,
DOX) for cancer therapy.

7. Designing of core shell PCL-mZnO NPs (mZnO as core and PCL as shell) followed by
porous PCL NCs by template removing technique and characterize their physical, chemical

properties.

8. Analysis of biocompatibility and interaction of these porous PCL capsules with anticancer

cell lines by encapsulating antimalarial drugs.
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Chapter 2: Materials and methods: Experimental procedures and
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Chapter 2

Materials and methods:

Experimental procedures and Characterization techniques

2.1 Introduction

This chapter of the dissertation encloses three parts. First part includes all materials and
reagents used for nanomaterial synthesis with their purity and brand names, second part
includes details of all experimental procedures to formulate the nanomaterials and third part
includes different characterization techniques. All these three parts have been explained in

detail in the subsequent sections.

In this work, both organic and inorganic mesoporous NCs have been synthesized by
using different synthesis methods like template removal method, by using surfactant and

without using surfactant etc.

The sole persistence of these mesoporous nanostructures is to introduce them as
proficient carriers for various drugs and biomolecules in the field of nanobiotechnology.
Therefore, an immense characterization of various properties, efficiencies and efficacy of these

produced mesoporous NCs have been required.

The utilized characterization techniques are X-ray diffraction (XRD) to study
crystallinity of the nanomaterials; to study morphology, size, and shape of the nanomaterials
Scanning electron microscopy (SEM), Field emission electron microscopy (FESEM) and
Transmission electron microscopy (TEM) techniques have been used; thermal properties
like weight loss with an increase of temperature, heat flow, phase transition etc., have been
checked by using Thermogravimetric analysis (TGA) and Differential scanning
calorimetry (DSC) techniques. Energy dispersive X-ray spectroscopy (EDS or EDX) used
for the elemental study of these nanomaterials. Brunauer-Emmet-Teller (BET) and Barret-
Joyner-Halenda (BJH) analysis have been followed to determine specific surface area and

pore size analysis of the mesoporous NCs respectively. To identify chemical bonding and
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functional groups present in the polymer and inorganic NCs Fourier Transform Infrared
(FTIR) spectroscopy technique has used. To determine the surface charge of the NCs Zeta
potential analysis has been used. Photoluminescence (PL) spectroscopy has been used for
the determination of a chemical property of NCs. To study the vibrational and rotational mode

of nanomaterials Raman spectroscopy technique has been used.

For the biological applications, NCs were loaded with drugs, biomolecules and
Confocal microscope technique has been used to determine the loading efficiency of porous
NCs. Ultraviolet-Visible spectroscopy (UV-Vis) has used to calculate the concentration of
drugs and other biomolecules inside the nanocarriers. Biocompatibility of prepared
mesoporous NCs is very essential to use it in biomedical applications. Biocompatibility of NCs
has studied with different cell assays. Different cell based studies have been performed to
establish the proposed NCs as an efficient carrier of various biomaterials and all these

experimental procedures have been represented in the consecutive sections of this chapter.

2.2. Materials and reagents used for experiments

In this section, all chemicals, solvents and reagents used for the synthesis purpose have
been mentioned in tabular form with make and percentage of purities. All chemicals are used

with original purity as purchased and further purification was avoided.

Table 1. List of chemicals, solvents and reagents used for nanomaterial synthesis

SI. No. Name Make Purity (%)
1 TEOS (Tetraethyl Orthosilicate) Sigma Aldrich 98
2 Ammonium hydroxide (NH,OH) Sigma Aldrich 99.9
3 Ethanol SRL 98
4 PCL (Poly caprolactone) Sigma Aldrich 99.9
5 Igepal CO_50 Sigma Aldrich 99.9
6 Hydrofluoric acid (HF) Fisher Scientific 98.3
7 Acetone SRL 99
8 Isopropanol SRL 99.3
9 Rhodamine 6G Sigma Aldrich 95
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10 capp Sigma Aldrich 98
11 DHA Sigma Aldrich 99
12 Sulfadoxine (SD) Sigma Aldrich 95
11 RPMI 1640 Sigma Aldrich 99.8
12 Parasitic cells Human 100
13 Zinc acetate dihydrate (Zn(OOCHj3),.2H,0) Alfa Aesar 98.5
14 Sodium hydroxide (NaOH) pallet SDFCL 97
15 Ovalbumin (Ova) Sigma Aldrich 99
16 Paclitaxel (Ptaxel) Sigma Aldrich 99

2.3. Experimental procedure

In this work, two organics and one inorganic porous NCs have been synthesized, i.e.,

a) Hollow porous PCL NCs by removing template SiO, NPs.
b) Mesoporous ZnO NCs (mZnO) without using any template.

¢) Hollow mesoporous PCL NCs by removing template mZnO.

2.3.1. Synthesis procedures

(A) Synthesis of hollow mesoporous PCL NCs

For the synthesis of hollow mesoporous PCL NCs, SiO> NPs were used as a template.
These templates were synthesized by following Stober method. 2mL of TEOS was added to
30mL of ethanol and stirred at room temperature (25°C). Then 1mL of H,O was added to the
mixture and left for half an hour under stirring (600RPM). Finally, NH4OH was added drop
wise to the mixture and the whole mixture was kept under vigorous stirring for overnight. The
resulting white colloidal solution was centrifuged at S0O00RPM for 10min and SiO, NPs were
separated and washed thoroughly using dIH>O and Isopropyl alcohol mixture to remove
unreacted reactants. Then SiO, NPs were dried at 120°C. SiO2 NPs of two different sizes such
as (1) average size of ~10nm named as SiO> NPs-1 (ii) average size of ~ 450nm named as SiO»
NPs-2 were prepared. SiO2 NPs-2 were prepared to take a high concentration of TEOS (5mL),

keeping all other reaction parameters same. It is worth mentioning here that the larger sizes of
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Si0> (SiO2 NPs-2) have been used to create the hollow core and the smaller sizes particles

(Si02 NPs-1) have been used to create pores on the shell of the polymeric capsules.

Core shell NPs were prepared by using SiO» NPs as core and polymer PCL as a shell.
For that, 50mg of synthesized SiO> NPs-1 was thoroughly dispersed in acetone through ultra-
sonication. Then 50mg PCL (average M, 45,000) was also dissolved in acetone at 45°C.
Thereafter, dispersed SiO2 NPs-1 and dissolved PCL were mixed together. Then, 50mg SiO;
NPs-2 was dispersed in 20mL acetone separately through ultra-sonication and the
homogeneous dispersion of Si0, NPs-2 was added to the mixture of SiO, NPs-1 and PCL under
constant stirring at 45°C. Then the resultant mixture of SiO2 NPs-1, PCL and SiO2> NPs-2 was
added continuously to a 150mL (water/surfactant, Igepal CO 50) emulsion under sonication at
the feeding rate of 150uL.min"!. Finally, the mixture was kept under stirring for 24h
(1000RPM). The resultant product is core shell NPs of SiO> and PCL (PCL-SiO,NPs) which
were collected after repeated washing and centrifugation (at SO00RPM) followed by drying
through lyophilization.

Above synthesized core-shell, NPs were treated with HF (5M solution) for 12h to etch
out the SiO> NPs-1 from polymer shell and NPs-2 from the core of the NPs. After 12h of
incubation, the etched core-shell polymeric NPs were centrifuged (at RPM 10000) to separate
the particles from the solution followed by repeated dispersion and washing. Finally, the

product was collected after freeze drying.

(i) Loading of Rh6G, DHA, CQDP and SD in hollow mesoporous PCL NCs and

corresponding release study

The dried mesoporous PCL NCs were collected and used for loading dye and anti-
malaria drugs. The mesoporous PCL NCs were incubated with Rh6G and DHA, CQDP, SD
separately, with a concentration of dye/ drugs to hollow mesoporous PCL capsules of 1:1
mg.mL ! in PBS (pH 7.4). The suspensions were stirred for 1h and then kept for another 24h
in dark place without stirring. The Rh6G, DHA, CQDP, SD loaded PCL NCs were separated
from PBS solution through centrifugation (at 8000RPM). These loaded NCs were then washed
three times with PBS to remove the free dye/drug molecules from the surface of the NCs

followed by air drying in dark for further experiments.

PCL-DHA, PCL-CQDP and PCL-SD formulations were suspended in medium (RPMI
1640) and the release behavior has been studied. Maintaining a fixed time interval the

absorbance of the released drugs in the medium was recorded at different temperatures such as
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30, 37, 40 and 43°C using UV-Vis spectrometer and the extent of release of DHA, CQDP and
SD were calculated. Release amounts were calculated for 6h in case of DHA, CQDP and for
30days in case of SD with a fixed time interval and then investigated the kinetics for the release.
To study the release kinetics, 0.6mg of PCL-DHA, PCL-CQDP and PCL-SD for each were
taken with SmL of medium in a cuvette. The release behaviors of the DHA, CQDP and SD
from the hollow mesoporous PCL NCs were studied in the medium used for cell culture by

using UV-Vis—NIR spectrometer (Perkin-Elmer LAMBDA 750).

(B) Synthesis of mesoporous ZnO NCs

Novel mesoporous ZnO (mZnO) NCs were synthesized using a high energy
sonochemical method without using any surfactant. A 1:2 molar ratio of zinc acetate dihydrate
and sodium hydroxide was taken for the formation of ZnO NCs. Zn(OOCH3)2-2H>O was
dispersed in ethanol. Next, NaOH solution was added drop wise to the zinc acetate solution
under continuous sonication (ELMA S60H, peak power: 600W, frequency = 37kHz) at room
temperature (25°C) and finally kept for 12h stirring (600RPM). The white precipitate was
collected by centrifugation (14000RPM) followed by repeated dispersion and washing with
filter sterile water—ethanol mixture (v: v = 50: 50). Finally, the sample was dried for 12h at

80°C and the white powdered sample was collected for further characterization.

(i) Loading of Ova protein in mesoporous ZnO NCs and corresponding release kinetics

The mZnO NCs were loaded with Ova protein in the ratio 1 : 1 (mg.mL™") in 1x PBS
(pH 7.2) and incubated for 24h at room temperature. The Ova loaded mZnO NCs were
separated from the supernatant after centrifugation. Repeated washing was done to remove the
protein particles from the surface of the NCs. The Ova protein loaded mZnO NCs were
collected and dried using a vacuum. The entrapment efficiency of the prepared mZnO NCs was
calculated as:

% Entrapment efficiency = [weight of protein in NCs/weight of protein fed initially] x 100

The release kinetics of Ova from mZnO NCs was evaluated by suspending NCs in
culture media (RPMI 1640) at room temperature (25°C) and absorbance was taken at fixed
time intervals up to 72h, maintaining similar conditions, until no change in the absorbance was

observed for release profiles.

(ii) Loading of dye, antimalarial drugs and anticancer drugs in mZnO NCs and

corresponding release study
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Dried mZnO NCs were used for loading dye as well as different drugs. The mZnO NCs
were incubated with dye Rh6G and drugs like CQDP, DHA, SD, DOX, Paclitaxel with a
concentration of dye/drugs to mZnO NCs were kept in the ratio of 1:1 mg.mL™! in PBS (pH
7.2). The suspensions were mixed for an hour separately and kept for another 24h without
further stirring and stored in a dark place. The dye and drug particles were then separated
through centrifugation (at SO00RPM). These loaded NCs were washed thrice with PBS to
remove the free dye and drug molecules from the surface of the mZnO NCs followed by
lyophilization (at temperature -40°C and vacuum 1Pa) and stored in dark at room temperature

for further experiments.

mZnO-Rh 6G (450ug), mZnO-CQDP, mZnO-DHA and mZnO-SD (500ug) were
suspended in RPMI 1640 medium and the release behavior has been studied individually. The
encapsulation efficiencies for mZnO-CQDP, mZnO-DHA and mZnO-SD NCs have been
calculated by using [% Entrapment efficiency = {weight of drug in NPs/weight of drug fed
initially} x100]

(C) Synthesis of porous PCL NCs

The mZnO NC has been synthesised by a surfactant free ultrasonication technique. The
synthesized mesoporous ZnO NCs were used as template for the formation of core shell PCL-
mZnO NPs. For the synthesis of core shell structure, firstly 50mg of synthesized mZnO was
thoroughly dispersed in 20mL acetone through ultra-sonication. Then 50mg PCL was dissolved
in 20mL acetone at 45°C under constant stirring. Thereafter, dispersed mZnO and dissolved
PCL were mixed together in another beaker. Then the resultant mixture of mZnO NPs and PCL
were added continuously to 150mL (water/surfactant) emulsion under sonication at a constant
rate of 150uL.min!. After addition, the mixture was kept under vigorous stirring for 24h. The
resultant core shell NPs formed consisted of mZnO as core and PCL formed the outer shell,
which was washed with water and isopropanol. The final product was collected after repeated

washing and centrifugation (at SO00RPM) followed by drying through lyophilization.

Above synthesized core-shell PCL-mZnO NPs were treated with NaOH (5M) and
incubated in the same for 6h to etch out the mZnO and which leaving the porous polymeric
shell. After 6h of incubation in 5SM NaOH at room temperature, the etched core-shell NPs were
then centrifuged to separate the particles from the solution and repeated washing was done to

remove the dissolved mZnO/NaOH. Finally, mesoporous PCL NCs were collected after freeze
drying.
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(i) Loading of anticancer drug Paclitaxel in mesoporous PCL NCs and corresponding

drug release profile

The dried mesoporous PCL NCs were collected and loaded with drug Paclitaxel. The
mesoporous PCL NCs were incubated with Paclitaxel with a concentration of drug to NCs of
1:1mg.mL ! in PBS (pH 7.4). The drug NC and PBS mixture were stirred for 1h and then kept
for another 24h in a dark place without stirring at room temperature. The paclitaxel loaded
mesoporous PCL NCs were separated from PBS solution through centrifugation (at S000RPM).
These loaded particles were then washed three times with PBS to remove the excess free drug
molecules from the surface of the NCs followed by air drying (at room temperature) for the
further experiments. The whole drug loading process has been done at room temperature.

0.5mg of anticancer drug loaded NCs were suspended in RPMI 1640 medium in a cuvette
and the drug release behavior of Paclitaxel drug loaded NCs have been studied by maintaining

a time interval for 3 days at room temperature (25°C).

2.4. Characterization Techniques

Different characterization techniques have been used to examine synthesized
nanomaterials are X-ray diffraction (XRD), Scanning electron microscopy (SEM), Field
emission electron microscopy (FESEM), Transmission electron microscopy (TEM),
Thermo gravimetric analysis (TGA), Differential scanning calorimetry (DSC), Energy
dispersive X-ray spectroscopy (EDS or EDX), Brunauer-Emmet-Teller (BET), Fourier
Transform Infrared (FTIR) spectroscopy, Zeta potential analysis, Photoluminescence
(PL) spectroscopy, Raman spectroscopy, Confocal microscopy, Ultraviolet-Visible
spectroscopy (UV-Vis), FACS and Multimode reader. A brief explanation of the working
principle of these instruments with sample preparation procedures has mentioned in the

following section below.
2.4.1. X-Ray Diffraction (XRD)

XRD is a commonly used characterization technique to investigate the information of
nanomaterials like crystallinity, crystalline phase, inter planner distance in a solid state crystal,

average crystallite size etc. X-rays are produced in a typical cathode ray tube, where tungsten
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filament is heated to generate electrons which are later accelerated by applying voltage and
directed towards the anode target and finally high energy electrons remove inner shell electrons
of target materials by generating characteristic X-ray spectra. These produced X-rays are
filtered to monochromatic radiations and directed on the synthesized nanomaterials which were
placed in the sample holder of the XRD unit, where both sample and detectors are in rotational
motion. This constructive interference of monochromatic X-ray with the sample have to satisfy

Bragg’s Law which was proposed by William Henry Bragg and William Lawrence Bragg in
1912, which is nA=2dsin 0....................o.... (2.1)

Where, n is order of the diffracted beam, A is the wavelength of the incident X-ray
beam, d is the distance between adjacent planes of atoms (the d-spacing), and @ is the angle of
incidence of the X-ray beam.

From the Bragg’s law d spacing can be calculated as

Nanomaterial samples with the sample holder rotate in the direction of monochromatic
X-ray by making an angle 6 and the detector rotated at an angle 26 to collect the diffracted
rays from the rotating sample. Intensity of the X-rays which are diffracted from the rotating
sample is collected in detector while scanning the sample thoroughly for a range of 20 angle.
Then intensity peaks occur which later compared with standard reference patterns of materials
as each material has unique d spacing like unique figure prints of human being and thus

identifying the material of the synthesised sample.

For this work, samples were characterized by using Bruker D8 Advance X-Ray
Diffractometer with X-ray source Cu Ko (A= 1.5406) operating at 40 kV/30 mA with step size
0.02 and 10 to 90° 26 range.

Sample preparation for XRD analysis:

All samples were given in fine powdered form for the XRD analysis.

2.4.2. Electron microscopic imaging techniques (SEM, FESEM and TEM)

Investigation of morphology, surface topography, texture, elemental composition,
crystallinity, crystal planes etc., all physicochemical properties, electron microscopic

techniques have used. Scanning electron microscope (SEM), field emission scanning electron
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microscope (FESEM) and Transmission electron microscope (TEM) come under electron

microscopy.

(A) Scanning electron microscope (SEM)

As a part of the electron microscopic technique, SEM contains high energy electrons as
a source, (unlike light beam source of the optical microscope) which is made up of tungsten
electron gun. The electron beam is directed towards the nanomaterial sample surface through
a pair of magnetic condenser lenses and scanning coils which deflect the beam and finally
bombarded on the sample surface and scan the sample surface in raster scan pattern. As a result
of high voltage electron and nanomaterial surface atom interaction, the secondary electrons,
backscattered electrons, diffracted backscattered electrons, X-rays, heat etc., which carry
different information about the sample occur and later recorded in the detector and after
multiple amplifications SEM micrographs of the given material will form. Both secondary and
backscattered electrons are used to produce images of the sample in the detector where
secondary electrons give the information about surface morphology and topography and
backscattered electrons give the phase contrast in the sample. There is no weight loss of the
nanomaterials during this characterization technique therefore SEM is a nondestructive

technique can be used for the same nanomaterial characterization, repetitively.
Sample preparation for SEM analysis:

In SEM analysis, a coating of the nanomaterial sample is mandatory for nonconductive
nature samples since nonconducting samples have the tendency to build up the high voltage,
charge on the surface of the sample thus by making it difficult to scan the sample surface and
get the expected information from the micrograph. Generally, gold (Au), gold-palladium (Au-
Pd), Platinum (Pt) etc., conducting metals are used for coatings through sputtering to avoid
charging effect on the NP surface. For this research work, nanomaterials were dispersed
properly in a suitable solvent and taken a drop on a clean glass slide followed by drying it
appropriately. As the nanomaterials are nonconducting in nature so a coating layer of Au-Pd
has done for 30sec before sending for SEM analysis. The voltage used 15kV to capture SEM
images of synthesized nanomaterials. SEM model HITACHI S-3400 N has used for the

characterization of nanomaterials.

(B) Field emission electron microscopy (FESEM)
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Field emission electron microscopy technique is also a part of the electron microscopy
technique. It is an improved microscopic technique than a scanning electron microscope in
terms of a narrow probe, resolution, magnification and diminished sample damage due to
charge while exposed under a microscope. Like SEM it uses electron beam as a source instead
of the light beam used in optical microscopy technique. Electron gun contains a field emission
cathode as a source of high energy electrons, where vacuum and an electric field is maintained
accurately. A narrow spot of 1 to 5 microns is formed by focusing and deflected field emission
electron beams through electronic lenses inside FESEM chamber and finally directed to scan
the nanomaterial sample surface in a raster scanning manner. Accelerating voltage range is 1
to 30kV magnification upto 10,00000X. Secondary electron signals ejected from the
nanomaterial surface are recorded in the detector, transformed to electronics signals and after
multiple times of amplification FESEM micrographs, carrying all morphological, topological

etc., information about the nanomaterials, will be formed.
Sample preparation for FESEM analysis:

The same sample preparation for FESEM is same as SEM characterization. The voltage
used 15kV has used to capture FESEM micrographs of the synthesized nanomaterials. FESEM
model ZEISS ULTRA 55 is used for the characterization of nanomaterials.

(C) Transmission electron microscope (TEM)

Transmission electron microscope (TEM) is also an electron microscope where finer,
magnified images can be obtained with more minute detail of the nanomaterials than the other
two electron microscopes SEM and FESEM. High voltage electron beam produced by tungsten
filament (diameter 0.1mm) is used as the source which interacts with the ultra-thin sample and
transmitted through the nanomaterial sample inside a high vacuum chamber to reduce the
interaction of moisture and produced signal is detected on fluorescence screen and fine well
magnified TEM micrographs will be produced. Two pairs of condenser lenses are used to
demagnify first by decreasing the spot size and later magnifying the electron beam in the TEM
apparatus. Additionally, there are another lenses that are also present in TEM apparatus like an
objective lens, intermediate lens and projector lens for further magnification of the electron
beam. Some areas on nanomaterial sample scatter fewer electrons, consequently form bright

field image on the contrary areas which scatter more electrons, form dark field image in the
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TEM micrographs. Generally, these high resolution transmittance electron microscopes are

used to find out all structural details of materials with very fine size like in nanometer range.

For a crystalline sample, TEM analysis can produce selected area electron diffraction
(SAED) pattern which is formed due to the diffraction of high energy electron beam by atoms
present in the sample to a specific angle considering the structure of the crystal. Thus a series
of spots will generate due to the diffracted electrons by considering each spot as the crystal

planes of the crystalline material.
Polymer sample preparation for TEM:

Drop casting method is following for the preparation of the TEM sample. Polymer NCs
have dispersed properly in a suitable solvent and one drop of it cast on a carbon coated grid
followed by a drop of stain phosphotungstic acid (PTA) added to the grid to form a contrast in
the micrograph. After 10sec, excess PTA on the sample grid was washed out with Milli-Q
water and allowed to air dry in vacuum. For the TEM analysis nanomaterial sample loaded
copper grid has placed into the sample holder of the instrument and images are captured at
different places of the nanomaterial with different magnifications. Approximately 200kV
accelerating voltage has used to capture TEM micrographs. TEM micrographs of
nanomaterials have been obtained from a high resolution transmission electron microscope

(HRTEM) model FEI TECHNAI G2 has been used.
Inorganic sample preparation for TEM:

Inorganic NCs have dispersed properly in a suitable solvent and one drop of it cast on
a carbon coated grid followed by proper air drying in vacuum. The same TEM model has used

as mentioned above.

2.4.3. Energy dispersive X-ray spectroscopy (EDS or EDX)

With the help of non-destructive energy dispersive X-ray spectroscopy (EDS or EDX)
technique, the information about the elemental composition of nanomaterials can be acquired.
Basically, this instrument unit is attached to the SEM, FESEM and TEM instruments to gather
the elemental composition of the sample used for the imaging. When nanomaterial sample is
exposed under high energy electron beam, atoms present on the sample excited out with a

number of different signals, among those X-rays are used by EDS detector by producing peaks
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corresponding to the atoms of sample surface which are responsible for X-ray production.
Consequently, a spectrum of peaks will form due to the different elements present in the
sample. Since a specific site of the sample surface is exposed under narrow electron beam in
an electron microscope, EDS will give the information about the elements present on that
specific region of the sample surface in percentage amount. Therefore, a number of the
spectrum of peaks will form due to the selection of different regions present across the same
sample surface. Sometimes, the discrete element can produce more than one peak for the
corresponding selected region of the sample surface and sometimes peaks corresponding to

different elements can intersect with each other.
Sample prepared for EDS or EDX:

The samples used for electron microscopic analysis can be used for EDS analysis side
by side. As EDS unit is attached to the electron microscopic unit therefore same instrumental
models are used for EDS analysis also which are used for electron microscopic techniques

(SEM, FESEM and TEM).

2.4.4. Thermogravimetric analysis (TGA)

It is necessary to determine the thermal stability of a nanomaterial to prove their
efficiency in different thermal environments. With the help of thermogravimetric analysis
(TGA), the thermal stability of synthesized nanomaterials is measured. With an increase of
temperature, a material loses its weight or mass due to evaporation, dehydration, reduction or
decomposition. In TGA technique, this variation of the weight of the nanomaterial sample with
respect to the change in temperature or time in a specific environment can be determined. In
TGA, the nanomaterial samples are placed on a microgram balance in an N, environment while
for a specific heating rate (5-20°/min) for an increase of temperature 1000°C inside a furnace
which can be monitored by using a thermocouple. Thus formed data can give a plot of
percentage weight loss vs. temperature in Celsius or time which is called as TGA thermogram
of the corresponding nanomaterial. As result of analysis of a TGA thermogram, the stability of
the nanomaterials, as well as kinetic degradation parameter of a nanomaterial sample have been

calculated by using Friedman and Freeman-Carroll technique.

Sample preparation for TGA:
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Powder nanomaterial samples around 100mg are used for TGA characterization
technique where flow rate was fixed at 10°/min upto 1000°C. Thermogravimetric analysis was

done in a TA Instrument.

2.4.5. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) technique is used to measure the physical
transformation like phase transition of a nanomaterial with heat flow within it with an increase
in temperature. The transformation of the nanomaterial includes glass transition temperature,
exothermic processes (release heat), endothermic processes (absorb heat) and change in heat
capacity of the sample with increasing heat and temperature. In DSC instrument, one reference
pan (empty) is used along with the sample pan where both reference and samples are
maintained in the same temperature whether temperature linearly increased or decreased. With
the increase in temperature, sample will experience physical transition by heat flow to maintain
the same temperature like a reference. In an endothermic reaction, heat is absorbed by the
nanomaterial sample to experience a phase transition i.e., solid to liquid. Likewise, in an
exothermic reaction, the amount of heat required is less for phase transition by promoting the
sample temperature up to reference level. Thus DSC calculates the amount of heat flow
absorbed or release throughout the phase transition, also measures melting temperature (Tn),
the percentage of crystallinity, glass transition temperature (T,) and other chemical reactions

occurred during the transition of the nanomaterial sample.
Sample preparation for DSC:

Differential Scanning Calorimetry (DSC) analysis was performed by Q-100, TA

instrument with powder samples.

2.4.6. Brunauer-Emmet-Teller (BET)

BET stands for Stephen Brunauer, Paul Hugh Emmett and Edward Teller, three
scientists who developed the theory, known as BET which measures the specific surface area
of a nanomaterial. The same instrument follows Barrett-Joyner-Halenda (BJH) which is used

for pore width measurement.

77| Page



Basically, how physical adsorption of gas molecules occurs on the surface of solid
materials is explained by BET theory. Multilayer adsorption of noncorrosive gas (nitrogen,
argon, carbon dioxide) on the surface of the adsorbent for the determination of specific surface
area can be done with the help of BET theory. For this work, nitrogen gas (N2) has used as
probe gas and due to the van der Waals force of attraction interaction between nitrogen gas

molecule and sample occurs in the liquid nitrogen atmosphere.

BET equation is

1 _€c-1_ Py 1
T Ul e

Where, P is partial vapor pressure of adsorbate gas at the boiling point of liquid nitrogen i.e.,
77.4K.

Py is the saturated pressure of adsorbate gas.
V.is the volume of gas adsorbed at STP.
Vmis the volume of gas adsorbed at STP to form a monolayer on the adsorbent.

C is a constant (dimensionless) which is related to the enthalpy of adsorption of the probe gas

on the sample surface.

P . L . .
Further VS o produces a straight line in the approximate relative pressure
0

1
[va("/p=1)]
range of 0.05 to 0.3. The value of Vinand C are determined from the slop and intercept of BET

linear plot. Specific surface area can be calculated by using:
VinNo

Where N is Avogadro number, a is effective cross-section of adsorbate molecule, m is

mass of the solid sample, 22400 is volume occupied by 1 mole of adsorbate gas at STP.

There are six types of adsorption isotherms can achieve from BET analysis. Porous

nanomaterials form the type IV isotherm which is in the shape of a hysteresis loop.

Sample preparation for BET analysis:
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Powder nanomaterials have used for BET analysis. Degassing of samples is essential
to remove unwanted gas, moisture from the sample surface to get an accurate specific surface

area from BET theory. For the BET analysis model, Tristar I 3020 has used.

2.4.7. Fourier Transform Infrared (FTIR) spectroscopy

With the help of Fourier Transform Infrared (FTIR) spectroscopy, we can get the
information about absorption, emission, functional groups present in the nanomaterial sample.
Different frequencies of light are directed on the sample surface and amount of beam absorbed
by the sample is recorded in the detector by repeating the process for a number of times with
different frequencies. In IR spectroscopy, molecules present in the sample are able to absorb

frequencies characteristic for their structure.

Infrared (IR) spectroscopy is an analytical method to record the vibrations of functional
groups which can characterize the molecular structure of a material. The absorption and
transmittance peaks in the IR spectrum are the fingerprint of the frequencies of molecular
vibrations corresponding to different functional groups present in the sample. Therefore,
different materials with unique combinations of atoms in the functional groups while
interacting with the IR radiation produces different and unique IR spectrum which enables the
determination of the type of chemical bond present in the material. The IR spectra can be
divided into three regions such as Near IR (14000-4000cm™), Mid IR (4000-400cm™"), and Far
IR (400-10cm™) respectively. When a molecule absorbs IR radiation of a particular frequency
it undergoes a change in its dipole moment upon vibration and when the frequency of the IR
radiation coincide with the natural frequency of vibration of the molecule, the amplitude of the
vibration changes. The molecular vibrations associated with the fluctuating dipole moment are
stretching and bending. The bending vibrations again can be classified into four types such as
rocking, twisting, wagging and scissoring. The IR can be utilized for quantitative analysis such
as the determination of the concentration of an unknown solution or quantity of material
present. Conventional IR spectroscopy works in the frequency domain where the radiant power
is measured as a function of frequency. The Fourier transformation IR spectroscopy measures
the radiant power as a function of time and the time domain spectrum is mathematically
represented into frequency domain spectrum with help of Fourier transform. The Michelson

interferometer in the FTIR instrument consists of a fixed mirror, moving mirror, a beam splitter,
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IR radiation source and a detector. The beam splitter divides the IR beam into two parts and
one half of the beam is reflected by the fixed mirror and the other half'is reflected by the moving
mirror. The two beams are again recombined at the beam splitter which passes through the cell
and finally the beam is focused to the detector. The FTIR instrument used for sample analysis
is PerkinElmer FTIR/FIR Spectrometer, Frontier. The analysis was carried out at room

temperature in the MIR (4000-400cm™) region using absorbance mode.

Sample preparation for FTIR:

The samples were prepared in the pellet form by mixing the samples with KBr powder.

2.4.8. Zeta potential analysis

With the help of Zeta potential characterization technique surface charge and electrical
stability of the NPs in a colloidal suspension have been investigated. As liquids comprise ions
whether cations or anions which interact with the NPs surface charge (even solid particles
contains charges in suspension) during the suspension of the NPs in the liquid medium.
Movement of the NPs in the suspension medium depends on the interference of charge of the
NPs and the applied external electric field. The particle velocity is proportional to the electrical
potential of the suspended charged NPs at the diffuse layer of electrical double layer i.e., zeta
potential. Therefore, zeta potential can be determined by observing the movement of NPs i.e.,
NP velocity ‘V’ and the electrophoresis with a known refractive index of the suspension
medium and a known dielectric constant ‘e’. The factor pH of the solvent is affecting the value
of zeta potential. Zeta potential value of a nanomaterial is positive at lower pH solvent medium
1.e., acidic solvent and negative at higher pH solvent medium i.e., base solvent. The point where
NPs possess zero zeta potential value, that point is an Isoelectric point where colloidal

suspension of NPs will show the least stability.

A laser source of light is split to an incident beam and reference beam of light. Though
the sample cell incident laser beam passes and scared by making an angle. With the application
of an electric field, NPs move through measured sample cell make the intensity of detected
light to alter with a frequency proportional to the velocity of the NP. A detector records the
information which is analysed by a software zeta sizer to form spectrum from which zeta

potential can be calculated.

NPs with small zeta potential value have the tendency to coagulation and thus

possessing less stability in colloidal suspension, whereas NPs with a higher value of zeta
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potential (may be positive or negative) possess high electrical stability by resisting
agglomeration in the colloidal medium. Stability of NPs is considered as having value >

+30mV for positive zeta potential and having value > -30mV for negative zeta potential.
Sample preparation for zeta potential analysis:

Solid NPs have been properly suspended in DI water and kept in a capillary cell of the
instrument for the determination of zeta potential value. Model Mastersizer 3000 (Malvern

Instrument) has been used for the zeta potential analysis.

2.4.9. Confocal microscopy

By using confocal microscopy loading of any other small particles in the prepared NCs
were checked with its good optical resolution, phase contrast ability. In 1955, Marvin Minsky
proposed the concept of a confocal microscope to overcome the drawbacks of a fluorescence
microscope. In confocal microscope both image and sample i.e., object, have the same focal
point with the ability to abolish the lights or information which are out of focus from the focal
point of the object by using a pinhole in front of the image formed. The function of this pinhole
to eliminate all out of focus lights which are above or below the focal plan of the object and
allowing a very narrow beam of light to form images of the only focused portion of the light.
Thus, it can give information about the required portion of the sample surface with good clarity
and good resolution. In a confocal microscope, the source is a laser beam to form bright light
at a specific wavelength and images produced are detected by a sensitive photomultiplier
detector. The microscope is interfaced with a computer, which can scan the rectangular area of
the sample, focus, collect and finally analyze the micrographs. The confocal microscope can
form images of fluorescence which is applied to the sample and produce a contrast in color to
the image with the help of that it becomes easy to differentiate florescence particles from the
other parts of the sample. Thus, it can produce a phase difference within the same image formed
in the computer. Therefore, confocal microscopy technique is used to image the prepared

mesoporous NPs which were previously loaded with fluorescence dyes.
Sample preparation for confocal microscopy:

Mesoporous NPs have been treated with fluorescence dye Rh 6G and the washed it with

DI water to avoid the presence of dye on the surface of the NPs and so that dye particles can
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present only inside the pore of the NPs. After vacuum drying these dye loaded NPs were

dissolved in a solvent and taken for confocal microscopy imaging.

2.4.10. Ultraviolet-Visible spectroscopy (UV-Vis)

UV-Vis spectroscopy is based on absorption spectroscopy and it works in the ultra-
violet (approximately 190-380nm wavelength range) and visible range (wavelength range
approximately 380-800nm) of the electromagnetic spectra. This spectrometer is used to
determine the quantity or concentration of different chemical compounds formed the
nanomaterials by checking absorbance w.r.t. UV-Vis wavelength range. As the wavelength is
specific for different molecules, this spectrometer records electrons transition by UV-Vis light
from ground state to higher energy state by absorbing at the specific wavelength for that
specific molecules. Thus it becomes easy to identify the molecule as well as the concentration

of the molecule present in the NP.

The principle of UV-Vis spectroscopy works on Beer-Lambert law where at a specific
wavelength the absorbance of a molecule is directly proportional to the absorbing molecule

concentration present in solution and the light path length. This can be represented as:

A= L0g10 (")) = € X CX 1wt (25)

Where, A is the absorbance measured

I, is the incident light intensity

I is the intensity of transmitted light

€ is the constant called molar absorptivity

[ is the path length of light.

The spectrometer contains two sources a tungsten filament for visible range (300nm to
2500nm) and for UV range a radiation source of deuterium arc lamp with 190-400nm,
monochromators to monochromatic light by filtering lights to a specific single light

wavelength, photomultiplier and a photodiode detector to record the measured light, a sample
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holder and a reference sample holder (which has 100% transmission or can say 0%

absorbance).
Sample preparation for UV-Vis spectroscopy:

Powder nanomaterials were dissolved in a suitable solvent to take a reading in UV-Vis
spectrometer. Quartz cuvettes were used for both sample and reference sample cell. Baseline
correction has done to avoid absorbance peak formed due to solvent before taking data for
nanomaterials. Then dissolved nanomaterials have kept in sample quartz cell and reference
cuvette has filled with only pure solvent and respective absorbance peak have been checked
for each prepared nanomaterials. Model LAMDA 750, Perkin Elmer instrument has been used

for the experiment.

2.4.11. Fluorescence activated cell sorting (FACS) analysis

A fluorescence activated cell sorting (FACS) is a toll comes under flow cytometry,
where laser light is utilized to sort, count and detect fluorescence labeled cells from a
heterogeneous stream of cells while crossing through a single flow path. It helps to distinguish

and to get a quantitative profile of cells in a heterogeneous cell suspension.

Laminar flow of heterogeneous cell suspension exposed to laser light beam by flowing
through a narrow path which is designed in such a manner to allow single cell at a time with
the help of hydrodynamic focusing. An electromagnetic field is applied to enforce an electric
charge on all cell. Under the laser light beam fluorescently labelled biological cells in a stream
of fluid, get excited to produce forward scattering, side scattering, fluorescence scattering
signals at single or multiple wavelengths and accordingly detecting those signals by several
detectors (positioned around the cell stream), count, quantity and sort of cells present in a
biological cell sample. Detectors parallel to the laser light beam measures forward scattering
signals and detectors perpendicular to the stream measures side scattering signals. The detected

scattered signals and fluorescence lights are analyzed by the software of the computer.

It is a very fast method and can determine thousands of particles per second and can
collect varing physical and chemical structural information with different parameters of cells

of interest.
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2.4.12. Multimode microplate reader

The instrument multimode micro plate reader has a varied range of applications like its
name. It can be used to determine the physical, chemical and biological properties of
nanomaterials as well as biological cells also. However, vastly utilized in the biological field.
Samples are kept in 96 well microplates (8x12) where the volume of each well is about 150pL
to 200uL, are commonly used. Multimode microplate reader consists of different detection
modes like absorbance, fluorescence, luminescence, time resolve fluorescence etc. The
detection mode absorbance works for different biological assays. To check the cell viability of
synthesized nanomaterials absorbance detection mode has been utilized in the present work.
Samples are placed under a light source of specific wavelength and amount of initial light
transmitted i.e., the concentration of the sample, through the desired sample can be detected by
a detector placed opposite side of well. In case of fluorescence detection mode, samples are
placed under a light source of a specific wavelength, fluorescence molecules present in the
sample will emit light and collected by an emission system where emitted lights are parted
from excitation light with the help of a monochromator and measures the signal. In case of a
luminescence detector, emitted light by the sample gives information of chemical properties of
the sample or some typical type of biological reactions. This detector has used to check the

photoluminescence spectra of the synthesized nanomaterials.
Sample preparation for Multimode multiplate reader:

In biocompatibility assay, nanomaterials have been treated with cells and seeded in 96
well plate which has been examined under multimode multiplate reader after the specific
incubation period.

In PL analysis synthesized nanomaterials have been dispersed in a suitable solvent and

studied under the multimode multiplatereader at specific wave length range.
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Chapter 3

Result and discussion

PartI (Section A): Designing of SiO: templated hollow mesoporous PCL NCs
and loaded with various antimalarial drugs (CQDP and DHA) for

suppressing malaria.

Part I (Section B): Efficiency of hollow mesoporous PCL NCs loaded with

antimalarial drug Sulfadoxine against P. falciparum cell line.

Part II (Section A): Designing of mesoporous ZnO NPs incorporated with

protein for the enhancement of immune responses.

Part II (Section B): Mesoporous ZnO NCs incorporated with different drugs

for cancer therapy.

8 |Page



Part III: Synthesis of porous PCL NPs by template removing approach to

eradicate breast cancer cells.

Chapter 3: Result and discussion: Part I (Section A)

Objective: Designing of SiO; templated hollow mesoporous PCL NCs and
loaded with various antimalarial drugs (CQDP and DHA) for suppressing

malaria.

3.1A.1. Introduction

3.1A.2. Synthesis procedure

3.1A.3. Synthesis mechanism of hollow mesoporous PCL capsules

3.1A.4. Loading of Rh6G, DHA and CQDP in hollow mesoporous PCL capsules
3.1A.5. Effect of drug loaded NCs with P. falciparum cell line

3.1A.6. Designing hollow mesoporous PCL capsules: Size, Morphology and porous structure

of NCs
3.1A.7. BET surface area analysis

3.1A.8. Surface chemical structure of hollow mesoporous PCL capsules

3.1A.9. Thermal stability, solid state crystal structure study and zeta potential analysis

3.1A.10. Cell viability analysis of bare hollow mesoporous PCL capsules with P. falciparum

culture medium
3.1A.11. P. falciparum inhibition with PCL-DHA and PCL-CQDP formulation

3.1A.12. Hollow mesoporous PCL capsules facilitate releasing of DHA and CQDP in the

medium
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3.1A.13. Release kinetics and diffusion coefficients of PCL-DHA and PCL-CQDP

nanoformulations

3.1A.14. PCL-DHA and PCL-CQDP formulation actively inhibit P. falciparum

3.1A.15. Summary of Part I (Section A)

Chapter 3

Result and discussion: Part I (Section A)

Objective: Designing of SiO: templated hollow mesoporous PCL NCs and
loaded with various antimalarial drugs (CQDP and DHA) for suppressing

malaria.

3.1A.1. Introduction

Hollow mesoporous nanocarriers typically based on the polymer are becoming a smart
delivery vehicle to deliver drugs and other biomolecules because of their recent achievement
in the biomedical field. Polymer nanocarriers have advantages over another nanocarrier as they

are biodegradable and biocompatible in nature.

From recent reports of WHO it is very clear that the death caused by Malaria is not
ignorable as it is increasing every year. To date, many NP based research works for antimalarial
activities have been reported such as phosphorothionate antisense oligodeoxyribo-nucleotide
and chitosan based NPs for silencing of malaria [111], B-arteether lipid based NP formulation

of curcumin [112].

However, it is worth mentioning that, till date only the poly(N-Isopropylacrylamide)

based copolymers were reported which control the temperature dependent release of drugs
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[196]. But the disadvantages of poly(N-Isopropylacrylamide) for treatment of malaria is that
the critical transition temperature (T¢) of drug release for this polymer is 32°C, which is very
low compared to the normal body temperature (37.4°C) and hence poly(N-
Isopropylacrylamide) may not useful for control release of antimalarial drugs for treatment of
the P. falciparum as most of the drug released below the body temperature, rather the excess
release of drugs from poly(N-Isopropylacrylamide) at low temperature (33°C) caused side

effects and increased the resistance of drugs to the P. falciparum [197].

Control release of antimalarial drugs DHA and CQDP, at body temperature (37°C) and
higher temperature caused by malaria infection, with the help of hollow PCL capsules as
delivery vehicles have not reported yet. Therefore, we have designed an appropriate drug
delivery vehicle of polymer PCL through wet chemical template removal technique. A
comprehensive analysis of the in-vitro cytotoxic effect of the porous PCL capsules and also P.
falciparum parasitic cell inhibition efficiency of these synthesized hollow mesoporous PCL
capsules have been studied here. Their in-vitro sustained drug release behavior while loaded
with different antimalarial drugs to the P. falciparum RBCs with a gradual change in
temperature (37°C-43°C), makes them a suitable contender for the controlled delivery of

antimalarial drug to eradicate P. falciparum infection.

3.1A.2. Synthesis procedure

A detail of the experimental procedure for the synthesis of templates SiO2 NPs, Core
shell PCL- SiO2 NPs and hollow mesoporous PCL NCs have been explained here. The detail

of the Chemicals, reagents, solvents used for the experiment has been included in Chapter 2.
(a) Synthesis of template SiO2 NPs

Si0, NPs were synthesized followed by Stober method [200]. In brief, 2mL of TEOS
was added to 30mL of ethanol and stirred at room temperature (25°C). Then ImL of dIH,O
was added to the mixture and left for half an hour under stirring (600RPM). Then NH4OH was
added drop wise to the mixture and the whole mixture was kept under vigorous stirring for
overnight. The resulting white colloidal solution was centrifuged at S000RPM for 10min and
SiO2 NPs were separated and washed thoroughly using dIH20 and Isopropyl alcohol mixture
to remove unreacted reactants. Then SiO, NPs were dried at 120°C. SiO2 NPs of two different
sizes such as (i) average size of ~10nm named as SiO, NPs-1 (ii) average size of ~450nm

named as SiO> NPs-2 were prepared. SiO> NPs-2 were prepared by taking a higher
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concentration of precursor material TEOS (5mL), keeping all other reaction parameters same.
It is worth mentioning here that the larger sized SiO» (SiO> NPs-2) has been used to create the
hollow core and the smaller sized particles (SiO> NPs-1) have been used to create pores on the
shell of the polymeric capsules. Later, these both white powdered SiO> NPs were stored

properly for further characterizations.

(b) Synthesis of solid core shell polymer NPs

In brief, 50mg of synthesized SiO2 NPs-1 were thoroughly dispersed in acetone through
ultra-sonication. Then 50 mg PCL (avg. Mn 45,000) was also dissolved in acetone at 45°C.
Thereafter, dispersed SiO2 NPs-1 and dissolved PCL were mixed together. Then, 50mg SiO»
NPs-2 were dispersed in 20mL acetone separately through ultra-sonication and the
homogeneous dispersion of SiO2 NPs-2 was added to the mixture of SiO, NPs-1 and PCL under
constant stirring at 45°C. Then the resultant mixture of Si0, NPs-1, PCL and SiO, NPs-2 was
added continuously to a 150mL (water/surfactant, Igepal CO 50) emulsion under sonication at
the feeding rate of 150pL.min'. Finally, the mixture was kept under stirring for 24h
(1000RPM). The resultant product is core shell NPs of SiO; and PCL (PCL-SiO; NPs) which
were collected after repeated washing and centrifugation (at SO00RPM) followed by drying

through lyophilization. In the core shell structure, Si0; is in the core and shell is PCL.
(c) Formation of hollow mesoporous PCL capsules

Above synthesized core-shell NPs were treated with HF (5M solution) for 12h to etch
out the SiO2 NPs-1 and NPs-2. After 12h of incubation, the etched core-shell polymeric NPs
were centrifuged (at RPM 10000) to separate the particles from the solution followed by
repeated dispersion and washing. Finally, the white powdered product was collected after

freeze drying.

3.1A.3. Synthesis mechanism of hollow mesoporous PCL capsules

The chemical formation mechanism of hollow mesoporous PCL NCs is briefly
explained here. To form a core-shell structure, nucleophilic Oxygen of Igepal-CO 50 is rich in
electrons which donate electrons to the tetravalent silicon atom thereby resulting in an

intermediate anion. There can be a possibility of two chemical routes to form the final core
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shell structure. In the first case, after the addition of another equivalent molecule of SiO, atom,
dianion formation takes place, which upon hydrolysis causes the conversation of ionic oxygen

to a hydroxyl group.

In another case, the intermediate anion upon hydrolysis is following nucleophillic

substitution pathway i.e. the electron rich oxygen of silica attacks the carbonyl center of PCL.

Two equivalent of PCL was added to the above solution to form the product given as,

IDM
0. .0 A
SO
D D D'-FR"
Ry

Figure 3.1.1. Chemical structural representation of SiO> surrounded by PCL forming core

shell structure.
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Schematic 3.1.1. Step by step synthesis mechanism of core shell PCL-SiO> NPs and hollow
mesoporous PCL capsules after removal of template SiO:. In the first step, nucleophilic Oxygen
of Igepal-CO 50 donates electrons to the silicon atom followed by forming an anion. In the
second step, dianion formed after addition of an equivalent molecule of SiO: atom. In the third
step, hydrolysis of dianion converted ionic oxygen to hydroxyl group. In the next step, the
electron rich oxygen of silica attacks the carbonyl center of PCL. Simultaneously, in another
parallel case, the intermediate anion upon hydrolysis is following nucleophillic substitution
pathway where the electron rich oxygen of silica attacks the carbonyl center of PCL. Two

equivalent of PCL was added to the above solution to form the final core shell structure. In the
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final step after addition of HF, template SiO>removed in the form of silicon fluoride gas thereby
forming PCL shell with hollow porous structure.

Aqueous hydrogen fluoride (HF), is added which reacts with the core shell PCL-Si0;
(structure represented above) NPs. Template SiO; reacts with hydrogen fluoride by resulting
silicon tetrafluoride gas (which will be given off) as well as water. Therefore, it leaves behind
the porous PCL shell with a hollow core and porous shell. The proposed chemical reaction for
the removal of SiO> template from the PCL shell after reacting with HF has been mentioned

below,

AHF + Si0, = SiF, + 2H,0

3.1A.4. Loading of Rh6G, DHA and CQDP in hollow mesoporous PCL

capsules

The dried mesoporous hollow PCL capsules were collected and used for loading dye
and anti-malaria drugs. The mesoporous PCL capsules were incubated with Rh6G and
antimalarial drugs DHA, CQDP separately, with a concentration of dye/ drugs to mesoporous
PCL capsules of 1:1 mg.mL! in PBS (pH 7.4). The suspensions were stirred for 1h and then
kept for another 24h in dark place without stirring. The Rh6G and DHA/CQDP loaded PCL
capsules were separated from PBS solution through centrifugation (at 8000RPM). These
loaded particles were then washed three times to remove the free dye/drug molecules from the

surface of the capsules followed by air drying in dark for further experiments.

3.1A.5. Effect of drug loaded NCs with P. falciparum cell line

Parasites have a complex cell cycle of growth (48h), which consists of three typical
stages such as ring, trophozoite and schizoint stages showed in Schematic 3.1.2a. After
reaching to the schizoint stage, merozoites emerge out of the erythrocytic vesicle and once
again these merozoites invade an erythrocytic cell and a new life cycle of the parasite repeats

again for multiple times. Nano-formulated PCL-DHA and PCL-CQDP were added to the P.
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falciparum infected RBCs at the early trophozoite stage as the ring formed (Schematic 3.1.2b).
On adding the formulation at ring stage, either DHA or CQDP started to release from the
polymer formulations and sustained for a longer time and subsequently starts to inhibit the
growth of the parasites. This process can be continued for a longer period of time due to the

sustained release of DHA, CQDP and subsequently maintained the killing process as it is

shown in the Schematic 3.1.2c¢.

Merozoites

PCL-drug
nanoformulation

Incubation

(c)

with
+ —>
.o Loading Infacted
’éﬁg RBCs
Drug
Step| Stepl steplll Step IV

Schematic 3.1.2. a) Life-cycle of P. falciparum, (b) early Trophozoite stage of P. falciparum
at which stage PCL-DHA/PCL-CQODP nanoformulations added for treatment and (c)
schematic of different steps of development of nanoformulations and treatment with P.

falciparum infected RBCs resulting deformed structures of infected RBCs after 48h of

incubation with drug loaded nanoformulations.

3.1A.6. Designing hollow mesoporous PCL capsules: Size, Morphology and

porous structure of NCs
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Figure 3.1.2. TEM image of (a) SiO2> NPs-1 (10-15nm), FESEM images of (b) SiO> NPs-2
with (c) corresponding particle size distribution (455 nm) and (d) core shell PCL-SiO2> NPs
with (e) corresponding particle size distribution (510 nm), TEM images of (f) PCL-SiO> NPs
and (g) single core shell PCL-SiO> NP.

Hollow mesoporous PCL capsules were synthesized through template synthesis
approach as it has been discussed in synthesis procedure part, by using two different SiO»
templates i.e., Si02 NPs-1 (10-15nm) and SiO> NPs-2 (~455nm) (Figure 3.1.2a and 3.1.2b
respectively). Microscopic images in Figure 3.1.2a and 3.1.2b confirms the spherical
morphology of the SiO, NPs with uniform dispersion. Figure 3.1.2¢, average particle size
distribution plot has confirmed the average diameter of SiO> NP-2 as 455nm. Initially, core-
shell structure of PCL-SiO, has been designed where the PCL network has been formed
surrounding to the SiO2 NPs-2 core, thus forming the shell structure and the smaller SiO2 NPs-
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1 entrapped in the network of the PCL shell as shown in Figure 3.1.2d-g. Consequently, the
larger SiO2 NPs-2 help to create hollow core at the center, whereas the smaller particles (SiO2

NPs-1) help to create the mesopores on the polymeric shell of PCL.

In Figure 3.1.2e the average size of the core shell PCL NPs have shown as 510nm in
diameter with the shell thickness of ca. 30-35nm (Figure 3.1.2g). In Figure 3.1.2g (HRTEM),
the entrapped SiO2 NP-1 are clearly visible which helps to create the mesopores on the PCL
shell as well as SiO> NP-2 which helps to form the hollow core.

Figure 3.1.3. (a) and (b) FESEM images of mesoporous PCL at low and high magnification,
respectively, (c) and (d) confocal microscopy images of mesoporous PCL loaded with

Rhodamine 6G at lower and higher magnification, respectively.

The FESEM micrograph in Figures 3.1.3a and 3.1.3b clearly showed the spherical
morphology with pores on the shell of PCL capsules. The porous nature of the PCL capsules
has further been confirmed from BET experiments (Figure 3.1.4). Further to confirm the
porous structure and to check the loading of small molecules, confocal microscopy analysis
has been performed and the results have been shown in Figures 3.1.3c and 3.1.3d. For this

study, Rh 6G molecules have been loaded in the NCs and the confocal microscopy images
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were acquired. The clear red emission from the capsules is the evidence for the porous structure

of the PCL shell (Figure 3.1.3c and 3.1.3d).

3.1A.7. BET surface area analysis

The BJH adsorption-desorption isotherm for the polymer capsules were obtained from
the BET experiment and acquired a type-IV isotherm with a clear hysteresis showed in Figure

3.1.4a and the nature of the isotherm is the evidence for the porous structure.
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Figure 3.1.4. BET results (a) BJH adsorption-desorption isotherm and (b) pore size
distribution of mesoporous PCL capsules, respectively. (c) and (d) BJH adsorption-desorption
isotherm and pore size distribution of DHA loaded PCL capsules, respectively.

BET surface area for the mesoporous PCL capsules have also been calculated and found
to be 50m?.g"!. The hollow core has been created by the removal of the bigger SiO, NPs-2
templates from the core and the porous shell structure created by removing smaller SiO> NPs-
1 from the core-shell structure of PCL-SiO> NPs. From BET, the average pore size has been

obtained to be in between 4.5nm to 14.9nm with different sizes of the pores such as 4.5, 8.7
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and 14.9nm in diameter as it is in Figure 3.1.4b. The pore size ca. 4.5nm has been formed due
to the micelles size of the surfactant (Igapal CO 50) and the sizes of the pores 8.7nm and
14.9nm have been formed due to the distribution of the smaller sizes of SiO>-1 NPs. It is worth
to mention that, the shrinkage of the pore size in mesoporous polymeric shell compared to the
size of SiO2 NPs-1 has occurred due to the relaxation of the strain of the PCL chains
(viscoelastic nature), once the SiO, (NPs-1) particles have been extracted from the shell. On
loading of DHA in mesoporous PCL, the surface area is reduced to 32.2 m%.g’!. Figure 3.1.4c
and 3.1.4d are showing the BJH isotherm and pore size distribution profile for the DHA loaded
PCL capsules, respectively. The diminution of hysteresis in Figure 3.1.4c compared to the
Figure 3.1.4a and the nonappearance of peaks for pore size distribution (Figure 3.1.4d) are
the clear evidence for the loading of DHA in the pores of PCL capsules. Thus, it is confirmed
that the drug molecules were loaded in porous and hollow PCL capsules. It can be assumed
that the hollow core of the capsules act as a reservoir and the surface mesopores act as the

channel for releasing the drug molecules from the core.

3.1A.8. Surface chemical structure of hollow mesoporous PCL capsules
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Figure 3.1.5. FTIR results for (a) SiO> NPs, (b) PCL- SiO> NPs and (c) hollow porous PCL

capsules.

From the FTIR analysis, we have identified the functional groups present on the surface

of the Si02 NPs, core-shell PCL-Si0;, NPs and hollow porous PCL capsules showed in Figure
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3.1.5 and for commercially available pure PCL showed in Figure 3.1.6. In mesoporous PCL
the band at 2936ecm! arises for C-H (-CHz) group of PCL and band arises at 1720cm™ is due
to the C=0 group of PCL [201]. It is worth mentioning that the chemical structure of PCL
before and after formation of capsules remained unaltered (Figure 3.1.6 pure PCL and Figure
3.1.5b, 3.1.5c). For SiO» (Figure 3.1.5a), the band appeared at 1112cm™ is for asymmetric
vibrations of Si-O, at 947cm™! for asymmetric vibration of Si-OH and at 805¢m! for symmetric
vibrations of Si-O. An intense absorption band at 3375cm! is appeared due to the stretching of
O-H bond of water. Also, this band can be cross checked through the 1635¢cm ™! band appeared
due to scissor bending vibration of molecular water. None of the characteristic bands which
could be for SiO; (Figure 3.1.5a) [202-204] have been identified in hollow mesoporous PCL
capsules (Figure 3.1.5¢), meant SiO; templates have been removed completely from the core
shell structure (i.e. from PCL-SiO2 NPs) and formed the hollow mesoporous PCL capsules as

it has been shown in the FESEM, SEM and TEM images.
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Figure 3.1.6. FTIR spectrum of pure PCL polymer (commercial) with all characteristic bands.

3.1A.9. Thermal stability, solid state crystal structure study and zeta
potential analysis
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Figure 3.1.7. (a) TGA for SiO2 NPs, pure PCL (commercial), PCL- SiO> NPs and hollow
porous PCL capsules and (b) DTGA for the same, respectively.

The complete removal of SiO2 NPs has further been confirmed through TGA showed
in Figure 3.1.7 and powder XRD analysis showed in Figure 3.1.8. For TGA, all samples SiO»
NPs, pure PCL, core shell PCL-SiO, NPs and PCL NCs were heated in the range of 40°C-
1000°C with a heating rate 10°C/min. TGA thermograms (Figure 3.1.7) show 15% weight loss
occurred in between 50-450°C due to the loss of free water molecules/moisture from the
surface of template SiO; and throughout the whole temperature range weight loss remained
constant. However, for core shell PCL-SiO> NPs weight loss occurred around 350°C due to the
weight loss of polymer PCL (commercial pure PCL polymer has shown a firm weight loss after
350°C and continued till 560°C), beyond ~450°C weight loss became constant due to the
presence of Si0O; in the core. After removal of Si0,, the weight loss for PCL NCs started at
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~340°C and continued upto 450°C due to the complete degradation of PCL. Therefore the
porous PCL capsules are thermally stable upto 340°C.

From the XRD results, as shown in Figure 3.1.8, it is confirmed that the prepared
porous PCL capsules are semicrystalline/amorphous in nature. XRD pattern of PCL-SiO2> NPs
(Figure 3.1.8b) and mesoporous PCL capsules (Figure 3.1.8c) show diffraction peaks at 26 =
21.4° and 23.0°, corresponding to the orthorhombic planes (110) and (200) of PCL,
respectively [205,206]. However, Si0O> NPs showed amorphous behaviour, showed in Figure

3.1.8a.
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Figure 3.1.8. XRD for (a) SiO2 NPs, (b) core shell PCL-SiO> NPs, (c) hollow porous PCL
capsules and for (d) pure PCL (commercial).

Further, the DSC results (Figure 3.1.9) confirmed that there was no modification on
the chemical structure of the PCL chain, in PCL-SiO, NPs (Figure 3.1.9b) and hollow
mesoporous PCL capsules (Figure 3.1.9c), rather T, (melting temperature) shifted little from
PCL-SiO2 NPs (Tm ~ 61°C) to PCL capsules (Tm ~ 63°C) due to the rearrangement of the

polymer chains during processing.

To check the zeta potential value, 500pug of PCL NCs have been dispersed in 1mL of
DI water. The value has been recorded at temperature 25°C by using He-Ne LASER
wavelength of 633 nm. Figure 3.1.10, showed the zeta potential value of PCL NCs which has
been found as —30.6 mV and standard deviation £5.93 (single peak).
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Figure 3.1.9. DSC for (a) SiO> NPs, (b) PCL-SiO> NPs and (c) hollow porous PCL capsules.

Table 1: Zeta potential results of hollow porous PCL capsules.

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -30.6 Peak 1: -30.6 100.0 5.93
Zeta Deviation (mV): 5.93 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.0118 Peak 3: 0.00 0.0 0.00
Result quality :
400000,................._,_.._._.............._..._._._._._......................_._..:
%) B [ !
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Figure 3.1.10. Zeta potential analysis of hollow porous PCL capsules.
3.1A.10. Cell viability analysis of bare hollow mesoporous PCL capsules with

P. falciparum culture medium
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The in vitro cytotoxicity assay of the hollow mesoporous PCL capsules were carried
out in the culture medium by taking the different concentrations of unloaded capsules such as
25, 50, 100, 150 and 200pg.mL"!. First 500uL of the master solution containing fresh media,
RBC and Parasitemia was centrifuged (at SOORPM for 3min at RT) and the pellet was used for
the study. Working solution of different PCL (capsules) concentrations was added to the pellet
and mixed thoroughly. This step was repeated three times for all concentrations as mentioned
above to avoid error. The master solution without NCs was considered as control. Finally, all
the solutions with different concentrations of PCL capsules, control media and RBC were
pipetted into the 96 well plate. The 96 well plate with the sample was then incubated in a CO>
incubator for 48h. After 48h of incubation, 100uL of lysis buffer containing SYBR green I
(Invitrogen) dye was added to each well and further incubated for 1h at RT in dark. Then
absorbance bands of the cells were recorded using the multimode reader. Cytotoxicity of the
PCL-DHA and PCL-CQDP nanoformulations with P. falciparum cell line in 96 well plate was
studied at 37°C using a Multimode Reader.

40!
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Cell viability (%)
19}
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o O O
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Figure 3.1.11. Cell viability of hollow porous PCL capsules (bear) with different

concentrations of capsules incubated with P. falciparum cells for 48h.

Cell viability results are shown in Figure 3.1.11. To evaluate the cytotoxicity of the

synthesized PCL capsules, the control (fresh media, RBC and Parasitemia) is considered as
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100% cell viable. All the concentrations of the polymer NCs from lower to higher i.e., 25, 50,
100, 150 and 200pg.mL"! have almost equivalent percentage of cell viability like control while
comparing with the control. From the results, it was confirmed that bare hollow mesoporous
PCL capsules were biocompatible in nature, non-toxic and they do not have any role in killing

the parasites.

3.1A.11. P. falciparum inhibition with PCL-DHA and PCL-CQDP

formulation

The effect of PCL-DHA formulation on the P. falciparum infected RBCs was studied
systematically with varying concentrations of nanoformulation in vitro by taking 2, 5, 10, 20,
50, 100, 200, 500 and 1000nM concentrations of DHA loaded in PCL capsules. In brief, the
assays were conducted with the pellet obtained from ImL culture having initial Parasitemia
concentration of 1% and haematocrit of 5%. Then 1mL medium containing different
concentrations of PCL-DHA formulations each were added to the pellet. The parasites were
allowed to culture for 48h at 37°C and finally harvested to make blood smears. Total 1000
number of RBC were counted for each slide to estimate the Parasitemia. Figure 3.1.12,
represented the parasitic cell inhibition by PCL-DHA nanoformulations from lower to higher
concentrations of DHA. Similar experiments were performed by taking PCL-CQDP
nanoformulations to study the inhibition of P. falciparum by taking CQDP concentration as
100, 200, 400 and 500 ug.mL"'. Figure 3.1.13 represented the experimental parasitic inhibition
analysis by PCL-CQDP nanoformulation from lower to higher CQDP concentrations in PCL
NCs. It 1s found from the both Figure 3.1.12 and Figure 3.1.13, the % of cell inhibition is
decreased with increased of drug concentration in both cases i.e., PCL-DHA and PCL-CQDP
nanoformulations respectively. From Figure 3.1.12, for the 2nM concentration of DHA the %
of cell inhibition found as 82.7+2.5 (%) and for higher concentration like 1000nM it came out

as 12.443.4 (%), which is very less compared to the lower concentration of the drug DHA.

In the same way, for the drug CQDP, the % of cell inhibition calculated 85 £3.1 (%)
and 80.1+1.5 (%) for lower concentration 100pug.mL'and higher concentration 500 pg.mL™! of
CQDP content in PCL capsules (Figure 3.1.13).
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Figure 3.1.12. Cell inhibition by PCL-DHA nanoformulation while treated with P. falciparum
infected RBCs by maintaining lower to higher concentrations of drug DHA (2nM to 1000nM)
at 37°C after 48h of incubation.
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Figure 3.1.13. Cell inhibition by PCL-CQDP nanoformulation while treated with P.
falciparum infected RBCs by maintaining lower to higher concentrations of drug CODP (100
to 500ug/mlL) at 37°C after 48h of incubation.
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3.1A.12. Hollow mesoporous PCL capsules facilitate releasing of DHA and
CQDP in the medium

PCL-DHA and PCL-CQDP formulations were suspended in culture medium RPMI
1640 and the release behavior has been studied. Maintaining a fixed time interval the
absorbance of the released drugs in the medium was recorded at different temperatures such as
30, 37, 40 and 43°C using UV-Vis spectrometer and the extent of release of DHA and CQDP
were calculated. Release amounts were calculated for 6h with a fixed time interval and then
investigated the kinetics for the release. To study the release profile, 0.6mg of PCL-DHA and
PCL-CQDP for each were taken with SmL of medium in a cuvette. To calculate the extent of
drug release the absorption band at 263nm for DHA were considered. Following the similar
procedure, the release kinetics for CQDP were studied by considering absorption band at

260nm.

It is worth mentioning that, the loading of the DHA, CQDP and dye molecules in hollow
porous PCL capsules occurred through the diffusion process. The pores present on the
polymeric shell act as a channel to diffuse the drugs/dye into the hollow core. Successful
loading of Rh 6G dye has been confirmed through the confocal microscopy experiments
(Figure 3.1.3c and 3.1.3d). A deep red light emission is detected for the loaded Rh 6G in the
PCL capsules.

The release profiles of DHA and CQDP and their kinetics have studied at different
temperatures and time interval showed in Figure 3.1.14a and Figure 3.1.14b respectively, to
correlate with the body temperature. The temperature dependent release of DHA and CQDP
are studied at different temperatures such as 30, 37, 40 and 43°C, since parasitic infection
caused enhancement of body temperature periodically. The results obtained were very
interesting as shown in Figure 3.1.14a and 3.1.14b. 1t was revealed from these release profiles
that with an increase in the temperature and time the extent of release of drug molecules also
increased. Within 1h of incubation the percentage of release of DHA from PCL-DHA
formulation (200pg per mg of PCL capsule) is found to be 16+0.8 (%), 32+1.6 (%), 21+£1.05
(%), 21.5£1.07 (%) and after 5h of incubation the percentage of release obtained to be 23.1£1.5
(%), 39.4+£1.8 (%), 66.1+£3.3 (%), 71.6£3.5 (%) at temperatures 30, 37, 40 and 43°C,
respectively. Similarly for CQDP release from PCL-CQDP formulation, within 1h the
percentage of release obtained to be 41.4+2.0 (%), 46.1+2.3 (%), 55.1 £3.7 (%) and 77.3+3.8
(%) for the temperature 30, 37, 40 and 43°C, respectively, whereas after 5h the amount of
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CQDP release for these temperatures obtained to be 45.31£2.2 (%), 53.1£2.4 (%), 71.4 £4.4 (%)
and 95.2£3.8 (%) of the total loaded CQDP (18.6ug per mg of capsules), respectively.
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Figure 3.1.14. The release profile of (a) DHA from PCL-DHA and (b) CODP from PCL-CODP

nanoformulations at different temperatures.

Figure 3.1.15 showed the normalized percentage release profile of drug DHA
maintained at room temperature (25°C) for 30 days where DHA showed slow and sustained

release for a longer period of time and showed 79.8% release the 30™ day.
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Figure 3.1.15. The release profile of DHA drugs from PCL-DHA nanoformulation at room

temperature for 30 days.
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3.1A.13. Release kinetics and diffusion coefficients of PCL-DHA and PCL-

CQDP nanoformulations

The release kinetics of DHA and CQDP have been studied using the model kinetic
equations as given below (eq. 1) and (eq. 2) [207].

Zero order release kinetic equation (eq. 1),

0t gy = Kot oo (D)

Where, Q; is cumulative amount of drug released at time t, Q is the initial amount of drug,

K, is zero order release constant, t is time in min.

The firstorder release kinetic equation,

g == ™ i (2)

Where, Q; is cumulative amount of drug released at time t, Q, is the initial amount of drug, k

is first order release constant, t is time in min.

The diffusion coefficients for both DHA and CQDP, released from the formulations
with four different temperatures have been calculated by using the model equation (eq. 3)

[208],

Y_Mt_6<DT.t) 3
=, OmRe) SR )

Where, Y = (% ) is a function of the extent of drug released at time t, Dy is the diffusion
o

coefficient of drug molecules from the hollow-porous polymer capsules at a temperature (T)

and at time t, R is the diameter of the pores of hollow-porous polymer capsules.
Where the diffusion coefficient is defined by the eq. (4) below,

Y?m R?

At lower temperatures, such as at 30°C and 37°C, DHA released from PCL-DHA
formulations exhibited characteristic of a first order release kinetics (Figure 3.1.16) and at
higher temperatures such as at 40°C and 43°C, drug releases followed a characteristic of zero

order release kinetics (Figure 3.1.17) in culture medium. To analyses the release kinetics, the
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experimental data were fitted in both zero order and first order release kinetic equations (eq. 1
and 2) which are shown in Figure 3.1.16 and Figure 3.1.17. Whereas, the release of CQDP
followed characteristic of a first order release behaviour during release from the PCL-CQDP

formulation at all four temperatures (30-43°C) shown in Figure 3.1.18.

-0.6
071 DHA
-08F e 30°C e 37°C
09}
1.0} — i S
44E e R°=0.73297
.2}
-1.3
-1.4
16 ¢ R*=0.81722
A.7F
g8l v
50 100 150 200 250 300 350 400

Time(min)

L |

- In(Q/Qy)

Figure 3.1.16. First order release kinetics at 30°C and 37°C for PCL-DHA nanoformulation.
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Figure 3.1.17. Zero order release kinetics at 40°C and 43°C for PCL-DHA nanoformulation.
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Figure 3.1.18. First order release kinetics at 4 different temperatures for PCL-CQDP

nanoformulation.

The releases of DHA and CQDP were controlled by the temperature dependent
diffusion. Therefore, diffusion coefficients for both drugs DHA and CQDP were released from
the PCL-DHA and PCL-CQDP formulations, with different temperatures have been calculated
(Table 2 and Table 3) at different time interval with different pore sizes. From the calculated
values of diffusion coefficients (Table 2 and Table 3), we can confirm that the diffusion
coefficient values of drug release are dependent on time, temperature and pore sizes of PCL
capsules. From the Table 2 and Table 3, it is very clear that the diffusion coefficients are
increasing with the gradual increase in the pore sizes (from 4.5nm to 14.9nm) and temperatures
(from 30°C to 43°C). For example (from Table 2), as the pore size increases from 4.5nm to
14.9nm, the diffusion coefficient values for DHA release from NCs increases from 5.02x10!°
to 31.68 x 107" at a fixed temperature say 37°C (after Smin). With the increase in temperature
from 30°C to 43°C the diffusion coefficient increases from 1.26 x 107to 4.77 x 107"° (after 1h
from 4.5 nm pore). Though with the increase of time from initial to a longer period of time (say
5 min to 5h) the diffusion coefficient decreases progressively. For example, for 37°C the
diffusion coefficient value after Smin of DHA release was 5.02 x 107" whereas after 5h of
DHA release, the value obtained to be 1.45 x 107" (say 4.5nm pores). A similar trend was
observed for the release of CQDP (Table 3) i.e., at 37°C, for Smin the Dy value is 10.43x107"°
and for 5h the Dy the value calculated as 2.76 x 10°'° for the pore size 4.5nm.
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Table 2: Diffusion coefficient (D) of PCL- DHA nanoformulation with a range of time (5-
300min) and temperature (30-43°C).

Pore size 4.5nm

D at different temperatures ( x10")

(min) 30°C 37°C 40°C 43°C
5 1.53 5.02 8.48 11.54
60 1.26 4.77 2.93 345
120 1.12 3.18 2.25 3.22
180 0.82 2.32 2.23 3.19
240 0.63 1.69 2.16 3.18
300 0.51 1.45 2.09 2.27
Pore size 8.7nm
5 5.72 18.78 31.69 43.13
60 4.69 17.83 10.96 12.90
120 4.20 11.88 8.39 12.05
180 3.07 8.69 8.32 11.92
240 2.34 6.32 8.08 11.88
300 1.92 5.41 7.83 8.47
Pore size 14.9nm
5 16.78 55.08 31.68 126.51
60 13.77 52.28 10.96 34.85
120 12.32 34.85 8.318 35.33
180 8.99 25.48 8.39 34.97
240 6.86 18.55 8.08 37.83
300 5.64 15.86 7.83 24.86
Average pore size 9.4nm
5 6.63 21.74 36.67 49.92
60 543 20.63 12.69 14.93
120 4.86 13.75 9.72 13.94
180 3.55 10.05 9.63 13.80
240 2.71 7.32 9.36 13.75
300 2.23 6.25 9.06 9.81
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Table 3: Diffusion coefficient (Dr) of PCL- CQDP nanoformulation with a range of time (5-

300min) and temperature (30-43°C).

Pore size 4.5nm

D1 at different temperatures ( x10)

(min) 30°C 37°C 40°C 43°C
5 6.95 10.43 14.87 29.32
60 3.96 8.47 13.96 27.97
120 4.53 5.75 9.42 15.85
180 3.16 3.83 6.48 11.54
240 2.52 2.96 5.36 10.06
300 2.01 2.76 4.95 9.04
Pore size 8.7nm
5 26.01 38.97 55.61 109.57
60 14.81 31.68 52.18 104.58
120 16.95 21.47 35.22 59.27
180 11.83 14.32 24.23 43.13
240 941 11.09 20.07 37.63
300 7.53 10.34 18.51 33.80
Pore size 14.9nm
5 76.27 114.31 163.11 321.41
60 43.43 92.95 153.08 306.75
120 49.73 63.00 103.31 173.85
180 34.71 42.00 71.06 126.51
240 27.59 32.55 58.87 110.38
300 22.07 30.33 54.29 99.14
Pore size 9.4nm
5 30.10 45.11 64.36 126.83
60 19.62 36.67 60.41 121.05
120 17.14 24.86 40.76 68.61
180 13.69 16.57 28.04 49.92
240 10.88 12.85 23.23 43.55
300 8.71 11.97 21.43 39.12
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3.1A.14. PCL-DHA and PCL-CQDP formulation actively inhibit P.

falciparum

The bio-availability and inhibition of P. falciparum 3D7 have been investigated using
PCL-DHA and PCL-CQDP nanoformulations separately through in vitro susceptibility assay.
Three P. falciparum 3D7 in vitro cultures have been grown in parallel sets of the experiments.
Set-1 was supplemented with free drugs DHA and CQDP, Set-2 was supplemented with
mesoporous PCL capsules containing DHA and CQDP (formulations), and the set-3 is mock-
treated (control). From the experimental results, it is observed that the bear mesoporous PCL
capsules do not have any anti-parasitic effects up to 200pg.mL"! concentration (Figure 3.1.11),
whereas individual PCL-DHA and PCL-CQDP formulations exhibited a clear role on parasite
growth even at a lower amount of drug concentrations. Based on the treatment with the
formulation, the ICso value was calculated and found to be 66.6nM which is almost similar to
the ICso obtained for free DHA (65.4nM). These results imply that formulation of hollow
porous PCL NCs with DHA is effective in inhibition of parasitic growth and killing of them in

a sustained manner showed in Figure 3.1.19a.

Then the inhibitory effects of CQDP loaded NCs (PCL-CQDP) were also evaluated by
performing in vitro viability assay in P. falciparum 3D7 strain following the similar procedure
used for PCL-DHA. Figure 3.1.19b shows the anti-malarial activities of PCL-CQDP
formulation in a dose dependent manner. The ICso value has been calculated for PCL-CQDP
formulation and found to be 25.14nM, which is more compared to the value obtained for free
CQDP (15.06nM). The ICso value is in good agreement with the previously reported 1Cso
values for the free CQDP and six other available antimalarial drugs [98]. The results are evident
for the release of CQDP from the hollow mesoporous PCL capsules is very effective and the
marginal shift in the ICso value and the rightward shift of the curve indicates that the
mesoporous PCL capsules still retained in CQDP for longer period of time and thus a sustained
delivery was maintained and suppress the growth of parasites. It was further can be noted that
treatment efficiencies with PCL-DHA and PCL-CQDP are quite excellent with respect to the

other NPs used for the same purposes.
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Figure 3.1.19. Anti-malarial activity of (a) PCL-DHA nanoformulation and (b) PCL-CQDP

nanoformulation in a dose dependent manner.

3.1A.15. Summary of Part I (Section A)

In this Part I (Section A), the synthesized hollow mesoporous PCL capsules are found
as quite a stable biopolymer and possess slow degradable in a biological fluid which helps in
the sustained release of antimalarial drugs such as DHA and CQDP from the nanoformulation.

The PCL NCs designed here are biocompatible in nature.

Furthermore, it is evident that the novel formulation of DHA and CQDP with hollow
mesoporous PCL capsules are successfully challenging P. falciparum growth with respect to
the other six reported antimalarial drugs used alone without any carriers [98] and could be a
promising choice in the treatment of malaria. The dose dependent suppression of P. falciparum
has been studied and found that designed nanoformulations have similar ICso value for both

encapsulated and free DHA and exhibited more ICso value compared to the ICso value obtained
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for free CQDP and is quite efficient in killing the P. falciparum infection in RBCs and the
efficiency is very high compared to previous reports using other NPs. Additionally, the
temperature dependent extents of DHA and CQDP release are very interesting and have
tremendous physiological significance in the light of the periodic change in body temperature
due to P. falciparum infection. As soon as the body temperature increases due to the P.
falciparum infection of RBCs, which could lead to the minor thermal expansion of the capsules
as well as hollow core size and surface pore size which leads to the release of drugs DHA and
CQDP from the formulations immediately to suppress the activity of P. falciparum and once
the body temperature will be decreased then there will be contraction of the capsule’s size, its
pore size as well as the rate of diffusion of drugs will also be decreased. Hence, synthesized
formulations show temperature dependent release of DHA and CQDP. That is with an increase
in the temperature the release rate of drug molecules increase like a function of switching ‘on-
mode’ and once the temperature decreases the release rate suppressed like a function of
switching ‘off-mode’ as it is mechanized schematically in Schematic 3.1.3a and 3.1.3b. Thus,
the release process can be represented as like as a “temperature clock” and controlled by

temperature dependent diffusion as it is shown in Schematic 3.1.3c.

" Drug release

'T" increased

on modeI

T' decreased
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Before size fixed ~ Drugrelease
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Schematic 3.1.3. (a and b) Representative schematic showing with a change in body
temperature how the DHA/CQDP release happened with “on” and “off” mode from the PCL-
DHA and PCL-CQDP nanoformulations, and (c) a proposed “temperature clock” showing the

different extent of release with temperature.
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Further, the rate of diffusion of DHA and CQPD from hollow mesoporous PCL depends
on the pore size as tabulated in Table 2 and Table 3. A similar phenomenon is observed for
the other materials [209]. Therefore, the formulations of DHA and CQDP with hollow porous
PCL are of special kinds and are paramount for knock down the P. falciparum infection in

RBCs and the doses can be tuned by controlling the temperature very easily.

Therefore, novel formulations are demonstrated their excellent efficiencies as a carrier
in an in vitro anti-malaria drug delivery system and successfully abrogating P. falciparum
growth and which is well monitored by changing temperatures. Thus designed
nanoformulations act as “temperature clock” to suppress the normal activities of P. falciparum

which is very unique and pioneering can be used in the treatment of malaria.

Outcome: This work has published as, “Hollow mesoporous polymer capsules with
Dihydroartemisinin and Chloroquinediphosphate for knocking down Plasmodium falciparum

infection”, Biomedical Physics and Engineering Express, 2018, 4-3.
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Efficiency of hollow mesoporous PCL NCs loaded with antimalarial drug

Sulfadoxine against P. falciparum cell line

3.1B.1. Introduction
3.1B.2. Loading of Sulfadoxine in hollow mesoporous PCL capsules

3.1B.3. Cell inhibition study of hollow mesoporous PCL capsules loading with Sulfadoxinee
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3.1B.6. Summary of Part I (Section B)
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Chapter 3

Result and discussion: Part I (Section B)

Objective: Efficiency of hollow mesoporous PCL NCs loaded with

antimalarial drug Sulfadoxine against P. falciparum cell line

3.1B.1. Introduction

With the interesting results achieved from the PCL-DHA and PCL-CQDP
nanoformulations mentioned in Part I (Section A), subsequently we have studied the effect of
the same hollow porous polymer NCs with another antimalarial drug SD by making PCL-SD
nanoformulation. SD loaded PCL NCs have shown a pattern of sustained release of drug from

the nanoformulation for extend period one month of time.

3.1B.2. Loading of Sulfadoxine in hollow mesoporous PCL capsules

As mentioned in Part I (Section A) 3.1A.4, the same loading protocol have been
followed for the loading of an alternative antimalarial drug SD. The dried mesoporous PCL
capsules were collected and used for loading anti-malaria drug. The mesoporous PCL capsules
were incubated with drug SD, with a concentration of drug to mesoporous PCL capsules of 1:1
mg.mL ! in PBS (pH 7.4). The suspensions were stirred for 1h and then kept for another 24h
in dark place without stirring. The SD loaded PCL capsules were separated from PBS solution
through centrifugation (at 8000RPM). These drug loaded polymer capsules were then washed
thoroughly to remove the free drug molecules from the surface of the polymer capsules

followed by lyophilization and stored in dark for further experiments.
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3.1B.3. Cell inhibition study of hollow mesoporous PCL capsules loaded

with Sulfadoxine

As mentioned in Part I (Section A) 3.1A.11, the effect of PCL-SD nanoformulations

on the P. falciparum infected RBCs were analyzed with varying concentrations of
nanoformulation in vitro by taking 2, 5, 10, 20, 50, 100, 200, 500 and 1000nM concentrations
of SD loaded in PCL capsules. The assays were conducted with the pellet obtained from 1mL
culture having initial Parasitemia concentration of 1% and haematocrit of 5%. Then 1mL
medium containing different concentrations of PCL-SD formulations each were added to the
pellet. The parasites were allowed to culture for 48h at 37°C and finally harvested to make
blood smears. Total 1000 number of RBC were counted for each slide to estimate the

Parasitemia.
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Figure 3.1.20. Cell inhibition by PCL-SD nanoformulation while treated with P. falciparum

infected cells by maintaining lower to higher concentrations of SD at 37°C after incubating for

48h.

P. falciparum cell inhibition with antimalarial drug encapsulated polymer based
nanoformulations (PCL-SD) has been analyzed here and showed in Figure 3.1.20 and for the
controlled sample 100% cell viability has considered, although the cell viability decreased with
the increased concentration of SD loaded inside the polymeric NCs as shown in the Figure

3.1.20 cell inhibition percentage vs drug concentration plot. PCL-SD formulation with the
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extent of SD concentrations e.g., 2, 5, 10, 20, 50, 100, 200, 500 and 1000nM have been taken
for evaluating the efficiency of the drug loaded nanoformulation for the suppression of P.
falciparum activity. The percentages of cell inhibition have been found as 95+4.7 (%) and
3.1742.2 (%) for lower (2nM) and higher (1000nM) concentrations of Sulfadoxine

respectively.

3.1B.4. Hollow mesoporous PCL capsules facilitate releasing of SD in the
culture media RPMI 1640
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Figure 3.1.21. Drug release profile of SD from PCL-SD nanoformulation at room temperature

for a period of one month.

To analyze the release profile of drug SD from PCL-SD nanoformulation, the same
procedure was followed like the release study of PCL-DHA and PCL-CQDP formulations
which are stated in Part I (Section A). 0.6 mg Drug loaded nanoformulations were suspended
in SmL medium RPMI 1640 in a cuvette and the release behavior were studied by maintaining
a fixed time interval for 30 days at room temperature (25°C). The absorbance of the released
drugs in the medium was recorded using UV-Vis spectrometer and the extent of release of drug
SD was calculated. To calculate the extent of drug release the absorption band at 276nm for

SD, was considered during the experiment.

119 |Page



Figure 3.1.21, represented the drug release profile of drug SD from PCL-SD
nanoformulation for 30 days and it is observed here SD exhibited 91% release on 30" day
without degradation of both polymer nanocarrier and drug encapsulated inside the nanocarrier.
It is revealed from these release profile (Figure 3.1.21) that, with an increase of time the extent
of release of drug molecules are also increased. Within 2h of incubation, the percentage of
release of drug from PCL-SD formulation (380ug per mg of PCL capsule) is found to be 17+1.8
(%), and after 30 days of incubation the percentage of release is obtained to be 91+0.7 (%).

3.1B.5. Release Kkinetics and diffusion coefficients of SD from PCL-SD

nanoformulations

At room temperature, the pattern of SD release from PCL-SD nanoformulations
exhibits the characteristic of a first order release kinetics shown in Figure 3.1.22. To examine

the release kinetic, the experimental data obtained from a drug release profile are fitted in first
order release kinetic equation, Qt/ 00 = 1 — e~ *t (eq. 2) mentioned in the Part I (Section-A)

where, Q; is cumulative amount of drug released at time t, Q is initial amount the of drug, k

is first order release constant, t is time in min.

The release of drug from the nanoformulation PCL-SD is found as sustained by the
time dependent diffusion as showed in Table 4. Diffusion coefficients for SD released from
the polymer nanoformulations, at room temperature (25°C) have been calculated (showed in
Table 4) for different pore size at a different time interval from 2h to 30days by using Dy =

Y?m R
36t

eq. (4) mentioned in Part I (Section-A), where Y is the function of the extent of drug

released at time t and R is the diameter of the pores of hollow-porous polymer capsules. From
the calculated values of diffusion coefficients, we can confirm that the diffusion coefficient
values are time dependent. From the Table 4, it is very clear that the diffusion coefficients
increases with the gradual increase in the pore sizes (from 4.5nm to 14.9nm), as pore size
increases from 4.5nm to 14.9nm, the diffusion coefficient for SD release increases from 9.5x10"
Pto 87.1x10!? at room temperature. Although, with increased time from 2h to 30 days the
diffusion coefficient decreases i.e., diffusion coefficient after 2h of drug release was 9.5x10"

19 whereas after 30 days of drug release the value obtained to be 0.05x10°°.
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Figure 3.1.22. First order release kinetics of SD from PCL-SD nanoformulations maintained

experiment condition at room temperature (25°C) for the duration of 30 days.

Table 4: Diffusion coefficient (Dr) of PCL-SD nanoformulation with a range of time.

Time Pore size 4.5nm | Pore size 8.7nm Pore size Average pore size
14.9nm 9.4nm

T (sec) D(107%) D(107%) D(107%) D (107)

7200 9.5 34.4 87.1 34.3
14400 9.3 341 73.0 18.8
21600 7.9 29.3 39.9 36.3
28800 6.6 24.0 39.4 314
86400 3.3 12.4 30.8 143
122400 0.28 1.07 3.01 1.24
172800 0.28 1.05 2.83 1.12
216000 0.27 1.03 2.85 1.19
259200 0.26 0.97 2.64 1.22
345600 0.25 0.96 1.51 1.12
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432000 0.25 0.91 1.05 1.04
864000 0.13 0.51 1.02 0.59
1.296x10° 0.09 0.36 1.01 0.41
1.728x10° 0.08 0.31 0.90 0.35
2.16x10° 0.06 0.24 0.72 0.28
2.592x10° 0.05 0.22 0.63 0.25

3.1B.6. Summary of Part I (Section B)

Antimalarial drug Sulfadoxine has shown the similar kind of behavior while
encapsulated with synthesized hollow mesoporous polymer NCs like other antimalarial drugs
DHA and CQDP mentioned in Part I (Section A). The hollow mesoporous PCL NCs can
efficiently encapsulated 380ug of Sulfadoxine per mg of PCL capsules and can inhibit the
growth of P. falciparum RBCs even at a lower concentration of drug i.e., 2nM like other two
antimalarial drugs DHA and CQDP. A slow and sustained drug release pattern has been
observed from the SD release profile from the PCL-SD nanoformulation in media RPMI 1640
for a longer period of time (one month) at room temperature condition. Therefore, it is proved
that the synthesized nanoformulation of PCL with antimalarial drugs has the potential to

eradicate the infection of P. falciparum.
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Chapter 3: Result and discussion: Part II (Section A)

Designing of mesoporous ZnO NCs incorporated with protein for the

enhancement of immune responses

3.2A.1. Introduction

3.2A.2. Synthesis procedure mesoporous ZnO NCs

3.2A.3. Synthesis mechanism of mesoporous ZnO NCs

3.2A.4. Designing hollow mesoporous PCL capsules: Size, Morphology and porous structure
of mZnO NCs

3.2A.5. BET surface area analysis

3.2A.6. Surface chemical structure analysis of mZnO NCs

3.2A.7. Phase, solid state crystal structure study and zeta potential analysis

3.2A.8. Photoluminescence analysis, UV absorbance, optical band gap and Raman analysis
3.2A.9. Loading of Ova protein in mZnO NCs

3.2A.10. Entrapment efficiency and release of mZnO NCs

3.2A.11. Study of Ova release kinetics from mZnO NCs

3.2A.12. Immunization of mice with mZnO-Ova to analyze Immune responses

3.2A.13. Splenocytes and PBMC isolation from immunized mice

3.2A.14. Lymph node isolation

3.2A.15. Nanoformulation of mZnO-Ova elicit enhanced antigen-specific T cell responses
upon immunization in mice

3.2A.16. mZnO-Ova nanoformulation elicit enhanced antigen-specific CD8" and CD4" T-cell
effector responses without a booster

3.2A.17. mZnO-Ova nanoformulation elicit enhanced antigen-specific CD8" and CD4" T-cell

effector responses with a booster
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3.2A.18. Ova loaded mZnO NCs trigger amplified antigen specific antibody responses
3.2A.19. Summary of Part II (Section A)

Chapter 3

Result and discussion: Part II (Section A)

Objective: Designing of mesoporous ZnO NCs incorporated with protein for

the enhancement of immune responses

3.2A.1. Introduction

The application of nanotechnology in vaccinology has fuelled rapid advancement
towards the design and development of nanovaccines. NPs have been found to enhance vaccine
efficacy through the spatiotemporal orchestration of antigen delivery to secondary lymphoid
organs and antigen-presentation by Antigen Presenting Cells (APCs) synchronized with
stimulation of innate and adaptive immune responses. Metal based NPs (MNPs) have been
extensively engineered for the generation of nanovaccines owing to their intrinsic adjuvant-
like properties and immunomodulatory functions. Furthermore, mesoporous NCs of late have
attracted researchers due to their precise size and exclusive capacity to encapsulate a wide

range of biomolecules and their sustained release at the targeted sites.

Here, a detail about designing of mesoporous ZnO NC (mZnO) has been discussed.

These mesoporous inorganic metal oxide NCs possess a size of ~12nm with an average pore
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diameter of ~2.5 nm. The surfactantfree sonochemical approach has been adapted for the
designing purpose and investigated its immune modulatory properties by using protein Ova
loaded mZnO NCs [mZnO-Ova] in a mice model. Findings show that mZnO-Ova
administration steered the enhanced expansion of antigen specific T-cells and induction of
IFN-y producing effector CD4" and CD8" T-cells. Also, antigen-specific IgG levels were
enriched in both the serum and lymph nodes of mZnO-Ova immunized mice. Further, we
noticed a substantial increase in serum IgG2a or IgG2b levels and IFN-y secretion in Ova re-
stimulated splenocytes from mZnO-Ova immunized mice, indicating that mZnO-Ova skew
Thl type immune response. Overall, the uniqueness of mZnO NCs in terms of the defined
particle to pore numbers ratio (maximum of three cavities per particle) allows loading antigens
efficiently. Given these features in combination with its immunomodulatory characteristics
reinforces the idea that mZnO could be used as an effective antigen-adjuvant platform for the

development of novel nano-based vaccines against multiple diseases.

3.2A.2. Synthesis procedure mesoporous ZnO NCs

Mesoporous ZnO NCs were synthesized using high energy sonochemical method
without using any surfactant. 1:2 molar ratio of Zinc acetate dehydrate (Zn(OOCH3)2.2H>0)
and sodium hydroxide were taken for the formation of ZnO NCs. Zn(OOCH3)2.2H>O which
was dispersed in ethanol. NaOH solution was then added drop wise to the zinc acetate ethanol
solution along with continuous sonication (ELMA S60H, peak power: 600W, frequency =
37kHz) at room temperature (25°C) and left for 12h stirring at 600RPM. The white precipitate
formed after 12h was collected by centrifugation (14000RPM) followed by repeated dispersion
and washing with filter sterile water-ethanol mixture (v:v = 50:50). Finally, the sample was
dried for 12h at 80°C and the white colour sample in powder form was collected for

characterization.

3.2A.3. Synthesis mechanism of mesoporous ZnO NCs

Here, a brief explanation of surfactantfree mesoporous ZnO NCs synthesis mechanism
has given and the whole mechanism has shown schematically in Schematic 3.2.1. Zinc acetate
dehydrate [Zn(Ac)>.2H>0] has used as precursor material during the synthesis of the nanosized
ZnO. In the first step hydrolysis of [Zn(Ac)..2H>0] takes place to form Zinc hydroxide at pH
8-9.
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Hydrolysis, Zn(Ac)2:2H,0 — Zn(OH)»

In the next step dehydration (—nH>O) occurred resulting in the formation of metal ions.
Then condensation (through olation mechanism) takes place followed by the formation of
hydroxo bridges (two step associative mechanism) to form ZnO nucleates. Further, growth
occurs by the Ostwald ripening mechanism where a central void space appeared by depositing
ZnO nucleates around it in a spherical manner [210,211]. During the pore formation
mechanism, while sonication rarefaction cycle, a stable void (or bubble/cavity) is formed in
the solvent which is approximate of 2nm to 4nm in diameter and surrounding that a number
of partially condensed form of ZnO nucleates assembled followed by layer by layer deposition
of more nucleates within a very short period of time in such a way that the nanosized ZnO
capsules formed, are having a pore size equivalent to the size of cavitation bubbles [212].
During the rarefaction cycle of the sonication process, solvent—gas interface usually become
increasingly convex. Meanwhile, the rarefaction (acoustic) pressure inside the bubble increases

and creates open pores.
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Schematic 3.2.1. Schematic illustration of mesoporous ZnQO formation mechanism. The first

step is hydrolysis of [Zn(Ac)>.2H>0], followed by the dehydration (—nH>0) and condensation
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(through olation mechanism). In the second step, hydroxo bridges (two step associative
mechanism) formation takes place and thereby ZnO nucleates formed. In the following step,
through Ostwald ripening mechanism during the rarefaction cycle of sonication, a stable cavity
is formed in the solvent surrounded by partially condensed nucleates. Finally, layer by layer
deposition of nucleates takes place around the cavity within a short period of time in such a
manner that the nanosized ZnO capsules formed are having a pore size equivalent to the size

of the cavity air bubble.
3.2A.4. Designing hollow mesoporous PCL capsules: Size, Morphology and

porous structure of mZnO NCs

Figure 3.2.1. HRTEM micrographs of (a), (b) mZnO NCs and (c), (d) showed high
magnification HRTEM images of a single mZnO NCs with district pores present inside.

The size, shape, porous structure and morphology of synthesized mZnO NCs was
investigated through HRTEM micrographs (Figure 3.2.1a-d). Figure 3.2.1a and 3.2.1b
showed the HRTEM images, which confirms that the synthesized ZnO NPs are spherical and
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porous in nature. For each ZnO NCs, two to three defined pores were observed, with sizes in
between 2-4nm in diameter (avg. 2.5nm) showed in Figure 3.2.1c and 3.2.1d. The extensive
study reveals that most of the pores are open pores. The mZnO NCs exhibited uniformity in
size and were found to be monodispersed. From the Figure 3.2.2, it can be seen that the average
particle size and its distribution of sample mZnO where the average size of the NC is calculated
to be 12nm in diameter. To calculate average particle size different sizes of mZnO have been

measured by using HRTEM micrographs from Figure 3.2.1a.
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Figure 3.2.2. Histogram for the average particle size distribution of mZnO NPs calculated
from HRTEM micrograph (Figure 1a).

128 |Page



I | ' L J
-60 ‘ - i = LJj-GSS nm | i ]
1.612 nm <1.963 nm '

-80

0.0 05 10 15 20 25 30 35 40 45
nm

Figure 3.2.3. HRTEM micrographs of (a) SAED pattern of mZnO NCs and (b) lattice d-
spacing(c) which counted as 0.35nm from the TEM histogram.

Figure 3.2.3, showed the selected area diffraction (SAED) pattern for the mZnO NCs.
Figure 3.2.3a demonstrates the pattern of diffused rings, which is the evidence for the
formation of polycrystalline ZnO NCs. The magnified HRTEM image revealed that the
separation between two lattice planes is approximately 3.5 A which is shown in Figure 3.2.3b

and 3.2.3¢ TEM histogram.

3.2A.5. BET surface area analysis
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Figure 3.2.4. BET results (a) N> absorption-desorption isotherm of mZnO NCs with (b) BJH

pore size distribution from an adsorption isotherm.

BET experiment was executed for the synthesized mZnO nanomaterials to further
investigation of the pore size which has already been observed from the TEM micrographs and
to calculate the specific surface area of the nanomaterial. Figure 3.2.4a and 3.2.4b demonstrate
the Nitrogen absorption - desorption isotherm as well as pore size distribution of mZnO NCs
respectively. In Figure 3.2.4a a clear hysteresis loop is observed which confirms the porous
nature of the nanomaterial with a type-IV adsorption isotherm. BET surface area for
mesoporous ZnO NCs found as 72.4267m?* g at a relative pressure P/Po = 0.285 and adsorption
average pore size achieved as 2.5nm from the Figure 3.2.4b which is similar as the HRTEM
micrograph showed in Figure 3.2.1c. The Langmuir surface area for the same nanomaterial

has found as 113.79m?/g.

3.2A.6. Surface chemical structure analysis of mZnO NCs
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Figure 3.2.5. FTIR spectrum of mZnO NCs.

The purity of mZnO NCs was confirmed through FTIR spectroscopic results showed
all chemical bonds existed in the mZnO NCs and presented in Figure 3.2.5. FTIR experiments
were performed on KBr pallet. The FTIR results show a broad peak at 3377cm™! which might
be possible due to the absorbed moisture or stretching of hydroxyl groups present on the NC
surface. Absorption peaks present at 2961cm™ and 2864cm™ are due to the C-H stretching of
the methyl group. Absorption peaks at 1503cm™ represent the asymmetric stretching and
1392cm™ represents the symmetric stretching of C=0 group respectively [213,214]. At
1032.6cm™ and 828.9cm™! absorption peaks arise due to the C-O stretching vibration and C-H
bending due to an alkene group respectively [215]. Because of Zn-O bond stretching an

absorption peak formed at 709cm™' [216].

3.2A.7. Phase, solid state crystal structure study and zeta potential analysis

The solid-state crystal structure of mZnO NC has been characterized through powder
XRD and the diffraction pattern as shown in Figure 3.2.6. mZnO capsules were found to
exhibit hexagonal crystal structure with characteristic diffraction peaks at 20 = 32.2°, 34.6°,
36.6°, 47.9°, 57.1°, 63.1°, 66.8°, 68.4°, 69.6°, 72.8°, 77.3° and 81.8° for the preferred
orientation of place such as (100), (002), (101), (102), (110), (103), (200), (112), (201), (004)
and (202), respectively. The crystal structure corresponds to the phase pure Wurtzite-type ZnO
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(hexagonal phase with space group P63mc, JCPDS card no. 36-1451, a polar axis parallel to ¢
axis) with the lattice parameters, a=3.2 A, b=3.2 A and c=5.2 A.
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Figure 3.2.6. XRD powder diffraction pattern of mesoporous ZnO NCs.

To check the zeta potential value of mesoporous PCL (HPZ), 500ug of the sample has
been dispersed in 1mL of DI water. In Figure 3.2.7, Zeta potential value for mZnO have been
shown and the value obtained to be -30.8 mV=+3.84 (single peak). Whereas, after loading Ova
(mZnO-Ova), the values obtained were -42.8 mV+5.4 and -58 mV+4.18 for pKai and pKao,
respectively as shown in Figure 3.2.8, which is due to two ionic functional groups (-COO™ and
NH;") present in Ova and is zwitterionic in nature. Zeta potential value has been calculated for
three batches of mZnO and mZnO-Ova NCs to avoid any kind of error, however, it is not

showing much variation in the zeta potential values. In conclusion, both mZnO and mZnO-

Ova are colloidal stable.
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Table 1: Zeta potential results of mZnO NCs.

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -30.8 Peak 1: -30.8 100.0 3.84
Zeta Deviation (mV): 3.84 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.0225 Peak 3: 0.00 0.0 0.00

Result quality :

Zeta Potential Distribution

Total Counts

-100 0 100 200
Apparent Zeta Potential (mV)

Figure 3.2.7. Zeta potential results of mZnO NCs recorded at 25°C in DI water.

Table 2: Zeta potential of nanoformulation of mZnO-Ova.

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -42.8 Peak 1: -409 86.7 5.40
Zeta Deviation (mV): 7.69 Peak 2: -58.0 13.3 4.18
Conductivity (mS/cm): 0.0745 Peak 3: 0.00 0.0 0.00
Result quality :
Zeta Potential Distribution
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Figure 3.2.8. Zeta potential of nanoformulation of mZnO-OVA recorded at 25°C in DI water.
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3.2A.8. Photoluminescence analysis, UV absorbance, optical band gap and
Raman analysis

Absorbance

04l

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 3.2.9. UV-Vis absorbance spectrum of mZnO NCs recorded at 25°C in PBS (~7.2pH).

ZnO particles irrespective of bulk and nanomaterials have an intrinsic ability to absorb
UV. Therefore, the UV-Vis absorption behavior of synthesized mZnO NCs has studied by
taking 0.3mg of nanomaterials dispersed in SmL of PBS (~7.2 pH) medium and absorption
peak has recorded with the help of UV-Vis Spectrometer at room temperature 25°C. UV
absorbance peak highlighted a characteristic band at Amax= 355 nm as shown in Figure 3.2.9.

The band gap energy using the Tauc equation represented as shown in eql [217]
aht = A(R9 — Ey)" oo e oot e e e e e e (1)

Where a is absorption coefficient, h¥ is the photon energy, A is a constant, E; is the band gap

energy and exponent n is 2 for indirect transition and ' for direct transition.

By following Tauc equation (eq 1) the band gap energy for the synthesized mZnO NCs
have been calculated and showed in Figure 3.2.10 with the Tauc plot, where it has followed

direct transition energy and the calculated value of Ej is 3.1V for the NCs.

134 |Page



350

300 S

Band gap=3.1eV

hv(eV)

3.5 4.0

Figure 3.2.10. Tauc plot for the optical band gap measurement of mZnO NCs drawn from the
UV-Vis absorbance spectrum of mZnO NCs (Figure 3.2.9).

The PL spectra for mZnO showed in Figure 3.2.11a, exhibited four defined peaks at

A= 345nm, 378nm, 406nm and 460 nm due to the presence of structural defects (pores) and

also due to the presence of huge oxygen vacancies in the mZnO NC. In Figure 3.2.11b, the PL
spectra for mZnO-Ova NCs showed peaks at A= 350nm, 376nm, 400nm and 460nm. The

difference in peaks in mZnO-Ova from mZnO NC spectrum indicates that mZnO NCs are

loaded with Ova antigen.

I —

(a)

)

Intensity (a.u.

Wavelength (nm)

%25 350 375 400 425 450 475 500 525 550 575 60

400

350

N W
o o
o o

200
150
100

50

350

376

(b)

460

400

350

400 450 500 550 600
Wavelength (nm)

Figure 3.2.11. PL spectra of (a) bare mZnO and (b) mZnO-Ova NCs.
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Figure 3.2.12. Raman spectrum for mZnO NCs at room temperature on the powdered sample.

Figure 3.2.12 shows the Raman spectrum on the mZnO NCs. It was found that the E»
(high) peak present at 437cm’! indicates more crystallinity in the material and the A; (TO)
peaks were also present in the material. The little broadening of the peaks is due to the quantum
confinement effect of the NCs. Also that the Raman study of mZnO NCs shows that the crystal
structure is of wurtzite hexagonal type with P63 mmc (C*s,)space group and atoms in primitive

cell occupying the Cy sites.

3.2A.9. Loading of Ova protein in mZnO NCs

The UV-Vis, PL and Raman bands of mZnO capsules appeared due to the phonon
localization by defects (Vo). These defects create deep energy levels (V,") which assist to
entrap electron rich (8°) small biomolecules such as proteins, amino acids, siRNA, DNA or
drugs molecules. In the current study, Ova protein, as a model antigen has been loaded in mZnO

capsules.

The prepared dried powdered porous ZnO nanomaterials have been loaded with Ova
protein in the ratio 1:1 (mg/ml) in 1XPBS ( pH 7.2) buffer and kept in incubation for 24h at
room temperature. The Ova loaded mesoporous ZnO NCs were separated from the supernatant
after centrifugation. Repeated washing had been done to remove the protein particles from the

surface of the NCs and finally collected Ova protein loaded ZnO NCs were dried in vacuum.
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Schematic 3.2.2. Ova loading mechanism in mZnO NCs. Due to the electrostatic interactions
Ova enters inside the pores of mZnO and subsequently forms (mZnO)x-(Ova), complex. Ova
protein can form strong secondary bonds with Zn’* of mZnO and helps to from a stable

(mZnO)x-(Ova), complex (x and y are integers).

Due to the defect induced structure, mZnO capsules have huge oxygen vacancies (V)
which create a positively charged environment (cationic, §7) [218]. Thus, it enhances to entrap
the electron rich (67) small biomolecules like Ova protein (negatively charged due to C=0 and
—OH groups) which consists of 385 amino acids (Mw: 45kDa). Due to the electrostatic
interactions Ova enters inside the pores of mZnO and subsequently forms (mZnO)x-(Ova)y type
of complex. Ova protein has the ability to form strong secondary bonds with Zn*" of mZnO
and helps to from a stable (mZn0)$" — (OUa)f,_complex (x and y are integers) showed in

Schematic 3.2.2.

3.2A.10. Entrapment efficiency and release of mZnO NCs

Entrapment efficiency of the prepared mesoporous ZnO NCs has been calculated by

using the following equation,

% Entrapment efficiency = [weight of drug in NPs/weight of drug fed initially]x100.........(2)
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The entrapment efficiency of the prepared mesoporous ZnO NCs was observed to be
quite high and calculated as 70.3% of the initial concentration of Ova taken in 1mL of PBS

(pH 7.2).

3.2A.11. Study of Ova release kinetics from mZn0O NCs

The release kinetics of Ova from mZnO NCs was evaluated by using UV-Vis
spectrometer at 37°C for up to 3 days (considering the absorption peak of Ova at
Amax=~260nm). Briefly, 0.4mg Ova loaded mZnO NCs were suspended in SmL of media in a
cuvette at room temperature and absorbance was taken at fixed time intervals of 2h up to 72h
(3 days), maintaining similar conditions, until no change in the absorbance was observed for
release profile. As shown in Figure 3.2.13, it is evident from the release profile that the initial
release was very slow but with time the percentage of release increased slowly. Release was
assessed at intervals of Smin, 1h, 3h, Sh, 7h, 9h, 24h, 36h, 48h, 60h and 72h and the percentage
release was calculated as 1.8%, 7.6%, 9.1%, 9.6%, 10.8%, 13.1%, 28.2%, 56.2%, 76%., 79%
and 89%, respectively, of the total Ova loaded in the NCs.

The release occurred mostly due to the diffusion of Ova protein from the mZnO NCs

following time dependence over all semi 1st order (or semi zero order) release kinetics.

Zero order release kinetic equation (eq. 3),

Qt/Q0 o RN ¢

Where, Q; is cumulative amount of drug released at time t, Q, is the initial amount of drug,

K, is zero order release constant, t is time in min.

The first order release kinetic equation,
Qt/Q0 RN ¢

Where, Q; is cumulative amount of drug released at time t, Q, is initial amount of drug, k is

first order release constant, t is time in min.

The unique release behavior in the case of Ova release from mZnO-Ova NCs followed
zero-order kinetics (eq 3) up to 30h while it followed 1% order kinetics (eq 4) for the rest of the

time-period. This unique type of release is highly desirable for sustained delivery of drugs.
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Figure 3.2.13. UV spectrum of time dependent Ova release from ZnO-Ova NCs at 37°C for
3days in RPMI 1640 medium.

3.2A.12. Immunization of mice with mZnO-Ova to analyze Immune

responses

Two sets of experiments were done for in vivo application of mZnO-Ova
nanoformulation to study their efficiency in immunization responses i.e., first one is without a
booster where mice had been sacrificed on day 21 after immunization and another one is with
booster where booster (identical dose like initial dose) had been given to the mice on day 14
followed by sacrifice on day 28.

In the first set of experiment, a mice of 6-8 week old male Balb/c was immunized
subcutaneously at the base of the mice tails, with pure Ova (10ug dissolved in PBS of pH 7.2),
Ova-adjuvant Alum (20pg.mL "), mZnO (10pg dissolved in PBS of pH 7.2), mZnO-Ova (10pg
encapsulated Ova dissolved in PBS of pH 7.2) with Alum (20pg.mL™") and mZnO-Ova (10pg
encapsulated Ova dissolved in PBS of pH 7.2). The immunized mice were bled through the tail
vein at 21 days for serum collection and PBMC isolation. These mice were sacrificed and

spleen and lymph nodes were also collected for further analysis.
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In another set of experiment, 6-8 week old male Balb/c mice were immunized
subcutaneously with pure Ova (10ug dissolved in PBS of pH 7.2), Ova-adjuvant Alum
(20pug.mL ™), mZnO (10pg dissolved in PBS of pH 7.2), mZnO-Ova (10ug encapsulated Ova
dissolved in PBS of pH 7.2) with Alum (20pg.mL ') and mZnO-Ova (10ug encapsulated Ova
dissolved in PBS of pH 7.2) followed by a second injection (booster) of an identical dose of
pure Ova and mZnO-Ova at day 14. Finally, the mice were sacrificed at day 28 of the primary
immunization for analysis of immune responses in spleen and blood. All animal experiments

were performed in accordance with the animal ethical guidelines of the Institute.

3.2A.13. Splenocytes and PBMC isolation from immunized mice

Spleens from immunized Balb/c mice were isolated and the single cell suspension was
prepared using mechanical disruption and subsequent filtration through a 70um cell strainer
(BD Biosciences). The erythrocytes were lysed using the RBC lysis buffer (Sigma-Aldrich).
2x105 splenocytes were seeded in triplicate in a round bottom 96-well plate and restimulated
with 1pg.mL™! Ova specific MHC class I peptide (SIINFEKL) and class II peptide (Ova 323~
339). After 72h, the supernatant was collected and analyzed for IFN-y, IL-12p40 (BD
Biosciences) and IL-4 (Biolegend) cytokines through ELISA.

Cell proliferation was assessed by pulsing the 72h splenocyte cultures with 1uCi [3H]
thymidine per well for another 16h. For harvesting, the cells were first fixed with 10%
trichloroacetic acid (TCA) for 15min at room temperature followed by washing with 10%
TCA. The cells were solubilized with 150uLof 1N NaOH and incubated for 15min at room
temperature with agitation. After solubilization, 150uL of IN HCI was immediately added. To
measure the thymidine incorporation, subsequently, 300uL of each sample was added to a
scintillation vial containing SmL of scintillation cocktail (Sisco Research Laboratories), and
the counts were measured in a scintillation counter (PerkinElmer).

CD4" and CD8" cell responses were investigated in splenocytes and peripheral blood
mononuclear cells (PBMCs) following immunization with or without a booster. Briefly,
PBMCs were isolated by density gradient centrifugation using Histopaque (Sigma Aldrich).
Single cell suspension from isolated spleen was obtained as mentioned above. Isolated PBMCs
and splenocytes were seeded in RPMI 1640 media and restimulated with Ova specific MHC
class I peptide (SIINFEKL) and class II peptide (Ova 323-339) at 1ug.mL ! in the presence of
Golgi plug and Golgi stop (BD Biosciences) at 37°C for 8h. After 8h, the stimulated cells were
stained for surface CDS8 using Alexa-488 labeled anti-mouse CD8 (BD Biosciences) and CD4
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with Percp or FITC labeled anti-mouse CD4 (e Biosciences) for 60min at room temperature.
Cells were washed with FACS buffer, fixed with 4% para-formaldehyde and permeabilized
using 1 xperm wash buffer (Biolegend). The cells were then stained for intracellular IFNy with
APC conjugated anti-mouse IFNy (e Biosciences) and intracellular IL-2 using anti-mouse IL-
2 conjugated with PE (BD Biosciences) for 60min in 1xperm wash buffer. The stained cells
were washed with FACS buffer and acquired on FACS Aria (BD Biosciences). The FACS data

were analyzed using Flow Jo software (Tree Star Inc, OR).

3.2A.14. Lymph node isolation

Inguinal lymph nodes were isolated immunized Balb/c mice and snap frozen in moulds
containing OCT embedding medium for sectioning. Sections (4um) were fluorescently stained
with Alexa Fluor 488 labeled antibody secreting B-Cells B220 (e Biosciences) and Alexa Fluor
647 labeled anti-mouse total IgG (Cell Signalling). Fluorescence images were captured using

a x40 objective on a Zeiss confocal microscope.

3.2A.15. Nanoformulation of mZnO-Ova elicit enhanced antigen-specific T

cell responses upon immunization in mice

The ability of mZnO-Ova NCs has examined to provoke Ova-specific T-cell responses
in vivo following subcutaneous immunization studies in mice. As a negative control, PBS and
soluble pure Ova immunized groups were used. The ability of mZnO to deliver Ova antigen to
Antigen Presenting Cells (APCs) was evaluated through splenocyte proliferation assay by
antigen recall assay. The ex vivo proliferation assay was determined using 3H-thymidine
incorporation in cultured splenocytes from immunized Balb/c mice in the presence of 1pug.mL ™!
of Ova peptides for 72 h. Mice were immunized with six groups i.e., control, with commercially

available pure Ova, Ova-adjuvant Alum, mZnO, mZnO-Ova-Alum and mZnO-Ova.

Figure 3.2.14a revealed that exposure to mZnO-Ova NCs induced a significantly
stronger proliferation in Ova restimulated splenocytes as compared to pure Ova immunized
groups, whereas mZnO alone induced minimal proliferation in cultured splenocytes. After 21
days, splenocytes were harvested and restimulated with 1pg.mL™' of MHC-I restricted Ova
peptide (SIINFEKL) and MHC-II peptide (Ova 323-339) for analysis of antigen specific T-
cell expansion by 3H thymidine incorporation. There is a synergistic effect can observed in the

proliferation rate in splenocytes isolated from mice administered with mZnO-Ova-Alum.
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These results suggest that mZnO-Ova supports efficient antigen presentation to T-cells, which

indeed enhanced the expansion of antigen specific T-cells.

From Figure 3.2.14b and Figure 3.2.14c it is observed, enhanced IFN-y and IL-12p40
secretion in the Ova restimulated splenocyte cultures from mZnO-Ova nanoformulation
administered mice as compared to pure Ova immunized mice showed in respectively. A
synergistic response is observed with heightened IFN-y and IL-12p40 levels observed during
administration with mZnO-Ova-Alum. Secretion of IFN-y is a representative of Thl type of T-

cell response [219] and advocates a potent cellular response to mZnO-Ova.
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Figure 3.2.14. mZnO-Ova induce efficient antigen specific T-cells. (a) 3H-Thymidine
incorporation, (b) IFN-y and (c) IL-12p40 secretion in splenocytes culture supernatants were

estimated by ELISA.

3.2A.16. mZnO-Ova nanoformulation elicit enhanced antigen-specific CD8"

and CD4" T-cell effector responses without a booster

The induction of effector CD8" and CD4" T cell responses in the splenocytes of
immunized mice with all six groups (control, with commercially available pure Ova, Ova-
adjuvant Alum, mZnO, mZnO-Ova-Alum and mZnO-Ova) were evaluated. Mice were
immunized as per the indicated groups and were sacrificed at day 21. To examine the
responsiveness of these cells, splenocytes ex vivo restimulated with Ova specific MHC class I
peptide (SIINFEKL) and class II peptide (Ova 323-339) at 1ug.mL ! in the presence of Golgi
plug and Golgi stop for 8h and analysed activation of CD4 and CD8 by measuring the
frequency of IFN-y and IL-2 producing CD8" and CD4" cells through intracellular staining and
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flow cytometry. From Figure 3.2.15, it is noticed a remarkable expansion in the frequency of

IFN producing CD8" (Figure 3.2.15a and 3.2.15¢) and CD4" (Figure 3.2.15b and 3.2.15d)

cells in the mice immunized with mZnO-Ova NCs compared to control immunized groups.
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Figure 3.2.15. Nanoformulation of mZnO-Ova elicit enhanced antigen-specific CD8" and
CD4" T-cell effector responses. (a) CD8" and (b) CD4" T cells, FACS plots for IFNy
expression in CD8" and CD4" T cells respectively. Graphs represent average percentage of

IFN-y producing (c) CD8" and (d) CD4T cells.
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3.2A.17. mZnO-Ova nanoformulation elicit enhanced antigen-specific CD8"

and CD4" T-cell effector responses with a booster

Figure 3.2.16 results revealed that booster injection with the 10pg dose of soluble Ova
or Ova encapsulated in mZnO-Ova NCs at day 14 and sacrifice at day 28 enhanced the
frequency of IFN producing CD8" showed in Figure 3.2.16a and 3.2.16¢ and CD4" cells
showed in Figure 3.2.16b and 3.2.16d through Flow cytometry plots. Moreover, the percentage
of IFN producing CD8" is more in case of with booster data (Figure 3.2.16a) compared to
without booster data showed in Figure 3.2.15a. Graphical data in Figure 3.2.16c and Figure
3.2.15¢ has revealed the same. The same kind of enhancement in the percentage of IFN can be
seen in case of CD4" cells showed in Figure 3.2.16b, 3.2.16d and in case of with booster
compared to Figure 3.2.15¢, 3.2.15d in case of without a booster data.
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Figure 3.2.16. mZnO-Ova nanoformulations trigger enhancement of antigen-specific IFN-y
producing CD8" and CD4" effector T-cells upon secondary immunization. (a) CD8" and (b)
CD4* T cells through FACS Plots for IFN-y expression in CD8" and CD4" cells, respectively.
Graphs represent average percentage of IFN-y producing (c) CD8" and (d) CD4" T cells.
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3.2A.18. Ova loaded mZnO NCs trigger amplified antigen specific antibody

responses

The competency of particulate antigen delivery system to induce cargo specific B-cell
responses has also been evaluated. The level of IgG subtypes IgG1, IgG2a and IgG2b was
estimated in the blood serum collected from all six group immunized mice. Figure 3.2.17,
results demonstrate that the serum levels of all the IgG subtypes were higher in mZnO-Ova as
compared to only pure Ova immunized group. Synergistic responses were observed with
enhanced Ova specific IgG1, IgG2a and IgG2b levels produced in the group administered with
mZnO-Ova-Alum as showed in Figure 3.2.17a.

Strikingly, profound enhancement in Ova specific antibody levels, primarily IgG2a and
IgG2b, were observed in the mZnO-Ova immunized groups with booster as shown in Figure
3.2.17b. This anamnestic response observed after reinjection of immunogen highlights the
effectiveness of mZnO-Ova NCs to act as a vaccine adjuvant and provide antigen specific long
term immunity and also improved levels of IgG2a in the serum from mZnO-Ova formulation
indicates that these NCs have the potential to induce a dominant antigen specific Thl cellular
response.

Figure 3.2.17 results suggest that mZnO-Ova NCs can significantly produce higher
levels of both antigen specific IgG1 and IgG2a as compared to bare mZnO NCs and control
group. It is a well-established fact that IgG2a identifies a Thl- polarized immune response,
while the IgG1/IgG2a ratio can identify a Th2-biased or Thl-biased immune response. The
IgG1/ IgG2a isotype ratio was found to be significantly reduced in the mZnO-Ova with Alum
group compared to the pure Ova-Alum immunized group (Figure 3.2.17c). This result clearly
indicates that mZnO-Ova elicits a Th1 biased antigen specific immune response. Further, the
appearance of enhanced IgG2b levels in the serum of the mZnO-Ova-Alum immunized mice
and a reduced IgG1/IgG2b ratio (Figure 3.2.17d) calculated from the serum IgG levels from
the same group provides confirmation of a Th1 bias in cellular immunity upon administration
of cargo loaded mZnO NCs.

Further, from Figure 3.2.17e, assessment of antigen-specific IgG-secreting B220+ B-
cells (indicating with green) in the lymph node sections indicated significantly higher IgG
(indicating with blue) formation in mZnO-Ova immunized group versus the pure Ova
immunized group (Figure 3.2.17e). These results suggest that mZnO-Ova generate higher
antigen specific antibody-secreting plasma cells residing mostly in the germinal center of

secondary lymphoid organs.
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Figure 3.2.17. mZnO-Ova NCs elicit amplified antigen specific antibody responses. (a) Graphs
represent the average Ova specific IgG2a, 2b and G1 levels after 21 days immunization in the
serum of Balb/c mice as per indicated groups. (b) Graphs represent the average Ova specific
serum IgG2a, 2b and G1 levels in the Balb/c mice given booster at day 14 and serum collected
at day 28. Graphs represent the mean ratio 1gG1/IgG2a (c) and IgG1/IgG2b (d) from mice
given booster injection. (e) Draining lymph node sections from immunized Balb/c mice as per
the indicated groups, stained for antibody secreting B-cells (B220, green and IgG, blue). Scale
bars, 50um for first five panels from left and 25um for the right-hand panel.
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3.2A.19. Summary of Part II (Section A)

In summary, mZnO NC was designed by using a surfactant free sonochemical synthesis
method with uniform spherical shape and the average size of around 12nm and average pore
size of 2.5nm with a high entrapment efficiency of 70.3% for Ova protein. The mZnO NCs
characterization results gave a signal that it could probably interact efficiently with APCs and
provoke antigen specific immune response when loaded with a specific antigen. This is
possible because of the defect-induced structure of mZnO. Both mZnO and mZnO-Ova are
very stable in colloidal suspension (zeta potential results). /n vivo immunization studies
revealed that mZnO NCs loaded with model Ova antigen elicit Ova specific expansion of T-
cells, increased production of Ova specific IFN-y producing CD4" and CD8" T-cells as well
increased secretion of I[FN-y levels, a pre-requisite for an adaptive T-cell response. Although
the levels in mZnO-Ova immunized groups were significant to pure Ova immunized group,
they were slightly higher or comparable to Ova-Alum immunized group. These results are
indicative of a self adjuvant property of mZnO-Ova NCs. Further, mZnO-Ova, when
administered with already reported weak adjuvant Alum, instigates a much-heightened antigen
specific response which confirms the intrinsic adjuvant property of mZnO NCs. Comparative
studies depict that Alum is a weak adjuvant for antibody induction to subunit vaccines and
induces a Th2 biased immune response [220]. mZnO-Ova along with Alum elicits strong
antigen specific IgG responses potentiating a Th1 biased immune response as depicted by the
IgG1/IgG2a or IgG2b ratios. Immunized mZnO-Ova, was also found capable of inducing
antigen specific IgG2a or IgG2b levels in serum isolated from immunized mice thereby
neutralizing the requirement of any co-adjuvant to trigger antigen specific adaptive T-cell or

humoral responses.

Additionally, the enhanced secretion of Thl cytokines IFN-y and IL-12p40 clearly
highlight the ability of mZnO-Ova NCs to tailor antigen specific Thl polarized immune
responses. Further, bare mZnO NCs did not activate T or B-cells as evident from the non-
existence of antigen specific CD4" IFN-y" or CD8" IFN-y" T-cells or antigen specific serum
IgG levels. It is worth mentioning that, the antigen Ova used in the current study is
predominantly released from the pores, without showing burst-effect for release. The immune
modulatory properties of mZnO-Ova NCs reinforce its usage for a vast variety of biological
and pharmacological applications. The mesoporous nature of the ZnO NCs gives it

multifunctional properties and can be exploited to load a combination of drugs or antigens for
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the treatment of multiple diseases like cancer. mZnO NCs act as a competent vaccine antigen-
adjuvant delivery system by programming the sustained release of antigens and simultaneously

providing adjuvanting functions.

Outcome: This work has published as “Mesoporous ZnO nanocapsules for the induction of

enhanced antigen-specific immunological respose,” Nanoscale, 2017, 9, 14641-14653
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Chapter 3

Result and discussion: Part II (Section B)

Objective: Mesoporous ZnO NCs incorporated with different drugs for

cancer therapy

3.2B.1. Introduction

When the cancer therapy concerns, already many researchers have come forward to
develop something new for the betterment of human life against this life-threatening illness.
The success of MSNs prompted to create the mesoporous form of a metal-based NP (MNPs).
MNPs such as nano-metallic oxides (ZnO, TiO,, iron oxide, and quantum dots) [134] offers
several advantages such as rigid structures, long shelf life and the capability to tailor the
immunostimulatory property of an antigen. ZnO, a well-documented FDA approved material
[140] has been widely used for several biomedical applications due to biocompatibility with
the human body, nontoxicity, stability and cheaper cost [221]. As ZnO is biocompatible in
nature and toxic to cancer cell it is a very suitable candidate for making a nanodrug delivery
carrier for cancer therapy. Since ZnO NPs possess a characteristic capability to eradicate cancer
T cells by the generation of reactive spices of oxygen with cancer T cells resulting in cellular

damage.

With the interesting results accomplished by mZnO NCs in the enhancement of immune
responses as mentioned in Part II (Section A), we have studied the effectiveness of these
synthesized mZnO NCs with different cancer cells. Part II (Section B) includes experimental
data of different drug conjugate mZnO NCs and their corresponding effects with two breast
cancer cell lines MCF 7 and MDA-MB-231. Drugs used in this study are antimalarial drugs
like Chloroquine diphosphate salt (CQDP), Dihydroartemisinin (DHA), Sulfadoxine (SD) and

two anticancer drugs like DOX, Paclitaxel. Later in this part, the cellular level interaction of
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antimalarial and anticancer drug DOX encapsulated nanoformulations have also checked with

cancer cell line K562.

3.2B.2. Loading of dye, antimalarial drugs and anticancer drugs in mZnO

NCs

To investigate the efficiency of the synthesized and properly dried mZnO NCs (the
detailed synthesis procedure have been discussed in the Part II (Section A) were used for
loading dye as well as different drugs. The mZnO NCs were incubated with dye Rhodamine
6G (Rh6G), antimalarial drugs like chloroquine diphosphate salt (CQDP), dihydroartemisinin
(DHA), sulfadoxine (Sul) and two anticancer drugs like DOX, Paclitaxel with a concentration
of dye/drugs to mZnO NCs were kept in the ratio of 1:1 mg.mL' in PBS (pH 7.2). The
suspensions were mixed for an hour separately and kept for another 24h without further stirring
and stored in a dark place. The dye and drug particles were then separated through
centrifugation (at S000RPM). These loaded NCs were washed three times with PBS to remove
the free dye and drug molecules from the surface of the mZnO NCs followed by lyophilization
(at temperature -40°C and vacuum 1Pa) and stored in dark at room temperature for further

experiments.

3.2B.3. Biocompatibility of mZnO studied with two breast cancer cell lines

The biocompatibility of pure mZnO NCs without loading any dye/drugs have been
investigated by exposing them against two breast cancer cell lines MCF 7 and MDAMB-231
through MTT assay. The cell viability of the porous NCs facilitated transfection is under the
effect of the cytotoxicity affected by the chemical nature of the NPs as well as transfection
reagent. To check the cell cytotoxicity of unloaded mZnO NCs with both cancer cell lines,
5x10° number of MCF 7 cells and MDAMB-231cells were taken in each well of the 96 well
plate. MTT assay has been conducted after 24h post transfection by taking various
concentrations of NCs like 1000pg.mL™!, 500pg.mL!, 250ug.mL"!, 125pg.mL!, 62.5pg.mL,
31.25pug.mL!, 15.67pg.mL! and 7.837 pg.mL!, where considering pure cells without any
dye/drugs/NCs as control (100% cell survival) for both cell lines MCF-7 and MDAMB-231.

It can be observed from Figure 3.2.18 and Figure 3.2.19, with a lower concentration
of NCs i.e., 7.837ug.mL"! and 15.67ug.mL", are also able to kill both malignant cells.

Percentage of cell survival is 72.67£5.1 % and 92.013+2.2 % for minimum mZnO
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concentration 7.837ug.mL"! as well as 11.21£3.2 % and 10.65+1.1 % for highest mZnO
concentration 1000pg.mL™! for both cell lines MCF 7 and MDAMB-231 respectively.

The toxicity of the unloaded bare mZnO NCs is increasing from lower to higher
concentrations (i.e., from 7.8ug.mL! to 1000pg.mL™!) in both cell lines MCF 7 and MDAMB-
231. Hence it has been confirmed that these synthesized mZnO NCs can be used as an excellent

carrier for carrying anticancer drugs against cancer cells.
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Figure 3.2.18. Percentage of cell survival analyzed by MTT assay while mZnO NCs were
incubated with MCF 7 cell line at 37°C for 24h.

In Figure 3.2.19, with the percentage of cell survival data microscopic images of the
MDA-MB-231 cells are also shown with all mZnO NC concentrations from 1000pug.mL™,
500pg.mL!, 250pg.mL!, 125pgmL?!, 62.5ugmL?, 31.25ugmL"!, 15.67pg.mL"' and
7.837ug.mL!. From the microscopic image showed in Figure 3.2.19, it is clearly visible that
the cell structures started to deform at the lowest mZnO concentration (7.84pug.mL™") only and
it increased with an increase of NC concentrations in the cells and for the highest mZnO
concentration (1000pg.mL!) there is no specific shape exist for the cancer cells and only

10.65+1.1% cells are survived which is very less. Thus with these experimental data mZnO
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NCs are proving their toxicity behavior towards malignant cells. These microscopic images

have been captured by using optical microscope Model Olympus CKX41 (10X).
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Figure 3.2.19. Percentage of cell survival analysed by MTT assay, while mZnO NCs were
incubated with MDA-MB-231cell line at 37°C for 24h.

Furthermore, the ICso value has been calculated for the mZnO NCs on both cell lines
MCF 7 and MDA-MB-231 and the values are found as 7.056 (£0.23)nM for MCF 7 and
35.05(x0.6)nM for MDA-MB-231. We have performed some other set of experiments, (given
detail in the Chapter 3 Part 3) where we have calculated ICso value for free anticancer drug
Paclitaxel treatment on MCF 7 and MDA-MB-231 and values are 31.9(x1.3) nM for MCF 7
and 37.52(x1.8)nM for MDA-MB-231. mZnO NCs on MDA-MB-231 shows a little less ICso
value compared to the free Paclitaxel on MDA-MB-231. Whereas, a more distinct difference
can be seen in cases of mZnO NCs on MCF 7 and Paclitaxel on MCF 7. Thus, mZnO NCs
have proved their efficiency to kill malignant cells by showing smaller ICso value on both cell

lines MDA-MB-231 and MCF 7 while compared with free Paclitaxel on those cell lines.
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Control = pure MDA-MB-231 CELLS

Figure 3.2.20. Microscopic images of the MDA-MB-231cancer cells after incubation with
increasing concentration of mZnO at 37°C for 24h (a) Control (100% cell survival), (b)
7.84ug.mL’ (c)15.67ug.mL”, (d) 31.25ugmL’, (e) 62.5ug.mL”’, (f) 125ug.mL”’, (g)
250ug.mL”, (h) 500ug.mL™, (i) 1000ug.mL™".
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3.2B.4. Time dependent release profile of Rh6G from nanoformulation
mZn0O-Rh6G

The synthesized mZnO NCs were loaded with dye Rh6G in the NC to dye ratio of 1:1
mg.mL ! in PBS (pH 7.2). Dye loaded mZnO NCs (450ug) were suspended in 6mL PBS (pH
7.2) and the release behavior has been studied by maintaining a fixed time interval for 7h at

room temperature (25°C).
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Figure 3.2.21. Dye release profile of Rh6G from mZnO NCs at 25°C temperatures for 7h in
PBS medium (pH 7.2).

Figure 3.2.21 shows the release profile of dye Rh6G from the mZnO NCs. The release
behavior has been checked till 7h by considering absorbance peak at the Amax =535nm
wavelength. The absorbance of the released dye in PBS was recorded by using UV-Vis
spectrometer and the extent of release of dye was calculated. From the release spectrum in
Figure 3.2.21, it is clear that mZnO NCs are capable of loading dye particles inside its pores
and with an increase of time, it has the capacity to show sustained release of the loaded
particles. Therefore, it is confirmed that prepared NCs are capable to load different drugs,

biomolecules etc. for further biological applications.
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3.2B.5. Time and temperature dependent drug release profiles of

antimalarial drugs from mZnO NCs

The designed nanoformulations of mZnO-CQDP, mZnO-DHA and mZnO-Sulfadoxine
(500pg each) were suspended in RPMI 1640 medium and the release behavior has been studied
individually. The encapsulation efficiencies for mZnO-CQDP, mZnO-DHA and mZnO-
Sulfadoxin NCs have been calculated by using [% Entrapment efficiency = {weight of drug in
NPs/weight of drug fed initially}x100] (eq. 2) mentioned in Part II (Section A) as 68.2%,
66.8% and 70.1% respectively. To study the drugs release profiles, three different sets of
experiments were set where, 0.5mg of mZnO-CQDP, mZnO-DHA and mZnO-Sulfadoxin NCs

of each were taken with SmL of medium in three different cuvettes.
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Figure 3.2.22. Temperature and time dependent drug release profile of CODP loaded in
nanoformulation mZnO-CQODP at 30°C, 35°C, 37°C, 40°C temperatures for 8h in RPMI 1640

medium.

In case of NC drug conjugate mZnO-CQDP, to calculate the extent of drug CQDP
released from the NC the absorption peak was considered at Amax = 225nm. Maintaining a fixed

time interval (15min) the absorbance of the released drug CQDP in the medium was recorded
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at different temperatures such as 30°C, 35°C, 37°C, 40°C using UV-Vis spectrometer and the
extent of release of CQDP was calculated. Figure 3.2.22 showed the release profile of
antimalarial drug CQDP loaded in the mZnO capsules. Percentage of drug release gradually
increases with the increase of time (5-480min) and temperatures (30-40°C). At lower
temperature 30°C, the percentage of drug release is very slow i.e., only 22+1.087 % at 8" h.
The percentage of drug release are 25+1.2%, 36+1.7% and 44+2.1% at 35, 37 and 40°C after
the end of 8™ h. At all four temperatures, the NCs have shown a sustained release of drug

CQDP upto 8h.

Figure 3.2.23 and Figure 3.2.24 showed the drug release profiles of two other
antimalarial drugs DHA and sulfadoxine (SD) loaded in the nanoformulations of mZnO-DHA
and mZnO-SD respectively. Antimalarial drugs loaded nanoformulations were suspended in
PBS medium (pH 7.2) and the drug release behavior of each drug loaded NCs was studied by
maintaining a time interval for 30 days at 37°C. The time interval has maintained for the drug
release study as 2h for the first 8h then 12h for next 3days, then 24h till 5 day and after that 5
days upto 30 days. The absorbance of the released drugs in PBS was recorded using UV-Vis
spectrometer and the extent of release of drugs DHA and sulfadoxine were calculated. To study
the release profile, 0.6 mg of mZnO-DHA and mZnO-SD nanoformulations were suspended
with SmL of PBS in a cuvette. The loading of the drug in porous ZnO NCs occurred through

the diffusion process.

Figure 3.2.23 shows the release behavior of drug DHA loaded in mZnO-DHA NCs
where drug release profile has been studied by maintaining a time interval for 30 days
considering absorbance peak at the Amax =220nm wavelength. The percentage of drug release
gradually increased with the increase of time and finally become constant after 15 days. The

percentage of release of DHA from mZnO NCs on the 30" day is 62%.

In a similar way, the release profile of sulfadoxine from mZnO-SD has been studied by
maintaining a time interval till 30 days and shows in Figure 3.2.24, by considering the
absorbance peak at Amax =260nm for sulfadoxine at 37°C. Percentage of release gradually
increases with the increase of time and finally become constant after 20 days. The percentage

of release of Sulfadoxine from mZnO NCs on the 30™ day is 82%.

All these drug release experiments have been repeated for three times to avoid all type

of errors.
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Figure 3.2.23. Drug release profile of DHA loaded in the nanoformulation of mZnO-DHA at
37°C for 30 days in PBS medium (pH 7.2).
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Figure 3.2.24. Drug release profile of Sulfadoxine loaded in the nanoformulation of mZnO-
SD at 37°C for 30 days in PBS medium (pH 7.2).
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3.2B.6. Time dependent drug release profile of anticancer drug from the

nanoformulation of mZnO- Paclitaxel NCs

The same loading procedure has been followed to encapsulate anticancer drug
paclitaxel in the pores of mZnO NCs. The designed mZnO-ptaxol was suspended in PBS
medium (pH 7.2) and the corresponding drug release behavior has been studied. To study the
release profile, 0.5mg of mZnO-ptaxol was taken with SmL of PBS in a cuvette. All
experimental parameters have been fixed in similar way like antimalarial drug release
experiments, mentioned previously. The Figure 3.2.25 shows the drug release profile of
anticancer drug paclitaxel from mZnO-ptaxol NCs with a time interval till 7 days by
considering the absorbance peak at Amax =215 nm at 37°C temperature. The percentage of
release of drug is calculated as 12.5+0.62 %, 32.6+1.63 %, 41+2.05 %, 46+2.3 %, 50.7+2.53
%, 56£2.8 %, 56+2.8 %, 75+3.75 %, 78+3.9 %, 82+4.1 %, 83+4.15 %, 83.5 +4.7 % on 2h,
4h,6h8h, 24h, 36h, 48h, 3day,4day, Sday, 6day 7day respectively.

The encapsulation efficiency for mZnO-ptaxol NCs has been calculated by using [%
Entrapment efficiency = {weight of the drug in NPs/weight of drug fed initially}*100](eq. 2)
mentioned in Part II (Section A) as 69.8 %.
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Figure 3.2.25. Drug release profile of Paclitaxel loaded in the nanoformulation of mZnO-
ptaxol at 37°C for 30 days in PBS medium (pH 7.2).
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3.2B.7. Ultramicrotome HRTEM analysis of antimalarial and anticancer

drugs loaded mZnO NCs interaction with cancer cell line K562

The cellular level interaction of drugs loaded mZnO NCs with cancer cell line K562
can be captured with the help of HRTEM. For that regard bare mZnO NCs, nanoformulations
of mZnO-CQDP and mZnO-DOX were allowed to interact with K562 cells.

K562 cells with a concentration (10pg/mL) of drugs (DOX and CQDP) loaded mZnO
NCs were incubated for 12h. Thereafter, cells with loaded NCs were washed and then fixed by
using a cold buffer comprising 3% glutaraldehyde in 0.1M Sodium cacodylate for 30 min.
After the rinsing was done with PBS, the cells were post-fixed in osmium tetroxide (1%) and
embedded in Epon resin. Then, semi-thin sections of K562 with drugs loaded NCs were cut,
stained with 0.5% toluidine blue and investigated under a light microscope. Ultrathin sections
were stained with 2% uranyl acetate and Reynolds lead citrate and finally observed under a

high definition transmission electron microscope (HRTEM).

Figure 3.2.26. Cell sectioning HRTEM images of pure cancer cell line K562 (a-d) from lower

to higher magnification.(c) and (d) showing single cells with all distinct cell components.
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Figure 3.2.26 (a-d) represents cell sectioning HRTEM micrographs of pure cancer cells
K562 without any NCs, drugs or drug loaded NCs treatment. K562 cells have proper cell
morphology which exhibits definite nucleus enclosed by a defined nuclear membrane,

cytoplasm surrounded by the well-defined cell membrane.

The Figure 3.2.27 (a-d) represented cell sectioning HRTEM micrographs of cancer
cells K562 treated with bare mZnO NCs. It can be observed from the micrographs that bare
mZnO NCs entered inside the cancer cells by endocytosis through the cell membrane. The
deformation of the cell membrane can be observed clearly in Figure 3.2.27b, 3.2.10c and
3.2.10d due to the interaction with the NCs. Presence of small mZnO NCs inside the cell can
also be observed from the HRTEM micrographs.

Figure 3.2.27. Cell sectioning images of bare mZnO NCs dispersed in PBS (pH 7.2) treated
with K562 cell lines at 37°C from (a-d) lower to higher magnifications. (c) and (d) showing
the single cell deformed after interaction with mZnO NCs.
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This is confirmed from the TEM micrographs Figure 3.2.27 that mZnO is toxic to the
cancer cells and therefore helping it to break the cell membrane and enter inside. Cytotoxicity
results of mZnO NCs in Figure 3.2.18 and Figure 3.2.19 are also evident with similar kind of
cell killing mechanisms with different cancer cell lines i.e., MCF7 and MDA-MB-231.

Figures 3.2.28 (a-d) represent cell sectioning HRTEM micrographs of cancer cells
K562 incubated with antimalarial as well as anticancer drug CQDP in mZnO NCs. It is
observed that malignant cells got aggregated due to the presence of mZnO—-CQDP NCs inside
the cells through endocytosis. The loaded NCs make their way through the cell membrane
resulting in the rupture of the cell membrane and thereby exposing the cellular components
outside as shown in Figure 3.2.28c. The tiny agglomerated NCs can be observed inside the
cell in Figure 3.2.28d. This deformation of cell structure occurred due to the release of drugs
from the mZnO NCs in a sustained manner as shown in release profile data Figure 3.2.28 with
increase in time. CQDP can act as antimalarial as well as an anticancer drug in advanced

medical treatments [222,223].

Figure 3.2.28. Cell sectioning HRTEM images of mZnO—CQDP nanoformulations dispersed
in PBS (pH 7.2) treated with K562 cells at temperature 37°C from (a-d) lower to higher

magnifications (Sum-100nm).(c) and (d) showed the single cell deformation after interaction
with mZnO-CQDP nanoformulation.
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Figures 3.2.29 (a-d) represent cell sectioning HRTEM micrographs of cancer cells
K562 incubated with anticancer drug DOX loaded in mZnO nanocarriers. From the TEM
micrographs, it can be observed that due to the interaction with NCs the malignant cells started
to deform once drug loaded NCs entered through the cell membrane as shown in Figure
3.2.29a and 3.2.29b and thereby rupturing the cell membrane completely. They are even
rupturing nuclear membranes and finally resulting in the cellular components as cell debris

shown in Figure 3.2.29c¢ and 3.2.29d.

Figure 3.2.29. Cell sectioning HRTEM images of mZnO-DOX nanoformulations dispersed in
PBS (pH 7.2) treated with K562 cells at 37°C (a-d) from lower to higher magnifications. (c)

and (d) cell membrane deformation after interaction with mZnO-DOX nanoformulation.
3.2B.8. Summary of Part II (Section B)

The Section B of Part II includes some additional applications of surfactant free mZnO
NCs. The detail surfactant free synthesis process of mZnO nanocarrier has been discussed in
the Part II (Section A). This porous nanosized ZnO possess very interesting physical and

chemical properties which are already discussed in the Part II (Section A) in detail. In this
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part of Chapter 3, the biocompatibility of the mZnO NCs has been checked with two breast
cancer cell lines MCF 7 and MDA-MB-231 with different concentrations (1000-7.84pg.mL™")
of nanosized porous ZnO where NCs have shown their toxicity towards cancer cells even with
a lower concentration of NCs only. Furthermore, their toxicity towards these cancer cells was
further proved by the ICso values. ICso for mZnO on MCF 7 is found as 7.056 (+0.23)nM and
for mZnO on MDA-MB-231 is 35.05 (£0.6)nM which are more or less similar to the ICso
calculated by treating free Paclitaxel on MCF 7 (31.9£1.3nM) and MDA-MB-231
(37.52+1.8nM). Further, the encapsulation efficiency of the mesoporous mZnO NCs for the
application of it as a drug carrier has been checked with few drugs like CQDP, DHA, SD, DOX
and Paclitaxel. The nanoformulation of mZnO-CQDP, mZnO-DHA and mZnO-SD possess
tremendous encapsulation efficiency to encapsulate the respective drugs as 68.2%, 66.8% and
70.1%. Among these three antimalarial drugs CQDP has selected for temperature range drug
release study as CQDP is a well-established anticancer drug and for that chosen temperature
range was 30°C, 35°C, 37°C and 40°C for 8h with a time interval of 15min in RPMI 1640
medium. The CQDP encapsulated mZnO has shown a drug release pattern where with increase
with time and temperature the percentage of drug release from the NCs is also increasing i.e.,
for lowest temperature 30°C the drug release is 22+1.087 % by the end of 8" hour and for
highest temperature 40°C is 44+2.1% (8" hr). Both nanoformulations of mZnO-DHA and
mZnO-SD are kept for two sets of long term drug release experiments where individually they
have shown a sustain drug release pattern till day 30 with a drug release percentage of 62% and
82% respectively while maintaining the experimental temperature as 37°C in PBS (pH 7.2).
Further drug release study has been done with nanoformulation of mZnO-ptaxol for 30 days.
All experimental parameters have been fixed similar like antimalarial drug release experiments
and the encapsulation efficiency has been calculated as 69.8% for mZnO-ptaxol
nanoformulation. Later, these NCs have been used to encapsulate DOX a very well established
anticancer drug. Nanoformulations of mZnO-DOX and mZnO-CQDP were incubated with
K562 cancer cells to allow the nanosized carrier to carry drugs (DOX and CQDP) through the
cell membrane of K562 cancer cells which are shown in cell sectioning part where these NCs
killed the cell successfully thereby proving their efficiency as nano drug vehicle for targeted
drug delivery system. Since ZnO has been previously shown to have anti-microbial properties,
its usage can also be extended for the treatment of infectious diseases with a combination of
pathogen specific immunogenic peptides, proteins or drugs adsorbed in the mesopores of the

NP, thereby shielding it from degradation in the biological fluids.
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Chapter 3: Result and discussion: Part III

Synthesis of porous PCL nanocapsules by template removing approach to

eradicate Breast Cancer cells
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Chapter 3

Result and discussion: Part 111

Objective: Synthesis of porous PCL nanocapsules by template removing

approach to eradicate Breast Cancer cells.

3.3.1. Introduction

Polymer based nanodrug delivery vehicles are more promising, as these polymer NPs
can be engineered by encapsulating or attaching drugs and other biomolecules inside or on the
surface of it and after delivered those drugs/biomolecules to the site of interest, these
nanocarriers can easily degrade in physiological conditions. PCL (Poly caprolactone) is one of
the proficient and vastly used biodegradable and biocompatible polymers. At the same time,
when application of these polymer based nanodrug delivery vehicle in therapeutic field
concerned, Cancer can be the best area to focus as it is one of the life threatening ailment and
treatment related to this includes a lot of side effects, because the anticancer drugs are not only
effecting the malignant cells but also effecting the other healthy cells resulting unavoidable
severe side effects. Therefore, the nanobiotechnology researches are continuously trying to
improve the efficiency of cancer therapy with decreasing the side effects. There are many types
of research are going on in this regard [161-163]. Research in the area of cancer is very broad
spectrum, therefore our focus was limited by choosing an anticancer drug Paclitaxel for the
designing of drug NC conjugation and delivering it to the breast cancer cells. Paclitaxel is
known for its most diverse use as well as for its outstanding effect against solid tumor malignant

cells like breast, lung, ovarian, cervical, pancreatic cancer [175] etc.

However, the drug Paclitaxel has a wide range of application as an antitumoral
therapeutic agent, it is still a big challenge for the application of Paclitaxel. It is hydrophobic

in nature and also causing clinical complications due to the non-ionic surfactant Cremophor
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EL and dehydrated ethanol present in Paclitaxel formulation used to improve the solubility of
Paclitaxel for the treatment [58,59]. Considering all these limitations of antitumor drug
Paclitaxel, many easy and simple approaches with polymeric drug delivery vehicles like NPs,
liposomes, hydrogel, micelle etc., have been reported to increase the drug stability,
permeability, solubility etc. However, as an alternative of Paclitaxel formulation, PEGylated
caprolactone nanodrug carriers synthesized without using surfactant Cremophor, for Paclitaxel
loading purpose has developed [224]. Biggest challenge occurred with the enhancing resistance
of many anticancer drugs including paclitaxel with the ovarian carcinoma A2780 cell line.
Reported oral delivery of PLGA Paclitaxel formulation could not show much potential while
comparing with free Paclitaxel drug but can show a significant bioavailability of the drug to

the multidrug resistant 2780 AD, which is a is variant of ovarian carcinoma cell line [199].

This Chapter 3 Part III of the dissertation focuses on the synthesis of a nanodrug
carrier of porous PCL NCs by template removing approach. A detail explanation for the
designing of mesoporous ZnO (mZnO) NPs have included in the previous part (Part II Section
A) of Chapter 3 and these mZnO NPs have been used as templates while designing the PCL
NPs in this work. Later these template NPs have been removed successfully to make polymer
NPs porous in nature and to apply these porous PCL based NCs as a drug delivery carrier to
encapsulate anticancer drug Paclitaxel. The cell cytotoxicity of these polymer NCs has also
been studied with two different breast cancer cell lines via MTT assay. Finally, these drug
loaded PCL polymer NCs have been incubated with two breast carcinoma cell lines like MCF7

and MDA-MB-231 to evaluate their inhibiting efficiency of the cancer cells in-vitro.

3.3.2. Synthesis procedure

Detail of the experimental procedure for the synthesis of core shell PCL- mZnO NPs
by using template mZnO NPs followed by mesoporous PCL NCs by template removing
approach has been mentioned here. The detail of the chemicals, reagents and solvents has been

included in Chapter 2. However, a brief of the same has been summarized below.
(a) The synthesis method of mesoporous ZnQO NCs

The detail synthesis procedure of mZnO NC has been described in Part II (Section A)
by a surfactant free ultrasonication technique. The synthesized mesoporous ZnO NCs were

used as template for the further development of core shell nanostructure in this work.
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(b) Synthesis of core shell PCL-mZnO (PZ) NCs

For the synthesis of core shell structure, firstly 50mg of synthesized mZnO was
thoroughly dispersed in 20mL acetone through ultra-sonication. Then 50mg PCL was
dissolved in 20mL acetone at 45°C under constant stirring. Thereafter, dispersed mZnO and

dissolved PCL were mixed together in another beaker.

Then the resultant mixture of mZnO NPs and PCL were added continuously to 150mL
(water/surfactant) emulsion under sonication at a constant rate of 150pL.min"'. After addition,
the mixture was kept under vigorous stirring for 24h. The resultant core shell NPs formed
consisted of mZnO as core and PCL formed the outer shell layer. Later these particles was
washed with water and isopropanol. The final product was collected after repeated washing

and centrifugation (at 5000 RPM) followed by drying through lyophilization.
(c) Etching of core from core shell NCs:

Above synthesized core-shell PCL-mZnO NPs were treated with NaOH (5M) and
incubated in the same for 6h to etch out the mZnO and which leaving the porous polymeric
shell. After 6h of incubation in 5SM NaOH at room temperature, the etched core-shell NPs were
then centrifuged to separate the particles from the solution and repeated washing was done to
remove the dissolved mZnO/ NaOH. Finally, mesoporous PCL capsules were collected after

freeze drying.

3.3.3. Mechanism of formation of porous PCL NCs

During the synthesis of core shell PCL-mZnO NPs, Igepal-50 has been used as a
surfactant. In the first step, the oxygen of Igepal-50 provides its pair of electrons to the electron
deficient carbonyl of PCL. Various other electronic transfer has occurred with other ionic
interaction for the completion of synthesis of core shell PCL-mZnO structure. Covalent
interaction, van der Waal’s forces of interactions etc., may have involved in the whole synthesis
procedure. In the following step, to remove core mZnO from the core shell PCL-mZnO NPs,
5M NaOH was added and thereby making a porous nanostructure. Water has acted as a solvent
medium in this synthesis process, resulting in a possibility to form Na,Zn(OH), which will

go out with water and thus PCL shell with porous structure will appear.
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The proposed chemical reaction of ZnO with NaOH in aqueous medium has given below,

Zn0 + 2NaOH + 2NaOH = Na,Zn(0H),

After repeated centrifugation at 10000RPM for 10min each, the formed
Na,Zn(OH), has been removed completely from the PCL polymer surface leaving behind

some pores in the polymer nanostructures.

@ Q’ %~ ton
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H3C(H,C)sH,C

ZnO NPs Igepal- 50 Polycaprolactone

+ NaOH

— 7ZnO

Mesoporus PCL Intermediate Structure

Schematic 3.3.1. Step by step synthesis mechanism of core shells PCL-mZnO NPs and
mesoporous PCL NCs after removal of core mZnO NPs In first step, PCL polymer have
attached to the mesoporous ZnO NPs with the help of surfactant Igepal-50, and made the core
shell structure. In the next step, NaOH was added to remove the template ZnO and finally ZnO

NPs will go out leaving behind a porous polymeric nanostructure.
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3.3.4. Designing mesoporous PCL NCs: Size, Morphology and porous

structure of NCs
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Figure 3.3.1. TEM images of core shell PCL- mZnO NPs (PZ) from lower to higher

magnifications (a-d).
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Figure 3.3.2. Histogram for the average particle size distribution of core shell PCL-mZnO NPs
(PZ), calculated from HRTEM results (Figure 3.3.1a).
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Figure 3.3.1(a-d) represents the TEM micrographs of synthesized core shell PCL-
mZnO NPs (PZ). The NPs formed are spherical in nature and uniformly dispersed. Thus, from
the size of the core, it can be assured that one to two mZnO NPs have aggregated to form the

core and PCL polymer chains have surrounded them to form the shell.

Figure 3.3.2 shows the average particle size and its distribution of sample PZ where
the average size of PZ is calculated to be 32nm in dia. To calculate average particle size

different sizes of PZ have been measured by using HRTEM micrographs from Figure 3.3.1(a).
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Figure 3.3.3. TEM images of hollow porous PCL NCs (HPZ) (a-d) from lower to higher
magnifications and (e) average particle size distribution of HPZ calculated from the TEM
micrograph (Figure 3.3.3a).
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Figure 3.3.3 showed the TEM micrographs of porous PCL NCs (HPZ) after the
removal of template mZnO from the core of PCL-mZnO (PZ). From the TEM images, it can
be seen that the particles are spherical and uniformly dispersed. From Figure 3.3.3e the average
size of this HPZ are found to be around ~ 75nm in diameter which has been calculated from

the HRTEM micrograph Figure 3.3.3a.

3.3.5. Surface chemical structure of PCL-mZnO and mesoporous PCL NCs
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Figure 3.3.4. FTIR spectra of (a) PCL-mZnO core shell (PZ) NPs and (b) porous PCL (HPZ)
NCs. FTIR experiments were performed on KBr pallet.

Figure 3.3.4a and 3.3.4b shows the FTIR spectra for core shell PCL-mZnO and porous
PCL after removal of core mZnO NCs, respectively. In Figure 3.3.4a, the band at 3437cm’!
arises for stretching vibration mode of a hydroxyl group present on the sample surface of
mZnO. The band at 2946cm™ arises for C-H(-CHz) group of PCL polymer and the band arises
at 1716cm’! is due to the presence of -C=0 group of polymer PCL [201]. At 553cm™!, the band
arises due to the vibration mode of Zn and O bond in ZnO lattice [225,226]. Bands are
overlapping in the region from 1500cm™ to 750cm™ due to the polymer coating over mZnO.
The FTIR spectrum has suggested the presence of polymer PCL on the surface of mZnO NPs
and thus confirmed the formation of core shell PCL-mZnO NPs. The absence of any other
additional bands in the FTIR spectrum proves that the synthesisedmZnO-PCL NCs are free

from impurities.
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Figure 3.3.4b show the FTIR spectrum of PCL NCs after etching the core mZnO. The
band at 2941cm™ arises for C-H(-CHz) group of PCL and band arises at 1726cm™ is due to the
presence of -C=0O group of PCL [201]. The absence of bands responsible for mZnO proves that
the template (mZnO) have been removed from the core completely and the absence of
additional bands confirm the absence of impurities or the other component of Zn (II) in the

PCL nanostructure.

3.3.6. BET surface area analysis of porous PCL NCs
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Figure 3.3.5. BET results (a) N2 absorption-desorption isotherm of porous PCL NCs with (b)

BJH pore size distribution from adsorption isotherm.

BET experiment was executed for the synthesized HPZ nanomaterials to further
investigation of the pore size which has already been observed from the TEM micrographs and
to calculate the specific surface area of the nanomaterial. Figure 3.3.5a and 3.3.5b demonstrate
the Nitrogen absorption-desorption isotherm as well as pore size distribution of HPZ NCs,
respectively. In Figure 3.3.5a the clear hysteresis loop (from relative pressure P/Po 0.7 to 0.99)
is observed, which confirms the porous nature of the nanomaterial with a type-IV adsorption
isotherm. BET surface area for porous HPZ NCs has calculated as 68.67m?/g at relative
pressure P/Po= 0.283 and adsorption average pore size achieved as 22.1nm from the Figure
3.3.5b. Whereas, Langmuir surface area for the same nanomaterial was found out as

109.29m?/g.
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3.3.7. Phase, solid state crystal structure study and zeta potential analysis
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Figure 3.3.6. XRD pattern of mZnO, PCL-mZnO (PZ) and porous PCL NCs.

The solid-state crystal structure of the nanomaterials has been characterized through the
powder XRD and the diffraction pattern has shown in Figure 3.3.6. mZnO NCs are found to
have hexagonal crystal structure with characteristic diffraction peaks appeared at 26 = 32.2°,
34.6°, 36.6°, 47.9°, 57.1°, 63.1°, 66.8°, 68.4°, 69.6°, 72.8°, 77.3° and 81.8° for the
corresponding preferred orientation of planes such as (100), (002), (101), (102), (110), (103),
(200), (112), (201), (004) and (202), respectively. The crystal structure corresponds to the
phase pure Wurtzite-type ZnO (hexagonal phase with space group P6s3mc, JCPDS card no. 36-
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1451, a polar axis parallel to c-axis). XRD pattern of core shell sample PZ is found matching
well with all diffraction peaks of mZnO along with some additional peaks arise at 20 = 21.4°
and 23.0°, which corresponds to the orthorhombic planes (110) and (200) of PCL polymer,
respectively. Thus the XRD pattern proves that PZ contains both mZnO (as core) and PCL (as
shell). XRD pattern of HPZ sample showed the diffraction peaks only at 26 =21.4° and 23.0°,
corresponding to the orthorhombic crystal structure with characteristic planes (110) and (200)

of PCL, respectively [205,206]. These results are the evidence for the absence of mZnO in PCL

capsules.

To check the zeta potential value of mesoporous PCL (HPZ), 500pg of the sample has
been dispersed in ImL of DI water. The value has been recorded at temperature 25°C by using
a He-Ne LASER with a wavelength of 633nm. Figure 3.3.7, showed the zeta potential value

of mesoporous PCL capsules which has been found as —29.9 mV and standard deviation +6.45

(single peak).

Table 1: Zeta potential of mesoporous PCL NCs

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -29.9 Peak 1: -29.9 100.0 6.45
Zeta Deviation (mV): 6.45 Peak 2: 0.00 0.0 0.00
Conductivity (mS/cm): 0.00965 Peak 3: 0.00 0.0 0.00
Result quality :
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Figure 3.3.7. Zeta potential of mesoporous PCL NCs recorded at 25°C in DI water.
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3.3.8. Loading of anticancer drug Paclitaxel in mesoporous PCL NCs

The dried mesoporous PCL NCs were collected and loaded with an anti-cancer drug,
namely ‘Paclitaxel’. The mesoporous PCL NCs were incubated with Paclitaxel with a
concentration of drug to NCs of 1:1 mg.mL™! in PBS (pH 7.4). The drug loaded NC and PBS
mixture were stirred for 1h and then kept for another 24h in a dark place without stirring at
room temperature. The paclitaxel loaded mesoporous PCL NCs were separated from PBS
solution through centrifugation (at 8000RPM). These loaded particles were then washed three
times with PBS to remove the excess free drug molecules from the surface of the NCs followed
by air drying (at room temperature) for the further experiments. The whole drug loading

process has been done at room temperature.

3.3.9. Time dependent drug release behavior of anticancer drug from core
shell PCL-mZnO (PZ) and porous PCL (HPZ) NCs
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Figure 3.3.8. The release profile of Paclitaxel from PCL-mZnO (PZ) and mesoporous PCL
NCs at 25°C temperatures for 72h in RPMI 1640 medium.
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0.5mg of anticancer drug loaded NCs were suspended in RPMI 1640 medium in two
different cuvettes for two different experiments and the drug release behavior of Paclitaxel
drug loaded NCs have been studied by maintaining a time interval for 3 days at room
temperature (25°C). Figure 3.3.8 shows the drug release profiles of anticancer drug Paclitaxel
from core shell nanostructure PZ and mesoporous nanostructure HPZ NCs, respectively. The
absorbance of the released drugs in the medium was recorded by using UV-Vis spectrometer
and the extent of release of drug Paclitaxel was calculated by considering the absorbance peak
at Amax =278nm. The percentage of drug release gradually increased with increase in time. As
example, the release amounts of drug molecules calculated as 12.6+1.33 %, 31.2£1.28 %,
34.8+1.43 %, 41.8+3.96 %, 43.2+2.02 %, 48.5£2.09 %, 55.4£3.75 %, 66.2+2.02 %, 70.1+1.13
% and 8.2+2.33 %, 32.244.28 %, 35.7£1.43 %, 49.1£2.96 %, 50.4+2.02 %, 52.3+1.09 %,
68.8+1.75 %, 75.6£2.02 %, 78.2+3.13 % on time periods of Smin, 1h, S5h, 7h, 24h, 36h, 48h,
60h, 72h for PZ and HPZ, respectively.

The Paclitaxel drug encapsulation efficiencies for PZ-Paclitaxel and HPZ-Paclitaxel NCs
have been calculated by using [% Entrapment efficiency = (weight of drug in NPs/weight of
drug fed initially) x100] (eq. 2) mentioned in Part II (Section A) as 38.6%, and 71.8%,

respectively.

3.3.10. Biocompatibility of core shell PCL-mZnO (PZ) studied with two

breast cancer cell lines

The biocompatibility of pure PCL-mZnO (PZ) NPs without loading any drug have been
investigated by exposing them against two breast cancer cell lines, e.g., MCF 7 and MDA-MB-
231 through MTT assay. The cell viability of the porous NCs facilitated transfection is under
the effect of the cytotoxicity affected by the chemical nature of the NPs as well as transfection
reagent. To check the cell cytotoxicity of unloaded PZ NPs with both cancer cell lines, 5x10°
number of MCF 7 cells and MDAMB-231 cells were taken separately in each well of the 96
well plate. MTT assay has been conducted after 24h post transfection at 37°C by taking various
concentrations of NCs like 1000ug.mL™", 500ug.mL!, 250pg.mL™, 125pg.mL™!, 62.5ug.mL™",
31.25pg.mL!, 15.67pg.mL"! and 7.84pg.mL"!, where considering pure cell line without any
drug and NCs as control (100%) for both cell lines MCF 7 and MDA-MB-231.
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Figure 3.3.9. Percentage of cell survival analyzed by MTT assay, while PCL-mZnO (PZ)
NCs were incubated with MCF 7 cell line at 37°C for 24h. For this experiment calculated
1Cso value is 35.49 (£0.25)nM.

It can be observed from Figure 3.3.9 and Figure 3.3.10 that in case of PZ sample, with
a lower concentration of NPs i.e., 7.84ug.mL™"! and 15.67ug.mL"!, are also able to kill both
malignant cells MCF 7 and MDAMB-231. Percentage of cell survival are 106.39+5.1% and
94.26+1.7% for minimum concentration 7.84pug.mL"! of PZ sample as well as 4.87+0.23% and
5.98+2.7% for highest concentration 1000pug.mL"! of PZ sample for both cell lines MCF 7 and
MDA-MB-231, respectively. This has occurred due to the presence of mZnO in the core shell
structure of the PCL-mZnO (PZ) NPs.

The toxicity of the unloaded bare PZ NPs is increasing from lower to higher
concentrations (i.e., from 7.8pug.mL"! to 1000ug.mL™") for both the cancer cell lines, e.g., for
MCF 7 and MDAMB-231. Figure 3.3.11 shows the microscopic images of MDA-MB-231cell
lines with higher (1000png.mL™") to lower (7.8ug.mL™!) concentrations of PZ. It is observed
from the microscopic images that, with an increase of PZ concentration level in a MDAMB-
231 cell line, the number of cancer cells decreased and the structure of cancer cells deformed
gradually. These microscopic images have been captured by using optical microscope Model

Olympus CKX41 (10X).
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Figure 3.3.10. Percentage of cell survival analyzed by MTT assay while PCL-mZnO (PZ) NCs
were incubated with MDA-MB-231cell line at 37°C for 24h. For this experiment calculated
ICs value is 32.8 (£0.29)nM.

Furthermore, the ICso value has been calculated for the PZ NCs on both cell lines MCF7
and MDA-MB-231 and the values are found as 35.49(+£0.25)nM for MCF 7 and 32.8(+0.29)nM
for MDA-MB-231 which are more or less similar to the ICso values of free anticancer drug
Paclitaxel on these two malignant cell lines (free Paclitaxel on MCF7 is 31.9 (£1.3)nM and
MDA-MB-231 is 37.52(+1.8)nM).

Thus, it has been confirmed that the synthesized PCL-mZnO (PZ) nanocapsules can be
used as an anticancer drugs carrier against cancer cells due to their constant toxicity against

cancer cells.
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Control = pure MDA-MB-231 cells

Figure 3.3.11. Microscopic images of the MDA-MB-231 cancer cells after incubation with
increasing concentration of PZ at 37°C for 24h (a) Control (100% cell survival), (b)
7.837ug.mL” (c)15.67ug.mL”, (d) 31.25ug.mL’, (e) 62.5ugmL’, () 125ug.mL’, (g)
250ug.mL”, (h) 500ug.mL™, (i) 1000ug.mL™".

3.3.11. Biocompatibility of mesoporous PCL (HPZ) NCs studied with two

breast cancer cell lines

The interaction of bare PCL (HPZ) NCs without loading drug against two breast cancer
cell lines MCF 7 and MDA-MB-231 has been investigated by exposing unloaded NCs to the
cancer cell lines through MTT assay. The cell viability of the porous NCs facilitated
transfection is under the effect of the cytotoxicity affected by the chemical nature of the NPs
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as well as transfection reagent. To check the cell cytotoxicity of unloaded HPZ NCs two cancer
cell lines MCF 7 cells and MDA-MB-231 of 5x10° number were taken in each well of the 96-
well plate. MTT assays were conducted after 24h post transfection at 37°C by taking various
concentrations of NCs e.g., 1000pg.mL™!, 500pug.mL!, 250ug.mL!, 125pg.mL™, 62.5ug.mL"
131.25pg.mL!, 15.67ug.mL! and 7.84pug.mL"!, where considering pure cell line without any
drug and NCs as control (100%) for both the cell lines MCF 7 and MDA-MB-231.
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Figure 3.3.12. Percentage of cell survival analyzed by MTT assay while mesoporous PCL NCs
were incubated with MCF' 7 cell line at 37°C for 24h. For this experiment calculated ICso value
is 52(x1.0)nM.

It can be observed from Figure 3.3.12 and Figure 3.3.13 that for HPZ sample, at
various concentrations i.e., from 7.837pg.mL to 1000ug.mL"! the cancer cell death (MCF 7
and MDA-MB-231) is less compared to the cell death occurred in case of PZ sample. Since
mZnO is toxic towards the cancer cells [227] and that is the reason behind the death of more
cancer cells in case of PZ as mZnO formed the core of PZ nanostructure. Again, the core mZnO
were removed from the HPZ nanostructure, therefore, the percentage of cancer cell survival is

more in case of HPZ compared to PZ sample.
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Figure 3.3.13. Percentage of cell survival analysed by MTT assay while mesoporous PCL NCs
(HPZ) were incubated with MDA-MB-231cell line at 37°C for 24h. For this experiment
calculated ICso value is 55 (£1.05)nM.

From Figure 3.3.12 and Figure 3.3.13, it is clear that percentage of cell survival is
more or less the same as the control sample (100% cell survival). At the concentration of
7.8ug.mL! cell survival results are found to be 115.22+4.06 % and 89.40+4.42 % as well as at
1000pg.mL™"! cell survival results found to be 86.24 +14.15 % and 79.34+2.25 % for MCF 7
and MDA-MB-231cell lines, respectively.

However, Figure 3.3.14 showed the optical microscopic images of MDA-MB-231cells
with each increasing concentration of HPZ (0 - 1000 pg.mL™). It can be observed from those
optical microscopic images (Figure 3.3.14), that interaction of different concentrations of HPZ
with the malignant cells are not effecting much to the structures of the malignant cells even
after 24h of incubation. Thus, these mesoporous PCL (HPZ) capsules are biocompatible in

nature.

The biocompatibility of these HPZ NCs were again proved with the ICso values which
have been found as 52 (£1.0)nM for HPZ on MCF 7 and 55(=1.05)nM for HPZ on MDA-MB-
231 which are more than the ICso values of free anticancer drug Paclitaxel on these two

malignant cell lines (free Paclitaxel on MCF 7 is 31.9nM and MDA-MB-231 is 37.52nM).
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Control = pure MDA-MB-231 CELLS

Figure 14. Microscopic images of the MDA-MB-231cancer cells after incubation with
increasing concentration of HPZ at 37°C for 24h (a) Control (100% cell survival), (b) 7.837
ug.mL? (c)15.67ug.mL?, (d) 31.25ug.mL™, (e) 62.5ug.mL”, (f) 125ug.mL™, (g) 250ug.mL”,
(h) 500 ug.mL”, (i) 1000ug.mL".

3.3.12. Interaction of free Paclitaxel with Cancer cell lines MCF 7 and MDA-
MB-231

Finally, different increasing concentrations of anticancer drug Paclitaxel incubated with
both cancer cell lines MCF 7 and MDA-MB-231and the percentage of cell survival in both
cases have been studied. From Figure 3.3.15 and Figure 3.3.16, it can be seen that the
percentage of cell survival decreases gradually as the concentration of the drug increases from

1.95ug.mL! to 250ug.mL'. Figure 3.3.17 showed the optical microscopic images of the
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MDA-MB-231 cells with increasing concentrations of Paclitaxel from 1.95ug.mL™! to
250pug.mL"!. Furthermore, the ICso value has been calculated for free Paclitaxel on both cell
lines MCF 7 and MDA-MB-231 and the values are found as 31.9 (x1.3) nM for MCF 7 and
37.52 (£1.8) nM for MDA-MB-231.
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Figure 3.3.15. Percentage cell survival of MCF 7 while incubated with pure Paclitaxel drug
for 24h at 37°C. For this experiment calculated ICso value is 31.9 (£1.3)nM.
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Figure 3.3.16. Percentage of cell survival of MDA-MB-231 while incubated with pure
Paclitaxel drug for 24h at 37°C. For this experiment the calculated ICso value is
37.52(x1.8)nM.
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Figure 3.3.17. Optical microscopic images of MDA-MB-231 cancer cells at different
concentrations (1.95-250ug.mL™) of drug Paclitaxel.

3.3.13. Interaction of Paclitaxel loaded HPZ with Cancer cell lines MCF 7
and MDA-MB-231

Different concentrations of anticancer drug Paclitaxel i.e., 1.56pg.mL"!, 3.12ug.mL"!,
6.25ng.mL!, 12.5ug.mL!, 25ug.mL!, 50pg.mL!, 100pg.mL!, 1000pg.mL"! were loaded in
HPZ and incubated with both the cancer cell lines MCF 7 and MDA-MB-231 to check the

185 | Page



percentage of cell survival in both the cases. From Figure 3.3.18 and Figure 3.3.19, it can be
observed that with an increase in the concentration of Paclitaxel from 1.56pug.mL™! to
1000pg.mL™! the percentage of cell survival decreases gradually. Figure 3.3.18, in case of
MCF7, HPZ-Paclitaxel nanoformulations can kill 70.9+1.5% of cells at concentration
25ug.mL!, which is more than half of the cells at 50ug.mL" i.e., 25.70+3.18%. At the highest
concentration, i.e., 1000pug.mL"! the NC killed almost all the malignant cells, i.e., and the cell
survival found to be only 4.49 +0.36%.
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Figure 3.3.18. Percentage of cell survival analyzed by MTT assay while HPZ-Paclitaxel
nanoformulation incubated with MCF 7 cell line at 37°C for 24h. The ICs value is found in
this case as 33.9(= 1.5)nM.

Figure 3.3.19 shows the treatment of MDA-MB- 231 cells with paclitaxel encapsulated
inside HPZ. It is observed that for 50ug.mL™' concentration of HPZ-Paclitaxel formulation,
43.30 +3.5 % cancer cells killed and at the highest concentration i.e., 1000pg.mL"! the same
formulation killed ~93% of cancer cells (survival is only 6.7242.90 %). However, Figure
3.3.20 showed the optical microscopic images of MDA-MB-231 cells with each increasing
concentration of paclitaxel (0 - 1000pg.mL'). It can be observed from those optical

microscopic images (Figure 3.3.20), that interaction of different concentrations of paclitaxel
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with the malignant cell are not effecting much to the structures of the malignant cells after 24h
of incubation also. These microscopic images have been captured by using optical microscope

Model Olympus CKX41 (10X).
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Figure 3.3.19. Percentage of cell survival analyzed by MTT assay while HPZ- Paclitaxel
nanoformulations were incubated with MDA-MB-23 [ cell line at 37°C for 24h. The ICso value
is found in this case as 45.62(+1.86).

Furthermore, the ICso value has been calculated for the nanoformulated HPZ-Paclitaxel
on both cell lines MCF 7 and MDA-MB-231 and the values are found as 33.9(+1.5)nM for
MCEF 7 and 45.62(£1.86)nM for MDA-MB-231. In the case of nanoformulated HPZ-Paclitaxel
on cell line MCF 7, the 1Cso is almost matching with the ICso of free paclitaxel on MCF 7
(31.9+1.3nM) which proved the efficiency of HPZ as a drug carrier. Whereas, the HPZ-
Paclitaxel on cell line MDA-MB-231 gives an ICso value which is quite high while comparing
with free paclitaxel on MDA-MB-231 (37.52+1.8nM). This increase in ICso may be due to the
stability of drug inside the NC followed by sustained release of drug from the PCL nanodrug
carrier. However, the optical microscopic images are evidence of the inhibition ability of these
drug encapsulated HPZ NCs against malignant cells and can be used as a vehicle to deliver

drug for further biological applications.
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Control = pure MDA-MB-231 cells

Figure 3.3.20. Microscopic images of the MDA-MB-231cancer cells after incubation with
increasing concentration of HPZ at 37°C for 24h (a) Control (100% cell survival), (b)

1.56ug.mL”,(c) 3.12ug.mL”, (d) 6.25ug.mL”, (e) 12.5ug.mL”, (f) 25ug.mL", (g) 50ug.mL™’,
(h) 100ug.mL™, (i) 1000ug.mL".

3.3.14. Summary and Conclusions of Part I1T

Chapter 3 Part I1I includes a porous polymer NC synthesized by the template removal
wet chemical approach. PCL formed the outer shell of the capsule whereas mZnO has used as
templates (on an average two mZnO per PZ) for the formation of this NC (PZ) with dia ~ 32nm.
The synthesis of template mZnO with dia ~12nm has been discussed in previous Part I1
(Section A). After removal of core mZnO, some pores of dia. ~ 22.1nm will appear on the PCL
nanostructure (HPZ). The average particle size of the mesoporous PCL NC has been calculated

as ~ 75nm in dia. The BET surface area for porous HPZ NCs has calculated as 68.67m?/g and
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adsorption average pore size achieved as 22.1nm. Zeta potential value of mesoporous PCL
capsules (HPZ) which has been found as —29.9 mV and standard deviation £6.45 (single peak).
For the biological application, the biocompatibility test of synthesized NCs is required. While
performing biocompatibility experiment through MTT assay, of these HPZ and PZ NCs on
breast cancer cell lines MCF 7 and MDA-MB-231, HPZ showed more biocompatibility
towards the cancer cells compared to core shell PCL-mZnO NPs (PZ). Later the ICso have been
calculated for both NPs on both cancer cell lines and found as ICso for HPZ on MCF 7 is
52(£1.0)nM, HPZ on MDA-MB-231 is 55 (£1.05)nM and for PZ on MCF 7 is 35.49(+0.25)nM,
PZ on MDA-MB-231 is 32.8 (£0.29). Thus, the calculated ICso values have also proved the
toxicity of PZ towards both cell lines MCF 7 and MDA-MB-231 with more or less similar to
the ICso values of free anticancer drug Paclitaxel on these two malignant cell lines (free
Paclitaxel on MCF 7 is 31.9(%1.3)nM and MDA-MB-231 is 37.52(+1.8)nM). However, the
calculated higher ICso value of HPZ on both the cancer cell lines is the evidence of the
biocompatible nature of synthesized HPZ NCs. It is also found that HPZ (71.8%) has more
encapsulation efficiency compared to the PZ (38.6%) while loading the anticancer drug
Paclitaxel in both NCs. Therefore, it can be used as a nano drug carrier for future biological
applications. The drug release profile for HPZ and PZ have been studied for 3 days where HPZ
showed 78.2+3.13 % paclitaxel release on day 3 and PZ showed 70.1+1.13 % on the 3™ day.
Finally, anticancer drug Paclitaxel loaded HPZ has been incubated with breast cancer cell lines
MCF 7 and MDA-MB-231 at 37°C for 24h and it has been observed that these drug loaded
NPs are efficient in killing cancer cells with low concentration of drugs only than bare
Paclitaxel drug and thereby minimizing side effect caused due to the anticancer drug associated
application. However, the calculated ICso value for HPZ-Paclitaxel on both cell lines MCF 7
and MDA-MB-231 are found as 33.9(£1.5)nM and 45.62(£1.86)nM respectively which is quite
high compared to the bare drug Paclitaxel (free Paclitaxel on MCF7 is 31.9(=1.3)nM and
MDA-MB-231 is 37.52(=1.8)nM). This increase in ICso may be due to the stability of drug
inside the NC and also due to the steady sustained release of drug from the PCL nanodrug
carrier for 3 days. Consequently, these drug encapsulated inside the pores of this NC can give
more bioavailability by minimizing the concentration of toxic drug for a longer period of time
thereby reducing the possible side effects. However, the microscopic images of HPZ-Paclitaxel
on MDA-MB-231 showed the decrease of cell survival with an increase of the concentration
of Paclitaxel encapsulated by HPZ. Thus these synthesized polymer based HPZ and PZ NCs

can use as drug delivery vehicle for further biological use.
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Chapter 4

Summary and Conclusions

4.1. Summary and conclusion

The comprehensive summary of this dissertation has been discussed in this Chapter 4,

comprising all three chapters systematically.

In the first chapter (Chapter 1), a brief introduction of nanomaterials involved in the
area of biotechnology with the recent achievements of this in the nanobiotechnology field by
citing different excellent works by different researchers worldwide. Following part of this
chapter includes a detail literature review on topics where nanomaterials involved in
therapeutic fields particularly like Malaria, Immunology, and cancer as those were the
application fields focused in this Ph.D. work. Later part of this chapter included the motivation
to carry out this work followed by the final objectives of the dissertation.

In the second chapter (Chapter 2), summaries all materials used to carry out the entire
synthesis of three different nanocarriers i.e., hollow porous PCL NCs, mesoporous mZnO NCs,
mesoporous PCL NCs along with a detail of all three synthesis procedures of them. Finally,
this chapter was also incorporated with a brief of the basic working principles of all

characterization techniques utilized to analyze these synthesized nanomaterials.

The third chapter (Chapter 3) is divided into three parts (Part I-III) according to the
synthesis and application of the three nanomaterials along with subsequent sections (Section A
and B) for first two parts (Part I and Part IT). This chapter discussed all characterization results

of all three batches of nanomaterials with all required microscopic images, plots and data.

The third chapter (Chapter 3) Part I (Section A), deals with the designing of hollow
mesoporous PCL capsules by removing templates of SiO> (~455nm and ~10nm) and
establishing their application in therapeutic field Malaria. These polymeric NCs are quite

stable, biocompatible and slow degradable in a biological fluid with a very excellent loading
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capacity (200pg DHA per mg of PCL capsule and 18.6ug CQDP per mg of capsules) and thus
can be used as an efficient drug carrier in further studies. Two nanoformulations of PCL-DHA
and PCL-CQDP with two antimalarial drugs DHA and CQDP have been used for effective
knocking down the Malaria causing parasite P. falciparum and paramount for the treatment of
malaria. In addition, it is proposed that these drug loaded nanoformulations possess a unique
sustained release behavior like a ‘temperature clock’” module to further accelerate the inhibition
rate of P. falciparum infection with increase of body temperature during the malaria infection
where minor thermal expansion occurs in the capsule, hollow core, surface pores leading to the
release of drugs immediately. As soon as the body temperature will be decreased then there
will be a contraction of the capsule’s size, its pore size, as well as the rate of diffusion of drugs,
will also be decreased. Thus, the efficiency of these polymer based nanoformulations for

inhibition of growth of P. falciparum has been well monitored by changing temperatures.

Chapter 3 Part I (Section B) is the further continuation of the work on the hollow
porous PCL capsules mentioned in the previous section Part I (Section A). This section deals
with the incorporation of PCL NCs with another antimalarial drug Sulfadoxin with the loading
of 380ng drug per mg of PCL capsules. There is a successful sustained drug release profile
from the PCL-Sulfadoxin nanoformulations, can be observed for an elongated period of time
(30 days) at room temperature. Thus this synthesized polymer based NC has outstanding drug
loading capacity and is efficient for sustain drug delivery via time dependent diffusion
mechanism for prolong time where the diffusion coefficients increase with the gradual increase

in both pore sizes as well as a time interval.

The third chapter (Chapter 3) Part II (Section A) has presented a sonochemical
synthesis route to design mesoporous NCs mZnO of size ~12 nm and with an average pore
diameter of 2.5 nm in absence of any surfactant. The NCs have shown excellent encapsulation
efficiency of 70.3% while loaded with Ova protein and showed a sustained release pattern for
the same for 3 days. The uniqueness of mZnO NCs in terms of the defined particle to pore
numbers ratio (maximum of three cavities per particle) allows loading Ova efficiently and later
investigated its immune modulatory properties by using [mZnO-Ova)] in a mice model. The
mZnO NCs characterization results signify that it could proficiently interact with APCs and
provoke antigen-specific immune response with loaded specific antigen (Ova). It enhanced
expansion of antigen-specific T-cells and induction of IFN-y producing effector CD4" and
CD8" T-cells. Moreover, antigen-specific IgG levels were enriched in both the serum and

lymph nodes of mZnO-Ova immunized mice. With all the special features emphasizes the
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indication to represent mZnQOas a perfect contender as an effective antigen-adjuvant platform

for the improvement of novel nano-based vaccines against numerous diseases

Chapter 3 Part II (Section B) is the further continuation of the previous section (Part
I1, Section B) and it describes the excellent encapsulation efficiency of this mesoporous metal
oxide NCs mZnO while loading with different antimalarial drugs Chloroquine diphosphate salt
(CQDP), Dihydroartemisinin (DHA), Sulfadoxine (SD) and anticancer drugs DOX, Paclitaxel.
mZnO has shown its excellent efficiency of 68.2%, 66.8% and 70.1% for drugs CQDP, DHA
and Sul and 69.8 % for Paclitaxel. Mesoporous NC has shown sustained release pattern with
each drug separately, maximum upto 30 days.Toxicity of mZnO NCs has been investigated
with two breast cancer cell lines MCF7 and MDA-MB-231 while incubated NCs with
malignant cells and analytical results proved them as an efficient carrier with outstanding
encapsulation efficiency for cancer therapy. Finally, the successful cellular level interaction of
drugs (CQDP and DOX) loaded mZnO NCs with cancer cell line K562, have been captured by
HRTEM where mZnO NCs have killed the malignant cells effectively and established their

competence as nanodrug vehicle for targeted drug delivery system.

The third chapter (Chapter 3) Part III of result and discussion summarizes the
synthesis of core-shell PCL-mZnO NPs (dia ~ 32nm) (PZ) and porous PCL NCs of (dia. ~
75nm) (HPZ) by removing tiny nanotemplates mZnO (dia ~ 12nm) from the core of the PCL-
mZnO NPs. Part III has also included a comparative study of core-shell NCs (PCL-mZnO)
along with porous PCL NCs where porous PCL showed a better encapsulation efficiency
(71.8% for HPZ and 38.6% for PZ), release behavior and biocompatibility compared to the
core-shell NPs. Biocompatibility experiment has performed through MTT assay, by incubating
NCs with breast cancer cell lines MCF7 and MDA-MB-231. Drug encapsulated NCs can
provide more bioavailability by minimizing toxicity and possible side effects caused due to the
drug. Hence this synthesized polymer based NC is an appropriate platform to attach drugs or

biomolecules for the drug delivery application.
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