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ABSTRACT

Synthesis of peptide-loaded chitosan nanoparticles for the treatment of STI’s
Phathekile, Bonke
MSc thesis, Department of Chemistry, University of the Western Cape

Peptides are among the main drugs which attract much attention because of their great potential
in treating sexually transmitted diseases and other chronic diseases. There has been a major
challenge of delivering these drugs in mucosal sites with low pH environment. The aim of this
study is to synthesize acidic pH stable peptide loaded chitosan nanoparticles gels that could
penetrate mucus layers covering the epithelial cells and kill HIV virus. Chitosan nanoparticles
were synthesized by crosslinking method called lonic gelation with Sodium

tripolyphosphatePR. A series of peptide-loaded chitosan nanoparticles of different

concentrations of tripo sphateTPP were produced using medium molecular weight (MW)

of chitosan. The nanoparticles were characterized by ultraviolet-visible absorption
spectroscopy (UV-Vis), scanning electron microscopy (SEM), dynamic light scattering (DLS)
and high resolution transmission electron microscopy (HRTEM). The sizes of chitosan
nanoparticles were obtained at the range of 327-416 nm with zeta potential of +9.61-23.9 mV
when these nanoparticles were prepared at room temperature. After the loading of two peptides
Kn2-7 and HBd-3 in chitosan nanoparticle, the sizes increased from 340.2-753.7nm with an
increase in Zeta potential of 15.9-67.7 mV which showed a good stability and monodispersed
nanoparticles. The highest loading capacity and entrapment efficiency was obtained from the
nanoparticles that were crosslinked with 1mg/mL of TPP at 85.6% and 78.3%. The peptide
loaded chitosan nanoparticles were further exposed to different pH conditions to test their
stability in the environment that mimic the vaginal mucus. The results showed that
antimicrobial peptide loaded chitosan nanoparticlesAMP-CNPs are not stable at low pH, they

do not release the peptide in a sustained manner. The loaded nanoparticles were further coated
with polyacrylic acid (PAA) using layer by layer method to form polyelectrolyte that provide
a slow release at low pH. The polyacrylic acidPAA-peptide loaded chitosan nanoparticles were

also characterised using the same characterization technique. The tests of stability on

nanoparticles showed that the antimicrobial peptide loaded chitosan nanoparticlesAMP-CP do

not release the peptide immediately after exposing them to low pH conditions. The antibacterial

assay confirmed that the polyacrylicPAA coated kn2-7 chitosan nanoparticleENPs inhibited

http://etd Ylwc.ac.za/



the bacterial better than Kn2-7 alone at the pH of 3.8. In conclusion, from the obtained results
these nanoparticles serve as promising candidates for the delivery of these antimicrobial

peptides safely in vaginal sites.
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CHAPTER 1

INTRODUCTION

Background

1.1 Sexually transmitted infections

Sexually transmitted infections (STIs) are infections that can be caught or transmitted when
having unprotected sex with another person who is already infected by an STI[1]. Each year,
over 9 million women are diagnosed with these infections[2]. STI is a major cause of critical
illness, infertility, long-term disability, and death, with severe medical and psychological
consequences for millions people around the world. - According to the World Health
Organization (WHO), STIs are among the top five diseases in developing countries forcing

patients to seek healthcare[3].

Various issues are cited as contributing factors to the high incidence of STIs. ; Tthese factors
include lack of sexual education more especially in rural areas where teenagers are more
sexually active, and change in people’s behaviour for example by alcohol consumption which
leads to unprotected sexually activities. Among all those factors, the vulnerability of women
due to gender power in relationships and shortage of women controlled protective methods

lead to the high numb STls infections [4].

New cases of STIs such as HIV, human herpes virus, human papilloma virus and hepatitis B
virus occur annually. All these infections constitute a huge health and economic burden,
especially for developing countries where they account for 17% of economic losses caused by
ill health. STIs affect both genders with women suffering the most of the epidemic because of
their heightened risk of infection due to biological, economic and social vulnerabilities. In
general, the spread of viruses is primarily from man to woman, rather than from woman to
man. Currently, the most effective method available for protection against STIs is the use of a
condom, but it can be improved by applying microbicidal coatings on the condom[5].

1.2 Vaginal Microbicides

VA~vaginal microbicides can be defined as chemical agents that are topically applied within

the vagina in order to prevent infection by HIV and other sexually transmitted pathogens
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through causing the death of the infectious organism [6]. Microbicides are considered as a
promising tool to protect women from acquiring STIs. The administration of microbicides is
controlled by women, who can apply them before sexual intercourse without the sexual
partner’s involvement [7].There are many examples of different types of vaginal microbicides
which include tablets, surfactants, ring microbicide, films and gels but they fail on clinical

trials. Some of these microbicides lack bioavailability and ;-need high dosages which might

lead to the damage of damage-other cells [8]. Fortunately,-therefere-with our approach we can

solve the stability of these microbicides on low pH, bioavailability and bio-distribution in
mucus. The increase in number of topical microbicides on the market today such as, tenofovir,
Pro 2000 and savvy, which are not peptide based for the prevention of HIV transmission is a
reflection of the advances that have been made in understanding the pathophysiology of HIV
infection. It is clear that the development of a topical microbicide to prevent the sexual
transmission of HIV is scientifically, ethically, and culturally complicated [9]. Microbicidal
agents are capable of decreasing the rate of transmission of viruses through sexual contact[10].
Antimicrobial peptides such as Kn2-7 peptide and Human B-defensin-3, which are capable of
killing viruses and bacteria have been identified and can potentially also be used as
microbicidal agents to fight ST1s.

1.3 The antimicrobial peptides (AMPs)

Antimicrobial peptides (AMPs) are host defence peptides that exist in various organisms such
as, bacteria, fungi and plants. These peptides have attracted more attention because of their
antibacterial, anti-fungi, anti-virus properties and can also overcome bacterial drug
resistance[11]. Our focus in this study is on the following AMPs, human beta defensin-3 Hpd-
3 and Kn2-7.

1.3.1 The antimicrobial peptide, Kn2-7

Kn2-7 is an antimicrobial peptide that was derived from the venom of the scorpion Buthus
martensii Karsch (BmK)[12]. Chen and co-workers in their study reported that Kn2-7 has a
high antibacterial activity against clinical antibiotic-resistant strains such as methicillin-
resistant Staphylococcus aureus (MRSA), Staphylococcus aureus and Escherichia coli[13].
Recent studies revealed that this peptide has a high level of anti-HIV activity and it can be used
to prevent the transmission of HIV/AIDS. It was reported that the Kn2-7 peptide could inhibit

HIV-1 by direct interaction with viral particles and was described as a promising candidate for
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the development of novel microbicidal agent[14]. Kn2-7 was also shown to have growth

inhibitory effects against gram negative and gram positive bacteria[15].
1.3.2 The antimicrobial peptide, Human beta-defensin-3

Human beta defensin-3 (HBd-3) is the member of host defence that is recently discovered and
has attracted much attention because of its antimicrobial properties[16]. There is growing
evidence that the activity of this peptide also involves the adaptive immunity[17]. HBd-3 has
been reported to have strong broad-spectrum antibacterial activity. It has been reported to have
antibacterial activities towards Gram-negative and Gram-positive bacteria as well as an ability
to act as a chemo-attractant [18]. Chen Zhu and co-workers reported the evaluation of the
effects of HBd-3 on Staphylococcus epidermidis ATCC 35984 (methicillin-resistant strain),
MRSE?287, and MRSA (ATCC43300) by evaluating bacterial adhesion, biofilm formation, and
maturation[19]. Since there is considerable current interest in developing HBd-3 for possible
pharmaceutical applications, studies to further our understanding on the determinants of
antibacterial activities and immunomodulatory function of HBd-3 are considered to be highly

significant[20].

1.4 Chitosan

Chitosan (CS) is a natural polysaccharide produced by the partial deacetylation of chitin fig
1.1, the structural element in the exoskeleton of crustaceans such as crabs and shrimps[21]. The
amino group in chitosan has a pKa value of approximately 6.5, which leads to protonation in
an acidic solution with a charge density dependent on the pH and the % deacetylation value.
CS has water soluble and bioadhesive properties to negatively charged surfaces, which make
CS ideal for drug delivery to cells that are part of mucosal membranes[22]. CS has drawn
attention because of its mucoadhesive properties. It has an ability to promote transport of drugs,
peptides and proteins across mucosal barriers. The study of CNPs is intended for cancer
therapy[23].

It is also ideal for drug delivery in acidic environments where it can be degraded slowly,
thereby releasing the drug to the desired site. This polymer is biocompatible and biodegradable
and is widely used as a pharmaceutical excipient in a range of formulations such as powders,
tablets, emulsions, and gels[24]. The use of CS as a mucoadhesive polymer for vaginal delivery

systems has been studied by several researchers. The CS as a natural polymer has been also
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applied in wound healing because of its adhesive nature together with the antifungal character
[25].

OY
— CH,OH _— CHOH CH,OH

0 Deacetylation

NH CH,0H NH, NH,

Chitin CS
Figure 1. 1: HHlustration on the formation of CS[26]

The chitosan nanoparticles(CNPs) can be synthesised from CS using inotropic gelation
method[27]. These NPs can be used as carriers for protein drugs like insulin and also to get the
improved mucus penetrating properties. The use of CNPs for drug delivery can enhance the
mucus diffusion efficiency of drugs. CNPs are prepared by crosslinking of CS with
triphosphate as coreshell nanocarriers. CNPs as is illustrated in fig 1.2 has been prepared by
reacetylation of CS and used as vehicles for gastric drug delivery. The CNPs ensure the
controlled release of active antimicrobial agents, such as have amoxycillin and metronidazole

in the gastric cavity[28].

In addition to its biocompatibility and biodegradability, one of the main advantages of chitosan
over other equivalent drug delivery excipients is its favourable toxicological profile. It is
commonly regarded as a non-toxic, non-irritant material and has been approved for use in
cosmetics and as a food supplement in several countries [29]. Nevertheless, analysis of the
toxicological data of chitosan and derivatives is not an easy task since the wide range of CS
brands and derivatives that have been described in the literature often results in contradictory
toxicity profiles among similar and different kinds of CS [30]. Mucus is a viscoelastic and
adhesive gel that protects the tissues by trapping and removing unwanted substances[31].

According to Stoke-Einstein equation for diffusion, mucus has a high viscosity such that it is
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very difficult for molecules and small particles to penetrate it [32]. The development of NPs
that can penetrate high viscoelastic human mucosal tissues has become a main interest in
nanotechnology[33]. Polymeric NPs have attracted interest due to their mucus penetrating
properties. These NPs have a size ranging from 10-1000nm[34]. Polymer NPs possess a
number of desirable features such as their penetration to mucosal deep tissues due to their Nano
size, cellular uptake and subcellular trafficking[35]. Mucus penetrating polymers have an
excellent binding capacity with mucosal tissues over a considerable period of time. Several
studies have been conducted on the encapsulation of tragacanth, Carbopol, Poloxamer 407,
pectin, sodium alginate, cellulose derivatives, and chitosan, among others, into intravaginal
drug formulations in order to increase the residence time of these formulations at the site of
action[36]-[37].

Peptide

Chitosan

Tripolyphospate

Figure 1. 2: Formation of the peptide loaded CS

However, the antibacterial activity of CNPs has only rarely been reported in the literature. The

unique character of CNPs due to their small size and quantum size effect could make these NPs

exhibit useful antibacterial activities [38].
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1.5 Problem Statement

STIs such as HIV, hepatitis B, herpes, and the human papilloma virus (HPV), chlamydia,
gonorrhoea, and syphilis can be passed on from person to person during sexual intercourse.
Microbicides can be applied as topical agents in the vagina or rectum to prevent the
transmission of STIs during sexual intercourse[9]. These drugs are capable of killing these
infectious organisms on contact. However, the normal environment of the vagina is
inhospitable to many microbicidal agents. To begin with, the pH within the upper vagina is
acidic with a pH below 5. The low pH normally provides protection against the growth of
bacteria. The vaginal lining contains large amounts of glycogen, which is broken down by
anaerobic lactobacilli within the vagina resulting in the production of lactic acid. Lactic acid is
the cause for the low pH within the vagina. Many microbicidal agents are denatured in acidic
environments, which can neutralize the protective effects of the microbicide. Microbicidal

agents must thus be able to function inan acidic pH to be effective.

Secondly, the vagina also contains cervical mucus. The mucus function as an almost
impenetrable barrier to the cervix. This can affect the biodistribution of a microbicidal agent
within the vagina and cervix[39]. If the microbicide is not well distributed throughout the

vagina, the microbicide will not be able to destroy the infectious organisms effectively.

To overcome these limitations what is thus required is a drug delivery system that can protect
the microbicidal agent in an acidic environment and ensure the efficient biodistribution of the
microbicidal agent in an environment that has high mucus content. Nanotechnology can
provide drug delivery solutions for the slow release of the microbicidal agent in an acidic
environment. Nanomaterials that can effectively traverse mucus, so called mucus penetrating
nanoparticles can also resolve the problem of biodistribution. The mucus penetrating properties
of CNPs has been well demonstrated previously[40]. These NPs are also slowly degraded in
acidic environments, which will result in the slow release of drugs that are incorporated into
the NP.

AMPs are synthetic or naturally occurring peptides with a broad-spectrum antibacterial and
antiviral activity. Human B-defensin3 (HBd-3) and Kn2-7 peptide is 2 examples of AMPs that
was shown to inhibit the growth of STIs These peptides can thus be used as microbicides to
prevent the transmission of STIs, in particular HIV. However, peptides are also vulnerable to
degradation in acidic pH environments. By loading CNPs with these peptides a more effective
intravaginal microbicidal treatments that is not affected by the low pH of the vagina and which
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will be efficiently distributed throughout the mucus rich environment of the vagina can be

developed. CNPs loaded with these peptides could for example be incorporated into a vaginal

gel.

1.6 Research aims and objectives

Aim

To synthesize AMP loaded CNPs that can maintain the antimicrobial activity of antimicrobial
peptides in conditions that simulate the pH of the vaginal environment.

Objectives:

e To synthesize chitosan nanoparticles (CNPs).

e To load the chitosan nanoparticles (CNPs) with antimicrobial peptides (AMPSs) to
produce AMP-CNPs.

e To characterize the AMP-CNPs.

e To evaluate the stability of AMP-CNPs in low and high pH conditions.

e To coat AMP-CNPs with polyacrylic acid (PAA) to produce AMP-CP NPs.

e To characterize the AMP-CS/PAA NPs.

e To evaluate the stability of AMP-CP NPs in low and high pH conditions.

e To investigate the antimicrobial activity of the AMP-CNPs in low and high pH

conditions.

1.7 Outline of the dissertation

The following outline gives a brief description about the contents of each chapter:
Chapter 1

An introduction to the study with aims and objectives

Chapter 2

Literature reports on the methods of synthesis and characterization techniques. The

application and drug delivery of chitosan NPs is also briefly highlighted.
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Chapter 3

Deals with the synthesis and methods of characterization of PAA/CNPs containing peptide.

Antibacterial aessay and release studies methods.
Chapter 4

Focuses on the synthesis and characterization of peptide loaded CNPs, stability tests on
loaded NPs, peptide loaded CS/poly acrylic acid NPs. The release studies on peptide loaded
CS/polyacrylic acid NPs and antibacterial activity of Kn2-7 peptide and peptide loaded

NPs. Results obtained are interpreted and discussed.
Chapter 5

Conclusions based on the interpretation of the data obtained are drawn in this chapter.

Recommendations for future work are also put forward in this chapter.
Appendix

Selected spectra are presented in this section.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The development of high quality drug transport systems that can transport and deliver drugs
precisely and safely to the site of action is turning into a fairly necessary research area for
pharmaceutical researchers. As a result, promising ways of delivering poorly soluble drugs,
peptides and proteins are being devised and improved. Although there are many workable
enhancements to be made in the field drug transport and diagnostics, nanotechnology provides
benefits that permit a greater targeted delivery and controlled release of the therapeutic

compounds[41].

In previous years CNPs were introduced as promising carriers for oral protein delivery, because
they can protect these peptides/proteins from denaturing. Other proteins, such as insulin show
low therapeutic activity when administered orally due to degradation by proteolytic enzymes
[42]. In addition to that, a number of in vivo and in vitro studies of different animal and cell
models, have confirmed that CS-based NPs produced water-soluble derivatives which
increases the oral availability of the peptide octreotide[47,48]. However the toxicity of CS and
its derivatives is the major concern in drug delivery. This literature focuses on different ways
that were previously explored to deliver dugs through mucus barriers using Cehitosan-NPs, t-
Fhe problems that were faced by those researchers and their successes in delivering drugs
across mucosal sites. Furthermore, the behaviour of NPs when exposed to low pH environment

as nanocarriers.
2.2 Polymeric NPs

These are solid, submicron-sized particles or drug carriers. The term “nanoparticle” here is
used as a collective term for both nanospheres and nanocapsules, relying on the method of
preparation[45]. Nanospheres have a matrix type of structure with drugs absorbed at the surface
or encapsulated inside the particle. Nanocapsules are vesicular systems in which the drug is
confined to a cavity consisting of an internal liquid core surrounded by using a polymeric

membrane (Fig. 2.1).
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Figure 2. 1: Biodegradable NPs according to the structural organization biodegradable NPs [50]

Drugs can both be entrapped into-the NPs or adsorbed on their surface. In general, fragile
molecules are highly preserved from enzymatic degradation occurring in biological medium
when they are entrapped in the nanocarriers[46]. In this case, their association with the drug
carrier have to be determined at some stage in the preparation of the nanocapsules or the
nanospheres[47]. However, if the drug is particularly inclined to degradation, which might also
show up in the course of the preparation method of the drug carrier or when it is no longer an
associate in the course of the preparation of the drug carrier, it can be loaded by means of
adsorption on the surface of already prepared carriers[48].

Nanocapsules as active substance carriers have added benefits including high drug
encapsulation efficiency due to optimized drug solubility in the core, low polymer content in
contrast to nanospheres, drug polymeric shell safety in opposition to degradation factors such
as pH, light and the reduction of tissue infection due to the polymeric shell[47]. Some
polymeric NPs are insoluble in water at physiological temperature and pH. They swell
drastically in an aqueous medium and are successful in imbibing massive quantities of water

into the network structure. These NPs are additionally recognised as nanogels[49].

Nanogels are hydrogels that are at the nanoscale. These are materials with water swollen
constructions composed of more often than not hydrophilic polymers. They are insoluble in
water due to the presence of chemical or physical cross linkers. The physical cross linkers can

be weak associations formed through Van der Waals interactions or hydrogen bonds and these
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grant them network structures and physical integrity[50]. Being insoluble, polymeric hydrogel
NPs can hold a massive quantity of water that not only contributes to their top compatibility
but also keeps a certain degree of structural integrity and elasticity. Hydrophilic functional
groups such as -OH, -COOH, -CONH2 present in the hydrogel are capable of absorbing water

barring causing dissolution[51].
2.2.1 Treatment of NPs after preparation

Several types of therapy can be utilized to nanoparticle suspension after synthesis. These
consist of purification, sterilization and drying.

2.2.2 Purification of nanoparticle suspension

Once nanoparticle suspensions are obtained, purification can also be further needed to remove
impurities and excess reagents involved throughout preparation. Depending on the approach of
synthesis, impurities encompass solvents, oil, surfactants, large polymer aggregates and
residual polymers. Methods of purification include evaporation under decreased pressure,

centrifugation and filtration[52].

Evaporation under decreased pressure is the most frequent method to eliminate volatile organic
solvents and a section of water. This manner is usually used after acquiring suspensions with

the aid of Nano precipitation, and emulsification-solvent diffusion[52].

Filtration is applied to eliminate large particles or polymer aggregates which form throughout
preparation. Such purification is mainly utilized on nanoparticle suspensions designed for

intravenous injection[53].

Centrifugation at low gravity force can additionally be applied to get rid of aggregates and
large particles on most of the polymer nanoparticle suspensions. However, it does not guarantee
the removal of all particles with a diameter above a very particular size as filtration, since NPs
having an excessive density may also sediment with aggregates[54].
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2.2.3 Drying of NPs

As in the case of many pharmaceutical preparations, storage of NPs as suspensions provides
many disadvantages such as risk of microbial contamination, polymer degradation by using
hydrolysis, physicochemical instability due to particle aggregation and sedimentation and loss
of biological activity of the drug. To keep away from such problems, pharmaceutical
preparations are stored in dry form. The transformation of a liquid preparation into a dry

product can be accomplished by freeze-drying or spray drying approaches[55].

2.2.3.1 Freeze drying

Also recognized as lyophilization, is a very frequent method of conservation used to make sure
long time period stability of pharmaceutical and biological products, preserving their authentic
properties[56]. The basic principle of this technique relies upon getting rid of water content of
a frozen sample by way of sublimation and desorption in vacuum. In general, freeze drying,
(carried out via a freeze-drier (Fig. 2.2) can be divided into three steps: freezing of the pattern
(solidification), primary drying, corresponding to the ice sublimation and secondary drying,

corresponding to desorption of unfrozen water[57].
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Figure 2. 2: Samples in a freeze drier [62]
2.2.3.2 Spray drying

The spray drying approach transforms liquids into dried particles under a continuous process.
Nanoparticle formulations submitted to spray drying are normally aqueous suspensions and

include one soluble compound introduced as drying auxiliary e.g. silicon dioxide, lactose and
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mannitol. Spray-drying method includes four necessary steps: 1) atomization of the
nanoparticle suspension into a spray, 2) spray-air contact, 3) drying of the spray and 4)

separation of product from the drying gas [58].

2.3 Applications of polymeric NPs

Over the years, nanoparticle drug delivery systems have shown big potential in biological,
clinical and pharmaceutical applications. The novel properties of these carriers propose that
they will have an essential role in the biomedical field. In anticancer therapy, one of the worst
challenges is the low tumour response to treatment, due to the fact of the non-specific
bioavailability of administered anticancer agents. Use of NPs as transports for anticancer agents
achieves bioaccumulation of drug in the target tissue. Paclitaxel and doxorubicin are examples
of anticancer drugs that have been effectively encapsulated in polymeric NPs

(polyalkylcyanoacrylate NPs) and used in the treatment of cancer[59].

One most important challenge with protein transport is the loss of therapeutic efficacy of the
protein due to the degradation/denaturing of the protein. Insulin-loaded ALG/CNPs produced
by polyelectrolyte complexation approach have been shown to provide more advantageous
intestinal absorption of insulin following oral administration. The physiological effect used to
be observed for extra than 18 hours per dose. Thus ALG/CNPs are promising as an oral

transport system for proteins and other drugs[60].

2.4 Drug-loaded CNPs for the treatment of diseases

The model of anti-HIV microbicide tenofovir encapsulated in CNPs prepared by ionic gelation
technique was reported for the first time in 2011 by Jianing Meng and co-workers. The release
studies, cytotoxicity aessays and studies of interaction of the loaded NPs with mucus revealed
that large CNPs have a potential of the controlled release, safe, and bioadhesive delivery
system. These characteristics makes CNPs the suitable candidates for delivery of microbicide

across vaginal mucus for the prevention of HIV transmission[61].

Isabel Haro and co-workers[62] reported a novel polymeric NPs covered with glycol-CS,
which was successfully used to incorporate an HIV-1 inhibitor peptide, derived from GB virus

C. The observation results revealed that NPs have interesting physicochemical and
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morphological features that provide their mobility across the mucus, to get to the vaginal
epithelium and release the peptide. However, the localization of the loaded nanopartices at the
upper-layers of the epithelial mucosa considered as a key aspect, since the peptide may be
released at the site where HIV transmission occurs. Calcitonin encapsulated in CNPs resulted
in a pronounced hypocalcemic effect and a corresponding pharmacological availability. These
data suggest that, these systems are promising and safe carriers for pulmonary peptide delivery
which was investigated in rats[63],[64]. Another study using chitosan-loaded systems exhibited
an important capacity to improve the intestinal absorption of the model peptide, salmon
calcitonin, as shown by the significant and long-lasting decrease in the blood calcemia
levels[65]. The reports suggested that polyionic coacervation process for fabricating BSA
loaded CNPs offers mild preparation conditions and a clear processing window for
manipulation of physiochemical properties of these NPs, which can be conditioned to be
applied as control over protein encapsulation efficiency and subsequent release profile. Particle
degradation did not offer a second wave of significant release because they were entrapped

inside the polymer[66]

Wan Ajun and co-workers reported the CNPs loaded with aspirin and probucol for the
treatment of restenosis. These NPs were prepared by ionic gelation method and loaded with
the combination of aspirin and probucol under different preparation conditions. In their study
they focused on the release, loading capacity and encapsulation efficiency of the drug. Even
though the drug was successfully loaded into CNPs, the loading capacity and encapsulation
efficiency were affected by the pH and concentration of the TPP. The release of the drug from

CNPs showed a prolonged and sustained release for over 24 hours[67].

CNPS loaded with curcumin were investigated for the treatment of plasmodium yoelii infected
mice. This was conducted to improve the stability and bioavailability of the curcumin [27]. The
findings revealed that curcumin loaded in CNPs do not degrade rapidly when compared to the
free curcumin by the time these particles were incubated in mouse plasma[68]. The uptake of
the encapsulated curcumin by CNPs was much better than the free curcumin. The oral delivery
of curcumin loaded chitosan-based NPs showed that they can diffuse through mucosal barrier
intact[69]. The mice that were infected with plasmodium yoelii survived when treated with 1
mg of curcumin loaded CNPs. Further findings showed that loading of the curcumin in CNPs
increase the chemical stability and enhance the bioavailability of the drug when fed to
mice[70].
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Salmon calcitonin loaded in CNPs prepared by ionic gelation technique is reported[71]. These
loaded NPs were able to be absorbed into mannitol forming inhalable microparticles by spray
drying process. The results suggested that loaded CNPs were released from spray dried
microparticles upon exposure to lung fluid[72]. Yamamoto and coworkers studied Surface-
modified dl-lactide/glycolide copolymer (PLGA) nanospheres with chitosan which were
prepared by the emulsion solvent diffusion technique for pulmonary delivery of peptide. The
pharmacological motion of CS-modified nanospheres loaded with elcatonin was once extended
extensively in contrast with that of the unmodified nanospheres[71].

Thymoquinone loaded CNPs were successfully prepared by Sanjar Alarm et.al. A physical
analysis and electron microscope screening confirmed the acceptability for intranasal
administration. The invitro studies study in rats revealed that intranasal administration delivers
thymoquinone to the brain rapidly and more effectively than previous methods[73]. The
accumulation of loaded CNPs within interstitial spaces and delivery of the drug to the brain

may be due the nano size range and the stretching of tight junctions within the nasal mucosa.

The finding also supported the potential of the loaded NPs on penetration. The studies suggest
intranasal delivery of thymoquinone loaded CNPs to be a promising approach for brain
targeting [74]. However, benefit-to-risk ratio and clinical details need to be found scientifically
for its suitability in clinical practice in the management of Alzheimer symptoms. The
encapsulation of the thymoquionone inside the CNPs-showed in Fig. 2.3 was functionalized by
the attachment of the carbonyl groups of the thymoquinone and amino groups of the
chitosan[75]. The following structure shows the clear picture of the interaction between

thymoquinone and this polymer.
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Figure 2.3: The reaction that shows the interaction between CNPs and thymoquinone

Alignic acid coated with CNPs as transport to deliver legumain DNA drug was reported.
Although a number of issues needs to be considered and addressed before the application of
oral DNA drug can occur. The purpose of this study was to provide the insight into a potential
therapeutic strategy for the treatment of breast cancer. The findings revealed that alignic acid
coated CNPs may be a safe and efficient tool for oral delivery of a DNA drug. Furthermore, a
legumain DNA drug delivered orally with alignic acid coated with CNPs can effectively

improve autoimmune response and protect against breast cancer in mice[76].

The nasal delivery of hepatitis B antigen in alginate coated CNPs were developed for intranasal
therapy. The aim of developing these NPs was to protect the antigen from enzymatic
degradation at mucosal sites[77]. Encapsulation of alginate CNPs with hepatitis B antigen,
administered nasally to mice, led to the humoral mucosal immune responses. The production
of systemic antibodies, predominantly the 1-type antibodies, was observed when the hepatitis
B antigen captured in the particles was administered simultaneously with the adjuvant, CpG
ODN, in solution[78].

Kai Zhao et.al investigated the delivery of Newcastle disease virus vaccine loaded CNPs for
treating Newcastle disease (NDV). NDV- loaded CNPs demonstrated the advantages of live

vaccines and inactivated vaccines, while compensating for their defects. Further tests on
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significant mucosal immune responses after intranasal administration of NDV-CNPs in
chickens showed a wide range of potential applications of NDV-loaded CNPs[79]. Curcumin
loaded in different molar masses of CNPs prepared by nanoprecipitation method was studied.
All the particles investigated indicated the similar behaviour showing the same morphology of
the particles. The optimization of the conditions was performed to obtain a monodisperse size
distribution of the loaded NPs[80]. The encapsulation of curcumin with chitosan, favored by
the strong H-bonds between poloxamer and chitosan, was confirmed by the changes in particle
size and zeta potential values. To add more, the resulting NPs showed high loading efficient of
curcumin (99%). Finally, loaded NPs demonstrated the strong ability to interact with mucus
through electrostatic forces that highlight their potential as mucoadhesive carriers for the

transportation of curcumin[81].

The study of the delivery of DNA loaded in the nanocarier made of hyaluronan and chitosan
was investigated by Seijo et al. This gene transfer system was considered as the system that is
promising for the treatment of chronic diseases that affect the ocular surface. The purpose of
their work was to study the efficacy and mechanism action of the DNA loaded NPs. The
transfection efficiency of the loaded NPs was evaluated in a human corneal epithelium cell
model followed by the investigation of the bioadhesion and internalization of the loaded NPs
in the ocular epithelia of the rabbit[82]. The study-on the formulation of the NPs that can be
used the intranasal transport RHT has been done. The effect of different variables on NPs
preparation was investigated. The encapsulation efficiency, was at 85.3 + 3.5%, and the
reproducibility of the preparations were satisfactory. They found 89.27 + 2.672 of the RHT
released in invitro tests over 24 h and those results indicated a controlled and sustained release
profile of CS-RHT NPs. An improved brain uptake of CS-RHT NPs was clearly observed on
the delivery from nose to brain. From these investigations it was found that RHT loaded CNPs
could be a novel colloidal drug transportation system for the Alzheimer’s diseases therapy via

nose to brain[83].

Qun Wang and co-workers reported alignate chitosan-PLGA nano carriers, the purpose of the
study was to use these NPs to deliver Ac-PLP-BPI-NH2-2 peptide as a vaccine for autoimmune
ancephalomyelitis. One of the things they considered in the study was the controlled release of
the peptide from the NPs during the delivery[84]. CNPs loaded with peptide in freeze dried
cylinders for sexually transmitted diseases was investigated by MarziaMarciello et.al. In this

http://etd Ywe.ac.za/



work, a straightforward and efficient strategy for the vaginal application and release of peptide-
loaded mucoadhesive NPs was developed. This strategy essentially consists of CNPs
encapsulated in suitable hydrophilic freeze-dried cylinders whereby CNPs are responsible for
carrying the peptide drug and allowing adhesion to the vaginal mucosal epithelium [85]. Kim
and co-workers studied a brain targeting way where the CNPs were used to carry RVG peptide
to the brain. Brain-targeted delivery of drug or was not easy to achieve efficiently due to the
infiltrative nature of the blood-brain barrier (BBB). In addition, the findings revealed that
delivery of RVG protein to brain tissue was further limited by the size and physic-chemical
properties of proteins[86]

2.5 CNPs on Drug delivery

Fu Chen and coworkers studied the FITC-BSA loaded alignate modified N-trimethyl CNPs. In
their study they compared the permeability of alignate modified trimethyl CNPs with the ones
that are not modified. Alignate modified NPs were able to improve the diffusion of FITC-BSA
than non-modified trimethyl CNPs. It was also suggested that alignate modified trimethyl
CNPs had a stronger effect on improving the transport of FITC-BSA though transcellular
pathway but had more or less the same effect on enhancing the drug delivery through
paracellular pathway[87].

Mesobuthus eupeus venom-loaded CNPs were investigated by Dounighi et.al. Loaded NPs
were prepared using ionic gelation technique which employed TPP as a crosslinker. This
investigation was done to see the physicochemical properties of the loaded CNPs. The release
studies revealed that the release of venom from CNPs can be sustained over a long period.
Therefore, the CNPs prepared via ionic gelation method appeared to be an alternative option
to deliver venom peptide to its target side than other traditional adjuvant systems. [88].

In their study Yu-chuan Huang and co-workers demonstrated that spherical and mono
dispersed chondroitin sulphate. CNPs can be prepared by an ionic gelation method. It was
suggested that, the aggregates or NPs formation can be easily predicted by means of calculating
the weight ratio of chondroitin sulphate/chitosan. There is a linear relationship between the
particle size and zeta potential with the final concentration of chondroitin sulphate at a fixed
chondroitin sulphate/chitosan ratio. The loading of FITC-BSA in chondroitin sulphate-CNPs
exhibited a higher formation yield and a degree of concentration than chitosan TPP NPs. A
high encapsulation efficiency of FITC-BSA was achieved, and the release profile of FITC-

BSA from chondroitin—-CNPs indicated a small burst release followed by a continued and
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controlled release. Ex vivo cellular uptake studies using Caco-2 and HEK-293 cells showed
that chondroitin—~CNPs were endocytosed into the cells. It was concluded that, this new NPs
system offers an interesting potential as a transport for hydrophilic compounds such as drugs
and proteins[89].

The study of encapsulation of Najanaja oxiana (Indian or speckled cobra) venom in CNPs and
investigation of physicochemical structure of NPs was conducted. CNPs were prepared based
on the ionic gelation method crosslinking the TPP and chitosan. Chitosan exhibited the
formation of stable cationic NPs. The increase in concentration of chitosan concentration led
to the formation of aggregates with large diameter. Optimum loading capacity and
encapsulation efficiency of venom at a concentration of 500 pg/ mL were achieved for low-
molecular-weight (low-MW) chitosan [90]. Tacrine-loaded CNPs were prepared by Barnabas
Wilson et.al using spontaneous emulsification method. The loaded NPs prepared by this
method showed good drug-loading capacity. The in vitro release studies showed that after the
initial burst, all the drug-loaded batches provided a continuous and slow release of the drug.
Coating of NPs with Polysorbate 80 slightly reduced the drug release from the NPs. Release
kinetics studies showed that the release of drug from NPs was diffusion-controlled, and the
mechanism of drug release was fickian diffusion. The biodistribution of these particles after
intravenous injection in rats showed that of NPs coated with 1% Polysorbate 80 altered the
biodistribution pattern of NPs[91].

Ana Grenha et.al.in their study demonstrated the proposed technologies that are appropriate to
obtain complexes between phospholipids and preformed NPs, as well as to produce
microspheres that contain the referred complexes, which show the suitable properties for
pulmonary delivery. The suggested phospholipids composition greatly affects the complexes
physicochemical characteristics, and also suggesting that a stronger lipid/ NPs interaction
occurs when a negatively charged phospholipid is incorporated in the lipid film. As a result it
proceeded in a more efficient lipidic coating of the CNPs[92].

The study of the evaluation of pH sensitive CNPs was conducted by Abdallah Makhlof and co-
workers. CNPs were prepared by ionic cross-linking with hydroxypropyl methylcellulose
phthalate (HPMCP) and evaluated for the oral delivery of insulin. In vitro results revealed a
superior acid stability of CNPs with a significant control over insulin release and degradation
in simulated acidic conditions with or without pepsin[93]. Deng et.al loaded lysozyme in CNPs
applying ionotropic gelation method in environmental friendly condition. Their main focus in
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their work was specifically to check the effect of molecular weight during the delivery of

lysozyme[94].

Gavin and co-workers reported the mucoadhesive vaginal tablets of acriflavine loaded chitosan
microspheres. The purpose of the study was to develop the vaginal tablets that will be able to
release the drug in a sustained and prolonged manner. These tablets were prepared by spray
drying method using different ratios of drug to polymer weights. The in vitro adhesion tests,
carried out on the same formulation, showed a good adhesive behaviour [95]. Tzeyung et.al.
Loaded Rotigotine in CNPs, fabricated and optimized these encapsulated NPs for nose to brain
delivery. Data obtained from in vitro release kinetics exhibited the prolonged release of the
drug from the formulation. No signs of toxicity or structural damage was seen upon
histopathological examination of nasal mucosa[96]. The study on new formulations of
CMCS/AA hydrogels with varying composition of Carboxymethyl chitosan,acrylic acid, and
ethylene glycol dimethacrylate (EGDMA) that were prepared by free radical polymerization
technique using benzoyl peroxide as catalyst. Since the bioavailability of 5-FU through the oral
route is very limited owing to its rapid metabolism and clearance from the general circulation.
The investigation was aimed at increasing the bioavailability of 5-FU via smart hydrogels and

at investigating their potential in delivering 5-FU to target colon cancer[97].

Vanic and co-workers developed the optimized chitosan-coated liposomes to ensure the
efficacy and efficient topical therapy to avoid systemic-absorption of the clotrimazole. This
drug was chosen as a therapy for pregnant patients who were suffering from vaginal infections.
Mucoadhesive polymer chitosan was selected as a candidate to prolong system's retention at
the vaginal site and act on biofilms responsible for high recurrence of infections[98]. Perioli
et.al. Investigated the topical administration of the antibacterial metronidazole. In their study
they focused on the representation of the most common therapy in the treatment of bacterial
vaginosis. It was confirmed that this kind of delivery system is suitable for formulating
metronidazole for topical application representing a good alternative to traditional dosage

forms for vaginal topical administration[99].

2.6 Investigation on stability of loaded chitosan nanoparticle at low pH

On other reports CNPs were coated with poly acrylic acid (PAA) to improve their stability at
low pH conditions[100]. Makhlof et.al reported the stability of CNPs at low pH when
crosslinked with trypolyphosphate (TPP) versus CNPs that are crosslinked with hydroxypropyl
methyl cellulose phthalate (HPMSP), chitosan/HPMSP NPs displayed excellent stability[93].
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Zhong et.al prepared cyclodextrin/chitosan nanoparticle for delivery of ovalbumin, the results
suggested that OVA loaded CNPs had been more stable than CNPs without OVA in acidic
medium, probable due to stabilization impact of protein corona thru OVA covered on the
surface of NPs with the aid of electrostatic interaction, which can guard chitosan from

degradation by gastric acid [101].

In our study we are focusing on the synthesis of CNPs via ionic gelation method in different
concentrations of Sodium TPP, then optimize the NPs. After the optimization, the best NPs
will be chosen as a vehicle to proceed and carry the Kn2-7 which has been identified to have a
high level of anti-HIV activity and HBd-3 which has been reported to have similar properties
as Kn2-7. These peptides will be transported through vaginal mucus to reach the target sites
and kill HIV. The purpose of using chitosan as a vehicle, is to increase the residence time of
the peptide in the mucosal tissue by protecting it from the harsh conditions caused by pH, to
overcome the mucus barrier and also to decrease the side effects. Owing to the amino groups
on chitosan polymer chains, it is protonated and easily dissolved at low pH, so to prevent this
protonation we coat peptide loaded CNPs with poly acrylic acid to ensure the stability of these

NPs in acidic conditions.
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CHAPTER 3

MATERIALS AND METHODSEXPERIMENTALSECHON

3.1 Chemicals

The Kn2-7 and HBd-3 peptides were purchased from GL Biochem (Shanghai) China. The
medium molecular weight Chitosan (degree of deacetylation of 85%), phosphathe buffer saline
pH (7.4) and sodium TPP were purchased from Sigma Aldrich.Poly (acrylic acid) 1800 Da was
purchased from DLD. All other reagents used were of analytical grade.

3.2 Procedure for synthesis of CNPs

CNPs were prepared in a vial according to the method described by Aminu Kura et.al[102]
with few changes. Chitosan solution was prepared-by dissolving 2% of a polymer in 1% v/v
acetic acid. The solution was stirred at room temperature for 10 minutes. Sodium TPP solution
was prepared by deionized water at concentrations of 0.3 mg/ml, 0.5 mg/ml, Img/ml, 3mg/ml
and 5mg/ml, the solution was added dropwise to the chitosan solution while stirring. Chitosan
TPP in fig 3.1 was formed, the reaction was sonicated for 20 minutes, and remaining

suspension was centrifuged for 30 minutes at 14.5 rpm and dried at room temperature.
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Figure 3. 1: Reaction for the synthesis of CNPs by ionic gelation
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3.3 Synthesis of Kn2-7-loaded CNPs

Chitosan solution (0.5% in 1% v/v acetic acid solution) was stirred at room temperature for 10
minutes. The peptide (1mg/ml) was added to the solution and the solution was left stirring for
15 minutes. The TPP solution was prepared by deionized water at concentration of 3mg/ml, it
was then added to the Kn2-7/Chitosan solution drop wise using a syringe to form Kn2-7 CNPs
explained in Fig 3.2. After 30 minutes the solution was sonicated for 20 minutes, centrifuged,

washed and freeze dried.
3.3.1 Synthesis of Hpd-3-loaded CNPs

Chitosan solution (0.5% in 1% v/v acetic acid solution) was stirred at room temperature for 10
minutes. The peptide (1Img/ml) was added to the solution and the solution was left stirring for
15 minutes. TPP solution was prepared by deionized water at concentration of 3mg/ml, the
TPP solution was then added to the HBd-3 /Chitosan solution dropwise using a syringe. After

30 minutes the solution was sonicated for 20 minutes, centrifuged, washed and freeze dried.
3.3.2 Coating of Kn2-7 and HPd-3-loaded CNPs with Poly(acrylic acid) PAA

The coated loaded NPs were prepared using layer by layer method reported by Yukun
et.al[100]. 10 mg/ml of PAA was prepared by adding 10mg of PAA in 1 ml of double deionized
water. The sample peptide loaded CNPs was added in PAA solution and stirred for 1 hour, then
centrifuged for 30 minutes at 14.5 rpm. These NPs were redispersed in milliQ water by ultra-

sonication of 45 kHz for min and freeze dried.
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3.4 Characterization techniques

The morphological characterization of free chitosan and Kn2-7 CNPs were investigated by
high resolution transmission electron microscope (HRTEM) (Philips 400®, 80 kV, The
Netherlands) and scanning electron microscopy (SEM).The particle size, size distribution
[polydispersity index (PDI)] and zeta potential of particles were measured by Zetasizer
(Malvern Instruments, UK), based on the dynamic light scattering (DLS) technique. The
structural features of NPs were estimated by FTIR (Fourier transform infrared) (FTIR- 410®
Jasco Colchester, United Kingdom), using KBr pellets. The absorption wavelengths of the NPs

were obtained by ultra violet visible spectrum (UV-vis).

3.4.1 The morphological characterization

3.4.1.1 High Resolution Transmission Microscopy

HRTEM (Fig 3.3) is an ultimate tool that is used for the characterization of nanomaterials. This
tool has been mostly applied for imaging, diffraction, and chemical analysis of solid and liquid
materials. For example Carbon nanotubes were first identified by HRTEM. Analysis of such
tubular structures need extensive development of electron microscopy. In this instrument
conventional imaging and diffraction are the two most powerful methods in characterizing the
phase structure and phase transformation of inorganic materials[103]. Most of the researches
which involved the use of this instrument have been conducted to investigate the effect of
particles size and its properties[104]. The sample is analysed in this technique by bombarding
it with a focused beam of electrons under a high vacuum and accelerating voltage, in order to
enable the sample to collect all the information using its high-resolution and high magnification
imaging ranging at nanoscale dimensions. High resolution transmission electron microscopy
also provides images of atomic resolution crystal lattice and chemical information by
strategically focusing the electron probe of the HR-TEM. The image in the figure below shows

the illustration of the High resolution transmission spectroscopy.
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Figure 3. 3: HRTEM diagram [111]

3.4.1.2 Scanning electron Microscopy

This is a technique used for providing images of external morphology that are the same as those
accessed by human eye. The images are obtained by impinging a finely focussed beam of
electrons on the surface of the solid sample. The beam of electrons is scanned throughout the
sample in a raster scan by scan coils. When electric current is directly passed through a coil-
wound electric wire, a rotationally-symmetric magnetic field is formed and a lens action is
produced on an electron beam to make a strong magnetic lens with a short focal length. It is
necessary to increase the density of the magnetic line as shown in Fig. 3.4, the external parts
of the coil are surrounded by yokes so that part of the magnetic field leaks from a narrow gap.
A portion with a narrow gap, called “pole piece,” is fabricated with a high accuracy. The main
feature of the magnetic lens is that when you change the current passing through the coil, the

strength of the lens is also changed[105].

http://etd thwe.ac.za/



Electron source \ /

Limiting aperture

[e—
Limiting apertureL
Obijective lens F

Secondary e}é

JCondenser lens

P— Scanning coils
‘Secondary
e

Sample

Figure 3. 4: Schematic diagram of SEM [113]

3.4.1.3 Dynamic Light scattering

The Dynamic light Scattering_is the method where the-of particles are scattered by light. This

technique is also known as photon correlation spectroscopy and quasi-elastic light scattering.
It is a powerful method used for probing solution dynamics and measuring particle sizes. The
size information can be obtained by dynamic light scattering technique in a few minutes for
particles with diameters randing from nanometres to micrometres. DLS method involves the
measuring of the Doppler broadening of Rayleigh scattered light as a result of Brownian motion
of particles. The sample in the DLS experiment is illuminated by a single wavelength laser
beam. The Doppler width in dynamic light scattering is measured by using the optical mixing
or light-beating techniques to translate frequencies to frequencies that are near to zero hertz.
DLS instrument show in Fig. 3.5 consists of a laser source, sample cell, a photo detector and a

computer with an autocorrelation.
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Figure 3. 5: Image of DLS spectrometer [114]

3.4.2 Ultraviolet Visible Absorption Spectroscopy

To understand why some compounds are coloured and others are not and to determine the
relationship of conjugation to colour, we must make accurate measurements of light absorption
at different wavelengths in and near the visible part of the spectrum. The energies noted above
200nm are sufficient to promote or excite a molecular electron to a higher energy orbital.
Consequently, absorption spectroscopy  carried out -in -this region is sometimes called
“electronic spectroscopy”. The diagram below shows the various kinds of electronic excitation
that may occur in organic molecules. In all of the six transitions expected, only the two lowest

energy ones are achieved by energies available in the 200-800nm spectrum.
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As a rule, energetically favoured electron promotion will be from the highest occupied
molecular orbital (HOMO) to lowest unoccupied molecular orbital (LUMO), and the resulting
species is said to be an excited state Fig 3.6. An optical spectrometer records the wavelength
at which absorption occurs, together with the degree of absorption in each wavelength. The

resulting spectrum is presented as a graph of absorbance (A) versus wavelength.

A
o ] Lo
g A
B
R |
™
%‘0 nonbonding 1] e .o R ] [
2 U — - T VI ek T Yo
g N —» T
BN
O —» O%

Figure 3. 6: Diagram illustrating the electron excitation [115]

The picture in Fig. 3.7 is a diagram of the components of typical double beam spectrometer. A
beam of light from UV/visible light source is separated into its component wavelengths by a
prism or diffraction grating. Each single wavelength beam in turn is split into two equal
intensity beams by a half mirrored device. One beam, the simple beam, passes through a small
transparent container (cuvette) containing a solution of the compound being studied in a
transparent solvent. The other beam, the reverence, passes through an identical cuvette
containing only a solvent. The intensities of these light beams are then measured by electronic
detectors and compared. The intensity of the reference beam, which should have suffered little
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Figure 3. 7: Hlustration of UV vis diagram [116]

or no light absorption, is defined as lo.the intensity of the beam is defined as I. The spectrometer

can be operated manually or programmed to automatically scan all component wavelengths.
3.4.3 Fourier Transform Infra-red Spectroscopy

FTIR is a characterization technique used to determine the chemical make-up of a compound.
It exposes a chemical solution to light in infrared range or heat lamp region of the
electromagnetic spectrum. A detector in fig 3.8 then measures the amount of light absorbed by
the solution and records the amount absorbed by the spectrum. The infrared region of the
electromagnetic spectrum is used because the molecules vibrate with energies in the infrared
region. This vibrational motion is quantized and infrared radiation can promote transition

between vibrational energy levels.
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When energy of infrared radiation from the instrument matches the energy of the vibration of
a molecule in the sample, radiation is absorbed. In this regard, the frequency in wavenumbers
(cm) of the infrared radiation matches the frequency of the vibration[106].
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Figure 3. 8: Schematic diagram of FTIR [118]
3.5 Encapsulation efficiency (EE %) and Loading capacity (%) of NPs

The encapsulation efficiency and loading capacity of the NPs were determined by the
separation of NPs from the aqueous medium containing free Kn2-7 peptide by cold
centrifugation (Hitachi Centrifuge) at 14500 rpm for 1 hour. The amount of free Kn2-7 in the
supernatant was measured by UV-Visible Spectrophotometer (Perkin Elmer Lambda 25) at
210 nm. The Kn2-7 and HBd-3 in different concentrations of TPP loading capacity (LC) [102]
of the NPs was calculated as follows.
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Total peptide—free peptide

, x100
NPs weight

Loading capacity% =

And the encapsulation efficiency was determined by the following equation[102]:

Total peptide amount—free peptide

x100

Encapsulation efficiency % =

Total peptide amount

3.6 Stability test of peptide loaded CNPs

The freeze dried NPs after characterizations were exposed in different buffer conditions. 0.5
mg of the sample was added in PBS pH 7.4 the readings were taken by qubit at time zero and
recorded, the solution was further incubated for 24 hours followed by qubit reading. Another
0.5 of the same was added in PBS at pH 6.0, sonicated and the readings were taken after and
recorded. The pH of PBS was reduced by 1% acetic to 3.44-3.96, 0.25 of the sample was added
in the PBS, vortexed and incubated for 24 hour and the readings were taken before and after

the action.

3.7 Evaluation of antibacterial activity of Kn2-7 peptide and KCP NPs

3.7.1 Assessing the growth kinetics of S. aureus in acidic medium

S. aureus was cultured in normal Luria-Bertani (LB) at pH 7.4 (high) and acidic LB at pH 3.8
(acidic) for 24 hours, the growth rate was assessed by measuring absorbance at OD600nm

every hour for the first 6 hours and at 24 hours.
3.7.2 Determining the MIC of KCP NPs and KN2-7 peptide

The Minimum Inhibitory Concentration (MIC) was determined by a broth micro dilution[15].
The MIC for Kn2-7 peptide was evaluated only in pH 7.4 media. PAA coated CNPs loaded
with Kn2-7 and Kn2-7 peptide were serially diluted in acidic and normal MH broth in a 96
well plates, S. aereus was added on each well. For the CNPs the dilution started from 25 —
1.56pg/mL n and the peptide concentration started from 50 — 3.13 pg/mL Ampicillin was used

as a positive control and untreated cells as a negative control. The turbidity of the bacterial

suspension was visually assessed after 24 h incubation at 37 °C as an indication of bacterial
growth and confirmed by a plate reader (POLARstar Omega BMG LABTECH reading at OD
600nm). The lowest concentration that inhibited the visible growth of bacteria was recorded as

the Minimum Inhibitory Concentration (MIC).
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Dynamic light scattering

The light scattering data and (-potential of Kn2-7-loaded NPs as a function of peptide

concentration are given in Table 4.1. The mean particle size of the free CNPs at concentrations
of 0.3 mg/ml, 1 mg/ml and 3mg/ml of TPP was found to be 327 nm, 416nm, and 382 nm. This
is in agreement with the results obtained by Bodnar and co-workers who observed the CNPs at
the average hydrodynamic diameter of single NPs between 290 and 340 nm[107]. The sizes
we obtained were relatively larger but in the same range with the results that were previously
reported by Wen Fen et.al. who prepared CNPs by ionic gelation method and obtained the
optimized NPs from the DLS at a diameter of 138 nm [108],-\*/whereas, During the loading of
Kn2-7 peptide, the percentage amounts of chitosan were decreased from 2% to 0.5% to check
the influence of chitosan amounts in the size of the NPs. Similarly, we observed a decrease in
the size of the NPs in the DLS. Table 4.1 shows all the details about the different sizes among
all the concentrations that were measured in both the free and loaded chitosan nanoparticle. As
shown in Table 4.1(appendix, Fig.1 a-b, the PDIs of unloaded NPs were between 0.293 and
0.592, which showed that the particles size was well controlled with a narrow dispersity. Those
of the loaded NPs were between 0.365 and 0.501, which also indicates that the NPs were
monodispersed. The Zeta potential of the Kn2-7CNPs that were crosslinked by 0.3 mg/ml TPP
was very poor for loaded and unloaded CNPs that were the clear indication that these NPs are
not stable. The 1 mg/ml TPP Kn2-7 CNPs Zeta potential showed excellent results by increasing
from +24.9 mV to + 54.3 mV, from these results it was concluded that these NPs can be made
a first priority for drug delivery. From the literature it was reported that NPs with Zeta
potentials close to +30 or -30 Mv, or above are the most stable NPs. From our results on table
1, the results for 1 mg/ml and 3mg/mITPP show the stable NPs. Our PDI and Zeta potential

were not that different from the ones that were previously reported in the literature.
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Table 4. 1: Particle size, polydispersity index and Zeta potential of medium molecular
weight CNPs and peptide-loaded NPs.

TPP % Chitosan Particle size Polydipersity Zeta potential
Concentration (nm) Index
(mg/ml) - + - + - + - +

peptid peptid peptide peptide peptide peptide peptide peptide

€ €
0.3 2 0.5 327 495.0 0.592 0.501 9.61 15.9
1 2 0.5 416 289.4  0.540 0.341 24.9 54.3
2 2 0.5 382 340.2 0.293 0.365 23.9 46.6

Abbreviations: ND- not determined, CNPs- CNPs. Kn2-7 peptide concentration 0.5 mg/ml.

The given data on table 4.2 (appendix, Fig.1(c-d) gives the information about the size,
polydispersity index (PDI) and Zeta potential of free chitosan and beta-defensin 3 loaded
CNPs. The HBd-3 CNPS-1 mg/ml TPP shows the most stable NPs at PDI of 0.341 and Zeta
potential of 67.7, followed by 0.3 mg/ml and 3 mg/ml loaded NPs. In this case all the NPs
revealed the best stability from both the Zeta potential and polydispersity index.

Table 4. 2: Particle size, polydispersity index and Zeta potential of medium molecular weight
CNPs and peptide-loaded NPs.

[TPP] % Chitosan Particle size (nm) Polydipersity Zeta potential
(mg/ml) Index
- + - + - + - +

peptide peptide peptide peptide peptide peptide peptide peptide

0.3 2 0.5 327 533.2 0.592 0.567 9.61 54.2
1 2 0.5 416 753.7 0.474 0.341 24.9 67.7
2 2 0.5 382 613.7 0.293 0.528 23.9 53.9

Abbreviations: ND- not determined, CNPs- CNPs. Beta-defensin peptide concentration 0.5 mg/ml.
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4.2 UV-vis

For this analysis, free chitosan nanoparticle, peptide and the loaded NPs obtained were added
in a cuvette diluted with 1% acetic acid, put in the cylindrical sample port of the spectrometer
and the reference was put on the second cylindrical port (Thermo, model NICOLET evolution
100) and analysed between 190 -800nm.

4.2.1 CNPs

The absorption of CNPs and loaded CNPs was observed by UV-Vis spectrum. Fig. 4.1 shows
three different peaks of CNPs from different concentrations at 272nm wavelength. When free
CNPs were characterized by uv visible spectrum, the absorption peaks were very poor agreeing
with the results of Jolanta et.al[109]. But we also noticed that when chitosan was crosslinked
with 1mg/ml the absorption was poor but the peak was more intense than when it was
crosslinked with 0.3mg/ml and 3mg/ml. The intensity of the NPs at 1mg/ml was referred to the
previous reports by Megha and co-workers[110] who reported UV-vis of CNPs with a sharp
peak at 226nm in 2018 after the NPs were kept for 20 days. They also reported about the paper
that was published in 2014 which the reporters got 201 nm peak for CNPs. Whereas
Krishnaveni et.al reported a peak at 310 nm of CNPs mixed with silver[111].

3.4

3.2 1
] ——0.3mg/mI TPP
261 — 1mg/ml TPP
24] — 3mg/ml TPP
2.2
8 2.0 1
% 1.8
2 16
g 14
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0.8 1
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0.2 1
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0.2 T T T T T 1
200 300 400 500

wavelength (nm)

Figure 4. 1: UV-vis results for Free CNPs spectra
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4.2.2 Kn2-7 CNPs

After the loading of the peptide in the chitosan nanoparticle Fig. 4 .2 the absorption peak shifted
from 272 nm to 195 nm for 0.3 mg/ml, 206 for 1 mg/ml TPP Kn2-7 CNPs and 211nm for
3mg/ml TPP Kn2-7 CNPs. The peaks for Kn2-7CNPs were more intense when compared to
the free CNPs which was also reported in an article by Martines et.al[112] . The peak obtained
at 195 nm for 0.3 TPP Kn2-7 CNPs indicates that, the NPs at that concentration are optically
inactive or the less concentration of TPP in CNPs resulted in less absorption. The other two
peaks from 1mg/ml TPP and 3mg/ml TPP that were obtained at 206 nm and 211 nm showed
that the more concentration of TPP added result to more intensity of the peaks in the uv-visible
spectrum . From the peaks we obtained it can be concluded that the peptide was successfully

loaded in CNPs because the Kn2-7 peptide absorbs in the same region as loaded NPs.
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Figure 4. 2: UV-vis results for Kn2-7CNPs

4.2.3 HPd-3 CNPs

After the loading of the peptide in the chitosan nanoparticle Fig. 4.3 the absorption peak shifted
from 272nm to 194 nm, 200 nm for both 0.3 and 1 mg/ml TPP HBD-3 CNPs and 203nm for
3mg/ml TPP HBd-3 CNPs. The peaks for HBd-3 loaded CNPs were more intense when
compared to the free CNPs this was also reported by Honary et.al[114] .We obtained a peak at
194 nm for 0.3 TPP Kn2-7 CNPs which indicates the NPs at that concentration are optically
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inactive or the less concentration of TPP in CNPs resulted in less absorption. The other two
peaks 1mg/ml TPP and 3mg/ml TPP were obtained at 203 nm and 200 nm attributed to the
change in the concentration of TPP. From the peaks we obtained it can be concluded that the
peptide was successfully loaded in CNPs because HBd-3 peptide also showed the absorption

in the same region.
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Figure 4. 3: UV-vis results for HBd-3CNPs
43FTIR

The raw materials, purified chitosan, the free and loaded CNPs obtained were mixed with
potassium bromide (KBr), macerated and pressed for the formation of the pellets. The spectra
were obtained in the infrared region of 400-4000cm ™ (PerkinElmer, model SPECTRUM Two,
series 95058, software PerkinElmer spectrum, version 10.4.00, with a scanning number of 20

and resolution 4 cm™)

The FTIR spectra of HBd-3 and Kn2-7 where obtained from all the three concentrations of the
cross linker TPP as shown in the appendix Fig.2 (a-i) page 85-93, but in our discussions we
only focused on 1 mg/ml TPP spectra for discussions because they show excellent results than
the other concentration. To add more, these spectra overlap, so this gives us more reasons to

choose a spectrum for the next discussion of the FTIR results.
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4.3.1 FTIR of Kn2-7 CNPs

In the discussions we selected the spectrum of 1mg/ml TPP Kn2-7 CNPs because they are the
ones that have shown excellent stability and monodispersity in previous characterizations. The
evidence of the interaction of chitosan with TPP in CNPs was obtained through FTIR data.
Upon the formation NPs (appendix, Fig.2 b-f), four main peaks were observed that can be
linked to the O-H and N-H stretching at 3278cm™2, C-H stretching at 2945 cm™. The amide 1
peak at 1645 cm™* which clearly shows the involvement of amine groups in electrostatic
interaction with phosphate groups of tripolyphosphate(TPP), the —NH> bending vibration at
1553 and anti-symmetric stretching of C-O-C and C-H stretching at 1150 cm™ and P=0 at
1209[113].In peptide-loaded CSNPs (refer to table 4.3, appendix Fig 2a), the band at 3278 cm™*
in blank CNPs that corresponds to the O-H stretching, has disappeared and a new peak appeared
at a higher frequency in 3400 cm ™t which corresponds to the formation of new amide formation
from the ionic interaction between the carboxylic groups of Kn2-7 and amino groups of the
chitosan. The intensity of amide I band at 1553 cm™ (in CSNPs) has decreased and slightly
shifted to a lower wavenumber (1541 cm™); this may be attributed to the electrostatic
interactions between the negative charges of kn2-7 peptide and positive charges of chitosan
[78].

The band at 1344 cm™1(-CH3 antisymmetric deformation) underwent a shift towards 1381 cm™
after peptide loading, showing that peptide fraction had been incorporated into CNPs Other
reports confirmed the presence of the peptide by observing the shifts of (-CH3 antisymmetric
deformation) which underwent a small shift towards 1484 cm™ after peptide loading.
Furthermore, the peak of 1413 cm™ (C-H bending) which was present in the pure peptide
spectra, appeared again in the spectra of peptide-containing CNPs, showing that peptide
fraction had been incorporated into CNPs [70]. In addition, the band at 703 cm™ was found in
peptide-loaded NPs, most likely originated from -C-H rocking of CH, of the amino acid

residues in peptides.
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Table 4. 3: FTIR results for CNPS, Kn2-7 CNPs.

Wavenumber Vibration Functional groups Shift
CNPs Kn2-7CNPs CNPs  Kn2-7 CNPs
3278 3400 Stretching vibration O-H,N-H  O-H, N-H Yes

- 2929 Asymmetric stretch - C-H (alkane) New peak
1645 1643 Bending vibration ~ Amide 1 Amide 1 Yes
1553 1540 Carbonyl stretch ~ Amide 1l Amide Il Yes
1344 1381 Bending - C-H (CHs) Yes
1209 1226 Stretching vibrations P=0 P=0 Yes

- 703 Rocking - C-H (C-H2) New peak

4.3.2 HBd-3 CNPs FTIR data

The spectrum shows the HBd-3CNPs in the same concentrations of TPP as of the Kn2-7CNPs.
In HBD-3 loaded CSNPs (refer to table 4.4), the band at 3278 cm™ in blank CNPs that
corresponds to the O-H stretching, has disappeared and a new peak appeared at a higher
frequency in 3400 cm ™! which corresponds to the formation of new amide formation from the
ionic interaction between the carboxylic groups of HBd-3 and amino groups of the chitosan.
The intensity of amide | band at 1553 cm™ (in CSNPs) has decreased and slightly shifted to a
lower wavenumber (1541 cm™1); this may be attributed to the electrostatic interactions between
the negative charges of HBd-3 peptide and positive charges of chitosan[115].The band at 1344
cm 1(-CH3 antisymmetric deformation) underwent a shift towards 1381 cm™ after peptide
loading, showing that peptide fraction had been incorporated into CNPs Other reports
confirmed the presence of the peptide by observing the shifts of (-CHz antisymmetric
deformation) which underwent a small shift towards 1484 cm™ after peptide loading.
Furthermore, the peak of 1413 cm™ (C-H bending) which was present in the pure peptide
spectra, appeared again in the spectra of peptide-containing CNPs, showing that peptide

fraction had been encapsulated into CNPs [116]. In addition, the band at 703 cm™ was found
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in peptide-loaded NPs, most likely originated from-C-H rocking of CH2 of the amino acid

residues in peptides.

Table 4. 4: FTIR results for CNPS, HBd-3 CNPs.

Wavenumber Vibration Functional groups Shift
CNPs Hpd-3CNPs CNPs Kn2-7 CNPs
3278 3253 Stretching O-H,N-H O-H, N-H Yes
vibration
- 2924 Asymmetric - C-H (alkane)  New peak
stretch
1645 1634 Bending Amide 1 Amide 1 Yes
vibration
1553 1548 Carbonyl Amide 1l Amide 1l Yes
stretch
1344 - Bending - C-H (CH3)  disappeared
1209 1260 Stretching P=0 P=0 Yes
vibration
- 797 Rocking - C-H (C-H2) New peak

4.4 HRTEM analysis
4.4.1 CNPs

The CNPs which were prepared in three different concentrations were also characterized by
HRTEM. The NPs obtained from chitosan that was cross-linked with 0.3mg/ml TPP exhibited
the spherical NPs in the range of 2.5nm-3.4nm diameter as shown in Fig 4.4a. The chitosan
that was cross-linked with Img/ml TPP (Fig. 4.4b) varied at 5.0 nm-15nm, and lastly in3mg/ml
TPP (Fig. 4.4c) the size obtained was at the range of 2.3 nm-2.5 nm diameter. The smallest size

obtain was from the NPs cross-linked with 3mg/ml of TPP. Because we wanted the NPs with
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smallest size to load the peptide, chitosan-3mg/ml TPP was chosen as a candidate to carry kn2-
7 peptide. The size of the cross-linked CNPs from TEM was observed in the range of 60-280
nm. The micrographs confirmed the nanosize of dried cross-linked CNPs. Banerjeet.al [68],
obtained spherical CNPs with the size of 110 nm diameter.

Figure 4. 4: HRTEM micrographs of CNPS Cross-linked with (a) 0.3 mg/ml (b) 1mg/ml and (c) 3mg/ml TPP.
Magnified image (d) shows the shape of CNPs
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4.4.2 Kn2-7 and HBd-3 CNPs

The TEM image showed roughly spherical-shaped NPs (Fig.4.5), having smaller diameter than
that obtained from the DLS measurements; this may be due to the shrinking of the NPs during
the drying process (TEM sample preparation)[117]. The particle size and size distribution of
the polymeric NPs are of great importance in using them as drug vehicles; as TEM images
show the mean diameter of the peptide loaded NPs to be less than 100nm. The increase in size
of the TEM image from 2.5 nm to 3.902 nm indicated the presence of the peptide inside the
CNPs. The size of the crosslinked CNPs from TEM was observed in the range of 60-280 nm.
The micrographs confirmed the nanosize of dried cross-linked chitosan particles. Banerje
et.al[118] obtained spherical CNPs with the size of 110 nm diameter of the NPs prepared by
modifying polymer reverse micelle method. The method they use involves organic solvents
whereas in this study we prepared these NPs using ionic gelation method with deionised water

as a solvent.

The observation froerm the TEM gave us information on the particle shape and the
determination of the particle size. Typical TEM images of Kn2-7CNPs and HPd-3CNPs in
Fig.4.5 show the loaded NPs in different concentrations of the TPP. The image in Fig. 4.5a
revealed spherical shaped NPs with agglomerated NPs with size rage of 35-70nm. The Kn2-7
on the other hand in Fig. 4.5b showed dispersed NPs in spherical and smooth surfaces with size
range of 20-25nm in diameter, which agrees with the work by Dounighi et.al who obtained
spherical homogenous morphology with size approximately 137nm of Venom loaded
CNPs[88]. In Fig. 4.5¢c HBd-3CNPs showed dispersed heterogeneous morphology of the
particles with size of 20-40 nm while Kn2-7CNPs cross-linked with the same concentration of
TPP demonstrated spherical dispersed particles with size range of 15-20nm refer to Fig. 4.5d.
When comparing these images from Fig. 4.5a-f, HBd-3CNPs tend to have poor dispersion and
Kn2-7CNPs from the low to high concentration of TPP cross linker showed solid consistent

structures, agreeing with the results that were reported by Deng and co-workers[119].
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Figure 4. 5: HRTEM results for Kn2-7CNPs and EDS
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4.5 Morphology by SEM
4.5.1 CNPs

SEM is a technique that provides that employs high energy beam of electrons to scan the
surface of a sample. It provides a direct picture of the surface, size information and to
investigatre surface morphology of the sample[120]. The SEM images for free CNPs (Fig.4.6)
showed spheroidal shape-NPs with smooth surfaces and the size at 100 nm. We also noticed
that free CNPs have a smaller size than the loaded NPs possibly due to the loading of the
peptide. Kiilll et.al synthesized crosslinked CNPs and characterized them with SEM. The
results showed a spherical shape with smooth surfaces and had a homogeneous particle size
distribution in the range of 70-100 nm [121]. Hasheminejad and co-workers also reported the
spherical NPs with size ranging between 129-148 nm characterized by FESEM[122].

- -
EHT = 500 kV Signal A= InLens Date :5 Jun 2018
WD = 53 mm Mag = 100.00 K X Time :9:50:29
/

Figure 4. 6: SEM results for free CNPs

4.5.2 Kn2-7 and HBd-3 CNPs

The SEM analysis was carried out on NPs, the results from the loaded CNPs (Fig.4.7) exhibited
spherical morphology of the NPs arranged in sheet structures Fig 4.7(a,b,c,d and f). We also
noticed that some of the Hd-3 CNPs are arranged in the shapes that look like fibres (Fig 4.7
e) and the peptide inside them shown in dark. Amidi[123] and co-workers reported that from
their SEM images that the loading of protein did not affect the size and morphology of the NPs.

This is in contrast to our study results reported above.
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The six images below confirm the change of the arrangement after the loading when compared
to free CNPs in Fig. 4.6.

- Hpd-3CNPs/0.3mg Kn2-7CNPs/O.3mg!TPP

b PR SR 4 i
EHT = 5.00 kv Signal A = InLens Date :15 Mar 2019 EHT = 5.00 kv Signal A = InLens Date :15 Mar 2019
WD = 6.1 mm Mag= 10.00KX Time :9:4742 WD = 6.3 mm Mag= 5.00KX Time :9:23:20

EHT = 5,00 kv Signal A= InLens Date :15 Mar 2019 EHT= 500KV Signal A = InLens Date 15 Mar 2018 \
WD = 6.5mm Mag= 3.00KX Time :9:50:35 WD = 65mm Mag= 500KX Time :9:37:32
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Figure 4. 7: SEM results for (a) HBD-3 chitosan NPs (b) Kn2-7 chitosan NPs

4.6 Loading capacity (LC) and encapsulation efficiency EE (%) of Kn2-7 and Hpd-3
CNPs

Both peptides were successfully incorporated into CNPs after testing different preparation with
TPP concentrations (Table 4.5). The NPs loaded with peptide EE% and L.C% values were
respectively of 78.3% and 85.6% (Table 4.5). The association of peptide to NPs with CS/TPP
in different concentrations was successful but the NPs with 3mg/mL TPP showed poor loading
and encapsulation of peptide due to the competition between TPP and peptide for the same
positive charged sites on CS molecules[124]. Therefore, peptide was incorporated into NPs
containing minor amount of TPP (0.3 mg/mL and 1mg/mL TPP concentrations) obtaining
colloidal stable NPs. The highest percentage yield (approximately 34%) of peptide loaded NPs
was obtained with the 3mg/ml TPP CNPs. 1mg/mL Kn2-7 CNPs shown an excellent loading
capacity as well as entrapment efficiency in CNPs. On the other hand, shown less amount Hfd-
3 loaded in CNPs which is 66.4% (Table 4.5) but still good when compared to other cross-
linked concentrations of TPP such as 59.6% in Hpd-3 CNPs/0.3mg/mITPP and 53.1 % in Hfd-
3 CNPs/1mg/mITPP .
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Table 4. 5: EE% and L.C values of peptide CNPs prepared with different concentrations of
TPP (mean, n=3).

TPP EE% LC%

concentration 1> 7 CNPs  HBd-3CNPs  Kn2-7CNPs  HPd-3 CNPs

mg/mL
0.3 50.7 59.6 38.3 215
1 78.3 66.4 85.6 48.8
3 55.6 53.1 46.9 29.0

4.7 Stability test of peptide-loaded CNPs in different pH conditions

Stability test of the NPs is method to check their quality and how the AMP-CNPs behave in
different pH environments maore especially those that simulate vaginal mucus. The results of
this investigation determine the strength of the NPs to keep the peptide before the actual release,
in other words this step gives the residence time of the peptide inside the NPs and amount of

the peptide released over time.

The loaded NPs only exhibited the stability at pH of 6.0-7.4 this was investigated by firstly
exposing the NPs in the buffer without any action taken, the readings in the qubit revealed that
the NPs did not release the peptide. The release study was reported by Kavas et.al. They
investigated the release of mitomycin-c from CNPs and showed the sustained release at pH of
6.0 and 7.4 although the release at pH 6 was slower[125]. Furthermore the NPs were sonicated
with no observation of any disintegration but the NPs were dispersed. This was an indication
that, these loaded NPs are stable in weak acids to basic environment. Peptide loaded CNPs
were also tested to the lower pH medium and the readings on qubit in table 4.6 clearly shows
that the loaded NPs are not stable in that pH. This was shown by applying different actions in

the NPs within different time intervals.

As noticed in table 4.6 that some of the NPs after being exposed in the low pH buffer, were
vortexed, incubated for 24 hour and others with no action taken but they read more or less the
same reading in the qubit instrument which revealed that the NPs at low pH release
immediately. This contradict with the previous report by Bhardwaj et.al[126] who found that
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loaded CNPs have a low solubility at low pH which resulted to the poor release of the drug.
Whereas Fathi et.al on their literature survey studies reported that chitosan displayed a rapid
release of DOX upon the increase of the acidity[127]. The objective of this research was to
synthesize the NPs that could be stable at low pH to provide the long and sustained release of
the peptide for the NPs. Chitosan alone failed to achieve those goal and further investigations

were made to ensure the stability of loaded CNPs at low pH.

Table 4. 6: The behaviour of the loaded NPs when exposed in different conditions

Amount Buffer pH Time (hrs) Action Qubit reading

0.5 mg PBS 7.4 24 Incubation 83.2 pg/ml
37°C

0.5mg PBS + acetic 3.7 24 Incubation 103 pg/ml
37°C

0.5 mg BPS+ HCI 6.0 0 Sonication 0 pg/ml

0.25 mg PBS+ 1% Ac 3.44 24 Incubation 61.6 pg/ml
37°C

0.25 mg PBS+ 1% Ac 3.44 0 Vortex -

0.25 mg PBS+ 1% Ac 3.96 0 None 66.8 pg/ml

0.25mg PBS+ 1% Ac 3.96 24 Incubation 73.2 pg/ml

0.25 mg PBS 7.4 0 none 0 pg/ml

0.25 mg PBS 7.4 24 Incubation 68.4 pg/ml
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4.8 Characterization of KCP NPs and HCP NPs
4.8.1 Introduction.

Polyacrylic acid (PAA), the carboxylic group containing polymer offer many advantageous
elements for oral drug delivery, which include pH-responsiveness, inhibition of enzymes,
mucoadhesion and the ability to open epithelial tight junctions [128].

© ©
o ©

AMP-CNPs AMP-CP NPs

ONO)

TPP

Figure 4. 8: Illustration of the impact of PAA on loaded NPs by LBL technique[129]

Unlike other coatings used before, the extra uniform structural and release behaviour is
possibly observed in the case of loaded CS/PAA NPs described in Fig. 4.8 regardless of the
conditions used. In this discussion we are using loaded NPs crosslinked with 0.3 TPP that are
coated with PAA.

4.8.2 Dynamic light scattering

The DLS NPs showed aggregated NPs that are polydispersed, which could be due to the high
molecular weight of two polymers loading peptides and plus the effect of the freeze drying
process in the NPs. The excellent zeta potentials which confirmed the stability of the NPs was
also shown by DLS. Another interesting findings from these coated CNPs was that, the PAA
did not affect the charge of peptide loaded CNPs. This means that these NPs mucus penetrating
properties remain intact. It should also be mentioned that the Zeta potential for K2-7CNPs in
table 4.7 increased from 15.9 to 37.2 while HBd-3 decreased from 54.7 to 38.3, probably
because of excess and unbounded PAA polymer on the surface.
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Table 4. 7: Particle size, polydispersity index and Zeta potential of peptide-loaded NPs with
poly(acryilic acid). PAA, CNPs- CNPs. Kn2-7 and HBd-3 peptide concentration 0.5 mg/ml.

Peptide-PAA/CNPs Size (nm) PDI Zeta Potential (mV)
Hpd-3 847.7 0.698 +38.3
Kn2-7 997 0.840 +37.2

4.8.3 FTIR of HBd-3 and Kn2-7 CNPs

The KCP NPs in table 4.8 shows the absorption peaks at 3033 cm™ which represents the OH
from the carboxylic groups of the PAA. The C-H stretching on methyl was also observed at
2984cm. The two characteristic peaks at 1645 cm™ and 1553 cm™ for CS decreased, and a
new absorption band at 1713cm™ appeared, which could be attributed to the absorption peaks
of the carboxyl groups of PAA. A broad peak appeared at 2669 cm™, which confirmed the
presence of NHs" in the Kn2-7 CS-PAA NPs. In addition, the absorption peaks at 1453 and
1416 cm™ were assigned to asymmetric and symmetric stretching vibrations of COO" anion
groups (see Fig. 4.9). Another peak found at 1397 cm™ was related to CH, groups, similar
results were also reported by Khan and co-workers[97]. The shift of P=0O peaks to 1260 and
1265 cm™* was observed in both spectra, which confirmed that the crosslinking was not affected
by this coating. These results indicate that the carboxylic groups of PAA were dissociated into
COO" groups, which completed with protonated amino groups of chitosan through electrostatic

interactions to form the polyelectrolyte complex during the mixing procedure.
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Figure 4. 9: FTIR of (a) KCP NPs (b) HBd-3CS/PAA NPs and (c) Raw PAA
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In table 4.8 Kn2-7CNPs are compared to coated CNPs (KCP NPs) according to the shifts and

new bond formed during the coating process.

Table 4. 8: FTIR results for CNPS, Kn2-7 CNPs.

Wavenumber
Kn2-7CNPs KCP NPs
3400 3033
2929 2980
1643 1713
1540 1453
1381 1376
1226 1265

Vibration

Stretching

vibration

Asymmetric

stretch

Bending

vibration

Carbonyl

stretch

Stretching

Stretching

vibrations

Functional groups

Kn2-7CNPs

O-H,N-H

C-H

COO

Amide Il

C-H

(CH2),0H

P=0

KCP NPs

O-H,

carboxylic

C-H
(methyl)

COO

Amide Il

C-H

(CH2),0H

P=0

Shift

Yes

Yes

New peak

Yes

New peak

Yes

The FTIR spectra of HBd-3 and Kn2-7 CNPs with different pH values are shown in table 4.9
(appendix, Fig.2 g-i).The basic characteristics of CS at 3449 cm™ (OH stretching and N-H
stretching) and 2984 cm™ (C-H stretching on methyl) were observed. However, in the HCP

NPs, the two characteristic peaks of CS decreased dramatically, and a new absorption band at

1721-1708 cm, which could be assigned to the absorption peaks of the carboxyl groups of

PAA[130] (the absorption peak of carboxyl groups in pure PAA appeared at 1737 cm™) was

observed. In addition, the absorption peak at 1556 was assigned to asymmetric and symmetric

stretching vibrations of COO" anion groups in Fig. 4.9 and a peak at 1376 cm™ which was
attributed to CHj> stretch.
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Table 4. 9: FTIR results for CNPS, Kn2-7 CNPs.

Wavenumber Functional groups
HPBd-3CNPs  HCP NPs Vibration  HPd-3CNPs HCP NPs Shift
3253 3203 Stretching O-H,N-H O-H, Yes
vibration carboxylic
2924 2984 Asymmetric C-H C-H Yes
stretch (methyl)
- 1721 Bending COO COO New peak
vibration
1548 1556 Carbonyl Amide i Amide Il Yes
stretch
- 1397 Stretching C-H C-H New peak
(CH2),0H (CH2),0H
1260 1260 Stretching P=0 P=0 Yes
vibrations

4.8.4 HRSEM of HBd-3 and Kn2-7 CNPs

In the HRSEM we obtain the oval shaped NPs with three layers in Fig. 4.10&4.11 showing
that our NPs were successfully coated with PAA. In addition, this results bring confidence to
conclude that we can use our NPs for stability test to see how they behave at low temperature.
To the best of our knowledge this work has never been reported before because no article has

reported the same work on coating the peptide loaded CNPs with poly acrylic acid.
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Figure 4. 10: HRSEM images of human beta defensin-3

The NPs are arranged in the sheet surfaces which represents the gel that surrounds them. The

first image in Fig. 4.11 was zoomed to show how the layers look from the spectrum.

KCP NPs inImg TPP

5 det | HFW LandingE| mag |spot| WD — 10—

S .
7| det | HFW |Landing E| mag |spot| WD 50 pm ;
© ETD 29.8 um| 20.0keV | 10000x| 4.0 [14.7 mm Nova NanoSEM

Y% |ETD| 149 um | 20.0keV |2000x| 4.0 |49 mm MNova NancSEM

Figure 4. 11: SEM results for (a) HBD-3 chitosan NPs (b) Kn2-7 chitosan NPs
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4.9 Stability test of AMP-CNPs coated with PAA

The study of stability was carried out using two samples which are 0.3 kn2-7 and 0.3 HBd-3
CNPs. The Table 4.10 shows the detailed results of what was observed during this process.
From the observations it was noticed that when NPs are dispersed in a buffer of pH 3.71 and
shook with a hand the peptide was not released. Another trial was made by vortex on the NPs
for 5 minutes but still there was nothing released according to the qubit. Following the same
procedure the loaded NPs showed same results upon exposure at pH 4.27 which indicated that
NPs are stable at that pH level. The 24 hours incubation of the NPs revealed the release of the
peptide from CNPs/PAA.

Table 4. 10: The behaviour of the loaded NPs when exposed in different conditions.

Amount Buffer pH Time Peptide Action Qubit reading
(hrs)

0.25 mg PBS+ 1% Ac  3.71 0 Kn2-7 none 0 pg/ml

0.25mg PBS+ 1% Ac 3.71 24 Kn2-7 Incubation 48 pg/mi
37 degrees

0.25 mg PBS+ 1% Ac  3.71 0 Hpd-3 Vortex 0 pg/ml

0.25mg PBS+ 1% Ac 3.71 24 Hpd-3 Incubation 44.0
37 degrees

0.25mg PBS+ 1% Ac  4.27 0 Kn2-7 None 0 pg/ml

0.25 mg PBS+ 1% Ac  4.27 24 Kn2-7 Incubation 53.2 pg/ml
37 degrees

0.25 mg PBS+ 1% Ac  4.27 0 Hpd-3 Vortex 0 pg/ml

0.25mg PBS+ 1% Ac  4.27 24 Hpd-3 Incubation 44.0 pg/ml
37 degrees
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4.10 Antibacterial activity of PAA coated CNPs

The antimicrobial peptide, Kn2-7 has been reported to have anti-HIV and anti-microbial
activities[13]. Peptides like Kn2-7 could be applied in the development of intravaginal
microbicidal agents, which could be used to prevent the transmission of STIs. However, one
of the problems is that the intravaginal environment, which has a pH of 3.5-4.5 is a very harsh
environment that could degrade the peptide and leading to the loss of its antimicrobial activity.
In this study the Kn2-7 peptide was loaded into CNPs (KCP NPs) to protect the peptide from
rapid degradation in environment where the pH is low. In this Chapter the antimicrobial activity
of Kn2-7/CNP is investigated under low pH conditions. We did not investigate the HBd-3
peptide in antibacterial activity, it will be investigated in the next study considering the results

and stability we obtained from this study.
4.10.1 Growth kinetics of S. aureus in normal and acidic conditions

The growth curve in Fig. 4.12 revealed that S. aureus grows mare or less the same in both
normal (pH 7.4) and acidic (pH 3.8) conditions. At 6 hours the growth of bacteria in acidic
media started to decline while the bacteria in normal media continued to increase. After 24
hours the bacterial growth in both media was reduced, an indication that the bacteria might
have overgrown and depleted their nutrients and started to die.
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Figure 4. 12: Growth kinetics of S aureus in acidic and normal broth. Bacterial growth was measured as a
function of optical density at 600nm for 24 hours
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4.10.2 Assessing the antibacterial activity of the peptides and peptide loaded CNPs

The Minimum Inhibitory Concentration (MIC) was established for the Kn2-7 peptide and KCP
NPs as described in Chapter 3, Section 3.7.2. Two cultures of S. aureus were prepared; one
was cultured in media at pH 3.8 and the other at pH 7.4. To determine the MIC the bacteria
were treated with the Kn2-7 peptide (up to 50ug/mL), the KCP NPs (up to 12.5ug/mL) and the
CS/PAA NPs. For the Kn2-7, the MIC was determined at both pH 3.8 and 6.25, while for KCP
NPs the MIC was only determined at pH 3.8 as shown in Table 4.11. The MIC for Kn2-7 was
6.25ug/mL at pH 7.4. The same peptide (Kn2-7) was reported in literature to have MIC value
of 3.13 pg/mL in normal media (pH 7.4) against S. aureus [18], the current study obtained a
MIC value of 6.25 pg/mL (Table 4.11). The MIC for Kn2-7 at pH 3.8 could not be established
and is likely to be higher than 50ug/mL. It is also possible that the peptide is completely
degraded at this low pH, resulting in the complete loss of antibacterial activity. The MIC for
KCP NPs at pH 3.8 was 6.25ug/mL. This suggests that when encapsulated in CNP, the
antibacterial activity of Kn2-7 is preserved even at a low pH. CNP thus protect the Kn2-7 from
degradation. The MIC for NPs that were not loaded with peptide, CS/PAA NPs was also higher
than the maximum concentration used (>12.5ug/mL) and could not be determined. This suggest
CS/PAA NPs under these conditions do not have any antibacterial activity against S. aureus
and that the activity observed for KCP NPs was as a result of the Kn2-7 peptide loaded onto
CS/PAA NPs

Table 4. 11: MICs values for the Kn2-7 peptide and KCP NPs

Treatment Kn2-7 Peptide CS/PAA NPs KCP NPs
pH 7.4 3.8 3.8 3.8
MIC (pg/mL) 6.25 >50 >12.5 6.25
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CHAPTER 5

GENERAL CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusion

The objective of this study was to synthesize nanocarriers that will serve as vehicles, protect
the AMPs and deliver them to the conditions that have low pH. The NPs used in this study
were synthesized and characterized. They are non-toxic, biodegradable, biocompatible and
most importantly stable in acidic conditions which make them suitable as microbicides. The
microbicides made from these NPs can be used as topical vaginal gels or condom gels for an

extra layer protection to prevent the transmission of STls.

The CNPs were prepared successfully by ionic gelation of CS with different concentrations
TPP. TEM, SEM, FTIR, UV and DLS analysis was used to confirm this. The characterization
techniques revealed that the NPs were spherical in shape with a mean diameter of 2.5-15 nm
and a zeta potential more than + 30 mV, which ensures their physical stability and render them
suitable for transportation through mucosa and uptake by cells in the human body. The
phosphate band observed by FTIR confirmed the formation of the NPs.

The successful loading of peptide into the CNPs was also confirmed by FTIR, DLS, HRSEM,
HRTEM, and UV-Vis spectroscopy. The FTIR spectra of peptide-loaded CNPs showed the
shifts in band and formation of new peaks, which can be attributed to the presence of peptides.
CNPs cross-linked with 1 mg/ml TPP showed excellent stability as demonstrated by the DLS
analysis. HRTEM revealed NPs with an average size less than 100 nm for both CNPs and
peptide loaded CNPs were synthesized via ionic gelation method. Poly electrolyte formation
between PAA and CS with peptides loading was confirmed by FTIR, DLS, and HRSEM
spectroscopy. The FTIR spectra of peptide-loaded CS/PAA NPs amide absorption bands
characteristic of peptide and also showed that carboxylic groups of PAA associated with amine
and OH groups of CS through electrostatic interactions to form the polyelectrolyte. Exothermic
peaks of physical mixture were different from those of the uncoated NPs, which also indicate
that coating of the AMP-CNPs with PAA results in new chemical bonds formed. The Zeta
potential of AMP-CP NPs remained positively charged an indication that conjugation of PAA
will not affect the mucus penetration properties of CNPs.
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The encapsulation efficiency EE (%) of the peptide loaded CNPs cross-linked with 1mg/mi
TPP was 79.6% and it was observed that the entrapment efficiency of these NPs was higher
compared to NP synthesised with higher/lower concentrations of TPP. The stability of the
CS/PAA NPs allows for modulated release of the encapsulated drug. It also showed
improvement in the in vitro release profiles of these coated NPs, by releasing the Kn2-7 in a
more controlled and sustained manner. Thus, as the NPs are slowly degraded by the acidic

conditions in the vagina, the peptide is released and kills the bacteria.

Antibacterial studies confirmed that free peptide (Kn2-7) does not survive the acidic conditions
and that the peptide completely lose its activity. Kn2-7 loaded NPs protects the activity of the
peptide in the conditions that simulate vaginal pH (~pH 3.8). Comparing the activity of all the
peptide loaded NPs cross-linked with different concentrations of TPP, it was clear that TPP has
an effect in the loading capacity of the drug. Approximately 87.5% of the peptide was released
within 24 hours to inhibit the bacterial growth at pH 3.8. These results indicate that CS/PAA
NPs are a promising carrier system for the controlled delivery of antimicrobial peptides in

acidic environments such as the vagina.

In conclusion, this study demonstrated that incorparating Kn2-7, which was previously shown
to have anti-HIV activity, into CNPs protected the peptide from degradation in acidic
conditions and preserve the antimicrobial activity of the peptide. These NPs demonstrate
potential for its application in the development of a microbicidal product that could prevent the
transmission of STIs, such as HIVV/AIDS.

5.2 Recommendations

. The antiviral activity against HIV must be tested, first in vitro, then in vivo in an
animal study.

. To test the nanoparticles against hepatitis B, herpes and the human papilloma virus
(HPV) for susceptibility.

. The mucus penetrating ability of the AMP-CP NPs still need to be tested.

. All of the above must be repeated with HBd-3.
. The release studies on NPs over time still need to be investigated to know the exact

time for the start of release.
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Appendix 1

ZETA POTENTIAL AND SIZE DISTRIBUTION CURVES
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Figure 1(a): Zeta potential of Kn2-7 CNPs
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Figure 1(b): Size distribution of Kn2-7 CNPs
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Figure 1(c): Zeta potential of HBd-3 CNPs
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Figure 1(d): Size distribution of HBd-3 CNPs.
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Figure 1(e): Zeta potential of Kn2-7 CS/PAA NPs

size Distribution by Intensity

Size (d.nm})

Record 26: kn2-7 2|

EU ................. .................. . ................. .................
I 11§ R -LIINL Y. ................. :
E
[

E LT B I A I 3 TR PP

L]

o i : : i :

530 ................. .................. .................. ................. .................

%20 ................. .................. .................. ................. .................
0] e R R e R, |
0 ; i ; ; i
0.1 1 10 100 1000 10000

Figure 1(f): Size distribution of HBd-3 CNPs.
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Figure 1(g): Zeta potential of Kn2-7 CS/PAA NPs
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Figure 1(h): Size distribution of HCPNPs.

http://etd {wc.ac.za/




Appendix 2

FTIR SPECTRUM.
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Figure 2(a): FTIR of Kn2-7 CS.
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Figure 2(b): FTIR of Kn2-7 peptide.
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Figure 2(c): FTIR of Kn2-7 CNPs in 0.3 mg/mL TPP
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Figure 2(d): FTIR of Kn2-7 CNPs in 0.3mg/mL TPP
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Figure 2(e): FTIR of Kn2-7 CNPs in Img/mL TPP
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Figure 2(f): FTIR of Kn2-7 CNPs in 3mg/mL TPP

http://etd Bwc.ac.zal




1[ABd3-CNPS 0.3 mg/ml TPP]

W Py ]
|I 152 5¥em-1,182.14
o

|

|

LT

§51.05cm-1, 80.38%T
3252 95em-1, B7T.73%T } }

4 [

!
1 i

1405.28cm-1, 82.54%T

15239.10em-1,/80.7T1%T 1024.00cm-1, T7.ETHT

1065.80cm-1, T7.55%T

Mame Description

>

m-cnps0.3_11 Sample 1853 By user Date Wednesday, Janu...

Figure 2(g): FTIR of HBd-3 CNPs in 0.3mg/mL TPP.
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Figure 2(h): FTIR of HBd-3 CNPs in 1Img/mL TPP.
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Figure 2(i): FTIR of HBd-3 CNPs in 3mg/mL TPP
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