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Abstract

Bacterial infection is still one of the leading causes of hospitalization and mortality,
although antibiotics are used comprehensively to treat the infectious diseases. The
clinical failure of antibiotic therapy is associated with low bioavailability, poor
penetration capacity to bacterial infection sites, the side effect of antibiotics, and the
antibiotic resistance properties of bacteria. Moreover, many deadly infectious diseases
are produced by microorganisms that are able to survive in macrophages. The
intracellular location of these pathogens protects them from the host defence systems
and from some antibiotics with poor penetration into macrophages. Therefore, the use
of non-viral nanoparticulate systems for the delivery of therapeutic agents is receiving
considerable attention to improve the penetration of drugs into macrophages as well as
the use of specific target molecules onto the nanocarrier systems that deliver these drugs
directly to the target cell. These systems can be designed to meet specific

physicochemical requirements, and they exhibit low toxic and immunogenic effects.

This thesis attempts to rationally design and synthesise antibiotic-encapsulated
glyconanoparticles (GNPs) and glyco-coated liposomes for active targeting of
macrophages to treat a range of infectious diseases. Macrophages are a promising target
for carbohydrate-based therapeutics as they express carbohydrate binding receptors
which internalize bound material via receptor-mediated endocytosis. Therefore, we
targeted the lectin receptors presented on the macrophage cell membrane by coupling
many monomeric sugar moieties onto appropriate scaffolds such as polymers or
liposomal systems to create multivalent targeting carriers and improve the activity,
stability and lower cytotoxicity. The natural cationic polysaccharide chitosan was
selected to conjugate specific carbohydrate sequences on the polymer backbone to
target macrophages. Moreover, a variety of liposomal formulations with multivalent
targeting ligands were considered as potential therapeutic carriers to macrophages.

The hydrophobic antibacterial agents N-alkylsulphonylacetamide and hydrophilic
aminoglycoside were loaded into the artificial nanocarrier system to explore their ability
to inhibit bacterial growth. The antibiotic carrier was also modified via different

monosaccharides including mannose and galactose to promote the interaction of the



nanovehicle with macrophages and enhance drug concentration into the infected

immune cells.

Glycolipids from Mycobacterium tuberculosis have a profound impact on the innate
immune response of the host. Macrophage inducible C-type Lectin (Mincle) is a pattern
recognition receptor that has been shown to bind trehalose dimycolate (TDM) from the
mycobacteria and instigate intracellular signaling in the immune cell. There are
structural similarities between TDM and phosphatidyl inositol mannoside (PIM)
structures and these latter structures may also bind Mincle. To test this, we have
successfully synthesized and characterized a series of novel mannose derivatives
modified with fatty esters at the 6-position to explore their ability to interact with
macrophages. The results showed that the amount of two major cytokines such as tumor
necrosis factor (TNF)-a and interleukin (IL)-6 released from LPS stimulated U937 cells
decreased significantly when compared to control upon treatment with the prepared
glycolipids indicating the reduction of cytokines production by macrophages. (Chapter
2)

Antibiotic loaded [amikacin and n-decanesulphonylacetamide (DSA)] cationic
dimethyldioctadecylammonium bromide (DDAB) with fatty acyl and fatty amido a-D-
benzylmannoside liposomes were prepared by the thin film hydration method and
characterized via DLS (Chapter 3). The antibiotic loading efficiency and the release
profile in the prepared glyco-coated liposomes were also determined. The efficiencies of
the drug loaded liposomes were tested against S. aureus infected macrophages and

results showed significant intracellular bacterial growth inhibition (Chapter 3).

In Chapter 4, mannose precursors have been synthesized with carboxyl group at the
anomeric position and fatty amides at the 6-position. The lactose and mannose
derivatives were prepared after conjugating these sugar molecules onto the chitosan
backbone to produce mannose and lactose grafted chitosan (Chitmannolac). The
engineered chitosan derivatives were utilized to make GNPs via nanoprecipitation
method and characterized using NMR spectroscopy, FT-IR spectroscopy, UV-vis
spectroscopy, fluorescence spectroscopy and DLS. The intracellular bacterial killing
efficiency was determined using the artificial GNPs and result showed promising
antimicrobial inhibition upon incubating with these GNPs.



Overall this PhD thesis implements modern synthetic strategies to discover novel drug
carriers for biomedical application. This thesis work develops a macrophage targeted
drug delivery system from the ground up through: (i) designing novel glycolipids that
can mimic various naturally occurring glycolipids; (ii) providing step by step synthesis
of glycolipids and their characterization; (iii) preparation of liposomes and micelles
using the similar glycolipids moieties and compare their target ability to mammalian
cells; and (iv) demonstrating the intracellular bacterial inhibition using liposomes and

GNPs that encapsulate both hydrophobic and hydrophilic drugs in the same carrier.
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Chapter 1



1. Introduction:

1.1 General Background

Recent developments in medicine and biotechnology have fortified the requirement to
improve nanoengineered non-viral delivery systems that can encapsulate a wide variety
of novel therapeutics such as proteins, nucleic acids, and chemo-therapeutics.* In
addition, these delivery systems should be designed and prepared in an intelligent way
such that they can deliver their encapsulated therapeutics at a well-defined time, place,
or in response to a specific stimulus with minimum cytotoxicity in comparison with
viral systems. Delivery of therapeutic agents to the target site is still a major concern in
the treatment of many diseases. Conventional application of many potential drugs is
often characterized by limited effectiveness, poor biodistribution, and lack of
selectivity. These limitations and draw-backs can be overcome by controlling drug
delivery.® In drug delivery systems (DDS), the therapeutic is transported to the specific
target site such that it influences the maximum absorption of the drug as well as
minimizes the undesirable side effects. Moreover, DDS protect the therapeutic from
quick degradation or clearance, thereby increasing the amount of drug in target tissues,

and hence lowering the effective dose.®’

The emergence of glycobiology, glycotechnology and glycomics and their continual
adaptation by pharmaceutical scientists have highlighted the enormous potential of
carbohydrates for medicinal applications.® It has been recognized that carbohydrates
represent the third class of informational biomolecules after proteins and nucleic acids
and play vital roles in both physiological and pathological events including cell-cell
communication, proliferation and differentiation, tumor metastasis, inflammatory
response, or viral infection.® A carbohydrate-based non-viral nanoparticulate system is
commonly known as glyconanoparticles (GNPs).® GNPs have gained considerable
attention such as studies of carbohydrate-carbohydrate and carbohydrate-protein
interaction as well as in the fields of targeted drug and gene delivery system. With
recent advances in polymerization techniques and glycoscience, the design and
preparation of carbohydrate-based biomaterials has become the subject of intense
research in the last few decades. For example, polysaccharides have been exploited for

designing and preparing GNPs for clinical application because of their versatile traits,



including biocompatibility, biodegradability, and low immunogenicity. Moreover, the
targeting efficacies of the GNPs toward certain organs can be modulated either by
incorporating specific ligands on the surface of the GNPs or by increasing the densities

of carbohydrates.

In general, drugs can be targeted to particular cells by using specific targeting ligands
(active targeting) or can be targeted to particular organs or cells based on their own or
their drug carrier’s size and physicochemical properties (passive targe‘[ing).8 Among
potential cellular targets by drug-loaded nanoparticles, macrophages are considered vital
as they play a crucial role in inflammation and act as reservoirs of microorganisms
which are involved with deadly infectious diseases. When the most common and potent
drugs are applied in free form to treat macrophage-mediated disease this often prompts
undesirable side effects because of lower bioavailability at the desired site. Therefore, it
necessitates high drug doses to induce a therapeutic effect to overcome systemic
dilution. For this, the application of drug-loaded nanoparticles offer a useful alternative
to avoid, or at least reduce side effects and increase efficacy.’® This review summarizes
the synthetic strategies for the preparation of various glyconannomaterials and its

application in the delivery of bioactive molecules to macrophages.
1.2 Nanocarriers used in drug delivery systems

In recent decades, nanotechnology has been used extensively by researchers in the arena
of improved therapeutics and is considered one of the most promising drug delivery
strategies. Nanoparticle DDS are nanometric carriers used as a delivery vector of
different drugs and biomolecules. According to the National Nanotechnology Initiative
of the United States, nanotechnology is the research and development of technology at
the atomic, molecular, or macromolecular levels to provide a fundamental
understanding of materials and phenomena on the nanometer scale and creation of
structure, devices or systems that have novel properties and functions.*'*? Recent
nanotechnology research and development shows that nanoparticles smaller than 100
nm in at least one dimension have great potential as drug transporters. Due to their
small sizes and large surface areas, the nanostructures provide unique biological and

physicochemical properties that make them a favourable material in healthcare



management including nanotherapeutics, nanodiagnostics, and nanomaterials for

pharmaceutical applications.
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Figure 1.1: The important features of nanoparticles for intracellular drug delivery

applications.

1.2.1 Advantages of nanoparticle-based DDS

Nanotechnology has opened a new field in DDS by the wide spread utilization of
nanocarriers including nanospheres, nanocapsules, nanovesicles, nanoemulsions,
nanoliposomes, nanosuspensions, nanocrystals, virosomes, solid-lipid nanoparticles
(SLN), protein-based nanoparticles and polymeric nanosystems, (e.g., polymeric
nanoparticles, polymer micelles, polymersomes, dendrimers and niosomes). The
application of nanoparticles as a drug delivery tool has outstanding benefits****: (a) they
possess the ability of targeting the drug to the site of action and enhancing the drug
uptake that enables it to reduce toxic side effects; (b) they can exhibit controlled drug



release properties against different physicochemical and metabolic responses such as
pH, temperature, ionic strength, and biodegradability; (c) they can cross the blood-brain
barrier and also penetrate cells and tissue gaps to accumulate at target organs such as
brain, lung, liver, spleen, lymph and spinal cord; (d) they are able to encapsulate drugs
or biomolecules into their interior structures or absorb onto their exterior surfaces and

therefore improve the stability of the pharmaceutical agents.

1.2.2 Preparation and application of nanoparticles in DDS

At present, nanoparticles have been comprehensively used to deliver drugs, vaccines,
proteins, polypeptides, genes, nucleic acids, photo/fluorophores, photo-responsive
molecules, photo-thermal agents. However, the potential application of nanoparticles is
continually expanding, and some of these new areas are summarise in Figure 1.1.2>1°
Recently, the preparation of nanoparticles for DDS depends on the selective
combination of the carrier materials to attain suitable release properties and the surface
modification of the nanoparticles to enhance their targeting capability.!"'® Researchers
also investigated in vivo dynamic processes to reveal the interaction of nanoparticles
with blood and targeting tissues and organs.'®?* Furthermore, the development of the
nanocarriers focuses on their application in clinics and the possibility of industrial

production.?*?

Polymeric nanoparticles prepared from natural and synthetic polymers have been
studied extensively by researchers because of their stability and simplicity of surface
modification. It is highly desirable that polymeric nanocarriers for DDS be
biocompatible as well as biodegradable. For this reason, many synthetic and natural
polymeric materials have been applied such as poly(ethylene glycol), poly(glycolic
acid), Pluronic, poly(vinyl pyrrolidone), poly(e-caprolactone), poly(lactic acid), poly
(lactic-co-glycolic acid), poly(acrylic acid) family, polytrimethylenecarbonate,
polysaccharides (i.e., chitosan, alginate, heparin, hyaluronic acid, dextran, cyclodextrin,
and amylose), proteins or polypeptide (i.e., gelatin).?*?*Among natural polymers,
proteins and polysaccharides tend to be internalized and degraded rapidly enabling a
moderate intracellular release of the drug or biomolecules. Nonetheless, polysaccharides

have been frequently applied in the preparation of DDS among polymeric materials due



to their biodegradability, high stability, high biocompatibility, and low

immunogenicity.”’
1.3 Polysaccharides-based nanoparticles and their advantages

Polysaccharides are a diverse class of natural (plant, animal, algal, microbial) polymeric
materials formed via a glycosidic linkage between monosaccharides. Polysaccharides
can have a linear or branched chemical structure depending on the nature of the
monosaccharides. In addition to structural diversity, polysaccharides have a large
number of reactive groups, (including hydroxyl, amino, and carboxylic acid groups)
typically yielding high aqueous solubility with the possibility for chemical modification.
Moreover, polysaccharide molecular weight can vary between hundreds and thousands
of Daltons, further increasing diversity.

Polysaccharides can be readily modified and exist in positive, negative, and neutral
charge states.?® In addition, some polysaccharides are bio-active and can be applied to
enhance the therapeutic efficacy of an associated drug and/or can improve the targeting
ability of the carrier system. Also, the presence of hydrophilic groups in their structure,
imparting non-covalent bioadhesion with biological tissue like epithelia and mucous
membranes, is a useful strategy to improve bioavailability of drugs included in DDS. In
contrast to many synthetic polymers, polysaccharides have very low toxicity and high

biocompatibility.?®

Also owing to their native presence within the body, most
polysaccharides are subject to enzymatic degradation. Polysaccharides can be broken
down to their monomer or oligomer building blocks through enzyme catalysis and
recycled for use as storage, structural support, or even cell signalling applications.*
Finally, polysaccharides are abundant resources in nature and have low cost associated
with their processing. All of these advantages support polysaccharides as an effective
carrier platform for drug delivery. A list of polysaccharides used for macrophage

targeted drug delivery is shown in Table 1.1.



Table 1.1: Chemical structures of mono-, oligo-, and polysaccharides that are used in

the development glyconanoparticle drug delivery systems are shown in the Table below.
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1.4 Preparation methods of glyconanoparticles (GNPs)

In recent years, a large number of studies have been conducted on glyconanoparticles
focusing on the preparation and their potential application as drug delivery systems. As
time goes on, more glyconanoparticles emerge, which significantly improves their
importance and versatility in terms of category and function. Early studies suggest that
GNPs should be designed and developed with careful attention towards material
selection, potential modification, structural features and the techniques carried out to
prepare GNPs. According to the literature and structural features, GNPs are mainly
prepared via covalent crosslinking, ionic crosslinking, polyelectrolyte complexation,
self-assembly of hydrophobically modified polysaccharides, copolymerization of

saccharides molecules, and nanoprecipitation.
1.4.1 Covalently crosslinked glyconanoparticles

Initially, preparation of GNPs was by means of covalent crosslinking. Covalently
crosslinked GNPs enable the network structure to be permanent since irreversible
chemical links are formed unless biodegradable or stimuli-responsive crosslinkers are
employed. The rigid network permits absorption of water and bioactive molecules

without dissolution of the GNPs even when the pH is significantly changed.®*®°

The most commonly used polysaccharide for nanoparticle fabrication is chitosan.
Chitosan is a linear polysaccharide, composed of glucosamine and N-acetyl
glucosamine units via B-(1—4) linkages, randomly or block distributed throughout the
biopolymer chain. Chitosan, the N-deacetylation product of chitin, is hydrophilic and
soluble in acidic solution by protonation of amine groups, and degraded by enzymes
such as lysozymes, some lipases and proteases.”® Chemical crosslinking of chitosan has
been achieved by forming covalent bonds between polysaccharide main chains and
crosslinkers such as glutaraldehyde, dopamine, genipin, and low toxic natural di- and
tricarboxylic acids including citric acid, malic acid, succinic acid, tartaric acid.***
Glutaraldehyde has been usually used as cross-linker to obtain nanoparticles by
emulsion cross-linking methods where free amino group of chitosan conjugates with
glutaraldehyde through the formation of imines.* Particle size can be controlled by

varying the amount of glutaraldehyde which changes the degree of cross-linking. 5-

10



Flurouracil loaded chitosan nanoparticles were prepared by a water-in-oil (w/0)
emulsion method followed by glutaraldehyde crosslinking of the chitosan amino
groups.** However, the cytotoxicity of glutaraldehyde limits its application in
nanocarrier drug delivery systems. Recently, Meng and co-workers have synthesized
dual pH-/light-responsive crosslinked nanocarriers by using amphiphilic glycol
chitosan-o-nitrobenzyl succinate (GC-NBSCs) conjugates to crosslink  with
glutaraldehyde.®® In this case, hydrophobic light-sensitive o-nitrobenzyl succinate was
covalently conjugated onto the main chain of hydrophilic glycol chitosan (GC). Then,
the nanosized micelles were prepared by the self-assembly of GC-NBSCs in water and
further stabilized by cross-linking their GC shells with glutaraldehyde to form dual

responsive nanocarriers (Figure 1.2).
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Figure 1.2: Scheme represents the preparation of chitosan based camptothecin (CPT)
encapsulated nanocarrier and the intracellular drug release triggered by pH and UV
light.%®

Genipin, a naturally occurring crosslinking agent, has been used as cross-linkers of
amino groups on chitosan backbones using w/o microemulsion method and also
provided significantly less cell cytotoxicity compared with glutaraldehyde in
crosslinking amine group containing biomaterials. For instance, multifunctional
genipin-crosslinked fucose-chitosan/heparin nanoparticles have been developed by Yu-

Hsin and co-workers.®! In this study, they combined fucose-conjugated chitosan and
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genipin crosslinking technologies in preparing pH-responsive chitosan/heparin
nanoparticles. The particle sizes of the prepared GNPs were in range of 180 to 230 nm
(Figure 1.3).
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Figure 1.3: A schematic representation of prepared amoxicillin-loaded genipin-

crosslinked fucose-chitosan/heparin nanoparticles.**

Hyaluronic acid (HA) is another common natural polysaccharide employed in the
preparation of GNPs through carbodiimide chemistry due to its non-toxic,
biocompatible and biodegradable properties. The chemical composition of HA consists
of nonsulfated glycosaminoglycan containing repeating units of disaccharide, -1,4-D-
glucuronic acid and B-1,3-N-acetyl-D-glucosamine with a molecular weight ranging
from 100 kDa - 8000 kDa. The preparation of GNPs based on HA takes place by
covalently cross-linking via carboxyl groups of the HA main chain. Bondar and co-
workers have prepared spherical GNPs by covalently cross-linking carboxyl groups of
the HA chain with a diamine in aqueous media at room temperature using carbodiimide
techniques. An injectable hydrogel showing excellent tissue adhesion was developed
using catechol-thiol reactions between the two biocompatible copolymers of HA and
pluronic copolymer. HA-dopamine conjugates and thiol terminated Pluronic F127
copolymers were mixed to produce HA/Pluronic hybrid hydrogels using catechol-thiol
reactions.” Rolf and co-workers have obtained covalently stabilized trimethyl chitosan-
hyaluronic acid nanoparticles with sizes of about 200-300 nm for nasal and intradermal
vaccination.’” Recently, robust nanohybrids were designed by conjugating HA and
branched polyethyleneimine (bPEI) using carbodiimide chemistry and subsequently

functionalized with mannose at the terminal end of the copolymer.*®
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1.4.2 lonically crosslinked glyconanoparticles

Physical crosslinking of polysaccharides is based on ionic interactions between charged
polysaccharides and ionic cross-linkers. This method provides GNPs with reversibility
and is considered biocompatible due to the lack of complex preparation conditions or
toxic cross-linkers. lonically-crosslinked GNPs are generally pH sensitive, thus suitable
for stimuli-responsive controlled release. Nanoparticles can be obtained from aqueous
solutions of charged polysaccharide and small ions of opposite charges. Thus,
polycations and polyanions could act as crosslinkers with polyanionic and polycationic
polysaccharides, respectively. In this process, very dilute solutions of the
polysaccharide are used as the chain of the polymer can react with the crosslinkers to
form small clusters. These clusters are finally stabilized by forming complex with

oppositely charged electrolytes.*

To date, tripolyphosphate (TPP), a non-toxic and multivalent anionic molecule, is the
most widely used polyanion crosslinker for the preparation of crosslinked chitosan
nanoparticles.’%'% The cationic nature of chitosan, in an acidic aqueous solution (pH 4-
6) can be exploited to form nanoparticles by adding small amounts of TPP in an alkaline
phase (pH 7-9). After mixing of the two phases, inter- and intra-molecular linkages are
created between chitosan amino groups and the TPP phosphates. % A slightly modified
ionotropic gelation technique was employed by Domaratzki and Ghanemin to obtain
smooth, spherical GNPs based on chitosan and TPP crosslinker.*® Their results showed
that nanoparticle size depends on degree of hydration, and crosslinking conditions, with
the smallest nanoparticles in the size range of 160-270 nm. TPP crosslinked chitosan
nanoparticles have been used for delivering protein, DNA, siRNA, doxorubicin,
cladribine, and some antibiotics (such as aminoglycosides, rifampicin, ceftriaxone,

ciprofloxacin) due to their high physical stability and encapsulation efficiencies.®®1031%

Depending on pH and ionic strength of the dispersing medium, these nanoparticles are
capable of swelling and shrinking, thus facilitating the release of the encapsulated drug
in the nanoparticles upon the action of various stimuli including pH and ion
concentration. Recently, Xu et al. have developed chitosan-TPP/IL-12 nanoparticles to
deliver therapeutic proteins and genes.’®’ In this case, they utilized encapsulated IL-12
by incorporation using TPP as the coacervated crosslinking agents to form chitosan

13



nanoparticles (Figure 1.4). The modified chitosan with TPP shows the mean diameter of
the nanoparticles ranges from 178 to 372 nm along with an increasing in the
chitosan/TPP weight ratio. They also measured the zeta potential of the nanoparticles

ranges between 24 and 53 mV depending on the feeding ratio of chitosan and TPP.%’

CH,OH CH,OH CH,OH
o OH Q 0 f‘

+ + Chitosan M TPP - IL-12 Nanoparticle

Figure 1.4: Schematic representation of the synthesis of CS-TPP/IL-12 nanoparticle

system.'%’

TPP is not the only material used as a crosslinker to prepare chitosan nanoparticles by
the ionic gelation method. Some researchers have obtained chitosan-based nanoparticles
via physical crosslinking using the encapsulated drug as a cross-linker, forming
electrostatic interactions between an amine group of chitosan and hydroxyl group of the
drug such as retinol, cladribine, or glabridine.*®® For example, Kim and co-workers
encapsulated retinol in chitosan nanoparticles for pharmaceutical and cosmetic
applications via forming an ionic complex from the interaction between the amine group
of chitosan and the hydroxyl group of retinol.’®® The authors claimed the electrostatic
interaction was confirmed by FT-IR spectra generating a specific semi-doublet peak of
chitosan at 1590 cm™. Recently, chitosan and adenosine-5 -triphosphate (ATP) were
employed as building blocks to form spherical aggregates based on electrostatic
interactions (Figure 1.5).™° Since the ratio between ATP and chitosan varies during
physical interaction, part of the chitosan is associated with ATP and rest of the chitosan
remains cationic and hydrophilic. In this way, a polymeric supra-amphiphile is
fabricated and is responsible for chitosan-ATP aggregated by self-assembly with sizes
between 50 and 68 nm. Among negatively charged polysaccharides, alginate is widely
used to obtain GNPs by ionic gelation. Alginate is a water soluble polysaccharide

consisting of alternating blocks of 1-4 linked a-L-guluronic (G-block) and B-D-
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mannuronic acid (M-block) residues, which are generally arranged in an irregular
blockwise pattern of varying proportions of G-G, M-G, and M-M blocks. Carboxylic
groups on the main chain of alginate structure can be crosslinked through small cations
like bivalent calcium, strontium, zinc, or barium ions to form GNPs.>* However,

monovalent cations and magnesium ions cannot form gelation with alginates.***
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Figure 1.5: Schematic illustration of the formation and the phosphatase-induced

degradation of the polymeric supra-amphiphiles and the spherical aggregates.**°
1.4.3 Glyconanoparticles by polyelectrolyte complexation (PEC)

GNPs are also prepared by direct interactions of oppositely charged polysaccharides in
solution without any chemical covalent cross-linker. The major interaction between two
polyelectrolyte polysaccharides includes the strong but reversible electrostatic and
dipole-dipole association, as well as hydrogen bond and hydrophobic interactions. The
stability of polyelectrolyte complexes (PEC) is determined by the degree of interaction
of the polyelectrolytes, which is affected by the charge density and distribution,
chemical environment such as pH, temperature, ionic strength, mixing ratio, and the
molecular weight of the polyelectrolytes. Compared to chemically crosslinked
complexes, PEC derived GNPs are generally non-toxic, biocompatible and well-
tolerated due to ease of preparation and modification as well as fewer steps required for
PEC. Positively or negatively charged GNPs with a core/shell structure can be obtained
according to the nature of the polyelectrolyte which is used in excess. The hydrophobic
core is composed of the complexed segments whereas the excess component is not
incorporated in the PEC, and thus is segregated in the outer shell ensuring the colloidal
stabilization of the GNPs against coagulation and conferring the charge of the

nanoparticle surface.”
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Although any polyelectrolyte could interact with polysaccharides to prepare PEC
nanoparticles, only water soluble and biocompatible polymers are used as
polyelectrolytes to form GNPs. Among the existing polyanionic and polycationic
polysaccharides used to develop PEC based GNPs, chitosan is extensively utilized
because it satisfies the requirements of safety and solubility. Due to the protonation of
amino groups on the backbone in acidic medium, chitosan becomes a cationic
polyelectrolyte which can form PEC with negatively charged polyelectrolytes.>® It can
be seen throughout the literature that much research has been carried out on PEC with
chitosan and many polyanions from different categories such as alginate, pectin,
carboxymethyl cellulose (CMC), heparin, dextran sulphate, hyaluronic acid,
carrageenan, collagen, xanthum gum, carboxymethyl pachyman, poly(acrylic acid)

(PAA), or nucleic acids.>* 6112114
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Figure 1.6: Diagram illustrating the preparation process for LbL-coated SLNs
containing DOX/DS complexes. LBL: Layer-by-layer, SLN: Solid-Lipid

Nanoparticles.**®

Ramasamy and co-workers developed layer-by-layer (LBL) coated core-shell lipid-

polymer hybrid nanoparticles for anticancer drug delivery by step-wise deposition of
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chitosan and hyaluronic acid on negatively charged hybrid solid lipid nanoparticles
(SLNs).**® Furthermore, a doxorubicin/dextran sulphate complex was incorporated into
the SLNs (Figure 1.6). The resulted spherical GNPs were about 265 nm in diameter,
with a zetapotential of approximately -12 mV. The nanoparticles were physically stable

and exhibited controlled drug release kinetics.

The formation of the complex between chitosan and poly(acrylic acid) (PAA) has been
widely studied. The influence of molecular weights of chitosan and PAA, the ratio of
the initial polyelectrolyte concentrations, dropping temperature, pH of the initial
solutions and purification process are considered to form PEC. For instant, Chen and
co-workers developed chitosan/PAA GNPs via complexation between chitosan and
PAA.*® When polyanion PAA was added into polycation chitosan solution dropwise,
chitosan/PAA nanoparticles were formed with diverse microstructure under different
experimental conditions. Ronald et al. developed PEC based GNPs from chitosan and
PAA homopolymers and polystyrene-block-PAA diblock copolymers.**” They also
investigated nanoparticles size and found the particles sizes were smaller than 100 and
200 nm for complexes of chitosan with the homopolymer and copolymer, respectively.

Tang et al. obtained a thermoresponsive chitosan/poly(vinyl alcohol) (PVA) hydrogel
containing nanoparticles with different charges for drug delivery through the
electrostatic effect of the quaternary amine —N*(CH3); and —COO" by forming N-(2-
hydroxyl)propyl-3-trimethylammonium  chitosan  chloride and carboxymethyl
chitosan.™® Additionally nanoparticles with different charges were reported by different
ratio of —-[N(CHa)s]" and —COO", which were suitable for drug delivery with opposite
charges. They also found the release of the positive or negative drugs were the slowest
with the hydrogels containing negative or positive nanoparticles, respectively.
Davidenko and co-workers reported chitosan/PAA PEC nanoparticles which were
prepared by coacervation under mild experimental conditions without the use of any
organic solvent or surfactants.**® They found that it was possible to obtain suspensions
of GNPs for solution concentration 0.1 wt%. They also established that the pH values of
the reactant solutions had a great influence on both the yield of the complex and the

particle that was formed. They observed the most convenient pH values for obtaining
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chitosan/PAA nanoparticles with optimum yield near 90% were 4.5-5.5 for chitosan and
3.2 for PAA.

1.4.4  Self-assembled glyconanoparticles

Amphiphilic polymers are generated when hydrophobic segments are grafted to chains
of hydrophilic polymers. Amphiphilic polymers can self-assemble in solution to form
micelles or vesicles. Therefore, introduction of hydrophobic segments into hydrophilic
polysaccharide backbones enables them to form self-assembled structures such as
micelles, particles, and hydrogels via undergoing intra- or intermolecular associations to
achieve a state of minimum free energy. Nanoparticles can be formed by maintaining
the lengths and molar ratios of both polysaccharides and hydrophobic segments.
Hydrophobic segments on polysaccharides are obtained by grafting hydrophobic
molecules from hydroxyl, amino, or carboxylic groups of the polysaccharides main
chain. In general, self-assembled GNPs can serve as reservoirs for various hydrophobic
drugs because their hydrophobic domain is surrounded by a hydrophilic outer shell. The
drugs are then released from the inner core of the nanoparticles via alteration of external
stimuli including pH, ionic strength, and temperature. There are various hydrophobic
molecules that can be attached to polysaccharides in order to obtain self-assembled
nanostructures such as pluronic copolymers, poly(e-caprolactone), cholesterol,

deoxycholic acid, long-chain fatty acids, and other carboxylic acids.
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Figure 1.7: Schematic diagram of the formation of siRNA loaded PEG-CMCS/CaP
hybrid anionic nanoparticles (NPPEG-CMCS/CaP/siRNA).**
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Poly(ethylene glycol) (PEG) has been extensively employed in pharmaceutical and
biomedical fields because of its outstanding physico-chemical and biological properties
such as high hydrophilicity, solubility, non-toxicity, biodegradability, ease of chemical
modification and absence of antigenicity. It is ideal for prevention of bacterial surface
growth, decrease of plasma protein binding and erythrocyte aggregation, and prevention
of recognition by the immune system (stealth effect). PEG and its derivatives can be
attached to the structure to form micelles directly in an agueous medium by adjusting
the hydrophilicity /hydrophobicity of the polysaccharide chain. Xie et al. synthesized a
pH-sensitive polymer of PEG grafted carboxymethyl chitosan (PEG-CMCS) and
prepared anionic-charged hybrid nanoparticles of PEG-CMCS and calcium phosphate
for siRNA delivery for anticancer therapy through a single-step self-assembly method in

aqueous condition (Figure 1.7).***

Among different cyclic hydrophobic molecules, cholesterol is one of the most utilized
to give hydrophobic character to polysaccharide structures and self-assembled GNPs in
aqueous solution. Yuan et al. developed cholesterol-modified chitosan self-aggregated
nanoparticles containing 1.7-4.7 cholesterol groups per 100 anhydroglucosamine units
of chitosan by an EDC mediated coupling reactions for delivery of drugs to ocular
surface.’”® The mean diameters of the self-assembled nanoparticles were less than 230
nm. Self-assembled cholesterol-modified o-carboxymethyl nanoparticles were prepared
with different degree of substitution (DS) of cholesterol moiety in water by a probe
sonication method and reported spherical nanoparticles size ranging from 100.1 to 234.9

nm which could be controlled by DS of cholesterol moiety.**

1.4.5 Limitations of prepared GNPs

The physical and chemical stabilities of the synthesized GNPs are of great importance
during preparation. This issue brings unexpected difficulties to carbohydrate chemists.
For instance, the acetyl protecting group is the most commonly used protective group in
carbohydrate chemistry. It is useful to synthesize the sugar modified acrylate
monomeric families and these are widely used as glycomonomer during polymerization
via atom transfer radical polymerization (ATRP) and reversible addition-fragmentation
chain-transfer (RAFT) before preparing GNPs. However, it is possible to hydrolyze the
ester bond of acrylate monomer unavoidably during deacetylation step, which might be
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a significant uncertainty at the stage of glycopolymer because of the difficulty in
characterization. Therefore, the correct type of glycoside linkage and definite

stereochemistry are significant requirements of glycopolymers.

1.5 Macrophage targeting

Macrophages are an essential component of the immune system and their principal
function is to ingest and destroy microorganisms. However, pathogenic microorganisms
are sometimes able to survive and reproduce after they have been ingested by
macrophages, which impede the treatment of this type of infection. The intracellular
location of these microorganisms protects them from the host defense mechanisms, such
as antibodies or complement, and from the action of antibiotics that are unable to
penetrate the cell. This results in difficulties to treat infections caused by obligate
intracellular microorganisms and the pathological importance of intracellular reservoirs
of infections caused by facultative microorganisms. Furthermore, these reservoirs may
lead to chronic disease or delayed onset through latency. Since microorganisms can
prevent the action of antibiotic by surviving in cells and leaving the host cell when the
level of antibiotic is low enough, this causes further relapses. Consequently, the
accumulation of antibiotics inside macrophages is of great therapeutic interest for
fighting this type of infection.

Macrophages are an attractive therapeutic target due to the fact that they play an
important role in the inflammatory response and wound healing. A number of
macrophage subsets have been described that are associated with distinct phenotypes.
Classically activated macrophages (M1 macrophages) are critical for host defense from
a variety of bacteria, protozoa and viruses and have roles in antitumor immunity
whereas alternatively activated macrophages (M2 macrophages) are important in injury
resolution and wound healing.'?® However, dysregulated macrophage function is
associated with a wide range of conditions including allergic asthma, atherosclerosis,
chronic ulcers, autoimmune disorders, and fibrotic diseases.’” The antibiotics mainly
used today in the treatment of this type of infections belong to different groups
including aminoglycosides, macrolides, fluoroquinolones, beta-lactams and
glycopeptides. These drugs are characterized by having varying ability to penetrate
macrophages, which may limit their efficacy in the treatment of intracellular infections.
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Therefore, the use of antibiotic delivery systems capable of directly targeting and
modulating macrophages as well as possessing the ability for selective distribution in
macrophages is an important resource in improving antibiotic therapy against

intracellular infections.

1.5.1 Phagocytosis and nanoparticles uptake by macrophages

Macrophages are known to play important roles in an organism’s protection against
infectious agents through the phagocytotic process. Phagocytosis consists of the
ingestion of microorganisms by the macrophages and their subsequent destruction and
elimination. The cellular uptake of the microorganism occurs via surface receptors; a
process mediated by antibodies, and internalizes it, forming a vesicle or phagosome,
which then fuses with lysosomes to form a phagolysosome. Macrophages also produce
a series of antibactericidal agents that contribute to this action such as nitric oxide and
cationic proteins (Figure 1.8a). In some diseases macrophages are rendered incapable of
destroying the germs responsible for an infection either by the microorganism
preventing fusion of the lysosome and phagosome or by resisting the microbiocidal
mechanisms in the phagolysosome. As a result, pathogens can survive and even
multiply inside different intracellular compartments of macrophages including the
phagosome, phagolysosome, and/or cytosol and therefore have the ability to continue to

evade the immune system (Figure 1.8b).

In recent times, macrophage-mediated therapies constitute many well-proven and new
promising approaches to treating diseases. It is well known that macrophages are mainly
involved in the uptake of nanoparticles, leading to their degradation and clearance from
blood stream.’”® However, cellular uptake is highly challenging, especially for
hydrophilic drugs and macromolecules. Interaction of nanoparticles with components of
the outer surface of cells and cellular membranes followed by internalization into
vesicles (invagination of the plasma membrane surrounds the nanoparticle) are the
initial steps for the endocytosis process.”® These vesicles are then pinched off to form
membrane-bound vesicles of different sizes, compositions and internal environments, to
form endosomes, phagosomes, or macropinosomes, depending on the internalization
pathway. Currently, there are five recognized mechanisms for the uptake of

nanoparticles depending on the proteins assisting in the endocytosis process including
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phagocytosis, = macropinocytosis,  clathrin-mediated,  caveolin-mediated, and

clathrin/caveolin-independent endocytosis.**

(a) (b)

Phagoly- Lysosome

% sosome
’ (o]
i Cytosollc

replication

Phagolysosome

@ Lysosome

Cytosol

Q = *
.:o ) @ Q)
%’ Q Phagosomal o 'hagosome
F escape P
2e Y
death mgg

B Active bacterla @@ Inactive bacteria a® Active bacteria

Figure 1.8: (a) Schematic representation of phagocytosis of microorganisms within the
macrophages and (b) upon phagocytosis, bacteria reside in phagosome and not interact
with lysosomes. Bacteria then rapidly disrupt the phagosome membrane and reach the
cytosol where they undergo extensive replication, followed by cell death and bacterial

release.

Generally, the uptake of nanoparticles by macrophages can be viewed as a two-step
process: first, a binding step on the cell membrane and second, the internalization step.
The attachment of the particles to the cell membrane as the first step seems to be greatly
affected by the surface charge of nanoparticles. After the adsorption of nanoparticles on
the cellular membrane, the uptake of nanoparticles is energy dependent and occurs via
several possible mechanisms such as pinocytosis, non-specific or receptor-mediated
endocytosis and different mechanisms are involved in the uptake of nanoparticles with
different surface properties and in different cell types.'” Furthermore, direct
translocation of nanoparticles across the plasma membrane is another suggested
endocytic pathway that does not depend on the metabolic activity of the cells.*?® This
pathway is known as “energy independent”, ‘“receptor-independent” uptake or
“transduction”. The interesting feature of this pathway is that nanoparticles have a direct
and quick access to the cytoplasm after crossing the membrane, which could simplify
the design of nanoparticles by eliminating the need for additional features to be built

into the nanoparticle framework for the purpose of disrupting the endocytic vesicles.
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Figure 1.9: Factors affecting the intracellular activity of antibiotics and mechanism of

glyconanoparticles as a carrier of antibiotics in macrophages.

Nanocarrier systems permit antibiotics to be delivered selectively to macrophages and
enhance their cellular uptake in order to treat intracellular infections, especially those
active antibiotics that have a low intracellular penetration capacity and can only be
taken through the process of pinocytosis.*> Moreover, administration of encapsulated
nanoparticles containing antibiotics alters the tissue distribution and plasma
pharmacokinetics of the drug and increases the concentration of antibiotics at the site of
infection, thus increasing drug bioavailability.****" Nanocarrier systems also provide a
protective coat for bioactive antibiotics against environmental degradation and
deactivation and protect them from the body’s metabolic clearing mechanisms, so that
sustained therapeutic concentrations can be maintained in the body.'® In addition,
antibiotic-loaded nanoparticles can maintain the proper drug concentration for a
relatively long time by means of slow and sustained release of drug, thus reducing the
dosing frequency and the dosage, while administration of free antibiotics often
demonstrates a rapid and short effect and requires several doses per day.*® Antibiotic
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treatment is usually complicated by the rapid clearance of antibiotics from organs, the
inactivation of the drug and the barriers of tissues. Glyconanoparticles are able to
protect the drug against degradation and the body's clearing mechanisms as well as
facilitate transport across critical and specific barriers, thus drugs are sustained in their

released to maintain a proper drug concentration for a longer time (Figure 1.9).
1.5.2 Physicochemical properties of nanoparticles to penetrate macrophages

The phagocytic uptake of nanoparticles is also influenced by physicochemical
properties such as physical characteristics and morphology (particle size and shape),
chemical structure and functionality, surface charge, hydrophobicity and hydrophilicity,
interaction with plasma protein (opsonins), biodistribution and targeted delivery of
payload to the intended target as well as cells the ability for cells to sense and respond
to nanoparticles for endocytosis.® The binding and activation of membrane receptors
and subsequent protein expression strongly depend on nanoparticle size. The surface
charge of the nanoparticles can significantly influence their stability, opsonization,
phagocytosis, circulation in the blood and interaction with cells. The
hydrophobicity/hydrophilicity of the surface regulates the adsorption of plasma proteins
on the nanoparticles and is expected to influence macrophage uptake. Improved
hydrophobicity of the nanocarrier is known to increase the uptake by forming
hydrophobic interactions with the macrophage cell surface.*® In addition to particle size
and surface characteristics, the shape of the nanoparticle is another crucial property that
plays important role in various biological processes including cellular uptake and

efficient delivery of therapeutics.
1.5.2.1 Nanoparticle Size

Particle size plays an important role in the mode of endocytosis, cellular uptake, and the
efficiency of particle processing in the endocytic pathway.*****! For effective delivery
of therapeutics to diseased cells, nanoparticles must avoid clearance by
reticuloendothelial system (RES) or filtration by liver, lung, or spleen. The size of the
nanoparticles has been found to have a strong influence on opsonin absorption and
therefore phagocytosis. Although all nanoparticles within 2-100 nm size range were

found to alter signalling process for basic cell functions (including cell death), 40-50 nm
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particles demonstrated the greatest effect.”*>**® Furthermore, polymeric nanoparticles of
intermediate size (20-100 nm) are believed to be internalized easily by cells, in
comparison to smaller or larger particles.** Macrophage uptake is heavily dependent
upon the particle size, which can affect the efficiency, subcellular distribution, and
pathway of cellular uptake of nanoparticles by the interaction of nanoparticles with

cells,'¥1%

Generally, small particles are less likely to be taken up by macrophages than large ones
because the proper geometric configuration for efficient complement activation is
achieved less easily on the more highly curved surfaces of the smaller particles than on
larger ones.*® For example, the uptake kinetics of rhodamin B labelled carboxymethyl
chitosan-based GNPs in murine macrophages vary with size, and GNPs with 300 and
500 nm showed greater uptakes by cells when compared with 150 nm GNPs, which
indicates that the phagocytic cells favoured the uptake of larger particles.**® The size of
particles themselves can determine the pathway of endocytosis.™®" Internalization of
nanoparticles with a diameter < 200 nm involves clathrin-coated pits. Particles with 500
nm size are internalized by cells via an energy-dependent process. With increasing size,
a shift to a mechanism that relies on coaveolae-mediated internalization becomes
apparent, which is the predominant pathway of entry for particles of 500 nm in size.**’
There are also some established rules of thumb with respect to particle internalization
into cells; particles > 1 um are taken up by phagocytosis, and those are diameter
between 0.2 and 1 um are internalized by endocytosis. Nonetheless, it has been reported
that particles as large as 5 pum can be endocytosed through receptor-mediated
endocytosis, which may open new applications in targeted delivery to the

vasculature, 3138

1.5.2.2 Nanoparticle Shape

Shape is one of the essential characteristics of nanoparticles that play an important role
in their internalization via macrophages. A wide variety of nanoparticles with non-
spherical shapes have been reported such as cones, cubes, cylinders, discs, ellipsoids,
hemispheres, urchins, and other complex shapes. These include red blood cell-like
biconcave discoids, and filovirus-mimicking filamentous particles have been designed

using a variety of fabrication techniques.***!*° Experimental studies of different shapes
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of nanoparticles have shown that phagocytosis by macrophages display a strong

141,142

dependence on shape. Recent studies have shown that endocytosis by

macrophages including phagocytosis follow similar shape dependence and not only

ingest larger particles but also engulf highly curved targets.***

The local geometry of nanoparticles at the contact point with the cell, not the overall
particle shape, can determine whether macrophages initiate internalization or simply
spread on nanoparticles (Figure 1.10)."*! For instance, a macrophage attached to an
elliptical disc at the pointed end fully internalized the particle in a few minutes, while a
macrophages attached to a flat region of the same ellipse did not internalize it for over
12 h.** As shown in Figure 1.10, the internalization velocity of the nanoparticles
changes as a function of omega (), which is defined as the angle between average of
tangential angles (T) from 0° to «/2 and the membrane normal at the site of attachment
(N). Nanoparticles can be internalized successfully via actin-cup and ring formation
when Q < 45° where phagocytosis velocity is inversely correlated to Q (up to 45°). In
contrast, macrophage can spread on nanoparticles, but the internalization is inhibited in
case of Q > 45°.*" Therefore, the local particle shape on the internalization propensity
of macrophages indicates that nanoparticles with higher aspect ratios which are more
likely to contact with macrophages at Q > 45° are less likely to undergo phagocytosis

and can be used as stealth nanoparticles that evade the immune system.'**

Increasing the aspect ratios of particles leads to reduced phagocytosis by human
macrophage cells with the longest particles showing almost no phagocytosis. For
example, worm-like particles possessing very high aspect ratios show reduced

phagocytosis compared with spherical one of the same volume.**

Moreover, there are
reports that nanoparticles with low aspect ratios are more easily internalized than those
with high aspect ratios. On the contrary, some studies have reported that nanoparticles
with larger aspect ratios are internalized into the cell line to a higher extent and have
faster uptake rates.”**® For example, nanoparticles with an aspect ratio of 3 are
internalized about four times faster than their spherical counterparts of the same
volumes.®! Furthermore, the internalization of nanoparticles has an optimum aspect
ratio and nanoparticles with 2.1 — 2.5 aspect ratio are taken up in larger quantities

compared to shorter or longer-length rods.**’ It has also been reported that the geometry
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does not play a vital role in the internalization of nanoparticles via macrophages.**®
These contradictory results may be due to the fact that internalization is not only
determined by the nanoparticles’ geometry and shape but also other physicochemical

properties including the composition, size and surface properties.

T, N

Figure 1.10: The local geometry of nanoparticles at the contact point between cell and
nanoparticles. The shape indicates whether macrophages initiate internalization or
spread on particles. Q is defined as the angle between the average of tangential angles
(T) from 0° to m /2 and the membrane normal at the site of attachment. When Q < 45°,
particles are internalized successfully (a. and b.); when Q > 45°, cells can spread on the

particle, but internalization is inhibited (c.).
1.5.2.3 Nanoparticle Surface charge

The surface charge of the nanoparticles influences the recognition and adsorption of
nanoparticles by macrophages, followed by phagocytosis and elimination, which further
affect their biodistribution.**® It has been reported that negatively charged nanoparticles
exhibit a low phagocytic uptake, thereby contributing to the elongation of blood
circulation time. In contrast, positively charged nanoparticles will lead to increased
phagocytosis, presumably because of better interaction of nanoparticles with the anionic
cell membrane. For instance, nanoparticles with the positive zeta potential have been
found to be more phagocytable through the proton sponge effect in comparison with

non-charged nanoparticles.**

Vadakkan et al. reported the first step cellular uptake of the cationic nanocarriers was

postulated to be the fusion with the plasma membrane and direct entry into the
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cytosol.™>* Another study demonstrated a linear relationship between the zeta potential
of the nanoparticles and their uptake by macrophages.'? Chitosan-based GNPs with a
positive surface charge showed a higher cellular internalization rate, compared to
negatively or neutrally charged ones.’***** The rhodamine B labelled chitosan-based
GNPs with positive zeta potential (25 mV) have been found to increase the phagocytic
uptake by nearly 1.3-fold when compared to negatively charged GNPs with the similar

absolute value of zeta potential (-25 mV).**

A possible reason for this phenomenon is
that the positive charge of these nanoparticles can trigger the concurrent influx of
chloride ions to maintain charge neutrality, thus leading to osmotic internalization
which is known as the ‘proton-sponge’ effect. However, other researchers have
demonstrated that neutral and cationic nanoparticles can reduce the macrophage uptake
by reticuloendothelial system (RES), while negatively charged nanoparticles can
potentially bind to available cationic sites on the macrophages surface and be

recognized by scavenger receptors, thus facilitating uptake by RES.*
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Figure 1.11: Effect of surface properties on nanoparticle internalization. Charged
nanoparticles can lead to high internalization, presumably because of better interactions
with the cationic and/or anionic domains of the cell surfaces. In contrast, coating with
hydrophilic polymers (e.g., PEG) will form a ‘cloud’ of hydrophilic steric barrier for
non-charged nanoparticles, which prevents interactions with cells, resulting in less

internalization.
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In addition to this, nanoparticles with negative zeta potential have greater affinity for
cell membranes and can bind at the cationic site in the form of clusters because of their
repulsive interactions with the large negatively charged domains of the cell surface;
therefore anionic nanoparticles are highly captured by cells compared to the ones with
positive zeta potentials."*®™*® The inconsistent results from the above studies may be
due to the difference of nanoparticles types, the nature of charged groups, variation in
stability of nanoparticles resulting from surface charge, surface hydrophobicity or
composition, other confounding factors such as inhomogeneous particle sizes, and the
variation of cell type under investigation. In particular, the absolute value of zeta
potential may be the most important factor for phagocytosis of nanoparticles.
Macrophage uptake increases with the surface charge increasing (either positive or
negative), and the nanoparticles with the lowest absolute value of zeta potential can
effective avoid the uptake the by macrophages.’****° In addition to this, positive
nanoparticles may be more effective for internalization by proliferating cells, whereas
negative nanoparticles with less cellular uptake and faster diffusion may perform better
when delivering drugs deep into the tissues.®® However, excess positive charge can

induce toxicity and initiate immunological reactions.
1.5.2.4 Surface composition and hydrophobicity

Chemical composition of the surface of nanoparticles will alter the kinetics, the amount
and even the route of nanoparticle uptake in cells.'®* Generally, the surface properties of
nanoparticles are mainly responsible for the number and type of biomolecules (e.g.,
proteins, aptamers, and antibodies) which are adsorbed onto the nanoparticle surface
through electrostatic or hydrophobic/hydrophilic forces to achieve the targeted delivery
of therapeutic agents.*®**% The chemical composition and the thickness of the adsorbed
bio-layer will further promote or suppress adhesion of the nanoparticles to the cell

membrane, thus influencing cellular uptake.'®®¢

Hydrophobic nanoparticles, which have an affinity for the lipid bilayer of the cell
surfaces, can facilitate the cellular internalization. Many nanoparticles have been coated
with polyethylene glycol (PEG) and its analogue (such as poloxamers and ploxamines
series, block copolymers of PEO and PPO) to prolong the surface circulation half-life

and effective tissue accumulation. PEG chains on the surface of nanoparticles can form
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a ‘cloud’ of hydrophilic stearic barrier, probably due to its high hydrophilicity, chain
flexibility, electrical neutrality, and absence of functional groups, which prevent
interaction with macrophages or plasma protein, thereby resulting in less RES uptake
and prolonged circulation time.***'®® PEGylated nanoparticles can effectively suppress
the macrophage uptake in vitro and prolong the circulation half-life in vivo, thus
decreasing the accumulation of nanoparticles in the liver.****™ For example, the
multilayered polyelectrolyte nanoshells have been modified with PEG of varying
molecular weight (either MW 2000, 5000, or 20000 Da) to form a hydrophilic and long-
circulating nanoparticle to determine how the hydrophilicity and the charge on the
nanoshell can promote or reduce uptake.*® Results showed that after 24 h uptake was
decreased 3-fold when PEGs of 2000 and 20 000 Da when compared with either

positively or negatively charged nanoshell.*®
1.5.2.5 Targeting ligand

The surface modification of nanoparticles is a crucial issue in terms of their uptake by
cells and targeted tissue. Surface modifications in the carriers develop an affinity for
recognizing and specifically interacting with target cells. This can be accomplished by
binding of ligands on the surface of nanoparticles, which are recognized by specific
receptors of macrophages and enhance the binding capability as well as facilitate their
internalization via receptor mediated endocytosis.*? In this sense a restricted number of
macrophage phagocytic receptors are involved including the mannosyl, fucosyl,
scavenger, Fc (fragment, crystallizable) receptors those are involved in the recognition
of conserved motifs on pathogens.®**"® A general practice is to apply polysaccharides or
glycoproteins ending in mannose or fucose residues for the affinity of macrophage

receptors.*®

Multivalent carbohydrate ligands have proven to yield high-avidity interactions with
lectins due to proximity of glycans in space generating a “cluster glycoside effect”.*™
Unlike other glycoprotein receptors, the mannose receptor has the ability to mediate the
phagocytosis of saccharide-coated nanoparticles and the pinocytosis of soluble
glycoconjugates.’”™ This characteristic is exploited in nanocarrier systems for
macrophage-mediated therapies by incorporating specific ligands that facilitate their

entry into the cells.”® Furthermore, the availability of macrophage receptors, in terms of
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number and nature, are dependent of the differentiation and activation states of the cells.
These parameters are essential to consider when designing nanoparticles for

macrophage targeting.

Xiong and co-workers reported a strategy for targeted antibiotic delivery to
macrophages to treat bacterial infections utilizing a mannosylated nanogel as the drug
carrier that undergoes degradation by bacterial enzymes (Figure 1.12).""° In this
approach, the nanogel contains mannosyl ligands conjugated to the shell of PEG arms
and core-crosslinked polyphosphoester, thus offering advantages of potentially targeted
antibiotic delivery to macrophages that express high level of the mannose receptor as
well as drug accumulation at bacterial infection sites through macrophage transport. At
the infection site, macrophages further ingest bacteria which trigger the degradation of
the drug containing polyphosphoester core by the active phosphatase or phospholipase
produced by the bacteria. Jiang et al. developed mannosylated chitosan-graft-
polyethyleneimine copolymer for targeting into antigen presenting cells having

mannose receptors.*”’
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Figure 1.12: (A) Schematic illustration of vancomycin-loaded mannosylated nanogels
(MNG-V) and the bacteria-responsive drug release; (B) Schematic illustration of
targeted uptake of MNG-V, transport, degradation, drug release and bacteria

inhibition.”® Mannose is incorrectly presented in this published Figure 1.12.
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Recently, Ratner and co-workers reported that the glycopolymers with mannose or N-
acetylglucosamine showed increased uptake by macrophages both in vitro and in vivo
compared to galactose-containing glycopolymers.'”® To determine the macrophage-
specific targeting, various glycopolymers displaying pendent carbohydrate moieties
were fluorescently labelled. They found that mannose- and N-acetylglucosamine
containing glycopolymers were able to specifically target mouse bone marrow-derived
macrophages (BMDMs) in vitro in a dose-dependent manner as compared to a
galactose-containing glycopolymer (30- and 90-fold higher uptake, respectively). The in
vivo experiment using alveolar macrophages also demonstrated the similar results where
6-fold higher internalization of mannose glycopolymer were reported as compared to

galactose by following intratracheal administration in mice (Figure 1.13).2/8:17

<

3 4
o
N "
o

100 100 102 100 106 pManEMA

Macrophage uptake

(a) b SRR (b)
3 s

0

30

V4
Counts

10

1. TCEP
2. «

— —
Reduction and Targeting to Green Fluorescence (GRN-HLog)
labeling of macrophage

Counts

polymer >
=}
e o @
H o
© Mannose - ’
<« Alexa Flour 488 Macrophage Q
O Pyridyl disulfide mannose
receptor
e
(c) £ 250
> =}

2
(72}
g 2
£ 2004 100 10t 102 100 10 pGICNACEMA
o Green Fluorescence (GRN-HLog)
£ 1501 g
[V}
o o
5 100 1 ®
= 2
L 504 5Q
= o
g o e
& (s (o (o
N N £ 10U 10 102 103 0t pGalEMA
eo A3 Qc’\o Green Fluorescence (GRN-HLog)

Figure 1.13: (a) The binding and subsequent endocytosis of fluorescent mannose
glycopolymers by the macrophage mannose receptor.)”® (b) in vitro BMDM
glycopolymer uptake. Inset shows a higher magnification image of the AF488-
pManEMA treated cells. (c) internalization of glycopolymers by alveolar macrophages

in vivo. Mice were given 10 mM AF488-glycopolymers intratracheally.
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Bronchoalveolar lavage (BAL) was performed after 30 min and BAL cells were

analyzed by flow cytometry.*”®

Therefore, nanoparticles of different surface properties may be internalized via various
endocytic mechanisms. For example, folic acid, albumin or cholesterol decorated
nanoparticles favour caveolin-mediated endocytosis, which avoids the lysosomal
degradation pathways. Alternatively, transferring and cell penetrating peptides
encourage the uptake by clathrin-mediated endocytosis and macropinocytosis,
respectively. It is still challenging to design nanoparticles for specific endocytic
pathways.*®® The endocytosis process depends on the composition, size, surface charge,
shape and geometry of nanoparticles and both cell density and type. It is complicated to
determine the main contributing factor due to the fact that changing one of these factors
can affect other characteristics. For example, increasing the positive or negative charge
ratio of nanoparticles to impart higher positive charge can affect the size, stability, and
morphology of the formed particles. Furthermore, each mechanism relies on the cell
type and treatment conditions. Finally, these endocytic pathways can be
interchangeable, which means blocking the uptake through a specific pathway may
enhance uptake via other endocytic pathways.?® Excellent reviews on the effect of
nanoparticle size, shape and surface chemistry on nanoparticle function have been

published elsewhere 23136.181

1.5.2.6 Mechanical properties and elasticity

Recently, there have been several studies which emphasize the importance of
mechanical properties in biological functions.'*>® It has been shown that macrophages
engulf rigid particles to a significantly higher extent compared to soft particles.'®® The
energy involved in of winding up a nanoparticle by the cell membrane decreases as a
function of increased stiffness resulting rigid nanoparticles favourable for cellular

uptake.'®

However, rigid nanoparticles are easily excreted during in vivo
administration compared to the elastic nanoparticles which could be simply deformed to
squeeze through blood vessels even narrower than their diameter.!®® Therefore,
improving the elasticity of the nanoparticles might be an option for enhancing the

circulation of the nanoparticles.
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1.5.3 Nanoparticles-induced cytotoxicity of macrophages
1.5.3.1 Biodegradability

Biodegradability is an important consideration for designing nanoparticles to target
macrophages from the perspective of drug release efficacy and toxicity. It requires
degradation or disassociation of the nanoparticle to release the drug efficiently after
arriving at its destination. For this, degradation could be triggered by functional
moieties that is responsive to specific signal generated from cellular environment

including chemical stimulus i.e. enzymes, pH etc.
1.5.3.2 Biocompatibility

Biocompatibility is another crucial characteristic of nanoparticles which prefers to use
materials degraded into nontoxic products. The biocompatible glycopolymer with the
ability to breakdown into biologically tolerable molecules that are easily metabolized
and removed from the body via normal metabolic pathways should be used to prepare
GNPs by an organic solvent free process.

1.6 Glyconanoparticles for macrophage-mediated therapies

As stated previously, macrophage-specific delivery systems are particularly attractive
because macrophages act as host cells for many pathogenic bacteria and parasites that
can produce outbreaks of many deadly diseases. In the design of drug carriers for
macrophage-mediated infections, issues of safety, toxicity, and bioavailability have to
be considered, and the application of GNPs simplifies some of these issues. Therefore,
GNPs are emerging as new promising materials to be applied in the design of drug
delivery systems upon macrophage targeting. Some recent examples of GNPs based
drug delivery system have been described below in terms of bacterial, protozoan, and

viral infectious diseases.
1.6.1 Bacterial infectious diseases

In the field of antibiotic therapy, intracellular infections remain difficult to eradicate
mainly due to the poor intracellular penetration of most of the commonly used
antibiotics. Moreover, bacteria have adapted such that their intracellular localization

allows them to be protected from the host immune system as well as the actions of
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antimicrobial agents. Thus, new strategies have to be considered in order to counteract
these problems, and GNPs loaded with antibiotics represent a promising approach. As
shown in previous sections, it is possible to encapsulate, incorporate, or even conjugate
therapeutic molecules into different GNPs in order to deliver their payloads
intracellularly and hence to treat infections. Several studies have reported the potential
application of GNP systems to enhance the selectivity of antibiotics for macrophages

and improve therapeutic efficiency in the treatment of intracellular infections.
1.6.1.1 Infection due to mycobacteria

Infections due to mycobacteria are an important global health problem since these
microorganisms are responsible for severe diseases including tuberculosis, leprosy, and
are in turn responsible for opportunistic infection in immunodepressed patients, such as
individuals with AIDS. Tuberculosis (TB) is a common lung infection caused by
Mycobacterium tuberculosis and is the second most deadly infectious disease which is
widely endemic in certain regions.*® Furthermore, the incidence of tuberculosis has
increased recently due to its association with AIDS. The current treatment of pulmonary
TB involves prolonged oral administration of high systemic doses of combined
antibiotics, with a cocktail of four “front line” drugs: rifampicin, isoniazid,
pyrazinamide, and ethambutol, given daily for 6-8 months or longer by oral route, thus
it develops undesired side-effects and poor compliance. Moreover, most antibiotics are
relatively ineffective for the treatment of intra-macrophage infections of TB owing to
the low macrophage permeability and rapid degradation of many drugs used to treat
other infections. Therefore, the use of antibiotic delivery systems facilitates the selective
shuttling of antibiotics to the site of infections and such systems can provide slow and
sustained drug release, which permits administration over longer intervals of time while

lowering the systemic doses and shortening the treatment time.

The encapsulation of different antibiotics in GNPs has shown good antibacterial
efficacy in both macrophage cell lines and in animal models.**"**> The aminoglycoside
(AG) antibiotics including amikacin, apramycin, gentamycin, kanamycin, neomycin,
netilmicin, paromomycin, streptomycin, and tobramycin, are very efficacious against
mycobacterium infections, but they are not highly membrane permeable, thus causing a
whole range of side effects, particularly nephro- and ototoxicity. Aminoglycoside-
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loaded chitosan nanoparticles have been prepared by Lu et al. with high drug

incorporation efficiency to test for in vivo oral efficacy of AG loaded GNPs in a M.

tuberculosis chronic infection mouse mode

I.GG

Table 1.2: Polysaccharides based nanoparticles tested for drug delivery to bacteria

infected macrophages

Nanocarrier Targeted microbes Encapsulated | Targeted cells Advantages Ref.
Composition Drug (s)
Alginate Mycobacterium isoniazid, 192
tuberculosis rifampicin,
Pyrazinamide
Chitosan Salmonella Ceftriaxone J744.2 cells | Inhibits the growth of 1o
typhimurium sodium intracellular S.
typhimurium
Mannosylated | Mycobacterium Rifampicin Alveolar Enhanced macrophages |
dendrimers tuberculosis macrophages | uptakes of rifampicin
Chitosan and | Mycobacterium Rifampicin RAW 264.7 | Increase intracellular 154
Galactomanna | tuberculosis cells concentration of
n rifampicin
Chitosan Mycobacterium SIRNA Murine Inhalable dry siRNA %
tuberculosis (targeting Alveolar powders have the
luciferase) macrophages | possibility of effective
pulmonary gene
silencing
Dextran Mycobacterium SIRNA Murine effective siRNA delivery | ™!
tuberculosis (targeting Alveolar to Resident alveolar 5
CD45) macrophages | macrophages
Chitosan Mycobacterium isoniazid, Murine Drug loaded 198
tuberculosis rifampicin Alveolar nanoparticles are
macrophages | effective against the
mycobacterium than free
drugs.
Chitin Escherichia coli, S. | rifampicin human exhibits sustained %
aureus monocytes release of antibiotics
until 72 hours
O- S. aureus tetracycline HEK-293 and | Bacterial inhibition 200
carboxymethy THP-1 increased sixfold
I chitosan macrophages | compared to free drug
chondroitin Salmonella chloramphenic | RAW 264.7 | enhanced intracellular 201
sulfate and Paratyphi A ol cells uptake and effectively
dextran killed intracellular
sulfate microbes both in vitro
and ex vivo
Fucodian Salmonella ciprofloxacin RAW 264.7 | Effective in eradicating | **
coated Paratyphi A cells Sal®monella infections
chitosan and effective in

dispersing Salmonella
gallstone biofilms.

36




Dextran sulphate was used to shield the positive charge of AG and increase the drug
incorporation in the chitosan nanoparticles. They incorporated three amino glycosides:
streptomycin, gentamycin, and tobramycin molecules into the GNPs and obtained drug
incorporation efficiency 60, 63, and 38%, respectively. The in vivo results indicated that
oral drug loaded GNPs were effective in killing intracellular M. tuberculosis with one
log 10 reduction in growth of the bacilli growth for both treated groups, AG loaded
GNPs Vs. free AG, at the same concentration of 100 mg Kg™.°® Recently, Grumezescu
and co-workers reported water dispersible cross-linked magnetic chitosan nanoparticles
for increasing the antimicrobial efficiency of AG antibiotics (kanamycin and neomycin)
and reported the AG loaded GNPs reduced the amount of antibiotics necessary for their
antimicrobial effect.’®® Hombach et al. studied in vitro evaluation of an oral tobramycin
sulphate delivery system using thiolated chitosan and observed almost 90% of the

tobramycin was released within 4 h.2*

Saraogi et al. described mannosylated gelatin nanoparticles for the selective delivery of
antitubercular drug, isoniazid, to alveolar macrophages.'®’ They reported the size of the
nanoparticles were in range of 260-380 nm where maximum drug payload was found to
be 40-55%. The J774 macrophage cell lines were used to evaluate the macrophage
targeting efficacy of prepared nanoparticles using fluorescence activated cell sorters
(FACS) and found a gradual increase of nanoparticles in macrophage cell lines. The
organ distribution studies also demonstrated the efficiency of nanoparticles for spatial
delivery of isoniazid to alveolar tissues and significant reduction of bacterial counts in
the lungs and spleen of TB-infected mice as well as reduction of hepatotoxicity of the
drug.’® The same group previously studied mannosylated solid lipid nanoparticulate
carriers of rifabutin for alveolar macrophages and reported promising in vitro, in vivo
and ex vivo alveolar macrophage uptake, drug releases, and haematological studies.'*
Kumar et al. reported intracellular macrophage uptake of rifampicin-loaded
mannosylated dendrimers and found the dendrimer reduced release rate of drug at pH
7.4, and lowered haemolytic toxicity and cytotoxicity; whereas they observed that the
mannosylated dendritic system stimulate significant alveolar macrophage uptake and

enhanced drug release at pH 5.0.2%
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1.6.1.2 Salmonellosis

Salmonella infections occur after ingestion of contaminated food or after contact with
another person with the infection. Salmonellosis is caused by the bacteria named as
salmonella. Salmonella bacteria are also the reason for typhoid fever when they enter
the lymphatic system, which makes treatment more difficult. Salmonella infections and
their gallstone associated biofilm infections are challenging to treat due to poor
penetration of bioactive molecules into the intracellular sections of macrophages and

within biofilms.2%

Dipshikha et al. prepared chitosan-dextran sulphate nanocapsule (CD) for efficient
targeting and Kkilling intracellular Salmonella infection after successfully loading
ciprofloxacin into the nanocapsule.”®* Both in vitro and in vivo experiment displayed
significant inhibition of Salmonella infections in time-dependent manner upon treatment
with antibiotic loaded CD compared to free drug. Noha and Mohamed developed
ceftriaxone sodium (CTX)-loaded chitosan nanoparticles for the intracellular delivery of
the poorly cell-penetrating antibiotics CTX against Salmonella typhimurium.’** The
prepared CTX-chitosan nanoparticles exhibited considerable reduction of S.
typhimurium in cano-2 and macrophages J774.2 cells compared to placebo

nanoparticles.'%
1.6.1.3 Staphylococcus aureus

Staphylococcus aureus (S. aureus) is a major cause of infectious morbidity and
mortality in community and hospital settings and the causative agent of a wide variety
of illness such as skin infections, meningitis, pneumonia, osteomyelitis, endocarditis
and sepsis. S. aureus occasionally causes intracellular infections by invading
phagocytes like monocytes, macrophages, and polymorphonuclear leukocytes and can

survive intracellularly for 4-7 days without affecting host cell viability.?%

Maya et al. reported tetracycline encapsulated O-carboxymethyl chitosan nanoparticles
(Tet-O-CMC Nps) via ionic gelation for its sustained delivery of Tet into
macrophages.?®® They described sixfold effective killing of intracellular S. aureus
compared to tetracycline alone upon treatment in HEK-293 and differentiated THP1
macrophage cells.”® Zhongwei co-workers developed gentamycin sulfate (GS)-loaded
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carboxymethyl-chitosan (CM-chitosan) formulation to achieve superb inhibition on
bacterial growth and biofilm formation of S. aureus.”®” They also reported the loading
GS was beneficial for the osteoblastic MC3T3-EL1 cell responses as well as enhance the
antibacterial efficiency. The biocompatibility of the prepared CM-chitosan could be

altered by the concentrations of crosslinker and GS.**’
1.6.2 Protozoan infectious diseases

Leishmania is a parasite that causes various infectious diseases and is transmitted
through vector insects (sandflies). It can spread to the visceral organs including liver
and spleen, resulting in visceral leishmaniasis, or to mucous membranes of the mouth
and nose. This disease is endemic to many countries and causes death if not treated
appropriately. Currently, the number of infected patients has increased owing to co-
infection with HIV.?* Leishmania are obligate intracellular parasites that cause infection
only in the phagolysosome of host macrophages. The localization of these parasites
within the lysosomal vacuoles of reticuloendothelial macrophages hampers the access
and bioavailability of antileishmanial drugs.® Thus, it is necessary to design
nanocarriers for targeting antileishmanial drugs to macrophages to increase their
bioavailability. Furthermore, the encapsulation of antileishmanial drugs is desirable to

overcome their adverse side effects.

There are many drugs available with antileishmanial activity, but their use is limited
because of their toxicity or the appearance of resistance. The drugs of choice are
pentavalent antimonials including meglumine antimonials, or sodium stibogluconate,
but these are toxic for both liver and skin. Amphotericin B and pentamidines are also
used as antileishmanial drugs, but these are toxic to the liver and heart. Other
antileishmanial drugs include aphidicolin, atovaquone, primaquine, cytotoxic drugs,
such as doxorubicin and methotrexate, and plant substances such as amarogentin and

andrographolide.?*

Recently, lectin-functionalized lipo-polymersome encapsulated Amphotericin B (AmB)
has been designed for specific internalization via lectin receptors overexpressed on
infected macrophages in treatment of visceral leishmaniasis.?®® Chaubey et al. studied

curcumin-loaded mannosylated chitosan nanoparticles for the treatment of visceral
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leishmaniasis with particle size of 215 nm and drug entrapment efficiency of 82.12%.%2
They also performed drug release behaviours and cellular uptake in vitro and in vivo by
using J774A.1 macrophage cell line with parasite strain Leishmania donovani. The
pharmacokinetic study of the drug-loaded GNPs showed significant improvement in the
value of mean resident time compared to free drug. An in vivo uptake study indicated
that endocytosis took place effectively within the macrophages of reticuloendothelial
system.'% This group also studied rifampicin loaded mannose-conjugated chitosan
nanoparticles for the treatment of visceral leishmaniasis.'”® Astana and co-workers
reported Amphotericin  B-encapsulated nanoemulsion template-based chitosan
nanocapsules for visceral leishmaniasis on the J774A model cell line and the in vitro
result showed 50% inhibitory concentration (ICs) of 0.2 ug AmB/ml compare to free
drug. In vivo experiments in conjunction with effective internalization by macrophages
illustrated the efficacy of AmB loaded GNPs at augmenting antileishmanial

characteristics.?%°
1.6.3 Viral infectious diseases

Human immunodeficiency virus (HIV) is a Lentivirus that causes acquired
immunodeficiency syndrome (AIDS), a condition in humans in which the immune
system begins to fail leading to life-threatening infections.?*® The joint United Nations
Programme on HIV and AIDS (UNAIDS) reported that around 2.1 million new cases
with 1.1 million AIDS-related death just in 2015.2** Although two viral types of HIV
(HIV-1 and HIV-2, share ~30-60% genetic similarity) are responsible for AIDS, type 1
(HIV-1) exhibits most of the global burden of AIDS because of its greater transmission
rates and more rapid clinical progression.”*?> The monocyte-macrophage system is the
first to be infected by HIV and can interact non-specifically with cell surface receptors
and other lectins, heparan-sulfate moieties, or natural receptors with cellular host
proteins present in the viral envelop.?®® Generally infection involves initial binding of
the viral envelop glycoprotein gp 120 to the CD4 receptor on the extra-cellular side,
which undergoes conformational changes leading to further interaction with other co-
receptors, thereby delivering the viral core to the cytoplasm where there is reverse-
transcription the viral RNA genome into DNA.?**#* |t supports the intracellular

replication of the virus prior to integration into the host genome by viral integrase in the

40



cell nucleus where the infected host cell acts as a reservoir, thus favouring the

dissemination of the infection and protects the virus against antiretroviral treatment.”*®

Stavudine is active against HIV, but has insufficient macrophage penetration capacities
and low bioavailability, which rise to appearance of resistance and toxic effects due to
accumulation in other organs.?*® The application of nanocarrier systems allows doses to
be lowered and convey the drug into the site of infection because macrophage infected
by HIV show greater phagocytic activity than healthy cells.

The encapsulation of Stavudine in various nanoparticles enhances the penetration into
human macrophages in all cases.”’® Recently, Stavudine loaded chitosan nanoparticles
have been developed for treating AIDS.?*?" Dev et al. deigned poly(lactic
acid)/chitosan nanoparticles for anti-HIV drug lamivudine delivery.?!® Stearate-g-
chitosan oligosaccharide polymeric micelles were used to deliver antiviral drug
lamivudine and showed high cellular uptake percentage with low cytotoxicity against
viral transfected tumor cells.?*® Azidothymidine-triphosphate, the active form of
Zidovudine, displays an important pharmacological activity for the treatment of HIV.
Chitosan nanoparticles have been synthesized for the intracellular delivery of
triphosphate analogues, Zidovudine, for the treatment of HIV with minimal particle size
of 200 nm and encapsulation efficiency of 70%.%2° More recently, the saquinavir-loaded
chitosan nanoparticles have been reported as potent anti-HIV therapeutic systems with
drug encapsulation efficiency of 75% and cell targeting efficiency greater than 92%.%%
As compared to soluble free drug control, the saquinavir-loaded chitosan carriers caused
superior arresting of viral proliferation as measured by using NL4-3 and Indie-C1 viral

strains and different target T-cells.?*

1.6.4 Fungal infections

Fungal infections are global public health problem especially in management of
individuals who have weakened immune system such as those who have HIV/AIDS or
cancer. Candidiasis, aspergillosis and cryptococcosis are one of the major causes of
morbidity and mortality in immunocompromised patients. For example, invasive
candida infections are the third most common cause of hospital acquired infection.???

Once the fungus reaches the bloodstream, phagocytosing cells of the innate immune
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system play a vital role to restrain the fungus or allow it to spread to different organs
including brain, lungs and kidneys.?*® The presence of any fungal infection in patients
commonly indicates that the host defence systems have been compromised to some
extent. Thus, the intracellular location of the pathogens requires high doses to reach
therapeutic levels inside the cell which leads to toxic effects. The clinical effect of the
fungal disease in the immunocompromised host depends on the nature of the underlying
disorder and the types of the fungus involved. In general, fungal diseases are very likely
to be progressive in nature, and often disseminated, ultimately becoming life

threatening.”**

There are many drugs that can be used to combat all systemic and superficial fungal
infections in humans. Management of fungal infections includes oral or topical
antibiotics and/or antifungal creams or similar medications. Various effective antifungal
agents available include polyenes, azoles, allylamines, flucytosine, morpholines,
griseofulvin, hydroxyl-stibamine, triphenylmethanes, iodides and imidazole classes of
drugs.?>#® Among them, polyene antibiotics are the most widely used in clinical
practice because of their broad spectrum antifungal activity. Amphotericin B (Amp B)
is the drug of choice against systemic infections including candidiasis, aspergillosis or
histoplasmosis and pulmonary aspergillosis. The drug is accumulated in phagocytic
cells and enhances the antifungal activity of macrophages and PMNs. The major side
effects associated with Amp B are its dose-dependent toxicity to the host, particularly in
kidneys. Other side effect of Amp B includes fever to severe haemolytic anaemia,
headache, chills, hypotension, thrombophlebitis, dyspnoea, nausea and acute nephritis,

limiting its complete exploitation as a suitable therapeutic measure.?’

Chemical analogues of Amp B have been prepared to improve the biodistribution and
reduce the toxic side effects, but have not led to the success anticipated. Therefore,
different drug delivery systems have been demonstrated to deliver Amp B while
eliminating its toxic side reactions as well as increasing its therapeutic index. The use of
the liposomes, lipid complexes and colloidal dispersions as vehicles for Amp B has
been demonstrated against a broad range of fungal diseases, such as candidiasis,
histoplasmosis and cryptococcosis, allowing the selective administration of Amp B to
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phagocytes with higher doses to achieve a sustained drug distribution and systemic

trafficking to the sites of active disease, reducing the potential nephrotoxicity of Amp B.
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Figure 1.14: Schematic illustration of Amp B conjugated arabinogalactan.?2%#%

Apart from Amp B delivery, chitosan-tailored cubic nanoparticles were developed by
thin film hydration method with Pluronic F127 to deliver clotrimazole antifungal agents
to improve the mucoadhesion properties.*° The concentration of chitosan influences the
particle size and mucin binding of cubic nanoparticles while Pluronic F127 only
responsible the mucin binding. The optimum concentration of the polymer mixture in
the cubic nanoparticles loaded with clotrimazole showed significantly higher antifungal
activity than conventional clotrimazole suspension against C. albicans.?*® Low-methoxy
amidated pectin (LMAP) and carboxymethylcellulose based formulation was prepared
to obtain prolonged residence and controlled release of econazole nitrate against C.
albicans and C. krusei.”®* Saraf and his group reported cellulose based mucoadhesive
gel of novel ternary mixture of miconazole nitrate with efficient killing of C albicans,

Cryptococcus neoformans and Sporothrix schenckii.?*?
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1.7 PhD program synopsis
1.7.1 Significance of the project

Protein-carbohydrate interactions are wide spread in living systems and critical in many
biological processes including immune response, cellular recognition, and infection.
Glyco-ligands targeting proteins have vital role for diseases diagnosis, treatment, and
prevention, however the major disadvantage is the low-affinity of interactions between
the biomolecules and carbohydrates. The binding strength may be improved by
exploiting multivalency such as multivalent glycoligands bind simultaneously to the
proteins of interest. By coupling many monomeric ligands or drugs onto appropriate
scaffolds such as polymers can create multivalent systems to enhance the activity and
stability and lowered toxicity. Therefore, the natural cationic polysaccharide chitosan
was selected to conjugate specific carbohydrate sequences on their backbones to target
macrophages. Moreover, a variety of liposomal formulation with multivalent targeting
ligands was considered as potential therapeutic carrier to macrophages.

It is well known that mannose receptors that are used for phagocytosis and endocytosis
of antigens are predominantly expressed on antigen presenting cells (APCs) such as

macrophages and dendritic cells.?*®

Macrophages are a promising target for
carbohydrate-based therapeutics as they express carbohydrate binding receptors which
internalize bound material via receptor-mediated endocytosis.'”®* Mannose can also
recognize the cell-surface mannose receptors by specific ligand-receptor interactions
such as macrophage mannose receptor (MMR; CD206) bind oligosaccharides
containing terminal mannose residues on infectious agents and transport them into
endocytotic pathways. For selective drug delivery to infected cells, we target the MMR
of macrophages for a higher affinity of simple mannoside than the corresponding
glucosides. We also modify mannoside at the anomeric and C-6 positions with various

moieties to furnish a diverse suite of compounds that will be tested against MMR.

On the other hand, macrophage galactose-type lectin (MGL) is expressed at high levels
by activated macrophages under inflammatory conditions. Therefore, to develop the
GNPs, different target ligands such as mannose and galactose were grafted onto the
chitosan main chain to enhance the internalization of the therapeutics. It was the

objective to maintain the particle size of the prepared GNPs in the range of 100-200 nm
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to obtain better cellular uptake. Finally, amikacin as therapeutic agent was encapsulated
into the synthesized GNPs with various loading contents to find the in vitro efficacy of

the encapsulated drug.
1.7.2 Aims and objectives of the program:

The aim of this program is to design and develop antibiotic encapsulated
glyconanoparticles and glyco-coated liposomes for active targeting of macrophages to
treat a range of infectious diseases. In order to accomplish this, a series of the following
aims to synthesize and testing of the nanoparticles and liposomal delivery systems has
been chosen.

Aim 1: Synthesis of glycolipids and study of their potential biological activity against
macrophages (Chapter 2 and 4)

Objective 1: It has been hypothesized that the chain length of the glycolipid analogue is
important for the physicochemical properties and adjuvant activity upon incorporation
into DDAB liposomes. The direct synthesis of 6-fatty acyl and amido mannosides with
varying lipid lengths were synthesized to determine the optimal chain length to balance
maximal affinity and minimal activation. We have targeted benzyl mannoside
derivatives as the aromatic ring is expected to mimic the hydrophobic face of inositol of
phosphatidylinositol mannoside (PIM). The cellular toxicity and secretion of pro-
inflammatory cytokines of the synthesized glycolipids were determined to explore their
possible capabilities to activate macrophages (Chapter 2).

We also synthesized the allyl mannoside derivatives to conjugate the mannose precursor
onto the chitosan backbone. To compare stability with analogous of fatty ester
derivatives in the cellular environment, 6-fatty acyl and amido mannoside with varying

lipid lengths were synthesized (Chapter 4).

Aim 2: Antibiotic loaded glyco-coated liposomal formulation for active targeting of

macrophages and their killing efficiency of intracellular bacteria (Chapter 3)

Objective 2: It has also been hypothesized that the poor intracellular penetration of
standard amikacin or DSA solutions could be overcome through introducing a targeted

delivery system based on a glyco-coated liposomal carrier as an efficient “Trojan
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horse”. Antibiotic loaded (amikacin and DSA) cationic dimethyldioctadecylammonium
bromide (DDAB) with fatty acyl and fatty amido a-D-benzylmannoside liposomes were
prepared by the thin film hydration method and characterized via DLS (Chapter 3). The
efficiency of the drug loaded liposomes was tested against S. aureus infected

macrophages.

Aim 3: Synthesis and characterization of carbohydrate modified polysaccharides
derivatives and preparation and characterization of antibiotic loaded glyconanoparticles
(GNPs) (Chapter 4)

Objective 3: A reductive amination reaction (N-alkylation) has been performed to
exploit the aldehyde group of lactose and the amino group of the glucosamine residues
of chitosan to obtain a highly soluble engineered chitosan molecule. The mannose
precursors were grafted to the chitosan backbone using carbodiimide chemistry and
characterized via 'H-NMR and FT-IR spectroscopy. Finally, the GNPs have been
prepared by self-assembling of the modified chitosan where the long lipid chain from
glycolipids assembled into the core of the micelles in aqueous environment. Average
particle size, polydispersity index (PDI), and critical micelles concentration of the GNPs
were determined by the laser diffraction method (DLS). Further, a fluorescence

molecule will be attached to the GNPs to trace the cellular uptake of prepared GNPs.

Aim 4: Therapeutic efficiency and in vitro activity of the drug loaded GNPs (Chapter
4)

Objective 4: Finally, it was hypothesized that the surface functionalization of prepared
GNPs with multivalent lectin binding sugar molecules including mannose, galactose
and glycolipids combined with the advantageous properties of GNPs would improve the
potential interaction to specific receptors of macrophages. This would control the
targeted release of drug at the site of infection as well as improve the stability, rigidity,
solubility and pharmacokinetic profile of the GNPs. The loading efficiency (LE) and
encapsulation efficacy (EE) of the antibiotic-loaded GNPs were determined using UV-
Vvis spectroscopy. The in vitro release profiles of antibiotic from the GNPs were studied

at 37°C at pH 5.5 and pH 7.4 to mimic the endosomal and body fluid environment,
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respectively. Then the percentage of cumulative amount of released drug was

determined by a standard calibration curve.

The U937 (human myelomonocytic leukemia cell line) and RAW 264.7 (a mouse
macrophage-like cell line) were used to evaluate the cytotoxicity and macrophage
uptake potential of prepared GNPs. The macrophage activation against the prepared
GNPs was also determined from the secreted proinflammatory cytokines. Finally,
antibacterial activity of drug loaded GNPs were evaluated against S. aureus infected
macrophages as model biological system to explore the GNPs as efficient drug vehicle.

47



Chapter 2



STATEMENT OF CONTRIBUTION TO CO-AUTHORED PUBLISHED PAPER

Mosaiab T, Boiteux S, Zulfiker AHM, Wei MQ, Kiefel MJ, Houston TA (2018).

A Simple Glycolipid Mimic of the Phosphatidylinositol Mannoside Core from

Mycobacterium tuberculosis Inhibits Macrophage Cytokine Production.

Published in ChemBioChem, 2018, DOI: 10.1002/cbic.201800150.

Publication link: https://onlinelibrary.wiley.com/doi/abs/10.1002/cbic.201800150

This chapter includes a co-authored paper. The bibliographic details (published)/status
of the co-authored paper, including all authors, are: Tamim Mosaiab, Sandra Boiteux,
Abu Hasanat Md Zulfiker, Ming Q. Wei, Milton J. Kiefel, and Todd A. Houston.

My contribution to the paper involved:

Compounds synthesis, purification and characterization. Experimental design and
implementation. Data collection and analysis. Preparation of manuscript and then edited
and truncated by my supervisors to develop the final copy of the published journal

article.

(Signed) G\i\m%ﬁ/\’/ (Date) 9 / ”/ Lot

Tamim Mosaiab 4
/ f )

- [ {17912 7y 13
(Countersigned) e (Date) AR
Corresponding author of pape;‘r: Dr. Todd A. Houston

Tt i)
(Countersigned) / - /4471 ? (Date) Cf / f }?
Supervisor: Dr. Milton J.

Kiefel
(Countersigned) / \/[ﬁ< G?t\"i) (Date) q / ‘ \ J} lS

Supervisor: Dr. Todd A. Houston

49



JOHN WILEY AND SONS LICENSE
TERMS AND CONDITIONS

Jun 22, 2018

This Agreement between Griffith University -- Tamim Mosaiab ("You") and John Wiley and Sons
("John Wiley and Sons") consists of your license details and the terms and conditions provided by
John Wiley and Sons and Copyright Clearance Center.

License Number
License date

Licensed Content
Publisher

Licensed Content
Publication

Licensed Content
Title

Licensed Content
Date

Licensed Content
Pages

Type of use
Requestor type
Format

Portion

Will you be
translating?

Title of your thesis /
dissertation

Expected completion
date

Expected size
(number of pages)

Requestor Location

Publisher Tax ID

4374081172272
Jun 22, 2018

John Wiley and Sons

ChemBioChem

A Simple Glycolipid Mimic of the Phosphatidylinositol Mannoside
Core from Mycobacterium tuberculosis Inhibits Macrophage
Cytokine Production

Jun 6, 2018

1

Dissertation/Thesis

Author of this Wiley article
Print and electronic

Full article

No

Glyconanoparticles for targeting macrophages to deliver
thereapeutic agents

August 2018

250

Griffith University
G26, Parkland Drive

Southport, Queensland 4217
Australia
Attn: Griffith University

EU826007151

50



Total 0.00 USD
Terms and Conditions
TERMS AND CONDITIONS

This copyrighted material is owned by or exclusively licensed to John Wiley & Sons, Inc.
or one of its group companies (each a"Wiley Company") or handled on behalf of a society
with which a Wiley Company has exclusive publishing rights in relation to a particular
work (collectively "WILEY™"). By clicking "accept™ in connection with completing this
licensing transaction, you agree that the following terms and conditions apply to this
transaction (along with the billing and payment terms and conditions established by the
Copyright Clearance Center Inc., ("CCC's Billing and Payment terms and conditions™), at
the time that you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

e The materials you have requested permission to reproduce or reuse (the "Wiley Materials")
are protected by copyright.

e You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-alone
basis), non-transferable, worldwide, limited license to reproduce the Wiley Materials for
the purpose specified in the licensing process. This license, and any CONTENT (PDF or
image file) purchased as part of your order, is for a one-time use only and limited to any
maximum distribution number specified in the license. The first instance of republication or
reuse granted by this license must be completed within two years of the date of the grant of
this license (although copies prepared before the end date may be distributed thereafter).
The Wiley Materials shall not be used in any other manner or for any other purpose,
beyond what is granted in the license. Permission is granted subject to an appropriate
acknowledgement given to the author, title of the material/book/journal and the publisher.
You shall also duplicate the copyright notice that appears in the Wiley publication in your
use of the Wiley Material. Permission is also granted on the understanding that nowhere in
the text is a previously published source acknowledged for all or part of this Wiley
Material. Any third party content is expressly excluded from this permission.

o With respect to the Wiley Materials, all rights are reserved. Except as expressly granted by
the terms of the license, no part of the Wiley Materials may be copied, modified, adapted
(except for minor reformatting required by the new Publication), translated, reproduced,
transferred or distributed, in any form or by any means, and no derivative works may be
made based on the Wiley Materials without the prior permission of the respective copyright
owner.For STM Signatory Publishers clearing permission under the terms of the STM
Permissions Guidelines only, the terms of the license are extended to include
subsequent editions and for editions in other languages, provided such editions are for
the work as a whole in situ and does not involve the separate exploitation of the
permitted figures or extracts, You may not alter, remove or suppress in any manner any
copyright, trademark or other notices displayed by the Wiley Materials. You may not
license, rent, sell, loan, lease, pledge, offer as security, transfer or assign the Wiley
Materials on a stand-alone basis, or any of the rights granted to you hereunder to any other
person.

51


http://myaccount.copyright.com/
http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/
http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or their
respective licensors, and your interest therein is only that of having possession of and the
right to reproduce the Wiley Materials pursuant to Section 2 herein during the continuance
of this Agreement. You agree that you own no right, title or interest in or to the Wiley
Materials or any of the intellectual property rights therein. You shall have no rights
hereunder other than the license as provided for above in Section 2. No right, license or
interest to any trademark, trade name, service mark or other branding ("Marks") of WILEY
or its licensors is granted hereunder, and you agree that you shall not assert any such right,
license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY, EXPRESS,
IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS OR THE
ACCURACY OF ANY INFORMATION CONTAINED IN THE MATERIALS,
INCLUDING, WITHOUT LIMITATION, ANY IMPLIED WARRANTY OF
MERCHANTABILITY, ACCURACY, SATISFACTORY QUALITY, FITNESS FOR A
PARTICULAR PURPOSE, USABILITY, INTEGRATION OR NON-INFRINGEMENT
AND ALL SUCH WARRANTIES ARE HEREBY EXCLUDED BY WILEY AND ITS
LICENSORS AND WAIVED BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of this
Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their respective
directors, officers, agents and employees, from and against any actual or threatened claims,
demands, causes of action or proceedings arising from any breach of this Agreement by
you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR ANY
OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY SPECIAL,
CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR PUNITIVE
DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN CONNECTION WITH
THE DOWNLOADING, PROVISIONING, VIEWING OR USE OF THE MATERIALS
REGARDLESS OF THE FORM OF ACTION, WHETHER FOR BREACH OF
CONTRACT, BREACH OF WARRANTY, TORT, NEGLIGENCE, INFRINGEMENT
OR OTHERWISE (INCLUDING, WITHOUT LIMITATION, DAMAGES BASED ON
LOSS OF PROFITS, DATA, FILES, USE, BUSINESS OPPORTUNITY OR CLAIMS OF
THIRD PARTIES), AND WHETHER OR NOT THE PARTY HAS BEEN ADVISED OF
THE POSSIBILITY OF SUCH DAMAGES. THIS LIMITATION SHALL APPLY
NOTWITHSTANDING ANY FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED
REMEDY PROVIDED HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction to be
illegal, invalid, or unenforceable, that provision shall be deemed amended to achieve as
nearly as possible the same economic effect as the original provision, and the legality,
validity and enforceability of the remaining provisions of this Agreement shall not be
affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition of
this Agreement. No breach under this agreement shall be deemed waived or excused by
either party unless such waiver or consent is in writing signed by the party granting such

52



waiver or consent. The waiver by or consent of a party to a breach of any provision of this
Agreement shall not operate or be construed as a waiver of or consent to any other or
subsequent breach by such other party.

This Agreement may not be assigned (including by operation of law or otherwise) by you
without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days from
receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and conditions
(which are incorporated herein) form the entire agreement between you and WILEY
concerning this licensing transaction and (in the absence of fraud) supersedes all prior
agreements and representations of the parties, oral or written. This Agreement may not be
amended except in writing signed by both parties. This Agreement shall be binding upon
and inure to the benefit of the parties' successors, legal representatives, and authorized
assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions, these
terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i) the
license details provided by you and accepted in the course of this licensing transaction, (ii)
these terms and conditions and (iii) CCC's Billing and Payment terms and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor Type
was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of the
State of New York, USA, without regards to such state's conflict of law rules. Any legal
action, suit or proceeding arising out of or relating to these Terms and Conditions or the
breach thereof shall be instituted in a court of competent jurisdiction in New York County
in the State of New York in the United States of America and each party hereby consents
and submits to the personal jurisdiction of such court, waives any objection to venue in
such court and consents to service of process by registered or certified mail, return receipt
requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY)
License only, the subscription journals and a few of the Open Access Journals offer a
choice of Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License

The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and

transmit an article, adapt the article and make commercial use of the article. The CC-BY

53


http://creativecommons.org/licenses/by/3.0/

license permits commercial and non-
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,

distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "*for-profit' organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.

54


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc-nd/3.0/
http://olabout.wiley.com/WileyCDA/Section/id-410895.html
mailto:customercare@copyright.com

\\;* ChemPubSoc
RSy Europe

DOI: 10.1002/cbic.201800150

CHEMBIOCHEM
Communications

A Simple Glycolipid Mimic of the Phosphatidylinositol
Mannoside Core from Mycobacterium tuberculosis Inhibits
Macrophage Cytokine Production

Tamim Mosaiab,” Sandra Boiteux,”’ Abu Hasanat Md Zulfiker, 9 Ming Q. Wei,"

Milton J. Kiefel,*® and Todd A. Houston*®

Glycolipids from Mycobacterium tuberculosis have a profound
impact on the innate immune response of the host. Macro-
phage-inducible C-type lectin (Mincle) is a pattern-recognition
receptor that has been shown to bind trehalose dimycolate
(TDM) from the mycobacterium and instigate intracellular sig-
nalling in the immune cell. There are structural similarities be-
tween the structures of TDM and phosphatidyl inositol manno-
side {PIM). We thus hypothesized that these latter structures
might also modulate an immune response in a similar manner.
To test this, we synthesized a series of new mannose deriva-
tives modified with fatty esters at the 6-position and assessed
the release of inflammatory cytokines in human U937 macro-
phages under the induction of lipopolysaccharides (LPS) after
glycolipid treatment. The results showed that the amount of
two major cytokines—tumour necrosis factor (TNF)-a and in-
terleukin (IL)-6—released from LPS-stimulated U937 cells de-
creased significantly when compared to a control upon treat-
ment with the prepared glycolipids, thus indicating a reduction
in cytokine production by the macrophages.

Introduction

Glycolipids from Mycobacterium tuberculosis {(MTB) have a pro-
found impact on the immune response of a human host, al-
lowing the microorganism to survive intracellularly upon cap-
ture by macrophages. An important core structure common to
several complex glycolipids is the phosphatidylinositol manno-
side (PIM; Scheme 1). Importantly, it contains a mannose at the
2-position of inositol, a position that is unsubstituted in
human phosphatidylinositol (PI) species. It is likely that such
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Scheme 1. Structural similarity between the core structures of trehalose di-
mycolate (TDM) and phosphatidylinositel mannecside (PIM} frem Mycobac-
teria and phospholipomannan (PLM) from Candida (note: PLM contains a
phosphodiester in place of the ester at the C6 position of mannose in PIM).

substitution would identify it as “non-self” to pattern-recogni-
tion receptors (PPRs) of the innate immune system. A second
mannose is added to the 6-position of inositol, and this PIM2
core can be further decorated with additional mannose (PIM3-
PIM6).""! This core is also the starting point for the biosynthesis
of the large polysaccharide derivatives, the lipoarabinomann-
ans (LAMs).2 Both PIMs and LAMs contain additional lipid
modifications at various positions, including the 6-position of
the mannose attached directly to the Pl anchor.

These two families possess different immunomodulatory ac-
tivity; whereas PIM facilitates early endosome-phagosome
fusion, LAM inhibits the phagosome’s maturation and late en-
dosome-lysosome fusion.” This is in one sense a holding pat-
tern that might allow access to nutrients during MTB latency
while avoiding lysosome destruction. LAM from MTB also plays
a role in intracellular survival by promoting phosphorylation of
the proapoptotic protein Bad from the Bcl-2 family.* Based on
the diverse structural features and varied immune modulation
profiles of these glycolipids, it is certain that they interact with
multiple targets. For example, the mannose trisaccharide caps
found on LAM from pathogenic mycobacteria bind the lectin
DC-SIGN and dampen IL-12 production in macrophages
through a TLR2-dependent (TLR=toll-like receptor) mecha-
nism.”! To investigate the role of the PIM core on macrophage
cytokine production, we have created a simple monosacchar-
ide mimic of this structure {Scheme 2).

One PRR that might bind the PIM core is macrophage-indu-
cible C-type lectin (Mincle), an important element of the innate
immune response to both mycobacterial and fungal infec-
tions.® It was initially discovered to play a role in identifying
damaged or dead cells by responding to spliceosome-associat-
ed protein 130.” Several carbohydrate ligands have been iden-
tified—trehalose dimycolate (TDM) from mycobacteria® and
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Scheme 2. Fatty acylated mannose derivatives as mimics of the PIM struc-
ture.

glycolipids from Malessezia pachydermatis[9]—and undoubted-
ly many more will be discovered for this critical component of
immune surveillance. We have noted the close structural simi-
larity between TDM and both phosphatidylinositol mannosides
(PIMs)" from mycobacteria and phospholipomannan (PLM)"""
from Candida albicans, and believe that this motif (2-mannosy-
linositol) is likely to be recognized by Mincle. As inositol modi-
fied at the 2-position has not been identified in mammalian
cell-surface components, it is reasonable to assume that
Mincle, as a pattern-recognition receptor scouting for patho-
gen-associated molecular patterns, might have evolved to
identify this motif in macrophage-resident microorganisms
such as M. tuberculosis and C. albicans. In fact, Lee and col-
leagues have shown that Mincle has a higher affinity for
simple mannosides than for the corresponding glucosides."”
Thus, it is possible that TDM might not be the only cell-surface
glycoconjugate on mycobacteria recognized by this lectin, es-
pecially as M. tuberculosis is replete with mannose conjugates
on its exterior. The structures of trehalose and 2-mannosylated
inositol are quite similar (Scheme 1), particularly along the
sides of both rings opposite the lipid anchors of TDM and PIM/
PLM. It is important to note that these structures have identical
stereochemistry in eight out of nine contiguous stereocentres
as highlighted by the red oxygen atoms in Scheme 1. The dif-
ference between PIM and PLM occurs at the Cé6-position of
mannose where some PIM derivatives contain fatty esters and
PLM extends a large oligosaccharide (mannan).

We are interested in novel methods of drug delivery to treat
macrophage infections"? and are seeking to identify targeting
ligands for this purpose. As Mincle appears to be up-regulated
in response to these infections, it could be a target for selec-
tive drug delivery to infected cells. Ideally, we require a Mincle
ligand that binds the lectin with some avidity but does not
activate an inflammatory response in uninfected macrophages.
It is important to note that the dimeric structure of TDM is im-
portant to both Mincle affinity and its subsequent activation,
and glucose monoesters do not activate the Mincle signalling
cascade.”® Herein, we report the direct synthesis of 6-acyl and
6-amido mannosides with various lipid lengths in order to de-
termine the optimal chain length to balance maximal affinity
and minimal activation. Ainge, et al., have reported evidence
showing that inositol is responsible for TLR agonist activity,"'%
whereas more complex, natural PIM; structures negatively reg-
ulate TLR-4."%! Thus, we targeted benzyl mannoside deriva-
tives, as the aromatic ring is expected to mimic the hydropho-
bic face of inositol that contains three axial hydrogens

ChemBioChem 2018, 19, 1476 - 1481 www.chembiochem.org

1477

CHEMBIOCHEM
Communications

(Scheme 2). In addition, inositol groups often bind aromatic
groups on proteins or synthetic receptors,"® and the benzyl
group might also have m-cation interactions with cationic side
chains. Moreover, mannose and its derivatives are widely used
to target the macrophage mannose receptor (MMR), a pattern-
recognition receptor that is involved in host defence, innate
immunity, triggering cytokine production, and modulating cell
surface receptors.

Results and Discussion

Several methods are available for the selective introduction of
an ester linkage at the C6 primary hydroxy group of a hexopyr-
anoside."” Previously, we have investigated esterification
under Mitsunobu activation to facilitate similar transforma-
tions."® However, alkanoic acids tend to be less reactive part-
ners than aryl carboxylic acids in these reactions. Yamamoto
and co-workers have shown that the C6 primary alcohol of
hexopyranosides can be selectively esterified by using 2,4,6-tri-
methylpyridine activation of acid chlorides."” 2,6-Dimethylpyri-
dine also contains methyl substituents on the carbons adjacent
to the pyridine nitrogen. The pyridinium intermediate shown
in Scheme 3 is more reactive toward primary than toward sec-
ondary alcohols due to steric shielding of the carbonyl carbon
by the ortho-type methyl groups on trimethylpyridine. We
chose to compare 2,4,6-trimethylpyridine and 2,6-dimethylpyri-
dine for selective esterification of benzyl a-p-mannoside (1;
Scheme 3).

o]
e} R
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HHO o JL o OH
(o] R Cl HO 0
HO _—
O\/© N "o \/©
=
Y l 2
1 2 LBM: R = CqqHps

3 MBM: R = Cy3Hyy
4: PBM: R = Cy5Hay
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cd
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Scheme 3. Synthesis of Cé-esterified benzyl a-p-mannosides. a) 1, corre-
sponding fatty acid chloride, 2,6-dimethylpyridine, 0°C, 3 h, RT, 1 h.

Progenitor 1 synthesized, according to Zunk's
method,"® in 98% yield. Selective esterification of this mono-
saccharide was attempted with a range of fatty acid chlorides
and either 2,4,6-trimethylpyridine or 2,6-dimethylpyridine as
promoter. 2,6-Dimethylpyridine required higher temperatures
than 2,4,6-trimethylpyridine (—40 vs. 0-20°C, respectively) and
led to small amounts of diesters being formed. However, these
undesired compounds were easily removed by flash column
chromatography. The higher reaction temperature used with
2,6-dimethylpyridine allowed conversion to the desired mono-
esters in a shorter time frame and thus was the preferred
method. Four novel compounds—benzyl 6-lauroyl-¢:-p-manno-

was
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Scheme 4. Synthesis of 8 from 1. a) p-TsCl, pyridine, 0°C, 12 h; b) NaN;, DMF, 100 °C, 24 h; c) Zn/NH,Cl, methanol/water (9:1), RT, 1 h; d) Palmitoy! chloride,

pyridine, 0°C, 12 h; e) Na, MeOH, RT, 24 h.

side (LBM, 2), benzyl 6-myristoyl-a-p-mannoside (MBM, 3),
benzyl 6-palmitoyl-a-p-mannoside (PBM, 4), benzyl 6-stearoyl-
o-b-mannoside (SBM, 5)—were synthesized by this protocol in
reasonable yields (65-75 %). Of particular note is compound 4,
which is derived from palmitoyl chloride, as its lipid matches
the chain length common in some PIM structures."”

Because these esters might be subject to cleavage by lipas-
es, we synthesized an amide derivative as a control. To synthe-
size benzyl palmitoylamido-a-p-mannoside (PABM, 8), benzyl
6-azido-6-deoxy-a-b-mannoside (6) was obtained by following
the published protocol of Wang and co-workers, omitting the
acetylation/deacetylation sequence (Scheme 4)."? The azido
group was reduced to amino (compound 7) by using zinc and
ammonium chloride under mild conditions.”® This primary
amine was then treated with palmitoyl chloride to give PABM
with small amounts of acylation at the C3 and C4 positions
(confirmed by NMR spectroscopy, data not shown). Deacylation
of the esters by using sodium in methanol provided pure
PABM.

Having successfully prepared the acyl and amido benzyl a-
p-mannosides, the toxicity of these compounds was investigat-
ed against human U937 macrophages at different concentra-
tions by MTT assay, so as to allow nonspecific cellular toxicity
to be excluded as a credible explanation for any altered cyto-
kine output. As shown in Figure 1, the glycolipids displayed
little cytotoxicity on the differentiated U937 cells at concentra-
tions up to 40 um. These results show that the mannosides are
relatively nontoxic, even at fairly high concentrations, and are
thus suitable for interrogating macrophage cytokine output.

120 A

100

60 -

Cell viability / %

40 -

20

MBM PBM SBM PABM

Figure 1. Effects of glycolipids on U937 cell viability. A MTT assay was per-
formed to detect any in vitro cytotoxic effects of MBM, PBM, SBM, and
PABM against U937 cells after 24 h of incubation. Cells were treated with 0
(m, i.e., DMSO), 5, (m), 10 (m), 20 (m), 40 (m), or 80 um (m) of corresponding
glycolipids, and results were expressed as mean = s.d. (n=6) of three inde-
pendent experiments.
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Macrophages play a critical role in the initiation, mainte-
nance, and resolution of inflammation. Stimulated by bacterial
endotoxins, such as lipopolysaccharide (LPS), macrophages can
secrete large amounts of inflammatory cytokines, such as TNF-
a and IL-6, and these inflammatory cytokines further activate
macrophages, thus creating a vicious feedback cycle increasing
the inflammatory response.?” To explore the abilities of our
glycolipids to interact with macrophages, we determined the
proinflammatory cytokine (TNF-a and IL-6) secretion after incu-
bation with the glycolipids by ELISA. Interestingly, all the glyco-
lipids significantly inhibited cytokine production compared to
a control in a dose-dependent manner in LPS-primed macro-
phages; this inhibition was greater for compounds with longer
lipid chains (C,¢/C,g). For instance, the secretions of IL-6 and
TNF-a were significantly lower at higher concentration (20 um)
of PBM compared to those in untreated macrophages (Fig-
ure 2 A). Similar results were observed with SBM, which has an
extended steroyl group at the 6-OH position of the mannose
(Figure 2B). The levels of TNF-a were not significantly altered
by treatment with PBM and SBM in the cells not treated with
LPS. To explore the variation of cytokine production by the
amide-linked chain at the 6-OH position of mannose, PABM
was tested in a similar manner. Upon treatment with PABM,
both IL-6 and TNF-a secretions decreased in the LPS-treated
cells (Figure 2C). However, the amount of IL-6 was enhanced
with 40 um of PABM; this is the opposite to what was ob-
served with the related ester PBM.

Macrophage phagocytosis of virulent MTB involves MMR,
and our results are consistent with previously published results
showing that simple mannose can inhibit the secretion of
proinflammatory cytokines by upregulated expression of
MMR.?? The MMR inhibitor mannan (1 mgmL™") was used to
block mannose receptors by treating the differentiated U937
macrophages with it for 1 h. The cells were then treated with
the synthesized glycolipids to determine the cytokine produc-
tion after 24 h at a fixed concentration (20 pm). We still ob-
served significant inhibition of IL-6 and TNF-a secretion in LPS-
treated cells (Figure 3A and B); however, there was no consid-
erable amount of cytokines secreted from the LPS-untreated
cells. This indicates that these glycolipids exert their anti-in-
flammatory potential through receptors other that the MMR.

Conclusion

We have successfully synthesized novel mannose derivatives
and tested whether they affect the secretion of pro-inflamma-
tory cytokines in human macrophages. The results showed sig-
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Figure 2. Production of proinflammatory (IL-6 and TNF-a) cytokines after LPS-treated (10 nm) and untreated U937 cells had been treated with DMSO (m), or
10 (m), 20 (=), or 40 um (m) A) PBM, B) SBM or C) PABM for 24 h. The supernatants were analysed for IL-6 (centre) and TNF-a (right) production by ELISA. For
all graphs, the means + s.d. of triplicate samples from representative experiments performed in duplicate are shown. ¥p < 0.05, ¥*p <0.01, ¥**p < 0.001 vs.

blank control group.
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Figure 3. Following treatment with 1 mgmL~" mannan for 1 h (m), LPS-treat-
ed (10 nm) and untreated cells were incubated for 24 h with 20 um of MBM
(m), PBM (=), SBM (m), or PABM (m). The supernatants were analysed for A) IL-
6 and B) TNF-a. production by ELISA. For all graphs, the means -+ s.d. of tripli-
cate samples from representative experiment performed in duplicate are
shown. *p < 0.05, **p < 0.01, ***p < 0.001 vs. blank control group.

nificant reduction in cytokine production in LPS-stimulated
macrophages. Our mannose derivatives follow the same trend
of activity as monoacylated trehalose derivatives, for which
decreasing affinity to Mincle based on fatty ester lipid chain
length has been observed.” Further work is necessary to
verify the immune cell target(s) of the compounds presented
here. These derivatives could be used in liposome preparations
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or as components in nanoparticle drug-delivery systems for
the treatment of macrophage-resident infections. In addition,
one report suggests that compounds of this type (e.g., the
methyl mannoside analogous to 2) might have antimicrobial
activity as well.2¥

Experimental Section
Preparation of acylated benzyl a-p-mannopyranosides

General procedure: A solution of benzyl a-p-mannoside (0.2 g,
0.75 mmol) in 2,6-dimethylpyridine (5 mL, 43.2 mmol) at 0°C was
prepared under nitrogen, and a solution of the desired fatty acid
chloride (~1.0 mmol) in CH,Cl, (3 mL) was added dropwise. The
resulting mixture was stirred vigorously at that temperature for
3 h, then at room temperature (20°C) for 1 h. The reaction was
monitored by TLC, which was visualized by UV fluorescence and
by charring plates with 5% H,SO, in ethanol. Afterwards, methanol
(2 mL) was poured into the suspension, and the mixture was con-
centrated under reduced pressure. The solid residue was purified
by column chromatography on silica gel (CH,Cl,/MeOH 10:1) to
yield the desired fatty acylated benzyl o-p-mannoside (= 65-70 %)
as a colourless oil.

Benzyl 6-lauroyl-a-p-mannopyranoside (LBM, 2): Mannopyrano-
side 2 was obtained from benzyl a-p-mannopyranoside in 70%
yield. "H NMR (400 MHz, CDCL,): 6=0.81 (t, J=6.9 Hz, 3H; RCH;),
1.13-1.24 (m, 16 H; RCH,R), 1.54-1.61 (m, 2H; RCH,R), 2.31-2.35 (m,
2H; -COCH,R), 3.51 (t, J=9.6 Hz, 1H; H-4), 3.66-3.70 (m, 1H; H-5),
3.83 (dd, /=93, 3.4 Hz, 1H; H-3), 3.93 (d, /=1.9 Hz, 1H; H-2), 4.07
(dd, J=123, 2.2 Hz, 1H; H-6a), 446 (d, J=11.9 Hz, 1H; -OCH,Ph),
454 (dd, /=123, 40Hz, 1H; H-6b), 464 (d, J=119Hz, 1H;
-OCH,Ph), 4.88 (d, J=1.1 Hz, 1H; H-1), 7.24-7.29 ppm (m, 5H; Ar-
H); C NMR (CDCL,): 6 =14.13 (RCH,), 22.69 (RCH,R), 24.77 (RCH,R),
24.96 (RCH,R), 29.18 (RCH,R), 29.31 (RCH,R), 29.35 (RCH,R), 29.49
(RCH,R), 2962 (RCH,R), 29.63 (RCH,R), 31.92 (RCH,R), 34.24
(-COCH,R), 63.53 (C6), 67.72 (C4), 69.9 (OCH,Ph), 70.54 (C2), 70.72
(C5), 71.44 (C3), 99.01 (C1), 128.02, 2x128.05, 2x128.52 (Ar-H),

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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136.93 (ipso-Ar), 175.0 ppm {(-COCH,R); ES-MS: m/z 475.3 [M+Na]*,
HRMS (ESI): m/z calcd for [CuHaO,+Nal™: 475.2666; found:
475.2676.

Benzyl 6-myristoyl-c-p-mannopyranoside (MBM, 3): Mannopyra-
noside 3 was obtained from benzyl-c-p-mannopyranoside in 72%
yield. '"H NMR (400 MHz, CDCl,): 6 =09 (t, J—6.8 Hz, 3H; RCH,),
1.27-1.31 (m, 20H; RCH,R), 1.67 (dt, /=14.8, 74 Hz, 2H; RCH,R),
2.34-2.46 (m, 2H; -COCH,R), 361 (t, J=9.6 Hz, 1H; H-4), 3.75-3.79
(m, 1H: H-5), 3.92 (dd, J=9.3, 3.4 Hz, 1H: H-3), 4.02 (dd, J=3.3,
1.4 Hz, 1H: H-2), 4.17 (dd, J=12.3, 2.2 Hz, 1H: H-6a), 4.55 (d, J—
11.9 Hz, 1H; -OCH,Ph), 4.62 (dd, J=12.3, 4.0 Hz, 1H; H-6b), 4.73 (d,
J=11.9 Hz, 1H; -OCH,Ph), 4.97 (s, 1H; H-1), 7.31-7.40 ppm (m, 5H;
Ar-H); P"CNMR (CDCl): 6=14.13 (RCH.), 22.70 (RCH,R), 24.77
(RCH,R), 24.96 (RCH,R}, 29.13 (RCH,R), 29.20 (RCH,R), 29.33 (RCH,R),
29.37 (RCH,R), 29.51 (RCH,R), 29.67 (RCH,R), 29.68 (RCH,R), 29.71
(RCH;R), 31.94 (RCH,R), 34.25 (-COCH,R), 63.69 (C6), 67.75 (C4), 69.2
(OCH,Ph), 70.58 (C2), 70.72 (C5), 71.50 (C3), 98.99 (C1), 128.01, 2x
128.06, 2x128.52 (Ar-H), 136.93 {ipso-Ar), 174.87 ppm (-COCH,R);
ES-MS: m/z 5033 [M+Na]®, HRMS (ESI): m/z caled for
[C,;H40,+Na] *: 503.2979; found: 503.2985.

Benzyl 6-palmitoyl-benzyl-a-p-mannopyranoside (PBM, 4): Man-
nopyranoside 4 was obtained from a-p-benzylmannopyranoside in
68% yield. '"HNMR (400 MHz, CDCL): 6=09 (t, J=6.9 Hz, 3H;
RCH,), 1.27-1.31 {m, 20H; RCH,R), 1.67 (dt, J=12.3, 23 Hz, 2H;
RCH,R), 2.37-2.49 (m, 2H; -COCH,R), 3.60 (t, J=9.6Hz, 1H; H-4),
3.77 (ddd, J=9.8, 3.7, 23 Hz, 1H; H-3), 3.92 (dd, J=9.2, 3.1 Hz, 1H;
H-2), 4.02 (dd, J=34, 1.5Hz, 1H: H-5), 416 (dd, J=12.3, 2.3 Hz,
1H; H-6), 456 (d, J=11.9Hz, 1H; -OCH,Ph), 464 (dd, /=123,
3.9 Hz, 1H; H-6a), 4.73 (d, J=11.9 Hz, 1H; -OCH,Ph), 4.97 {d, J—
1.1 Hz, 1H; H-1), 7.31-7.40 ppm (m, 5H; Ar-H); '*C NMR (CDCL,):
0=14.14 (RCH,), 22.71 (RCH,R), 24.97 (RCH,R), 29.19 (RCH,R), 29.33
(RCH,R), 29.38 (RCH,R), 29.51 {(RCH,R), 29.66 (RCH,R), 29.68 (RCH,R),
29.72 (RCH.R), 31.94 (RCH.R), 34.25 (-COCH,R), 63.62 (C6), 67.74
(C4), 69.24 (OCH,Ph), 70.55 {(C2), 70.73 (C5), 71.46 {C3), 99.05 (C1),
128.02, 2x128.06, 2x128.52 (Ar-H), 136.93 {ipso-Ar), 174.93 ppm
(-COCH,R); ES-MS: m/z 531.1 [M+Na]™, HRMS (ESI): m/z calcd for
[ChoH4s0;4Na] 2 531.3292; found: 531.3302.

Benzyl 6-stearoyl-u-p-mannopyranoside (SBM, 5): Mannopyrano-
side 5 was obtained from benzyl o-p-mannopyranoside in 65%
yield. "H NMR (400 MHz, CDCl,):: 6=0.81 (t, J=6.6 Hz, 3H; RCH,),
1.17-1.18 (m, 28H; RCH,R), 1.53 {dd, /=14.0, 6.9 Hz, 2H; RCH,R),
2.27-2.31 (m, 2H; -COCH,R), 3.56 (t, J=9.4 Hz, 1H; H-4), 3.69-3.72
(m, 1H; H-5), 3.79 (d, J=— 7.1 Hz, 1H; H-3), 3.89 (s, TH; H-2), 4.19 (d,
J=116Hz, 1H; H-6a), 436 (d, J=5.5Hz, 1H; -OCH,Ph), 441 (d,
1H; J=11.7 Hz, 1H; H-6b), 462 (d, /=11.8 Hz, 1H; -OCH,Ph), 4.82
(s, TH; H-1), 7.21-7.28 ppm (m, 5H; Ar-H); "*C NMR {CDCl): 6 —
14.13 (RCH;), 22.71 (RCH,R}, 24.97 (RCH,R), 29.20 (RCH,R), 29.33
(RCH,R), 29.38 (RCH,R), 29.52 (RCH,R), 29.68 (RCH,R), 29.69 (RCH,R),
29.73 (RCH,R), 31.94 (RCH,R), 34.25 (-COCH,R), 63.63 (C6), 67.74
(C4), 69.23 (OCH,Ph), 70.56 (C2), 70.72 (C5), 71.47 (C3), 99.0 (C1),
128.01, 2x128.06, 2x128.52 (Ar-H), 136.93 (ipso-Ar), 174.91 ppm
(-COCH,R); ES-MS: m/z 559.4 [M+Na]™; HRMS (ESI): m/z calcd for
[Cs,H,,0,+Na] *: 559.3605; found: 559.3618.

Synthesis of benzyl palmitoylamido-a-p-mannopyranoside

General procedure: Mannopyranoside 6 was synthesized accord-
ing to the procedure by Wang et al™ Reduction of 6 by using
zinc and ammonium chloride in methanol/water (9:1) produced
the desired product benzyl 6-amino-6-deoxy-a-p-mannopyranoside
(7, 92.5% yield). Palmitoyl chloride {4.5 mm) was added dropwise
to a solution of 7 (1. g, 3.7 mmol) in dry pyridine (20 mL) at 0°C
under nitrogen. The reaction was monitored by TLC; the starting
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material was consumed completely after 12 h. After the reaction
had been quenched with methanol, the solvent was evaporated
under vacuum. The crude compound was then dissolved in CH,Cl,
(50 mL) and washed with HCl (1 m, 3x50 mL), NaHCO; (50 mL),
and brine (50 mL), dried over Na,SO,, filtered, and concentrated to
yield a yellowish solid. The residues were purified by flash chroma-
tography with hexane/EtOAc (5:1) as eluent and a mixture of acy-
lated benzyl palmitoylamido-o-p-mannopyranosides was obtained
as a white solid (confirmed by 'H and "*C NMR spectroscopy and
mass spectroscopy, data not shown).

To deacylate this mixture, 0.1 mmol was dissolved in dry methanol
(50 mL), and sodium metal (0.023 g, 1.0 mmol) was added slowly
at 0°C. The ice bath was removed when the sodium was complete-
ly dissolved, and the solution was stirred for 24 h at room tempera-
ture. Afterwards, the solution was neutralized on ion-exchange
resin (Dowex 50 WX 8-400 ion-exchange resin, Sigma-Aldrich), fil-
tered, and concentrated under reduced pressure to give a yellow-
ish solid. The residue was purified by flash chromatography with
EtOAc/hexane (2:3—3:2) to obtain the desired benzyl palmitoyl-
amido-a-p-mannopyranoside as a white solid with yields between
30 and 55%.

Benzyl 6-palmitoylamido-¢-po-mannopyranoside (PABM, 9): Man-
nopyranoside 9 was obtained from benzyl 6-amino-6-deoxy-ot-p-
mannopyranoside (7) in 40% vyield. "H NMR (400 MHz, CDCl,/meth-
anol 9:1): 6=0.81 (t, J=6.8Hz, 3H; RCH,), 1.09-1.25 (m, 24H;
RCH,R), 1.51-1.59 (m, 2H; RCH,R), 2.14-2.21 (m, 2H; -COCH,R),
295 (d, J=148 Hz, 1H; H-4), 3.40 (dd, J=11.5, 7.7 Hz, 1H; H-3),
3.54 {d, /=9.7 Hz, 1H; H-2), 3.92 (s, 1H; H-5), 444 (d, J=11.9, TH;
H-6), 4.60 (d, J=—11.9 Hz, 1H; -OCH,Ph), 4.81 (d, J=1.1 Hz, 1 H; H-1),
7.27 ppm (dt, J=13.5, 4.6 Hz, 5H; Ar-H); ">C NMR (CDCl,): 6 —13.96
(RCH,), 22.59 (RCH,R), 25.78 (RCH,R), 29.27 (RCH,R), 29.42 (RCH,R),
29.56 (RCH,R), 29.59 (RCH,R), 29.66 (RCH,R), 29.68 (RCH,R), 31.83
(RCH,R), 36.23 (RCH,R), 39.65 (-COCH,R), 67.42 (C6), 69.25 (C4),
70.37 (OCH,Ph), 71.21 (C2), 76.78 (C5), 77.30 (C3), 99.26 (C1),
127.80, 2x127.87, 2x128.39 {Ar-H), 137.01 (ipso-Ar), 175.95 ppm
(-COCH,R); ES-MS: m/z 530.4 [M+Na] ™.

Cell culture, differentiation, and sample collection for ELISA:
Human leukemic monocyte lymphoma cells U937 were obtained
from American Type Culture Collection (ATCC, Manassas, VA, USA)
and cultured according to the ATCC procedure. Briefly, cells were
cultured in RPMI 1640 (Sigma-Aldrich) medium supplemented
with 10% heat-inactivated foetal bovine serum (FBS), penicillin
(100UmL™"), and streptomycin (100 pgmL~", Sigma-Aldrich) in a
humidified atmosphere of 5% CO, at 37°C and used for experi-
ments between passages 12 and 16. To differentiate the cell line
into macrophage-like cells, phorbol 12-myristate 13-acetate (PMA,
50 ngmL ', Sigma-Aldrich) was added to 5x10° cells in RPMI 1640
medium (1 mL) for 2 days in a 12-well plate. After differentiation,
the adherent cells were washed with PBS to remove PMA and non-
adherent cells. The adherent cells, referred to as U937 macrophag-
es, were treated with various concentrations of fatty acylated and
amido mannose derivatives with or without further stimulation by
the lipopolysaccharide {LPS, 100 ngmL™", Sigma-Aldrich, USA) in
fresh culture medium for 6, 12, and 24 h. Then, aliquots (500 pL)
were taken from the supernatant and stored at —80°C until they
were used for measurements by sandwich ELISA assays.

Cell viability

MTT assays: Cell proliferation was evaluated in the MTT assay. U937
cells with PMA (50 ngmL™"} in RPMI 1640 medium (100 uL) were
seeded into a 96-well plate (5x10° cells/well) for 48 h, washed,
and treated with different glycolipids (10, 20, 40, and 80 um) for
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24 h at 37°C. After 24 h of treatment, cells were washed with PBS,
and MTT stock solution (5 mgmL™") was then added to each well,
and the plate was incubated for an additional 4 h. At the end of
the experiment, the medium was replaced with DMSO (100 pL) to
dissolve the formazan crystals, and the absorbance was measured
at 540 nm by using Polarstar Omega 96-well microplate reader
(BMG Labtech GmBH, Germany). The cell viability was calculated
from the following formula: Cell viability [%]—(OD,,—0Dyjynl/
(ODccntlolionlank) x100%.

ELISA: Determination of the TNF-a and IL-6 release: Both cytokines
were quantified by enzyme-linked immunosorbent assay (ELISA)
obtained from elisakit.com, and performed according to producer’s
instructions. Briefly, supernatants diluted 1:5 in RPMI 1640 (for
U937) were incubated in antibody-coated 96-well plates to facili-
tate the binding of released cytokines. The plates were incubated
with a biotinylated primary antibody, then with streptavidin-horse-
radish peroxidase. All incubation steps were followed by washing,
which guarantees the removal of unbound molecules. Horseradish
peroxidase is capable of oxidizing its substrate tetramethylbenzi-
dine (TMB) to give a stable staining complex with sulfuric acid that
can be detected at 450 nm by a plate reader. The limits of sensitivi-
ty for detecting TNF-o. and IL-6 were <5 and <1 pgmL™', respec-
tively, with both intra-assay and inter-assay variability < 10%.

Statistical analysis: Data from all samples within each group were
combined and are given as means+S.E.M. Data were averaged
from three independent experiments each containing at least four
replicates. Statistical significant was determined by one-way analy-
sis of variance (ANOVA), and a Dunnett's multiple comparison was
used to compare the effects among groups by using GraphPad
Prism software (v. 6.01, La Jolla, CA). Values with p < 0.05 were con-
sidered significant.
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Inflammatory remarks: New mannose
derivatives modified with fatty esters at
the C6-position reduce the release of in-
flammatory cytokines in human U937
macrophages under the induction of
lipopolysaccharides (LPS) after synthetic
glycolipid treatment.
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Experimental Section
1. General Information

All solvents and reagents used were of analytical grade or distilled prior to use. All reactions
were performed under an inert atmosphere of dry argon or nitrogen using distilled dry
solvent. a-D-mannopyranoside, benzyl alcohol, acetyl chloride, tosyl chloride, zinc powder,
ammonium chloride, sodium azide, 2,6-lutidine, lauroyl chloride, myristoyl chloride,
palmitoyl chloride, stearoyl chloride, anhydrous dichloromethane, pyridine and DMF were
purchased from Sigma Aldrich Australia. The 2,4.6-collidine was obtained from Alfa-Aesar,
Australia and a-D-benzylmannoside was prepared according the literature reported by Zunk
et al.lll

2. Characterization

The 'H and *C NMR were recorded in the designated solvents on a Bruker Assend 400 MHz
spectrometer using tetramethylsilane (TMS) as internal standard. Signals are reported in
terms of their chemical shift (6 in ppm) relative to CDCIls. Electrospray ionization mass
spectra (ESI-MS) were obtained on a Bruker Esquire 3000 Spectrometer. Pre-coated silica
gel (0.25 mm thick layer over Al sheet, Merck, Darmstadt, Germany) TLC plates were used
to monitor the reactions. Plates were observed under UV light at 254 nm and then visualized
after charring using H2SO4. Flash column chromatography was performed using Merck 230-

400 mesh silica gel for purification.

[1] M. Zunk, M. 1. Kiefel, Tetrahedron Lert 2011, 52, 1296-1299.
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Chapter 3



Glyco-coated nanoliposomes for intracellular delivery of

antimicrobial agents

3.1 Introduction

Intracellular infections including Mycobacterium spp., Salmonella spp., Brucella Spp.,
S. aureus, Listeria monocytogenes etc. have developed the ability to generate a number
of serious diseases worldwide.>***?*> These intracellular bacteria evolve a number of
indigenous mechanisms to take shelter, multiply and spread without damaging the host
cells.®*?"  The intracellular location provides a preferential habitation for
microorganisms because they are protected from the host immune system, and are
difficult to eradicate, mainly due to the poor cellular penetration, limited intracellular
retention and unsatisfactory subcellular distribution of most of the commonly used
antibiotics.>**® Moreover, the activity of antibiotics might be influenced by physical and
chemical factors such as temperature, pH, enzymes etc.?**?*° Therefore, the resulting
lower intracellular concentration of antibiotics is often ineffective against intracellular
pathogens, and results in drug resistance.*® Additionally, high doses of therapeutics are
often necessary to avoid the problems of antibiotic resistance, thus generating many side

effects and increased toxicity.***

Receptor-mediated targeted drug delivery has been extensively investigated to deliver
therapeutics in a safe, efficient and more selective manner.?*? Targeted drug delivery is
also a promising approach to deliver drugs to the diseased tissue via specific interaction
over a long period of time. One particular method exploits the interactions of sugars
with carbohydrate-binding proteins (lectins) as these are an extremely important factor
for specific cellular recognition processes including immune functions, enzyme
trafficking, cellular migration, and cancer metastasis.**?*> Based on the highly specific
carbohydrate-lectin interaction, carbohydrate ligands and their mimetics have been used
for targeting drug delivery vehicles to site-specific carbohydrate-binding receptors.*324
Particularly, the efficiency of mannosylated nanocarrier drug delivery systems can be
described to their potential ability to target mannose receptors, which are highly

expressed in the immune cells such as macrophages and dendritic cells.*8245247
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Liposomes, the most extensively studied class of nanocarriers, form small lipid-
bilayer(s) membrane vesicles surrounding an aqueous core that can be prepared with
different lipid compositions in various particle sizes and charges.?**** Liposomes are
made from natural and biodegradable non-toxic lipid molecules (mostly phospholipids)
and can bind or encapsulate drug molecules onto or into their membranes.* The ease of
design and preparation of liposomes allows formulation of optimal therapeutic loading
and drug delivery to target specific cells or tissues.>**** Moreover, active targeting of
liposomes enhances the pharmacological effect of drugs as well as reduces their

potential side-effects during therapy.?*?

Active targeting methods employ ligands that
specifically interact with receptors presented on the cell surface of interest to encourage
liposomes binding and internalization.”>® As mentioned, promising route to achieve this
goal is by targeting lectin receptors presented on the surface of immune cells to
maximize selectivity and therapeutic efficiency. Furthermore, multivalency of a
targeting moiety can be introduced to the liposome’s surface to enhance binding.
However, high ligand density may increase immunogenicity and promote nonspecific
interaction with normal cells including endothelial and other non-immune cells,
resulting in a reduction of cell selectivity and/or in opsonization-mediated clearance of

liposomes. 1849224

Aminoglycoside antibiotics, including amikacin, gentamicin, streptomycin, neomycin,
and tobramycin are extremely potent antimicrobial agents that are broadly active against

15254255 However, these antibiotics

both Gram positive and gram-negative bacteria.
penetrate eukaryotic cell membranes very slowly and their high polarity reduces the
bactericidal activity by the acidic endosomal pH when they reach the cytoplasm,
resulting poorly activity against strictly intracellular bacteria.?®® Additionally, it is
necessary to maintain a narrow range of plasma concentrations of aminoglycosides to
minimize the nephro- and ototoxicity.”>’ To overcome this impediment, encapsulation
of aminoglycosides in the aqueous cavity of liposomes may promote the therapeutic
index and achieve effective intracellular delivery by increasing the concentration of the
antibiotic at the site of infection. This increases specific subcellular distribution of

aminoglycosides, as has been demonstrated for amikacin. 32625825
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Amikacin consists of multiple amino groups attached to the various saccharide rings
(Figure 3.1a) which makes it basic, strongly polar and cationic in nature at physiological
pH making it highly soluble in water. The chemical structure of amikacin is less
susceptible to enzymatic inactivation which promotes its efficiency in long-term clinical

treatment.?®°

Amikacin is active against a range of intracellular bacteria such as S.
aureus, Pseudomonas aeruginosa, Mycobacterium tuberculosis.”>’2*%?! Therefore, we
chose amikacin as model therapeutic to eradicate intracellular bacteria upon loading into

a liposomal formulation.

N-Alkylsulphonylacetamide compounds can potentially target fatty acid synthesis and
have been found to have potent antimicrobial properties.?®>?®® Our group previously
reported the synthesis and antitubercular activity of n-decanesulphonylacetamide (DSA,
Figure 3.1b) with a minimum inhibitory concentration (MIC) of 2.85-5.69 uM
(BACTEC radiometric growth assay, M. tuberculosis H37Rv).%* This result is
comparable to first line drugs used to treat tuberculosis. DSA can inhibit the synthesis
of mycolic acids which is a clinically effective method due to its importance in
Mycobacterium survival used by a number of antitubercular agents including the
frontline drug isoniazid.?****® Recently, we found that DSA can also prevent S. aureus

growth as well (unpublished data).

OH
HO7 =<7 ~OH
oS-t
~ J NH» 9]

HO (N2 O SN
O \_NH, S
HoN " NH,
N~ ~ e
OH
a. Amikacin b. n-decanesulphonylacetamide (DSA)

Figure 3.1: Chemical structure of amikacin (a) and DSA (b).

In Chapter 2, we have reported various low-molecular-weight glycolipids to introduce
the sugar moieties on the exposed liposomal surfaces for targeting of macrophages to
deliver antibiotics.”®’ Briefly, the direct synthesis of benzyl 6-acyl mannoside and

benzyl 6-amido mannoside with palmitoyl (C16) and stearoyl (C18) chain length were
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reported as the mimic of the phosphatidylinositol mannoside (PIM) core from
Mycobacterium tuberculosis. It has been hypothesized that these synthetic glycolipid-
coated liposomes may promote the interaction with a variety of mannose binding
receptors at the cellular level. More importantly, the mannosylated ligands with high
affinity and specificity for macrophage mannose receptor (MMR) or dendritic cell-
specific intercellular adhesion molecule-3 grabbing non-integrin (DC-SIGN) receptor
and macrophage inducible C-type lectins (Mincle) receptor provide a novel approach
for a C-type lectin receptor (CLR)-targeted system that play a central role in innate and
adaptive immune responses.’®’” Moreover, mannosylated drug carrier could be a
potential adjuvant delivery system to macrophages by enhancing immune-stimulating

activities.®

Glyco_-coated '%%M\éuf )
DDAB liposomes %\
£ \\3‘2 o (f/}

102
\VAV VoV S
HoN

DSA
- OH (OH /’\&\
~\ {0, HO OH
HO 0] /
"‘LO\J\ o HZN% o (=0 NH,
o HO O
o O N _NH,
X = —O— or —NH— Amikacin HN-=
R = CysHaq or Ci7Has 0

OH

Figure 3.2: Schematic illustration of amikacin and DSA encapsulated glyco-coated
DDAB liposomes.
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To test our delivery system against an intracellular pathogen in vitro, we selected S.
aureus to infect macrophages. S. aureus is a major cause of infectious morbidity and
mortality in community and hospital settings and the causative agent of a wide variety
of illness such as skin infections, meningitis, pneumonia, osteomyelitis, endocarditis
and sepsis. S. aureus occasionally causes intracellular infections by invading
phagocytes like monocytes, macrophages, and polymorphonuclear leukocytes. Andrew
et al. reported the intracellular killing of methicillin-resistant S. aureus (MRSA) by
formulating conventional and PEGylated liposomal vancomycin (lacking of any
targeting ligand) to immune cells.”® Raja and co-workers developed an efficient
nanomedicine prepared by tetracycline encapsulated O-carboxymethyl chitosan and
confirmed sixfold increased killing of intracellular S. aureus compared to tetracycline

alone.?%

In the present study, novel glyco-coated liposomal antibiotic delivery systems have
been investigated to eradicate intracellular bacteria. Initially, we have synthesized a
family of glycolipid analogues using benzyl mannoside with conjugated to a fatty acid
chain at C6 position of mannose. To decorate the liposomes,
dimethyldioctadecylammonium bromide (DDAB) was used with varying concentrations
of glycolipids. We hypothesized that the chain length of the glycolipid analogues is
important for the physicochemical properties and adjuvant activity upon incorporation
into DDAB liposomes. We therefore evaluated the physicochemical properties and in
vitro adjuvant effect of the prepared glyco-coated DDAB liposomes in macrophages.
Finally, we investigated the intracellular antibiotic efficiency of amikacin and/or DSA
loaded glyco-coated DDAB liposomes against S. aureus-infected murine macrophages.
We hypothesized that the poor intracellular penetration of standard amikacin or DSA
solutions could be overcome through introducing a targeted delivery system based on

glyco-coated liposomal carrier as an efficient “Trojan horse”.
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3.2  Experimental Section

3.2.1 Materials and chemical reagents

Dimethyldioctadecylammonium bromide (DDAB), cholesterol (Chol), amikacin
sulphate was purchased from Sigma Aldrich Australia. 1,2-Distearoyl-sn-glycero-3-
phosphocholine (DSPC) was obtained from Avanti Polar Lipids (Alabaster, AL, USA).
All the glycolipids used to prepare liposomes were synthesized in our previous work
(Chapter 2). Among them, four glycolipids namely benzyl 6-palmitoyl-a-D-mannoside
(PBM), benzyl 6-stearoyl-a-D-mannoside (SBM), benzyl 6-palmitoylamido-a-D-
mannoside (PABM), and benzyl 6-stearoylamido-a-D-mannoside (SABM), were
employed. All other solvents and reagents were obtained commercially at analytical
grade or distilled prior to use.

3.2.2 Preparation of cationic liposomes

The glyco-coated dimethyldioctadecylammonium bromide (DDAB) liposomes
containing increasing amount of glycolipids were prepared by using the thin film
hydration method followed by probe sonication and extrusion step to ensure lower
particle size with a narrow size distribution as described elsewhere.?**?®° Briefly,
weighed amount of DDAB (1.25 mg/mL; 2.0 mM) and glycolipids (0, 0.125, 0.25, and
0.5 mg/ml) were dissolved in chloroform: methanol (9:1, v/v) and mixed in a 50 mL
round-bottom flask to give the appropriate compositions. The organic solvent was
removed by rotary evaporation at 40°C and a thin film of dry lipid was deposited on the
inner wall of the flask. The film was dried overnight under high vacuum to remove the
residual organic solvents. The resultant dry lipid film was rehydrated in 2.5 mL by
adding Tris buffer (10 mM, pH 7.4) with the final lipid concentration of DDAB and
glycolipids of 2.5 mg/mL and 0.25/0.5/1.0 mM, respectively, corresponding to the
DDAB:glycolipid molar ratio of 90:10/80:20/70:30. The lipid mixtures were hydrated at
60°C (10°C above main phase transition temperature of DDAB (Tm ~ 47°C) for 30 min
with 2 min of vigorous vortex mixing every tenth min to ensure complete hydration.
After hydration, the dispersion was sonicated in a bath-type sonicator for 10 min at
60°C, followed by a tip-type sonicator (Branson, Danbury, CT, USA) for 3 min at 60°C.
Then the liposomes were extruded through two stacked polycarbonate filters of 100 nm
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pore size (Nucleopore, Whatman) at 60°C on a Thermobarrel Extruder (Lipex

Biomembranes, Vancouver, BC, Canada) to produce unilamellar liposomes.
3.2.3 Size, polydispersity and Zeta-potential of cationic liposomes

Physical characterisation of liposomes including vesicle size measurements and
polydispersity index (PDI) were determined by dynamic light scattering (DLS) using
the photon correlation spectroscopy technique. The liposome size and PDI explore a
quick determination of the batch quality and variation in manufacture. The zeta
potential (surface charge) of the particles was estimated by laser-Doppler
electrophoresis to find the stability of the liposomes. The liposomes with a higher
positive and negative charge disfavour aggregation by repealing themselves in the
medium whereas uncharged or low charge liposomes tend to agglomerate over time.?”
The prepared liposomes were diluted 10-fold in their corresponding buffer solutions to
measure vesicle size and PDI as well as diluted 300-fold during zeta potential
measurements. All the data were collected with three independent measurements (n =
3). The measurements were performed in triplicate at room temperature using a
Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) equipped with a 633 nm

laser and 173° detection optics.
3.2.4 The colloidal stability of prepared liposomes

The colloidal stability of the liposomal suspensions was studied by sealed the undiluted
liposomal dispersion in vials (10 mL capacity, n = 3) after flushing with nitrogen for
various time periods at 4°C and 25°C, respectively. Liposomal stability was determined

by particle size distribution at regular intervals.
3.2.5 Drug loading in liposomes

Liposomes are widely used to carry a variety of drug molecules with different physico-
chemical properties. Hydrophilic drugs can be loaded in the aqueous core, while
hydrophobic drugs are incorporated into the lipid bilayer and amphiphilic drugs can be
partitioned at the surface of the bilayer.

Drug DSA loaded dimethyldioctadecylammonium bromide (DDAB) with fatty acyl and

fatty amido a-D-benzylmannoside liposomes were prepared by the thin film hydration
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method as the lipophilic DSA could be highly embedded in the lipid bilayer during self-
assembly step. Briefly, 2 mL of DDAB (5 mg/mL; 8.0 mM) and 0.4 mL of PBM (5
mg/mL, 10 mM), SBM (5 mg/mL, 10 mM), PABM (5 mg/mL, 10 mM), SABM (5
mg/ml, 10 mM) were dissolved in chloroform/methanol (9:1, v/v) respectively in 25 mL
bottom flask and mix thoroughly. The desired amount of DSA (0.1 ml from 4 mg/mL)
was then added to each formulation to keep the final concentration of DSA 100 pg/mL
and the solvent was removed under vacuum resulting in a thin lipid film. The lipid film
was dried overnight under low pressure to remove trace amounts of organic solvents.
The lipid film was rehydrated in 4.0 mL Tris-buffer (10 mM, pH 7.4), and sonicated for
5 minutes at 60°C, transferred to glass vials. The lipid mixtures were hydrated at 60°C
for 30 min with 2 min of vigorous vortex mixing every tenth min. Then, the particle
sizes and zeta-potentials were measured before tip-sonication. The dispersion was tip-
sonicated for 45 s with 150W Branson tip-sonicator to reduce the size and PDI of the
liposomes. The final lipid concentration of DDAB, glycolipids, and DSA were 2.5
mg/mL, 0.5 mg/mL, and 100 pg/mL respectively, corresponding to the DDAB: Sugar
molar ratio of 80:20. The liposomes were extruded through a 0.4 um membrane filter to

obtain better PDI. The liposomes were stored at 4°C until further use.

Amikacin was dissolved in sterile Milli Q water prior to hydration of the lipid film. A
thin lipid film layer was formed using various lipid formulations as described above
prior to addition of aqueous amikacin solution. The resulting lipid film was hydrated for
2h in 1 mL of aqueous amikacin (5 mg/mL). The gel produced was diluted with 4mL of
PBS at pH 7.4. Unilamellar liposomes were formed by following tip sonication as well
as sequential extrusion procedure described as above. Non-encapsulated amikacin was
removed by ultracentrifugation at 100 000 g for 1 h at 4°C. The pellet was washed once
with 2 mL of PBS and the final pellet was re-suspended in 4 mL of PBS. The drug-
loaded liposomes were ruptured using 10% Triton X-100 to calculate encapsulation

efficiency and quantified with a validated spectrophotometric method described below.
3.2.6 Encapsulation efficiency

Encapsulation efficacy (%) was calculated as the amount of amikacin incorporated in
the liposomes compared to the initial total amount of amikacin in solution. The loading

efficiency is determined from the amount of amikacin fused in liposomes relative to the
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amount of total lipid. The concentration of loaded amikacin into liposomes was
measured by ultraviolet-visible spectroscopy (UV-vis) at wavelength 349 nm via a
derivatization method using o-phalaldialdehyde (OPA) reported elsewhere.?%?"*272
Briefly, the derivatization solution was prepared using 10 mg OPA in 200 L absolute
ethanol, 10 pL of 2M DTT aqueous solution, and 20 mL sodium carbonate buffer
solution at pH 10.5.**° The amount of amikacin was estimated by measuring the
absorbance of a mixed solution containing 300 pL sample containing the drug and 3 mL

of OPA derivatization reagent by comparing a known standard curve.

Encapsulation and drug loading efficiencies were calculated as follows:

Total amount of added amikacin—Free amikacin

Encapsulation efficiency (%) = x 100

Total amount of added amikacin

Amount of amikacin in liposomes

x 100

Drug loading efficiency (%) =

Amount of recovered lipid
3.2.7 In vitro drug release studies

The in vitro drug release studies were carried out in PBS at pH 7.4 using pellet
dispersion method at 37°C to mimic in vivo environment. Drug-loaded liposomes were
suspended in PBS at a final lipid concentration of 0.5 mg/mL. In order to measure the
amikacin delivery, 300 pL of solution were withdrawn at desired time intervals and
analyzed by the UV-vis spectroscopy method described above. The constant volume of
total delivery liquid was ensured by replacing with an equal volume of fresh PBS. Each
drug release experiment was employed three times to calculate the mean values and
standard deviations. Actual drug release % was determined based on the following

equation:

Release of amikacin at a definite time
Drug release (%) = x 100

Total amount of amikacin entrapped within liposomes

3.2.8 Bacteria Strains and cell lines

S. aureus strain ATCC 25923 was grown in LB medium at 37°C with 160 rpm shaking.
Colony forming units (CFU) were determined after serial dilution and plating the S.

aureus cells on LB agar plates.
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The RAW 264.7 macrophage cell line obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured according to the ATCC procedure. Briefly,
cells were cultured in DMEM (Sigma-Aldrich) medium supplemented with 10% heat-
inactivated fetal bovine serum (FBS), 100U/mL of penicillin, and 100 pg/mL of
Streptomycin (Sigma-Aldrich) in a humidified atmosphere of 5% CO, at 37°C and used
for experiments between passages 12 and 16.

3.2.9 ELISA (Detection of TNF-a and IL-6)

The RAW264.7 cells (5 x 10° cells/well) were seeded in 12-well tissue culture plates in
1 mL DMEM medium supplemented with 10% FBS and incubate overnight. The
macrophage cells were treated with 50 pg/mL of glyco-coated DDAB liposome in fresh
culture medium and then collected the cell culture supernatants after 24 h incubation
time. 500 pL aliquots were taken from the supernatant and stored at -80°C until
measurement of IL-6 and TNF-a. As a positive control for IL-6 and TNF-« release, the
cells were treated with 0.1 pg/mL of the lipopolysaccharide (LPS, Sigma-Aldrich, USA)

and the resulting TNF-a secretion was also measured.

Both IL-6 and TNF-a cytokines were quantified by enzyme-linked immunosorbent
assay (ELISA) obtained from elisakit.com.au, Australia and the ELISA kit was
performed according to producer’s instructions.?” Briefly, diluted supernatants (1:5, in
DMEM) were incubated in antibody-coated 96-well plates to facilitate binding of
released cytokines. The incubation with a biotinylated primary antibody was performed.
The next step was an incubation with streptavidin-horseradish peroxidase. All
incubation steps were followed by washing, which guarantees the removal of unbound
molecules. Horseradish peroxidase can oxidize its substrate tetramethylbenzidine
(TMB), which develops a stable staining complex with sulfuric acid detectable at 450
nm by means of a plate reader. Standard curve for the cytokines were made by using the
recombinant proteins delivered in the kit. The limit of sensitivity for detection of TNF-«
and IL-6 was <5 and <1 pg/mL, respectively, with both intra-assay and inter-assay
variability < 10%.
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3.2.10 Macrophage infection and intracellular bacterial inhibition assays

Intracellular antibacterial activity was determined in RAW 264.7 cells infected with S.
aureus (bacteria/cell ratio of 10) wusing fully validated procedure reported
elsewhere.?%%2%827 Briefly, 5 pL of processed bacteria containing 10° bacteria was
added into the macrophage cells (10° cells per well) distributed in 12-well tissue culture
plates. The infected cells were incubated for 2 h 37°C to allow phagocytosis. The cell
medium was then washed with fresh media containing 10% FBS to remove extracellular
bacteria those are not phagocytized and washed thoroughly with PBS. Macrophages
were then treated with fresh media containing different concentration of standard DSA
(15 pg/mL), amikacin (15 pg/mL) and DSA/Amikacin (20 pg/mL) solution and
amikacin loaded glyco-coated liposomal formulation with concentration 0, 20, 100, 200
and 500 pg/mL. Cells treated with empty liposomes served as control.

Infected macrophages cultures were terminated at 1, 3, 12, and 24 h post infection. Cell
free supernatant from infected bacteria were diluted and plated on LB agar plates to
determine extracellular bacterial growth. The infected macrophages were lysed with
sterile distilled water to evaluate the intracellular bacterial viability and plating the
lysates on LB agar followed by visual counting of bacterial colonies.

3.2.11 Statistics

Data from all samples within each group were combined with means + standard error of
mean (S.E.M). Data were averaged from three independent experiments each containing
at least 4 replicates. Statistical significant was determined by one-way analysis of
variance (one-way ANOVA) and a Dunnett’s multiple comparison was used to compare
the effect among groups using GraphPad Prism software (version 6.01, La Jolla, CA).
Values with P<0.05 were considered significant.
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3.3  Results and Discussions

Liposomes prepared from DDAB have been widely reported for delivering therapeutic
to macrophages.?**2" All the glycolipid analogues incorporated into the lipid bilayer of
DDAB liposomes by thin-film method and homogenized via tip-sonication followed by
an exhaustive extrusion. Mannose moieties are the hydrophilic branches of glycolipids
which promote them to display an outstretched conformation from the surface of the
liposome in the aqueous environment (Figure 3.2). The lipid compositions along with
the average vesicle size, polydispersity index (PDI) and zeta-potential of the various

glyco-coated liposomes used in the experiments are provided in Table 3.1.

Table 3.1: Lipid composition and physical characterization of DDAB/glycolipids
liposomes. The vesicles sizes, PDI and zeta-potentials were measured using Tris buffer
(10 mM, pH 7.4) with concentration 0.25 mg/mL. Results denotes mean + SD (n =3).

Liposome Composition Vesicle Size PDI Zeta-potential
(molar ratio, m/m) (nm) (mV)

DDAB 100:0 470+ 19 0.459 + 0.049 71.7+6.4
90:10 295 +12 0.292 £ 0.025 67.3+4.8
80:20 163+9 0.203 = 0.005 59.3+5.4

DDAB/PBM
70:30 113+ 10 0.311 +0.019 52.3+8.9
90:10 390+8 0.388 + 0.033 69.0+3.2
80:20 160 +5 0.175 +0.015 679+ 2.6

DDAB/PABM
70:30 107 +9 0.414 +£0.061 60.8 + 3.6
90:10 273 +6 0.344 +£0.027 69.7 £ 3.3
80:20 145+ 7 0.226 + 0.013 61.0+4.2

DDAB/SBM
70:30 182 + 17 0.359 + 0.045 57.2+34
90:10 280 + 11 0.333+0.023 68.4+29
80:20 195+7 0.159 + 0.005 69.5+4.8

DDAB/SABM
70:30 227 +13 0.354 +0.031 66.8+1.2
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The particle sizes and PDI of the prepared mannosylated DDAB liposomes were
significantly lower than the bare DDAB liposomes. This decrease is most likely due to
the incorporation of neutral amphiphilic glycolipids which results a slight decline of the
surface charges (Table 3.1) as well as enhances liposomal hydrophilicity by forming
hydrogen bonds between the extended mannose moieties from the liposomal surface
and the buffer medium. However, the sizes of the liposomes decrease upon increasing
the amount of glycolipids content in the liposomal composition except for
DDAB/SABM. Moreover, similar patterns have been observed for the surface charge of
the liposomes where all the liposomes exhibit highly cationic charges in between 52 mV
and 72 mV and similar positive surface charges have been reported for DDAB
formulated liposomes elsewhere.?*2"%%"" |nterestingly, vesicle size distributions as
measured by PDI of DDAB/glycolipids with molar ratio 80:20 are lower than the other
corresponding glyco-coated liposomal molar ratios. This might results from the better
interaction of DDAB and glycolipids at this molar ratio in contrast to the lower or

higher ratio of glycolipids formulated into liposomes.

The colloidal stabilities of the prepared glyco-coated DDAB liposomes were determined
during storage for 8 weeks at 4°C and 25°C, respectively, by means of the changes in
average vesicular size of the liposomes as a function of time. The particle sizes of the
pure DDAB liposome (without sugar component) increased over time at both 4°C and
25°C, respectively; indicating their instability upon prolonged storage with formation of
visible aggregates and precipitates (Figure 3.3 and 3.4). Similar colloidal stability has
also been reported for pure DDAB liposomes in other studies.”’®?’” In contrast, after
adding small amounts of glycolipids during liposomal preparation, these exhibited little
change in particle sizes at both temperatures indicating that the presence of glycolipids
in the DDAB bilayers promotes liposomal stability over time up to 8 weeks (Figure 3.3
and 3.4). One possible reason for improving glyco-coated DDAB liposomal stability is
from the interaction between the hydrophilic mannose head-group with the surrounding
water molecules which enhances the overall hydration of the liposomal surfaces and
protects against dehydration of the quaternary ammonium head-group resulting in less
charge repulsion. Jesper et al. reported trehalose 6,6’-dibehenate (TDB) incorporated
DDAB cationic liposomes and revealed high stability of DDAB/TDB liposomes up to 4
months stability at 4°C, however, they described the dispersion of pure DDAB
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liposomes aggregated during the first 10 days of storage.”’® Camilla and co-worker
discovered the colloidal stability of DDAB formulated liposomes upon incorporation of
various amount of trehalose 6,6'-diesters by changing the length of fatty acid group
from C12 to C22 and found no visible aggregation or significant change in particle size

after 16 weeks at both 4°C and 25°C, respectively.?*®
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Figure 3.3: Average vesicle size of glyco-coated DDAB liposomes a) DDAB: PBM, b)
DDAB: PABM, ¢) DDAB: SBM, and d) DDAB: SABM containing 0, 10, 20, and 30
mol% of glycolipids at 4°C as an indication of colloidal stability upon storage for 8
weeks. The liposomes were dispersed in 10 mM Tris buffer solution at pH 7.4. Results

denote as the means £ SD of three batches (n = 3).
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The 20 mol% (80:20) glycolipid containing DDAB liposome show better stability at
both temperatures over 8 weeks’ time with only very slight change of the particle size
(Figure 3.3 and 3.4) which is also confirmed by a reduction in visible precipitates inside
the storage vial (photo data not shown). However, vesicle size increases at 25°C after
four weeks when we increase the content of glycolipids to 30 mol%. In addition to this,
the particle sizes for DDAB:SABM with 10 and 30 mol% of SABM were higher than
the other glycolipid formulated liposomes and visible aggregates were observed after 4
weeks’ time at both lower and room temperature which could result from the higher

PDI of liposomes in those SABM containing molar compositions (PDI data not shown).
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Figure 3.4: Average vesicle size of glyco-coated DDAB liposomes a) DDAB: PBM, b)
DDAB: PABM, c) DDAB: SBM, and d) DDAB: SABM containing 0, 10, 20, and 30
mol% of glycolipids at 25°C as an indication of colloidal stability upon storage for 8
weeks. The liposomes were dispersed in 10 mM Tris buffer solution at pH 7.4. Results
denote as the means + SD of three batches (n = 3).
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The secretion of IL-6 and TNF-« in the supernatant of RAW 264.7 cells was determined
as an indicator in the induction of immune response and the abilities of glyco-coated
DDAB liposomes to activate macrophages without further stimulants. To do this, cells
were treated with various formulations of pure DDAB or glyco-coated DDAB
liposomes dispersions incorporating 10, 20, or 30 mol% of glycolipids, respectively,
and measured for cytokines using ELISA. The profiles of pro-inflammatory cytokines
including IL-6 and TNF-o are presented in Figure 3.5. Both the cytokines were
significantly produced in the LPS-incubated macrophage cells during all
experimentation as expected. The amount of secreted IL-6 and TNF-a from RAW 264.7
cells were significantly higher after incubation with all formulations of glyco-coated
DDAB liposomes compared to pure DDAB liposomes (Figure 3.5a and 3.5Db).
Upregulated proinflammatory cytokines are the indicator to generate activated
macrophages. It has previously been suggested that mannosylated nanovector enhanced
secretion of proinflammatory cytokines and exhibited a higher immune stimulatory

activity by shifting to activated macrophages.?’®%"
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Figure 3.5: Secretion of IL-6 and TNF-a upon treatment with glyco-coated DDAB
liposomes in RAW 264.7 cells. Results are presented as mean = SEM from three
independent experiments. *p<0.05, **p<0.01 ***p<0.001, and ****p<0.0001 compared
to control group. LPS: Lipopolysaccharides.

Higher levels of IL-6 secretion were obtained from the macrophages exposed to 10 or
20 mol% DDAB:PBM liposomes compared with those exposed to DDAB:PABM,
DDAB:SBM, and DDAB:SABM liposomal formulation. In contrast, the production of
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IL-6 was lower for all four glycolipid containing DDAB liposomes when the
glycolipids content increases (30 mol %) in the formulation (Figure 3.5a). Additionally,
the secretion of TNF-o from macrophage cells stimulated with DDAB:PBM increased
in all molar ratios where it secretes the maximum amount (2275.2 + 57.1 pg/mL) of
TNF-a when 20 mol% of PBM was incorporated in the liposomal formulation. In the
present study, the dramatically higher amount of proinflammatory cytokines production
indicate the strong immunostimulatory capability of the DDAB:glycolipids. This
activity is opposite what was observed for treatment with glycolipids alone and

indicates these compounds are now presented differently on the liposome surface.”®’

Table 3.2: Physicochemical characterization of DSA and amikacin encapsulated
DDAB/glycolipids (80:20, mol%) liposomes and patterns of the amikacin loading and
in vitro release. The vesicles sizes, PDI and zeta-potentials were measured using Tris
buffer (10 mM, pH 7.4) with concentration 0.25 mg/mL. The in vitro drug release
studies were carried out in PBS at pH 7.4 using pellet dispersion method at 37°C.

Results denotes mean £ SD (n =3).

Liposomes Particle PDI Zeta- Amikacin Cumulative
Size potential content in release after
(nm) (mV) liposomes 24 h (%)
(%)
DDAB/Amikacin 459 + 20 0.376 £0.027 | 68.7x2.7 105+248 | 75.74+3.97
DDAB:PBM/Amikacin 191+7 0.233+0.006 | 63.5+7.9 31.2+472 | 67.69+2.86
DDAB:PABM/Amikacin 227 %8 0.205+0.011 | 68.1+46 22.7+3.86 | 79.22+4.67
DDAB:SBM/Amikacin 167 +4 0.226 +0.013 | 66.6+5.8 27.9+331 | 7271+ 3.29
DDAB:SABM/Amikacin 308 + 18 0.281+0.009 | 61.9+3.3 244+229 | 78.32+1.97
DDAB/DSA 427 +12 0.301+0.048 | 654+55 - -
DDAB/DSA/amikacin 383+ 25 0.315+0.014 | 67.8x8.1 148+ 1.63 | 65.57+2.33
DDAB:PBM/DSA/Amikacin 220+ 11 0.257+0.003 | 61.2+6.3 29.7+£3.75 | 61.27+4.14
DDAB:PABM/DSA/amikacin 248 7 0.294 +0.016 | 64.3+5.2 21.9+222 | 59.42+3.77
DDAB:SBM/DSA/Amikacin 211+9 0.273+0.008 | 62.2+3.8 26.2+4.45 | 70.74+£3.34
DDAB:SABM/DSA/Amikacin | 363 + 18 0.316 £0.021 | 66.1+4.7 23.6+4.96 | 78.99+3.09
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The 20 mol% glycolipid formulated DDAB liposomes were chosen because of their
most promising physicochemical (size, PDI and stability) and immunopotentiating
(secretion of proinflammatory cytokines) for further evaluation of intracellular bacterial
killing efficiency upon encapsulating DSA and amikacin since these antibiotics with
many others exhibit poor intracellular penetration into cells. Drug-loaded liposomes
were prepared by the thin film hydration method as the lipophilic DSA could be
embedded in the lipid bilayer during self-assembled step. The feeding concentration of
DSA (100 pg/ml) into all liposomal formulations was kept constant to maintain
consistent amount of DSA in each formulation due to a lack of validated quantification

methods.

The amount of encapsulated amikacin was determined by UV-vis spectroscopy at
wavelength 349 nm via a derivatization method using o-phthalaldehyde (OPA) reported
elsewhere.?%?*272 The drug adsorption in liposomal formulation varied based on
several factors including particle size, number of lipid bilayers in the liposome, surface
charges and composition of lipid molecules and the nature of the drug itself. Based on
the liposomal stability over time and immune response as compared to formulations
containing pure DDAB, 20 mol% (80:20) of DDAB:glycolipids formulations were
considered the ideal composition for loading antibiotic(s) and we used this to evaluate
intracellular bactericidal activity. The experimental data showed that the loading
capacity of amikacin relies on the structural and textural characteristic of liposomes
(Table 3.2). The loading efficiency for pure DDAB liposomes was around 10.5% and
slightly increased in amikacin content in the DDAB/DSA liposomes (14.8%). However,
the amount of amikacin rises upon incorporation of glycolipids in the DDAB liposomal
formulation. For all the DDAB/glycolipids formulations, drug loading efficiency was
between 21 and 32%. The estimated amount of amikacin loaded into
DDAB:PBM/Amikacin and DDAB:PBM/DSA/Amikacin were 17 pg/100 pg of lipid
and 15 pg/100 pg of lipid, respectively.
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Figure 3.6: The in vitro release of amikacin from glyco-coated DDAB liposomes at
37°C in PBS buffer at pH 7.4. Results are expressed as percentage of cumulative

amikacin release and represent the mean value + S.D of the three replicates.

The in vitro release profile of amikacin from glyco-coated DDAB liposomes were
calculated as a function of time and the results are shown in Figure 3.6. Drug diffusion,
amount of loaded drug in liposomes, liposomal composition and its physical properties
can be the factors affecting in vitro drug release from liposomes. The drug release
pattern showed that around 40% of the adsorbed amikacin was released within 3 h of
the experiment followed by sustained release of amikacin after 24 h for both DSA-
loaded or unloaded liposomal formulations. The initial burst release of the drug in PBS
may be due to the surface bound drugs and the high solubility of amikacin in aqueous
solution. This drug release pattern might be favourable in the macrophage targeted
antibiotic delivery system where higher drug dose is required in a short period of
time.?®® More than 55% of the loaded drug was released from glyco-coated DDAB
liposomes after 24 h incubation time whereas 70% of drug release from bare DDAB
formulated liposomes which could be from the repulsive force between the cationic
nature of the drug amikacin and DDAB liposomes (Figure 3.6 a and 3.6b). However,
drug release pattern of amikacin did not change significantly upon incorporation of
DSA in the DDAB liposomes. The antibiotic delivery was not completed until 72 h
incubation period and maximum 86% amikacin was released after 72 h from bare
DDAB liposome (Figure 3.6b). Nonetheless, the release of amikacin from DDAB: PBM
liposomes were slightly slower and showed sustained release than the other glyco-

coated DDAB liposomes. These sustained and slow releasing liposomal formulations
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could improve the bioavailability of antibiotics, reduce the toxicity to healthy tissues,

and improve the stability in biological environment and loss of drug due to fast

clearance and metabolism.
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Figure 3.7: Intracellular growth of S. aureus inside RAW264.7 macrophages at

different time points. Macrophages were infected with bacteria and exposed to
DDAB:PBM liposomes (200 pg/mL), antibiotics DSA (15 pg/mL), amikacin (15
pg/mL), and mixture of DSA/Amikacin (1:1 m/m, 20 pg/mL) and incubated for 1, 3, 12
and 24 h, respectively. After incubation for 1 h (a), 3 h (b), 12 h (c) and 24 h (d),
macrophages were lysed with sterile distilled water. Finally, the lysates were plated on

LB agar plates for counting bacterial colonies. Control was determined from untreated

infected macrophages and grew them on LB agar plates prior to lyse the infected cells.

Data represent the mean value + S.D of the three replicates. *p < 0.005, **p < 0.01 and

***p < 0.001 compared to control group. CFU, colony-forming units.
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After successfully loading the antibiotics into DDAB:glycolipid liposomes, we
examined the intracellular bactericidal activity against the prepared formulation to
explore its ability to deliver DSA and amikacin into bacteria-infected cells since these
exhibit poor intracellular penetration into cells, restricting the antibacterial activity
against intracellular infection. The antibiotic DSA, or/and amikacin loaded DDAB:PBM
liposomes were selected to perform the intracellular antibacterial test due to its higher
loading efficiency and slower drug releasing properties. To perform intracellular
antibacterial activity, a mouse macrophage cell line RAW 264.7 expressing the

mannose receptor was selected.!”

Initially, RAW264.7 macrophage cells were infected with S. aureus bacteria and treated
with empty liposomes (without antibiotics) and free antibiotic (DSA, amikacin and
DSA/Amikacin) to evaluate their bacterial killing efficiency by counting colony-
forming units (CFU) prior to lyse the macrophages and the results are presented in
Figure 3.7. There was significant growth of S. aureus from the untreated and empty
DDAB:PBM treated cells upon incubation between 1 h and 24 h. This result proved that
bare DDAB:PBM liposomes without loaded antibiotics were unable to inhibit
intracellular bacterial growth. However, significant reduction of intracellular bacteria
was observed in macrophages exposed to free DSA (15 pg/mL), amikacin (15 pg/mL)
and mixture of DSA/Amikacin (20 pg/mL) just after 1 h incubation (Figure 3.7a).
Almost half of the bacterial growth compared to control was inhibited in the first hour
of incubation when treated with a DSA and amikacin mixture (1:1, m/m, 20 pug/mL).
Macrophages exposed to these compounds treated longer than an hour can also restrict
bacterial growth; however, these inhibitions are not statistically significant (Figure 3.7b-
3.7d). Among free antibiotics treatment, DSA showed lower intracellular bacterial
inhibition compared to aminoglycoside amikacin which could be caused by the poor
uptake of the free DSA molecule inside macrophages. The lipidic nature of DSA could
cause it to fuse with the cell membrane of macrophages making it unable to reach the
cytosol to kill the intracellular bacteria. Moreover, the incubated amount of free DSA
(15 pg/mL) was slightly lower than the reported MIC value (16 pg/mL) to kill S.
aureus and this might be the reason for bacterial growth during longer incubation.?®
However, DSA does have two fold lower activities against S. aureus compared to

amikacin.
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Figure 3.8: Intracellular growth of S. aureus inside RAW264.7 macrophages at
different time points upon treatment with different antibiotic loaded DDAB liposomal
formulation and incubated for 1, 3, 12 and 24 h, respectively. After incubation at 1 h (a),
3 h (b), 12 h (c) and 24 h (d), macrophages were lysed with sterile distilled water and
the lysates were plated on LB agar plates for counting bacterial colonies. Control was
determined from the treatment with bare liposomes (200 ug/mL) without antibiotic and
grew them on LB agar plates prior to lyse the infected cells. Data represent the mean
value + S.D of the three replicates. *p < 0.005, **p < 0.01 and ***p < 0.001 compared

to control group. CFU, colony-forming units.

In the following experiment, we studied the intracellular antibacterial activity of DSA
or/and amikacin loaded DDAB or DDAB/PBM liposomes by counting the CFU of
surviving intracellular bacteria over time upon incubation with increasing concentration

of liposomal formulations added to RAW 264.7 cells infected by S. aureus (results are
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shown in Figure 3.8). As shown in Figure 3.8a, there was insignificant intracellular S.
aureus inhibition at 1 h incubation time upon treatment with DSA or/amikacin loaded
DDAB and DDAB:PBM liposomes, but was of similar scale to administration of free
drug. The lower bacterial inhibition could be resulted from the less cellular uptake of
liposome in RAW 264.7 during an hour of incubation time. It has been reported that
macrophage uptake of nanoparticulate vector increases gradually over time and the
percentage of uptake does not rises considerably up to 2h (less than 15%)."®" However,
the reduction of intracellular S. aureus growth after 1 h incubation with antibiotic
loaded DDAB or DDAB:PBM liposomes demonstrated the ability to Kkill intracellular
bacteria and suggesting that DSA or/and amikacin can be released from the DDAB or

DDAB/PBM liposomes inside macrophages.

The growth of intracellular S. aureus exposed to various concentrations of
DDAB:PBM/Amikacin and DDAB:PBM/DSA/Amikacin liposomes showed better
bactericidal activity after 3, 12 and 24 h incubation, respectively. It has been noted from
the Figure 3.8 that DSA and/or amikacin loaded DDAB or DDAB:PBM liposomes
revealed concentration-dependent intracellular bacterial growth inhibition. After 3 h of
incubation, intracellular growth of S. aureus significantly inhibited (p < 0.005; CFU/mL
reduction by 3 times compared to control) for DDAB:PBM/amikacin and
DDAB:PBM/DSA/Amikacin, respectively, when macrophages treated with 200 pg/mL
(Figure 3.8b). However, intracellular bacteria treated with lower concentration (20
pug/mL) of antibiotic loaded liposomal formulation could not inhibit bacterial growth
because of a lower content of antibiotic exposed to macrophages. Surprisingly, the
number of intracellular bacteria was higher in treatment with DDAB:PBM/Amikacin
with 500 pg/mL compared to macrophages incubated with 200 pg/mL of
DDAB:PBM/Amikacin. It is well known that many antibiotics including
aminoglycosides are concentration-dependent and the dramatic increase of antibiotics

inside cell compartments may enhance the intracellular bactericidal activity.?*

Additionally, treatment of S. aureus-infected macrophages with 200 and 500 pg/mL
concentrations of antibiotic loaded liposomal formulation showed a sharp reduction of
intracellular bacterial growth at 12 h (Figure 3.8c) and 24 h (Figure 3.8b) incubation,
respectively. The glycolipid, PBM, made DDAB liposome loaded with antibiotics
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showed improved bactericidal activity compared to drug loaded pure DDAB liposomes.
The DDAB:PBM/DSA/Amikacin liposomes significantly inhibit the S. aureus growth
by 8-fold (p < 0.005) after 12 hour of incubation for both 200 and 500 pg/mL
concentrations whereas liposome without glycolipid DDAB/DSA/Amikacin inhibited
bacteria insignificantly with 500 pg/mL concentrations incubated at the same time
(Figure 3.8c). As mannose receptors are present on the surface of
monocytes/macrophages, mannosylated DDAB:PBM liposomes could facilitate
internalisation of liposomes into macrophages via the interaction of mannose moiety
with its complementary cell surface receptors consequently increasing the antibiotic
content inside the cell and enhancing the bacterial inhibition. The superior inhibition of
intracellular bacterial growth by DDAB:PBM/DSA/Amikacin was also observed after
24 h incubation, which can be accounted for by efficient DSA and amikacin delivery
and promoted drug release in S. aureus infected RAW 264.7 macrophages (Figure
3.8d). It is worth noting that free DSA or/Amikacin, DDAB/Amikacin,
DDAB/DSA/Amikacin did not exhibit such significant bacterial inhibition upon
incubation between 1 h and 24 h (Figure 3.7).

3.4  Conclusions

Intracellular bacterial infections are difficult to eradicate because bacteria capable of
surviving in host-infected cells and protect them from the killing actions of antibiotics.
Inadequate antibiotic penetration to infected cells is one of the key causes for therapy
failure as it requires a necessary concentration of active therapeutic to Kill or suppress
the bacterial growth. Therefore, targeted antibiotic delivery could be an efficient system
to deliver the drug to infected cells via specific interaction with cell-surface receptors.
Here, we describe the incorporation of glycolipids based on benzyl mannoside with
varying chain length of fatty acid group at the C-6 (Carbon-6) position and
incorporation into cationic dimethyldioctadecylammonium bromide (DDAB) liposomes
using the thin film hydration method. The physicochemical and immunopotentiating
properties of the prepared glyco-coated DDAB liposomes were investigated. The
vesicle sizes and polydispersity index of the glyco-coated DDAB liposomes
significantly decreased upon incorporation of 20 mol% glycolipid into the liposomal

formulation without dramatically affecting its cationic surface charges. The improved
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long term colloidal stabilities (8 weeks) have been noted for glyco-coated DDAB
liposomes in comparison to pure DDAB liposomes by measuring their vesicle sizes at
various time points. The adjuvant properties of glyco-coated DDAB liposomes were
evaluated in vitro against RAW264.7 macrophages by measuring their ability to induce
the proinflammatory cytokines including tumor necrosis factor (TNF-a) and interleukin
(IL-6) and the results showed a higher level of cytokine (both TNF-a and IL-6)
production upon incubation with glyco-coated DDAB liposomes compared to pure
DDAB liposomes. As antibiotics, n-decanesulphonylacetamide (DSA) and amikacin
were used to encapsulate into the glyco-coated liposomal formulation and we
successfully loaded these antibiotics with an efficient loading capacity of 25% to 32%
compared to pure DDAB liposomes. The in vitro antibiotic release profile also
measured over time and results showed slow and steady release of drug from the glyco-
coated DDAB liposomes in comparison to antibiotic encapsulated DDAB formulated
liposomes. Finally, the intracellular viability of S. aureus infected RAW 264.7
macrophages was evaluated against prepared antibiotic encapsulated glyco-coated
DDAB liposomes and the results showed efficient intracellular bacterial growth

inhibition.
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Chapter 4



Synthesis and characterization of glycosylated chitosan
nanoparticles for drug delivery

4.1. Introduction

Carbohydrates represent an important structural component of all living cells and are the
most abundant natural organic matter.”® There are only a limited number of
monosaccharides, however, these simple monosaccharides can generate a large number
of di-, oligo-, and polysaccharides via various regio- and stereo-chemical linkages.>?’
Moreover, carbohydrates play important roles in various biological processes including
energy production, reproduction, cellular development, signal transmission,
inflammation, and infection.****  Their high  biocompatibility, excellent
biodegradability, solubility in water, low toxicity and ability to be recognized by cell-
surface receptors gives carbohydrates great potential for therapeutic applications.?®
However, the complex chemical composition of carbohydrates makes it difficult to
synthesise and process these structures which are a major drawback in practical
uses.’®#?® The recent discoveries in glycoscience make favourable the design and
synthesis of carbohydrate-based materials, particularly, natural polysaccharides,
synthetic glycopolymer and glyconanoparticles (GNPs), and these areas have seen

intense research attention in the last few decades.’324>284

In recent times, naturally occurring polysaccharides have established prominence in the
field of drug delivery systems (DDS) because of their outstanding merits including
anticoagulant, anti-inflammatory, anti-microbial and anti-tumor properties.>**
Polysaccharides contain a large number of reactive groups, variety of chemical
composition and a wide range of molecular weights which is due to their differences in
structure and in various physicochemical and biological properties.?**?®® For instance,
some polysaccharides are negatively charged (heparin, alginate, hyaluronic acid and
pectin), some are positively charged (chitosan) and others have a neutral charge
(dextran and cyclodextrins) at pH 7.27?** Moreover, the formation of self-assembled
GNPs after chemically modification of polysaccharide with hydrophobic molecules and
sugar residues on the surface has been widely utilized to explore carbohydrate-
carbohydrate and carbohydrate-protein interaction.>’®*"2¢¢ The structure and chemical

composition of polysaccharides can be determined from the physicochemical
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characteristics of the drug (i.e., anionic, cationic, neutral) to be loaded and the possible
route of administration of the drug composites. Furthermore, the formation of micelles
or GNPs can be controlled by balancing the interaction between the hydrophilic chains
of polysaccharides and grafted hydrophobic groups like small surfactants or lipids onto

the polysaccharide’s backbone. 224287238

Among natural polysaccharides, chitosan has been one of the most popular biopolymers
investigated by biomedical and pharmaceutical researchers due to its excellent
biocompatibility, high biodegradability, low toxicity, pH sensitivity, abundant
availability, low cost, ease of chemical modification, bioadhesive and unique cationic
properties, and permeation enhancing properties.?®*>?° The chemical composition of
chitosan consists of a linear heteropolymer of D-glucosamine and N-acetyl-D-
glucosamine linked by f-(1-4)glycosidic bonds which are randomly distributed.
Chitosan is obtained commercially by the partial deacetylation of chitin which is the
most abundant and second largest polysaccharide in nature after cellulose.?®® Chitin is
mainly derived from the exoskeleton of crustaceans including shrimp, crab, or lobster
and can also be found in the cell walls of fungi and insects. The degree of deacetylation
(DDA) is an important characteristic of chitosan which represents the fraction of
deacetylation of N-acetyl-D-glucosamine units transformed to the D-glucosamine
relative to the total number of monosaccharide units. After deacetylation of chitin, the
solubility of chitosan improves immensely by protonation of the amine functional
groups in acidic solutions (pKa ~ 6.0-6.5) which are present in the D-glucosamine on
the macromolecule.?®® Moreover, the cationic characteristic of chitosan exhibits
mucoadhesive properties through the interaction with the negatively charged proteins
and lipids presented on the cell membranes. Chitosan and its derivatives also have
antibacterial and antiparasitic activities and have been broadly used in orthopaedic
applications. It should be noted that chitosan can be degraded by various enzymes
including protease, lysozymes, and by some lipases which demonstrates it
biodegradability.*

The chemical modification of chitosan can be performed by grafting molecules on its
backbone that can react with the hydroxyl and/or the amino group of chitosan. As the

amine groups of chitosan are more reactive than the hydroxyl groups, N-acylation
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reactions are widely utilized to functionalize chitosan using fatty acid, fatty acid
chloride, and acid anhydride.?®** For instance, lauroic, palmitic, stearic, linoleic, oleic,
deoxycholic acids were reported to graft on chitosan backbone via N-acylation

reactions.>®?%2

Moreover, reductive  N-alkylation,  caboxymethylation and
quaternarization reactions were also performed to obtain amphiphilic chitosan.?® lvan
and his group reported the N-alkylation reaction of chitosan via reductive amination of
lactose moieties on the polysaccharide chain and explored its biological
significance.?**?** Wenjun et al. described the synthesis of mannose modified chitosan

via reductive amination using modified mannose moieties.?3*?%

Protein-carbohydrate interactions are wide spread in living systems and critical in many
biological processes including immune response, cellular recognition, and infection.
Glyco-ligands targeting proteins have a potential role for disease diagnosis, treatment,
and prevention, however the major disadvantage is the low-affinity of interactions
between the biomolecules and carbohydrates. The binding strength may be improved by
exploiting multivalency such as multivalent glycoligands bind simultaneously to the
proteins of interest. Coupling many monomeric ligands or drugs onto appropriate
scaffolds such as polymers can create multivalent systems to enhance the activity and
stability and lower toxicity. Therefore, the natural polysaccharide chitosan was selected

to conjugate specific carbohydrate sequences on its backbone to target macrophages.

It is well known that mannose receptors used for phagocytosis and endocytosis of
antigens are predominantly expressed on antigen presenting cells (APCs) such as

macrophages and dendritic cells.?*®

Macrophages are a promising target for
carbohydrate-based therapeutics as they express carbohydrate binding receptors which
internalize bound material via receptor-mediated endocytosis.'”®* Mannose can also
recognize the cell-surface mannose receptors by specific ligand-receptor interactions
such as macrophage mannose receptor (MMR; CD206) bind oligosaccharides
containing terminal mannose residues on infectious agents and transport them into
endocytic pathways. For selective drug delivery to infected cells, here, we target
mannose receptors of macrophages that have a higher affinity for simple mannoside
than the corresponding glucosides. For this, we designed to modify mannoside at the

anomeric and C-6 positions with various moieties to furnish a diverse suite of
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compounds that will be tested against macrophages. On the other hand, macrophage
galactose-type lectin (MGL) is expressed at high levels by activated macrophages under
inflammatory conditions.?** Almost all known glycosylated chitosan derivatives have a
single sugar modification to utilize them as a targeting ligand to various immune
cells.’®?%27 Therefore, to develop novel GNPs, different target ligands such as
mannose and galactose were grafted onto the chitosan main chain to enhance the
internalization of the therapeutics. We believe this will provide greater diversity in the
carbohydrates presented to the macrophages and will more closely resemble glyco-
diversity found on a pathogen. Moreover, multivalent sugar molecules on the surfaces
of the prepared GNPs will improve the synergistic interaction with macrophages as well
as promote internalization of the GNPs into the macrophages. Finally, an
aminoglycoside (amikacin) and n-decanesulphonylacetamide (DSA) were loaded into
the synthesized GNPs to find the in vitro bactericidal efficacy of the nanocarriers as was
explored with liposomes in the previous chapter.

VAN SR e~ A @;Aywo

Chitosan Backbone Lactitol

D-mannose Fatty amide mannose DSA  Amikacin
\N
AY
— —_— |
PAM-g-Chitmannolacs DSA/PAM-GNPs Amikacin/DSA/PAM-GNPs,

Figure 4.1: Schematic representation of self-assembled antibiotic loaded chitosan based
GNPs.

In this study, we describe the facile synthesis procedure of chitosan-based GNPs by
grafting hydrophilic sugar molecules and hydrophobic sugar conjugated lipid moieties
onto the chitosan backbone. Initially, a reductive amination reaction (N-alkylation) was
performed to exploit the masked aldehyde group of lactose and the amino group of the
glucosamine residues of chitosan to obtain a highly soluble engineered lactose modified
chitosan (Chitlac) molecule. Then, the modified mannose precursors were grafted to the

chitosan backbone via carbodiimide chemistry. Next, the GNPs were developed by self-
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assembling of the modified chitosan where the long lipid chain modified mannose
moiety and the hydrophobic bactericidal agents DSA molecules assembled into the core
of the micelles in aqueous environment (Figure 4.1). Furthermore, a fluorescence
molecule, fluorescein, was attached to the GNPs to trace the cellular uptake of prepared
GNPs. Finally, amikacin was encapsulated to the DSA loaded GNPs to amplify the

antibacterial activity of the prepared nano-vehicle.

4.2. Experimental Section
4.2.1. General

'H and *3C NMR spectra were recorded in the designated solvents and temperatures on
a Bruker Ascend 400 MHz and 100 MHz respectively. Chemical shifts (3) are
expressed to two decimal place in parts per millions (ppm) relative to tetramethylsilane
(0 ppm) and coupling constants (J) are in hertz (Hz). Abbreviations of multiplicities are
indicated using standard notation; singlet (s), doublet (d), doublet of doublets (dd),
doublet of doublet of doublets (ddd), triplet (t), quartet (g), and multiplet (m). Standard

prefixes are used including broad (br.) and apparent (app.).

Electrospray ionisation (ESI) low resolution mass spectrometry (LRMS m/z) was
recorded on a Bruker Daltronics Esquire 3000 lon-Trap LC MS, using Bruker
Daltronics esquire control 5.0 software. All spectra were recorded in positive-ion mode

at a concentration of 0.1-0.3 mg/mL with sample introduction at 300uL/h.

All reactions were monitored by thin layer chromatography (TLC) on Merck silica gel
plates (GF2s4, cat No. 1.055545 on aluminium) and spots were visualized by UV light at
254 nm and then developed by dipping plates into a solution of 5% H,SO, in ethanol
and heating the plates at ~200°C. Flash column chromatography was performed using
Merck 230-400 mesh silica gel for purification. Reaction products were purified by
flash chromatography with silica gel 60 (0.040-0.063 micron, cat No 1.09385).

All solvents used in reactions were of analytical grade, distilled, or dried before use. All
solvents used for chromatography were distilled prior to use. The reactions were

conducted under dry N, wherever anhydrous conditions were required.
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4.2.2. Materials

D-mannose, allyl alcohol, 3-mercaptopropionic acid, 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochlorides (EDC), N-hydroxysuccinimide
(NHS), sodium azide, p-toluene sulfonyl chloride, lauroyl chloride, palmitoyl chloride,
stearoyl chloride were purchased from Sigma-Aldrich. 6-(3-
Carboxypropylaminocarbonyl)fluorescein was synthesized by following the procedure

elsewhere by our group.*®

Low molecular weight chitosan (LMWC) having M, of 164 kDa, 75-85% degree of
deacetylation and a viscosity of 0.026 Pa.s for a 1 wt% solution in 1% acetic acid was
purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). The commercial chitosan
sample was purified by precipitation with isopropanol from an acidified aqueous
solution (pH 4.0). Solution of the recovered polymer was then exhaustively dialyzed
against deionized water (DI water), filtered through 0.45 pum Millipore filters and then
freeze-dried.

4.2.3. Synthesis of Allyl 2,3,4,6-tetra-acetyl-a-D-mannoside (2)

Allyl a-D mannose was synthesized according to the literature reported by Zong et al.**

Briefly, D-mannose (12 g, 66.8 mmol) and p-toluene sulfonyl chloride (0.072 g, 0.4
mmol) was dissolved in allyl alcohol (80 mL, 1176 mmol) and stirred under N, at
100°C for 36 hours. After reaction time, the reaction solution was concentrated by
vacuum distillation. The reaction mixture was then poured into water (150 mL), washed
with EtOAc (3 x 50 mL). The combined organic fractions were washed with water (2 x
50 mL) and the combined aqueous phase was concentrated under reduced pressure to a
clear oily residue to yield allyl a-D mannose (13.5 g, 92%).

'H-NMR (400 MHz, D,0) &: 3.53-3.61 (m, 2H, H-6a, CH,=CH-CH,0- ), 3.65-3.76
(m, 2H, H-3,4), 3.81 (d, J = 12.1 Hz, 1H, H-2), 3.87 (dd, J = 3.4, 1.7 Hz, 1H, H-5), 4.00
(dd, J = 12.8, 6.3 Hz, 1H, CH,=CH-CH,0-), 4.16 (dd, J = 12.8, 5.5 Hz, 1H, H-6b), 4.83
(d, J = 1.5 Hz, 1 H, H-1), 5.17-5.32 (m, 2H, CH,=CH-), 5.90 (ddd, J = 22.7, 11.0, 5.9
Hz, 1H, CH,=CH-); *C NMR (100 MHz, D,0) 8: 60.88 (C-6), 66.74 (OCH,CH=CH,),
68.09 (C-4), 70.0 (C-2), 70.54 (C-5), 72.77 (C-3), 98.99 (C-1), 118.43(CH=CHy,),
133.23 (CH,CH=CH,); ES-MS: m/z = 242.9 [M + Na]*.
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Allyl a-D mannose (3.4 g, 16.7 mmol) was reacted with acetic anhydride (12 mL, 130
mmol) in pyridine (30 mL) solution for 24 h.**® The reaction mixture was then
concentrated and ice cold deionized water (100 mL) was added, extracted by ethyl
acetate (3 x 30 mL). The following combined organic phase was washed by deionized
water (50 mL) and 5% NaHCO3; (3 x 40 mL) dried over Na,SQO,, concentrated to give a
precipitate. After further purification by silica column chromatography using ethyl
acetate: hexane (EtOAc: Hex) = 1:3 as eluent gave allyl 2,3,4,6-tetra-acetyl-a-D-
mannoside 2 (4.86 g, 75%) as a colourless syrup. The *H-NMR data matches with the
published literature.?

TLC (EtOAc/Hex, 1:3) R = 0.29, 'H-NMR (400 MHz, CDCls) 5:  2.00, 2.05, 2.11,
2.16 (4s, 12H, CHsCO), 4.04 (dddd, J = 9.7, 7.3, 4.0, 1.8 Hz, 2H, H-5, CH,=CH-CH,0-
), 4.12 (m, 1H, H-6b), 4.20 (dd, J = 12.8, 5.3 Hz, 1H, CH,=CH-CH,0-), 4.30 (dd, J =
12.2, 5.3 Hz, 1H, H-6a), 4.88 (d, J = 1.6 Hz, 1 H, H-1), 5.23-5.40 (m, 5H, H-2,3,4
CH,=CH-), 5.91 (dddd, J = 16.8, 10.4, 6.2, 5.4 Hz, 1H, CH,=CH-).

4.2.4. Synthesis of 3-Thia-heptanoic acid-2,3,4,6-tetra-O-acetyl-a-D-mannoside (3)

Compound 2 (1.2 g, 3.09 mmol) was dissolved in deoxygenated CH3;CN (30 mL)
(obtained by bubbling N2) containing 3-mercaptopropionic acid (0.9 mL, 10.8 mmol).
The reaction mixture was irradiated with UV light at 254 nm (UVG-11 Mineralight) for
2h at 30°C.*° The solvent was evaporated under reduced pressure and the residual oil
was dissolved in EtOAc and successively washed with equal volumes of water and
saturated NaCl solution. The organic phage was dried over anhydrous Na,SO, and
evaporated under reduced pressure. The product was purified by silica gel column
chromatography using CH,Cl,: MeOH = 8:1 (by vol) as eluent giving pure 2 (1.436 g,

94%) as colourless oil.

TLC (CH,Cl/MeOH, 8:1) Ry = 0.42, *H-NMR (400 MHz, CDCl3) &: 1.85-1.97 (m,
2H, OCH,CH,), 2.02, 2.08, 2.12, 2.16 (4s, 12H, CHsCO), 2.62-2.84 (m, 6H,
OCH,CH,CH,-S-CH,CH,COOH), 3.49-3.59 (m, 1H, OCH,CH,), 3.83 (ddd, J = 9.8,
6.8, 5.6 Hz, 1H, OCH,CH,), 4.01 (ddd, J = 9.6, 5.2, 2.4 Hz, 1H, H-5), 4.14 (dd, J =
12.2, 2.4 Hz, 1H, H-6b), 4.28 (dt, J = 15.1, 7.5 Hz, 1H, H-6a), 4.84 (d, J = 1.6 Hz, 1 H,
H-1), 5.17-5.41 (m, 3H, H-2,3,4). *C NMR (101 MHz, CDCls) &: 20.72 (CH3CO),
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20.78 (CH3CO), 20.86 (CH3CO), 20.91 (CHsCO), 28.63 (S-CH,CH,COOH), 33.79
(OCH,CH,CH,-S-), 34.59 (OCH,CH,CH,-S-), 62.54 (C-6), 65.88 (C-5), 66.17 (C-4),
68.56 (C-2), 69.61 (C-3), 97.56 C-1), 170.16 (CH5CO), 170.23 (CHsCO), 170.87
(CH5CO), 177.10 (S-CH,CH,COOH).

4.2.5. Synthesis of 3-thia-heptanoic acid-a-D-mannoside (4)

Compound 3 (0.5 g, 1.01 mmol) was dissolved in methanol: water (1:1, 20 mL). 5 mL
IM NaOH (0.2 g, 5 mmol, pH > 8.5) was added to the reaction mixture at 0°C and
stirred for 0.5 h. Then the reaction mixture was stirred at room temperature overnight
and monitored by TLC. The solution was neutralized with Amberlite IR-120 (H") ion
exchange resin to reach pH ~ 3.0, filtered and concentrated under reduced pressure to

give 4 (0.31 g, 94%) as an amorphous white solid.

IH-NMR (400 MHz, CDCls) &: 1.79-1.89 (m, 2H, OCH,CH,), 2.58-2.71 (m, 6H,
OCH,CH,CH,-S-CH,CH,COOH), 3.52 (dd, J = 10.1, 5.8 Hz, 1H, H-6), 3.56 (dd, J =
6.3, 4.3 Hz, 2H, OCH,CH)), 3.67 (d, 2H, J = 5.5 Hz, OCH,CHy), 3.64-3.76 (m, 3H, H-
2,3,4), 3.78-3.83 (m, 1H, H-6b), 3.86 (dd, J = 3.4, 1.7 Hz, 1H, H-5), 4.78 (d, J = 1.6 Hz,
1 H, H-1). 3C NMR (101 MHz, CDs;OD) &: 28.13 (OCH,CH,CH,-S-), 29.19
(OCH,CH,CHy-S-), 32.91 (OCH,CH,CH,-S-), 33.37, 34.31 (OCH,CH,CH,-S-), 34.51,
37.97 (OCH,CH,CH,-S-), 61.49 (C-6), 65.53 (OCH,CH,CH,-S-), 70.64 (C-4), 71.16
(C-2), 71.25 (C-3), 73.23 (C-5), 100.21 (C-1), 174.41 (S-CH,CH,COOH). ES-MS (LR):
m/z = 349.1 [M + Na]".

4.2.6. Synthesis of allyl 6-azido a-D-mannoside (5)

A mixture of allyl a-D mannose (5 g, 22.7 mmol) in pyridine (50 mL) was treated with
p-TsCl at 0°C and the resulting mixture was stirred for 12 h.* After reaction, water was
added to it and stirred for additional 2 h. The mixture was then partitioned with EtOAc
(100 mL), water (3 x 50 mL). The organic layer was purified with brine (50 mL) and
dried over Na,SO,, filtered and concentrated to give allyl 6-tosyl- a-D mannose. A
mixture of allyl 6-tosyl- a-D mannose and sodium azide (5.25 g, 80.1 mmol) in DMF
(50 mL) was stirred for 24 h at 70°C.>** After reaction, the solvent was removed under

vacuum and the residue was purified by silica gel column chromatography
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(dichloromethane/MeOH = 8/1) to yield allyl 6-azido- a-D mannose (3.1 g, 92%) as a
white solid.

'"H NMR (400 MHz, CD;0D) &: 3.43 — 3.47 (m, 1H, CH,=CH-CH,0-), 3.50 (dd, J =
13.0, 2.5 Hz, 1H, H-6a), 3.56 — 3.63 (m, 1H, H-5), 3.66 — 3.73 (m, 2H, H-3,4), 3.84 (dd,
J=3.3, 1.7 Hz, 1H, H-2), 4.06 (ddt, J = 13.0, 6.0, 1.4 Hz, 1H, CH,=CH-CH,0-), 4.25
(ddt, J = 13.0, 5.1, 1.5 Hz, 1H, 6b), 4.82 (d, J = 1.6 Hz, 1H, H-1), 5.21 (dq, J = 10.4, 1.3
Hz, 1H, CH,=CH-), 5.33 (dq, J = 17.2, 1.7 Hz, 1H, CH,=CH-), 5.97 (dddd, J = 17.1,
10.5, 6.0, 5.2 Hz, 1H, CH,=CH-). *C NMR (100 MHz, CD;0D) &: 51.54 (C-6), 67.65
(OCH,CH=CH,), 68.12 (C-4), 70.66 (C-2), 71.01 (C-5), 72.58 (C-3), 99.32 (C-1),
116.19 (CH=CH,) , 133.88 (CH,CH=CH,). FT-IR: 2099.97 cm™ (N3); ES-MS (LR):
m/z = 268.7 [M + Na]".

4.2.7. Synthesis of allyl 6-amino a-D-mannoside (6)

Allyl 6-azido- a-D mannose (3 g, 8.1 mmol) was dissolved in a mixture of MeOH/H,0
(9:1, 20mL). The reaction was cooled to 0°C and under vigorous stirring, NH4Cl (2.4 g,
42 mmol) and Zn dust (5.4 g, 81 mmol) were added.**>*% After 30 min, the solution
were filtered through Celite and the solvent was removed under vacuum to give allyl 6-
amino- a-D mannose (2.1 g, 65%) as a white powder and used for the next step without

further purification.

4.2.8. Synthesis of allyl 6-fatty amido- a-D-mannoside: General Procedures (7/8/9)

Allyl 6-amino-a-D-mannoside (1.0 g, 4.6 mmol) was dissolved in dry pyridine (20 mL)
and corresponded fatty acid chloride was added to it dropwise at 0°C and stirred for 4 h.
After reaction time, the solvent was evaporated under vacuum. The crude compound
was then dissolved in CH,Cl, (50 mL) and washed with 1 M HCI (3x 50 mL), NaHCO3;
(50 mL), and brine (50 mL), dried over Na,SO,, filtered and concentrated to yield
yellowish solid compound. The residue was purified by flash chromatography using

DCM/MeOH 10:1 to as eluent to yield allyl 6-fattyamido-a-D-mannoside as white solid.
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4.2.8.1 Synthesis of allyl 6-lauroylamido-a-D-mannoside (7)

Allyl 6-lauroylamido-a-D-mannoside (7) was obtained from allyl 6-amino-o-D mannose
in 42% yield.

'H NMR (400 MHz, CDCls) &: 0.90 (t, J = 6.8 Hz, 3H, RCH3), 1.29 (d, J = 13.9 Hz,
18H, RCH,R), 1.65 (g, J = 7.2 Hz, 2H, RCH;R), 2.28 (td, J = 7.3, 1.7 Hz, 2H,
OCH,CH,), 3.09 (ddd, J = 14.9, 4.5, 2.6 Hz, 1H, H-6a), 3.45 — 3.54 (m, 1H, H-4), 3.62
(dt, J = 9.8, 2.5 Hz, 1H, H-3), 3.89 — 4.02 (m, 1H, H-2), 4.06 (ddd, J = 14.9, 8.6, 2.7 Hz,
1H, H-5), 4.16 (ddt, J = 12.9, 5.1, 1.4 Hz, 1H, H-6b), 4.86 (s, 1H, H-1), 5.22 (dd, J =
10.4, 1.4 Hz, 1H, CH=CHy), 5.30 (dg, J = 17.3, 1.5 Hz, 1H, CH=CH,), 5.83 — 5.97 (m,
1H, CH=CH,), 6.19 (dd, J = 8.3, 4.6 Hz, 1H, -CO-NH-R ). *C NMR (100 MHz,
CDCl3) &: 14.12 (RCHs), 22.69 (RCH3R), 25.75 (RCH3R), 29.29 (RCH;R), 29.34
(RCH,R), 29.50 (RCH,R), 29.62 (RCH;R), 31.91 (RCH;R), 36.51 (-COCH;R), 39.89
(C-6), 68.13 (OCH,CH=CHy,), 70.27 (C-4), 70.52 (C-3), 71.28 (C-2), 76.71 (C-5), 99.06
(C-1), 117.56 (CH=CH,), 133.57 (CH,CH=CH,), 176.08 (-COCH;R). ES-MS (LR): m/z
= 4245 [M + Na]*

4.2.8.2 Synthesis of allyl 6-palmitoylamido-a-D-mannoside (8)

Allyl 6-palmitoylamido-a-D-mannoside (8) was obtained from allyl 6-amino-a-D
mannose in 35% vyield.

'H NMR (400 MHz, CDCl3) §: 0.90 (t, J = 6.8 Hz, 3H, RCH3), 1.28 (s, 26H, RCH,R),
1.65 (d, J = 7.3 Hz, 5H, RCH,R), 2.23 — 2.32 (m, 2H, OCH,CH?,), 3.07 (ddd, J = 15.0,
4.6, 2.6 Hz, 1H, H-6a), 3.49 (t, J = 9.6 Hz, 1H, H-4), 3.63 (dt, J = 9.8, 2.4 Hz, 1H, H-3),
3.89 — 4.02 (M, 1H, H-2), 4.05 — 4.20 (m, 2H, H-5 & H-6Db), 4.87 (s, 1H, H-1), 5.19 —
5.34 (m, 2H, CH=CH,), 5.90 (ddd, J = 22.3, 10.6, 5.6 Hz, 1H, CH=CH,), 6.10 (dd, J =
8.5, 4.5 Hz, 1H, -CO-NH-R). *C NMR (100 MHz, CDCl3) &: 14.12 (RCHj), 22.69
(RCH;R), 24.77 (RCH,R), 24.97 (RCH,R), 25.52 (RCH;R), 25.77 (RCH.R), 29.12
(RCH.R), 29.16 (RCH;R), 29.30 (RCH.R), 29.36 (RCH.R), 29.46 (RCH;R), 29.60
(RCH;R), 29.66 (RCH;R), 29.70 (RCH,R), 36.47 (-COCH,R), 39.95 (C-6), 67.29 (C-
4), 68.13 (OCH,CH=CH,), 70.33 (C-3), 70.53 (C-2), 76.71 (C-5), 99.11 (C-1), 117.53
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(CH=CH,), 133.58 (CH,CH=CH,), 177.94 (-COCH,R). ES-MS (LR): m/z = 480.8 [M +
Na]”

4.2.8.3 Synthesis of allyl 6-stearoylamido-a-D-mannoside (9)

Allyl 6-stearoylamido-a-D-mannoside (9) was obtained from allyl 6-amino-a-D

mannose in 26% vyield.

'H NMR (400 MHz, CDCls) &: 0.90 (t, J = 6.7 Hz, 3H, RCHs3), 1.27 (s, 29H, RCH3R),
1.66 (s, 6H, RCH,R), 2.27 (d, J = 8.2 Hz, 2H, OCH,CHy), 3.00 — 3.15 (m, 1H, H-6a),
3.49 (t, J = 9.6 Hz, 1H, H-4), 3.63 (d, J = 9.7 Hz, 1H, H-3), 3.93 — 4.03 (m, 1H, H-2),
4.06 — 4.23 (m, 2H, H-5 & H-6b), 4.87 (s, 1H, H-1), 5.19 — 5.35 (m, 2H, CH=CH),),
5.90 (ddt, J = 16.5, 10.9, 5.6 Hz, 1H, CH=CH,), 6.10 (dd, J = 8.0, 4.3 Hz, 1H, -CO-NH-
R). *C NMR (100 MHz, CDCls) &: 14.13 (RCH3), 22.70 (RCH2R), 25.75 (RCH;R),
29.27 (RCH;R), 29.34 (RCH2R), 29.37 (RCH,R), 29.50 (RCH;R), 29.62 (RCH:R),
29.67 (RCH;R), 29.71 (RCH2R), 31.94 (RCH.R), 36.53 (-COCH;R), 39.89 (C-6), 67.04
(C-4), 68.13 (OCH,CH=CH,), 70.20 (C-4), 70.51 (C-3), 71.26 (C-2), 76.71 (C-5), 99.03
(C-1), 117.56 (CH=CHy), 133.56 (CH,CH=CHy), 176.14 (-COCH,R). ES-MS (LR): m/z
=634.9 [M + Na]*

4.2.9. Synthesis of 3-thio-heptanoic acid-2,3,4-tri-O-acetyl -6-fatty amido- a-D-

mannoside: General Procedures (13/14/15)

Allyl 6-fattyamido-a-D-mannoside (0.5 g, 1 mmol) was reacted with acetic anhydride (2
mL, 21.6 mmol) in pyridine (15 mL) solution overnight to produce allyl 2,3,4-tri-O-
acetyl -6-fatty amido- a-D-mannoside as brownish solid residue (10/11/12) and the

crude compounds were used without further purification.

Allyl 2,3,4,6-tetra acetyl-6-fatty amido-a-D-mannoside was dissolved in anhydrous
DMF in a 100 mL flask and transferred it to an immersion-well batch UV reactor with
125 W medium pressure Hg lamp vessel under argon atmosphere. 3-
Mercaptoppropionic acid was added to it dropwise and stirred the reaction for 2 h. The
overall reaction was monitored via TLC. After completing the reaction, the solvent was
removed in vacuum, dissolved in water (100 mL), washed with CH,Cl, (3x 100 mL).
The combined organic layer was washed with water (3x100 mL) and brine (50 mL),
dried over Na,SO,, filtered and condensed to colourless oil. The residue
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chromatographed in silica using EtOAc/Hexane/AcOH, 3:2:0.05 were used to obtain the
desired  3-thia-heptanoic  acid-2,3,4-triacetyl-6-fatty amido-a-D-mannopyranoside
(13/14/15).

4.2.9.1 Synthesis of 3-thio-heptanoic acid-2,3,4-tri-O-acetyl -6-lauroyl amido- a-D-

mannoside (13)

3-Thia-heptanoic acid-2,3,4-triacetyl-6-lauroyl amido-a-D-mannopyranoside (13) was
synthesized from allyl 2,3,4-tri-O-acetyl -6-lauroyl amido- a-D-mannoside with 84%

yield.

'H NMR (400 MHz, CDCls) &: 0.87 (t, J = 6.8 Hz, 3H, RCHy), 1.27 (d, J = 16.1 Hz,
19H, RCH,R), 1.62 (p, J = 7.3 Hz, 2H, RCH,R), 1.79 — 1.96 (m, 2H, OCH,CH,CH,S-),
1.99 (s, 3H, CH5CO), 2.08 (s, 3H, CH5CO), 2.14 (s, 3H, CH5CO), 2.18 — 2.27 (m, 2H,
OCH,CHy,), 2.56 — 2.71 (m, 5H, OCH,CH,CH,-S-CH,CH,COOH), 2.79 (d, J = 6.8 Hz,
2H, OCH,CH;CH,-S-CH,CH,COOH), 3.22 (dt, J = 14.1, 5.8 Hz, 1H, H-6a), 3.50 (dt, J
= 9.7, 5.7 Hz, 1H, H-6b), 3.74 (dddt, J = 21.2, 9.3, 6.8, 4.1 Hz, 2H, OCH,CH,CH,S-),
3.88 (ddd, J = 9.6, 6.5, 2.6 Hz, 1H, H-5), 4.74 — 4.78 (m, 1H, H-4), 5.10 (t, J = 10.0 Hz,
1H, H-2), 5.23 (dd, J = 3.2, 1.5 Hz, 1H, H-3), 5.31 (dd, J = 10.0, 3.4 Hz, 1H, H-1), 6.02
(t, J = 5.8 Hz, 1H, -CO-NH-R). *C NMR (100 MHz, CDCls) &: 14.10 (RCH3), 20.69
(CH5CO), 20.76 (CH5CO), 20.86 (CH5CO), 22.66 (RCH;R), 24.58 (RCH,R), 25.71
(RCH.R), 26.81 (RCH;R), 27.70 (RCH,R), 27.90 (RCH.R), 28.64 (RCH;R), 28.75
(RCH,R), 29.28 (RCH;R), 29.31 (RCH.R), 29.35 (RCH.R), 29.48 (RCH;R), 29.59
(RCH;R), 29.61 (RCH,R), 31.89 (S-CH,CH,COOH), 32.16 (OCH,CH,CH,-S-), 34.74
(OCH,CH,CH,-S-), 35.30 (S-CH,CH,COOH), 36.78 (-COCH,R), 39.47 (C-6), 44.17,
66.17 (C-5), 67.11 (OCH,CH,CH,-S), 67.99 (C-4), 68.83, 68.99 (C-2), 69.60 (C-3),
97.38 (C-1), 170.00 (CHsCO), 170.01 (CHsCO), 170.36 (CHsCO), 173.88 (S-
CH,CH,COOH), 175.37 (-COCH,R). ES-MS (LR): m/z = 656.5 [M + Na]*

4.2.9.2 Synthesis of 3-thio-heptanoic acid-2,3,4-tri-O-acetyl -6-palmitoyl amido- a-

D-mannoside (14)

3-Thia-heptanoic acid-2,3,4-triacetyl-6-palmitoyl amido-a-D-mannopyranoside (14)
was synthesized from allyl 2,3,4-tri-O-acetyl -6-palmitoyl amido- a-D-mannoside with
78% vyield.
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'"H NMR (400 MHz, CDCls) &: 0.89 (t, J = 6.8 Hz, 3H, RCH3), 1.26 (s, 27H, RCH,R),
1.63 (g, J = 7.2 Hz, 2H, RCH,R), 1.91 (dt, J = 13.0, 6.2 Hz, 2H, OCH,CH,CH,S-), 2.00
(s, 3H, CH3CO ), 2.10 (d, J = 4.0 Hz, 3H, CH3CO), 2.15 (s, 3H, CHsCO), 2.19 — 2.28
(m, 2H, OCH,CH,), 2.58 — 2.74 (m, 4H, OCH,CH,CH,-S-CH,CH,COOH ), 2.77 — 2.85
(m, 2H, OCH,CH,CH,-S-CH,CH,COOH), 3.23 (dt, J = 14.3, 5.4 Hz, 1H, H-6a), 3.52
(dt, J = 9.6, 5.7 Hz, 1H, H-6b), 3.69 — 3.82 (m, 2H, OCH,CH,CH,S-), 3.89 (ddd, J =
9.7, 6.6, 2.8 Hz, 1H, H-5), 4.77 (d, J = 1.5 Hz, 1H, H-4), 5.11 (t, J = 10.1 Hz, 1H, H-2),
5.25 (dd, J = 3.4, 1.7 Hz, 1H, H-3), 5.33 (dd, J = 10.1, 3.5 Hz, 1H, H-1), 6.01 (t, J = 5.9
Hz, 1H, -CO-NH-R). *C NMR (101 MHz, CDCls) &: 14.12 (RCHs), 20.71 (CH5CO),
20.73 (CH5CO), 20.77 (CHsCO), 22.68 (RCH,R), 25.72 (RCH;R), 26.79 (RCH3R),
28.66 (RCH3R), 28.76 (RCH2R), 29.30 (RCH,R), 29.35 (RCH3R), 29.51 (RCH:R),
29.65 (RCH2R), 29.66 (RCHR), 29.69 (RCH.R), 31.92 (S-CH,CH,COOH), 34.77
(OCH,CH,CH,-S-), 36.81(-COCH;R), 39.49 (C-6) , 66.18 (C-5), 67.14
(OCH,CH,CH,-S), 69.00 (C-4), 69.06 (C-2), 69.68 (C-3), 97.39 (C-1), 170.03
(CHsCO), 170.09 (CHsCO), 170.39 (CHsCO), 173.89(CH;CO), 175.85 (S-
CH,CH,COOH), 176.50 (-COCH,R). ES-MS (LR): m/z = 712.5 [M + Na]*

4.2.9.3 Synthesis of 3-thio-heptanoic acid-2,3,4-tri-O-acetyl -6-stearoyl amido- a-D-

mannoside (15)

3-Thia-heptanoic acid-2,3,4-triacetyl-6-stearoyl amido-a-D-mannopyranoside (15) was
synthesized from allyl 2,3,4-tri-O-acetyl -6-stearoyl amido- a-D-mannoside with 90%

yield.

'H NMR (400 MHz, CDCI3) &: 0.81 (t, J = 6.8 Hz, 3H, RCH3), 1.18 (s, 27H, RCH,R),
1.55 (g, J = 7.2 Hz, 2H, RCH,R), 1.92 (s, 3H, CH3CO), 2.02 (s, 3H, CHsCO), 2.08 (d, J
= 3.1 Hz, 3H, CH3CO), 2.13 — 2.20 (m, 2H, OCH,CH, ), 2.56 — 2.62 (m, 4H,
OCH,CH,CH,-S-CH,CH,COOH), 274 (t, J = 6.3 Hz, 2H, OCH,CH,CH,-S-
CH,CH,COOH), 3.11 (dt, J = 14.2, 5.8 Hz, 1H, H-6a), 3.39 — 3.48 (m, 1H, H-6b), 3.70
(ddt, J = 9.8, 7.1, 4.8 Hz, 2H, OCH,CH,CH,S-), 3.82 (ddd, J = 9.7, 6.6, 2.8 Hz, 1H, H-
5), 4.69 (d, J = 1.4 Hz, 1H, H-4), 5.03 (t, J = 10.1 Hz, 1H, H-2), 5.17 (dd, J = 3.4, 1.7
Hz, 1H, H-3), 5.25 (dt, J = 9.9, 3.5 Hz, 1H, H-1), 5.88 — 6.01 (m, 1H, -CO-NH-R). *C
NMR (100 MHz, CDCl3) &: 14.13 (RCHs), 20.73 (CH3CO), 20.80 (CH;CO), 20.89
(CHsCO), 22.69 (RCH;R) , 24.58 (RCH,R), 25.56 (RCH,R), 25.72 (RCH;R), 26.87
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(RCH,R), 27.60 (RCH,R), 28.67 (RCH,R), 28.77 (RCH,R), 29.31 (RCH,R), 29.37
(RCH,R), 29.52 (RCH,R), 29.66 (RCH;R), 29.68 (RCH,R), 29.71 (RCH,R), 31.93 (S-
CH,CH,COOH), 32.20 (S-CH,CH,COOH), 34.88 (OCH,CH,CH,-S-), 36.84 (-
COCH;,R), 39.55 (C-6), 66.20 (C-5), 66.80 (OCH,CH,CH,-S), 67.24 (OCH,CH,CH,-
S), 69.01 (C-4), 69.54 (C-3), 69.69 (C-2), 97.35 (C-1), 170.04 (CHsCO), 170.45
(CH3CO), 170.84 (CH3CO), 173.95 85 (S-CH,CH,COOH), 174.85 (-COCH,R). ES-MS
(LR): m/z = 740.95 [M + Na]"

4.2.10. Synthesis of 3-thio-heptanoic acid-6-fatty amido- a-D-mannoside: General
Procedures (16/17/18)

3-Thia-heptanoic acid-2,3,4-triacetyl-6-fatty amido-a-D-mannopyranoside (0.5 g, 0.7
mmol) was dissolved in 30 ml dry methanol and Na metal (02 g, 3.2 mmol) was added
to it at freezing temperature and stirred vigorously at that temperature until dissolve the
sodium. The ice bath was removed and stirred the solution for an hour at room
temperature and monitored via TLC. After completing the reaction, the solution was
neutralized with ion exchange resin (Dowex 50W X8-400 ion exchange resin, Sigma-
Aldrich) to reach pH ~ 3, filtered and concentrated under reduced pressure to give 3-

thio-heptanoic acid-6-fatty amido-a-D-mannopyranoside as white powder (16/17/18).

4.2.10.1 Synthesis of 3-thio-heptanoic acid-6-lauroylamido- a-D-mannoside
(16)

3-Thia-heptanoic acid-6-lauroyl amido-a-D-mannopyranoside (16) was synthesized
from 3-thia-heptanoic acid- 2,3,4-tri-O-acetyl -6-lauroyl amido- a-D-mannoside with
73% vyield.

'H NMR (400 MHz, CDCls) &: 0.81 (t, J = 6.8 Hz, 3H, RCH3), 1.08 — 1.31 (m, 19H,
RCH,R), 1.56 (s, 2H, RCHR), 1.65 — 1.94 (m, 2H, OCH,CH,CH,S-), 2.19 (s, 2H,
OCH,CH,CH,S-), 2.54 (t, J = 7.2 Hz, 4H, OCH,CH,CH,-S-CH,CH,COOH), 2.71 (t, J
= 7.2 Hz, 2H, OCH,CH,CH,-S-CH,CH,COOH), 3.10 (d, J = 13.6 Hz, 1H, H-6a), 3.34
—3.57 (M, 4H, OCH,CH,CH,S ), 3.72 — 4.04 (m, 6H, H-5, H-4,H-3 and H-2), 4.72 (s,
1H, H-1), 6.31 (s, 1H, -CO-NH-R). **C NMR (100 MHz, CDCls) &: 14.12 (RCHs),
22.69 (RCH;R), 25.80 (RCHR), 25.85 (RCH,R), 26.96 (RCH3R), 27.29 (RCH:R),
28.75 (RCH3R), 29.09 (RCH2R), 29.32 (RCH,R), 29.35 (RCH;R), 29.39 (RCH:R),
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2944 (RCH.R), 31.91 (S-CH,CH,COOH), 34.63 (OCH,CH,CH,-S-) , 34.91
(OCH,CH,CH,-S), 36.50 (-COCH,R), 40.07 (C-6), 67.43 (OCH,CH,CH;-S), 70.39 (C-
5), 70.71 (C-4), 71.00 (C-2), 71.26 (C-3), 99.99 (C-1), 172.44 (S-CH,CH,COOH),
175.97 (-COCH,R). ES-MS (LR): m/z = 506.2 [M -H]

4.2.10.2 Synthesis of 3-thio-heptanoic acid-6-palmitoylamido- a-D-mannoside
(17)

3-Thia-heptanoic acid-6-palmitoyl amido-a-D-mannopyranoside (17) was synthesized
from 3-thia-heptanoic acid- 2,3,4-tri-O-acetyl -6-palmitoyl amido- a-D-mannoside with
78% vyield.

'H NMR (400 MHz, CD30D) &: 0.92 (t, J = 6.8 Hz, 3H, RCH3), 1.32 (d, J = 10.2 Hz,
26H, RCH2R), 1.58 — 1.69 (m, 2H, RCH;R), 1.88 (dg, J = 13.0, 6.9 Hz, 2H,
OCH,CH,CH,S-), 2.21 — 2.28 (m, 2H, OCH,CH,CH,S-), 2.60 (t, J = 7.1 Hz, 2H, (S-
CH,CH,COOH), 2.65 (t, J = 7.1 Hz, 2H, OCH,CH,CH,-S-), 2.77 (t, J = 7.2 Hz, 2H,
(CH,CH,COOH), 3.42 — 3,51 (m, 2H, H-6a, H-5), 3.52 (s, 1H, H-6b), 3.69 (dd, J = 9.2,
3.5 Hz, 1H, H-4), 3.82 (dd, J = 3.3, 1.6 Hz, 2H, H-3 & H-2), 4.74 (d, J = 1.4 Hz, 1H, H-
1). *C NMR (100 MHz, CD;0D) &: 13.08 (RCH3), 22.35 (RCH,R), 25.77 (RCH;R),
26.51 (RCH3R), 28.15 (RCH.R), 29.05 (RCH,R), 29.09 (RCHR), 29.14 (RCH.R),
29.26 (RCH.R), 29.39 (RCH,R), 29.41 (RCH,R), 31.69 (S-CH,CH,COOH), 34.32
(OCH,CH,CH,-S-), 35.72 (-COCH,R), 40.01 (C-6), 65.42 (OCH,CH,CH,-S), 68.27
(C-5), 70.75 (C-4), 70.88 (C-2), 71.28 (C-3), 100.25 (C-1), 174.29 (S-CH,CH,COOQH),
175.40 (-COCH;,R). ES-MS (LR): m/z = 586.4 [M + Na]*

4.2.10.3 Synthesis of 3-thio-heptanoic acid-6-stearoylamido- a-D-mannoside
(18)

3-Thia-heptanoic acid-6-stearoyl amido-a-D-mannopyranoside (18) was synthesized
from 3-thia-heptanoic acid- 2,3,4-tri-O-acetyl -6-stearoyl amido- a-D-mannoside with
72% yield.

'H NMR (400 MHz, CDs0D) &: 0.87 — 0.97 (m, 3H, RCH3), 1.31 (s, 31H, RCH,R),
1.63 (s, 2H, RCH;R), 1.88 (d, J = 5.9 Hz, 2H, OCH,CH,CH,S-), 2.21 — 2.29 (m, 2H,
OCH,CH,CH,S-), 2.63 (dt, J = 23.0, 7.3 Hz, 4H, S-CH,CH,COOH), 2.77 (t, J = 7.1 Hz,
2H, OCH,CH,CH,S-), 3.41 — 3.63 (m, 3H, H-5, H-6a & H-6b), 3.69 (dd, J = 9.3, 3.4
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Hz, 1H, H-4), 3.77 — 3.87 (m, 2H, H-2 & H-3), 4.74 (d, J = 1.6 Hz, 1H, H-1). *C NMR
(100 MHz, CD30D) &: 13.06 (RCHs), 22.35 (RCH,R), 25.77 (RCH.R), 26.52 (RCH,R),
28.15 (RCH;R), 29.05 (RCH2R), 29.08 (RCH.R), 29.14 (RCH3R), 29.26 (RCH2R),
29.40 (RCHR), 31.69 (S-CH,CH,COOH), 34.34 (OCH,CH,CH,-S-), 35.72 (-
COCH_R), 40.01 (C-6), 65.42 (OCH,CH,CH,-S), 68.28 (C-5), 70.75 (C-4), 70.88 (C-
2), 71.28 (C-3), 100.25 (C-1), 174.33 (S-CH,CH,COOH), 175.40 (-COCH.R). ). ES-
MS (LR): m/z = 614.5 [M + Na]*

4.2.11. Digestion and purification of commercially available chitosan

The commercial chitosan was digested with hydrogen peroxide (H»O,, 33%) with
varying incubation time to produce low molecular weight chitosan by cleaving the ether
bonds between glucosamine units of chitosans according to the procedure describes
elsewhere.®**% Briefly, chitosan (10 g) was dissolved in 400 mL of acidified water
(400 mL, pH 3) in two large round bottom flask and stirred vigorously. H,O, (30 mL)
was slowly added to the solution and stirred continuously. The reaction mixture was
quenched by adding 50 mL of methanol after 3.5 h and 9.0 h and the pH was adjusted to
7. The digested low molecular weight chitosans (LMWCs) with reaction time 3.5 h and
9.0 h were exhaustively dialyzed against deionized water (DI) for 72 h with a molecular
weight cutoff (MWCO) of 3.5 kDa and 1 kDa, respectively and lyophilized to obtain
white powder with yield 90% and 70 % respectively. The reported molecular weights
(MWs) of digested chitosan were broadly distributed ranging from 4-6.5 kDa (weight
average MW 4.3 kDa; LMWCsy) and 2-4 kDa (weight average MW 2.1 kDa; LMWC)

after 3.5 h and 9.0 h digestion, respectively.

4.2.12. Synthesis of c: General procedure

Lactose grafted chitosan (Chitlac) samples with various degree of lactosylation were
synthesized from purified and digested chitosan according the procedure reported
elsewhere.”® Briefly, chitosan (M, 50-190 kDa), LMWCs, (M, 4-6.5 kDa) and
LMWCy (M, 2-4 kDa) were dissolved in a 1: 1 mixture of methanol and 1% acetic acid
(30 mL) in three separate reaction flask and stir the solution for 30 min. Lactose and
sodium cyanoborohydride were dissolved in the same MeOH and 1% AcOH (20 mL)
mixture and transferred to the polymer solution. The reaction mixture was stirred for 48

h at room temperature and after dilution with water (30 mL), exhaustively dialysed (~ 5
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d) against DI water. The polymer solution was then filtered through 0.45 pm Millipore
filters and lyophilized to obtain Chitlac, Chitlacsk, and Chitlacyk with different degree of

lactosylation. The reaction condition details are described in Table 4.1.

Table 4.1: Reaction conditions by altering the amount of lactose molecule to synthesize
Chitlac A, Chitlac B, Chitlac C, Chitlac D, Chitlacs, and Chitlac .

Sample Lactose NaBH3;CN
a Amount | mmol a Amount mmol
Chitlac A 25 1.25¢ 3.66 6.0 0.55¢ 8.78
Chitlac B 1.0 0.47¢g 1.36 2.5 0.22¢ 35
Chitlac C 0.8 0.38 ¢ 1.10 2.0 0.17¢ 2.75
Chitlac D 0.5 0.23¢ 0.68 1.3 0.11g¢ 1.71
Chitlacsy 0.2 1.0g 0.2 0.5 0.15 2.5
Chitlacyk 0.2 029 0.095 |05 0.03 0.5

a is the equivalents used per repeating unit of chitosan

4.2.13. Synthesis of lactose and mannose conjugated chitosan (Chitmannolac):

General procedure

Coupling of 3-thio-heptanoic acid- a-D-mannoside (compound 4) with the Chitlac was
performed using EDC and NHS via amide bind formation. Briefly, desired amount of 3-
thio-heptanoic acid-a-D-mannoside (20 mol% of the repeating unit of GICNH; in
chitosan) was dissolved in 5 ml of distilled water and activated with a mixture of NHS
and EDC for 3 hours. Subsequently, desired amount of Chitlac was dissolved in 5 mL of
0.1 M HCI (pH~4) solution and then added into the activated 3-thio-heptanoic acid- a-
D-mannoside solution. The reaction was performed for 72 h at RT. The resulting
product was purified using a dialysis tube (ranges from 1000 to 12000-14000 MWCO
based on chitosan molecular weight) against DI water for ~3 days and lyophilized to
obtain mannose modified chitosan (Chitman) as a white powder. The reaction

conditions are described in Table 4.2.
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Table 4.2: Reaction conditions to synthesize Chitmannolac, Chitmannolacsy and

Chitmannolacyy.

Sample Compound 4 EDC NHS Chitmannolac
Amount | mmol | Amount | mmol | Amount | mmol (yield)

Chitlac 0.047 g 0.15 0.04¢ 0.22 0.017 0.15 0.068 g (53 %)
(0.05 g, 0.25 pmol)
Chitlacsy 0.064 g 0.2 0.06 g 0.3 0.035 0.3 0.19 g (77 %)
(0.2 g, 0.03 mmol)
Chitlacy 0033g |01 |004g |02 0.023 02 | 0.11g (90 %)
(0.1 g, 0.03 mmol)

a is the equivalents used per repeating unit of chitosan

4.2.14. Synthesis of palmitoyl amido mannoside-g- Chitmannolac (PAM-g-
Chitmannolac)

Coupling of 3-thia-heptanoic acid-6-palmitoyl amido-a-D-mannopyranoside (17, 30
mol% of the repeating unit of GIcNH, in chitosan) with the Chitmannolac was
performed according the similar procedure describe above to synthesis Chitmannolac
via carbodiimide chemistry. The reaction conditions are described in Table 4.3.

Table 4.3: Reaction conditions to synthesize palmitoyl amido mannoside-g-
Chitmannolac (PAM-g-Chitmannolac).

Sample Compound 17 EDC NHS PAM-g-
Amount | mmol | Amount | mmol | Amount | mmol Chit(m_arllg)olac
yie
Chitmannolacsy 0.022 ¢ 0.04 |0.016g |0.08 0.009 0.08 | 0.0359g (82 %)
(0.02 g, 0.0024 mmol)
Chitmannolac,y 0.012 g 0.02 0.01¢g 0.05 0.006 0.06 | 0.027 g (70 %)
(0.02 g, 0.0015 mmol)

a is the equivalents used per repeating unit of chitosan

4.2.15. Synthesis of stearoyl amido mannoside-g- Chitmannolac (SAM-g-
Chitmannolac)

Coupling of 3-thia-heptanoic acid-6-stearoyl amido-a-D-mannopyranoside (18, 30
mol% of the repeating unit of GIcNH; in chitosan) with the Chitmannolac was
performed according the similar procedure describe above to synthesis Chitmannolac

via carbodiimide chemistry. The reaction conditions are described in Table 4.4.
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Table 4.4: Reaction conditions to synthesize stearoyl amido mannoside-g-
Chitmannolac (SAM-g-Chitmannolac).

Sample Compound 18 EDC NHS SAM-g-
Amount | mmol | Amount | mmol | Amount | mmol | Chitmannolac
(yield)
Chitmannolacsy 0.022 ¢ 0.04 0.016g | 0.08 0.009 0.08 0.045 g (88 %)
(0.02 g, 0.0024 mmol)
Chitmannolac,y 0.012¢g 0.02 0.01g 0.05 0.006 0.06 0.032 g (75 %)
(0.02 g, 0.0015 mmol)

a is the equivalents used per repeating unit of chitosan

4.2.16. Synthesis of fluorescein and glycolipid grafted chitosan

6-(3-Carboxypropylaminocarbonyl)fluorescein (5 mol% of the repeating unit of
GIcNH; in chitosan) was conjugated to the chitosan backbone using EDC and NHS via
amide bind formation as described above. The reaction conditions are described in
Table 4.5.

Table 4.5: Reaction conditions to synthesize fluorescein-c-palmitoyl amido mannoside-
g- Chitmannolac (Fluorescein-c-PAM-g-Chitmannolac) and fluorescein-c-stearoyl
amido mannoside-g- Chitmannolac (Fluorescein-c-SAM-g-Chitmannolac).

Sample Fluorescein EDC NHS Chitmannolac
Amount | mmol | Amount | mmol | Amount | mmol (yield)
PAM-g- 0.008g |0.015 | 0.005g |0.015 |0.003 0.015 | 0.015 g (58 %)

Chitmannolacsy
(0.02 g, 17.5 pmol)

SAM-g- 0.008 g 0.015 | 0.005g | 0.015 | 0.003 0.015 | 0.01 g (42 %)
Chitmannolacsy
(0.02 g, 17.5 pmol)

Fluorescein-c-chitosansy (Flu-c-Chitosansi) was also synthesized as control compound
following the similar procedure describe above.

4.2.17. Preparation of DSA encapsulated chitosan based glyconanoparticles

The chitosan based glyconanoparticles were prepared using nanoprecipitation method
through self-assembly of the glycolipid-g-Chitmannolac followed by probe sonication
as described elsewhere.?®® Briefly, 20 mg of PAM-g-Chitmannolacsx or SAM-g-
Chitmannolacsi in 10 ml of 0.1 M acetic acid was mixed with 5 mg of DSA in 2.5 ml
ethanol in 25 mL round bottom flask and constant stirring for 1 h. The resultant

dispersion was processed for size reduction using a tip-type sonicator (Branson,
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Danbury, CT, USA) for 5 min at 20% amplitude (20 s pulse on and 5 s pulse off). The
solution was then stirred overnight at room temperature to remove the organic solvent
and the pH was adjusted to 7.0 with 0.1 M NaOH solution. The unentrapped DSA was
removed via dialysis using dialysis membrane tubing (MWCO 3500) against 1000 mL
water for 24 h. Finally, the prepared DSA loaded GNPs were passes through 0.45 pm
Millipore filters and lyophilized. The DSA loaded GNPs prepared from PAM-g-
Chitmannolask and from SAM-g-Chitmannolasx were denoted as DSA/PAM-GNPs, and
DSA/SAM-GNPsy, respectively.

Fluorescein conjugated GNPs were prepared by following the similar procedure
describe above using hydrophobic DSA molecules along with fluorescein-c-PAM-g-
Chitmannolacsk or fluorescein-c-SAM-g-Chitmannolac and the prepared GNPs are
denoted as DSA/Flu-c-PAM-GNPs, and DSA/Flu-c-SAM-GNPsy, respectively.

4.2.18. Immobilization of amikacin into the DSA/PAM-GNPsx and DSA/SAM-
GNPsk

The DSA/PAM-GNPs, and DSA/SAM-GNPs¢ (10 mg each) were dissolved in 6 ml
ultrapure water in a 10 mL vial and 2 mg of amikacin sulphate was added to it. The
solution mixture was then stirred for 2 h. Non-encapsulated amikacin was removed by
centrifugation at 14 000 g for 15 h at 4°C. The amount of encapsulated amikacin was
determined from the unbound amikacin in the supernatants via ultraviolet-visible
spectroscopy (UV-vis) at wavelength 349 nm through a derivatization method using o-
phalaldialdehyde (OPA) which is described in the previous chapter. The amikacin
encapsulated DSA/PAM-GNPsx and DSA/SAM-GNPs,  were denoted as
amikacin/DSA/PAM-GNPs, and Amikacin/DSA/SAM-GNPs respectively.

4.2.19. In vitro amikacin release studies

The in vitro drug release studies were carried out in PBS at pH 5.5 and pH 7.4 using
dialysis chambers at 37°C to mimic in vivo environment. The chambers were immersed
in 30 mL of release medium at pH 5.5 and pH 7.4. Finally, the sample was place in a
shake incubator at 37°C. In order to measure the amikacin delivery, 3 mL of solution
were withdrawn at desired time intervals from the outside released medium and

analyzed by the UV-vis spectroscopy method described above. The constant volume of
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total delivery liquid was ensured by replacing with an equal volume of fresh released
medium. Each drug release experiment was employed three times to calculate the mean
values and standard deviations. Actual drug release % was determined based on the

following equation:

Release of amikacin at a definite time
Drug release (%) = x 100

Total amount of amikacin entrapped within the GNPs

4.2.20. Characterization of the prepared GNPs

High temperature nuclear magnetic resonance (NMR) spectra were recorded on Bruker
Avance 400 spectrometer operating at 400 MHz using deuterium oxide as the solvent.
Physical characterisation of GNPs including particle size measurements was determined
by dynamic light scattering (DLS) using the photon correlation spectroscopy technique.
The zeta potential (surface charge) of the particles was estimated by laser-Doppler
electrophoresis to find the stability of the GNPs. The prepared GNPs were diluted 10-
fold in water to measure the particle size as well as diluted 300-fold during zeta
potential measurements respectively. All the data were collected with three independent
measurements (n = 3). The measurements were performed in triplicate at room
temperature using a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK)

equipped with a 633 nm laser and 173° detection optics.

The critical micelle concentrations (CMC) were measured using DLS following a
procedure published elsewhere.*® Initially, DSA/PAM-GNPs, and DSA/SAM-GNPs;
were dissolved in 1% acetic acid at concentration 2 mg/mL and adjusted to pH 5.5 using
IN NaOH. Then, concentration ranges of 1.0 pg/ml to 1.0 mg/mL were prepared using
water and stirred for 1 h. The intensity of the scattered light was measured by DLS
(expressed in kilo counts per second) and run for five times for each dilution. Finally,
intensities were plotted as a function of the DSA/PAM-GNPs, and DSA/SAM-GNPsy
concentrations (pug/ml) and the CMC was determined as the intersection between the

two straight lines.

UV-vis spectroscopy measurements were performed in a Cintra 300 UV-vis
spectrophotometer and the spectra were collected between 200 to 600 nm. The
transmittance of the modified chitosan was also studied using UV-vis spectroscopy at
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different pH solution. The polymer samples were dissolved in 1% acetic acid (0.2
mg/mL) and measured the transmittance after 24 h at 600 nm. The pH of the solution
ranges between 5.5 and 8.5 was adjusted using 2N NaOH solution. Fluorescence
measurements were recorded in 3 mL quartz cuvettes using FluoroMate FS-2
fluorescence spectrometer equipped with a xenon lamp excitation source. All

fluorescence spectra were measured at an excitation wavelength of 440 nm.

4.2.21. Macrophage cell culture

The RAW 264.7 macrophage cell line obtained from American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured according to the ATCC procedure. Briefly,
cells were cultured in DMEM (Sigma-Aldrich) medium supplemented with 10% heat-
inactivated foetal bovine serum (FBS), 100U/mL of penicillin, and 100 pg/mL of
Streptomycin (Sigma-Aldrich) in a humidified atmosphere of 5% CO, at 37°C and used

for experiments between passages 12 and 16.

4.2.22. Determination of cellular toxicity using MTT Assays

Cell proliferation was evaluated using the 3-(4,5-dimethylthiazol-2-yl)2,5-
diphenyltetrazolium bromide (MTT) assay. Briefly, RAW264.7 cells were seeded into
96-well plate (5 x 10° cells/well) for 12 h, washed, and treated with 0, 0.25, 0.5, 1.0 and
2.0 mg/mL of DSA/PAM-GNPs,, DSA/SAM-GNPs, amikacin/DSA/PAM-GNPs, and
Amikacin/DSA/SAM-GNPsy for 24 h at 37°C. After treatment, cells were washed with
PBS and MTT stock solution (5mg/mL) was then added to each well and incubated for
an additional 4 h. At the end of the experiment, the medium was replaced with 100 pL
of DMSO to dissolve the formazan crystals, and the absorbance was measured at 540
nm using Polarstar Omega 96-well microplate reader (BMG Labtech GmBH,
Germany). The cell viability was calculated using the following formula: Cell viability
(%) = (ODexp — ODplank)/(ODcontrot — ODpank) * 100%.

4.2.23. Enzyme-linked immunosorbent assay (ELISA): Determination of the TNF-

o and IL-6 Release

The secreted cytokines were measured from RAW 264.7 macrophage cell after treating
with various concentrations of DSA/PAM-GNPs, and DSA/SAM-GNPg. in fresh
culture medium for 12, 24 and 48 h. Then, 500 pL aliquots were taken from the
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supernatant and stored at -80°C until they were used for measurements by sandwich
ELISA assays. Supernatant taken from the untreated cells were used as control and
supernatant from lipopolysaccharide treated cells were used as positive control (LPS, 50
ng/mL, Sigma-Aldrich, USA).

The proinflammatory cytokines, TNF-a and IL-6, were quantified by enzyme-linked
immunosorbent assay (ELISA) obtained from elisakit.com.au, Australia and the ELISA
kit was performed according to producer’s instructions. Briefly, diluted supernatants
(1:5, in DMEM) were incubated in antibody-coated 96-well plates to facilitate binding
of released cytokines. The incubation with a biotinylated primary antibody was
performed. The next step was incubation with streptavidin-horseradish peroxidase. All
incubation steps were followed by washing, which guarantees the removal of unbound
molecules. Horseradish peroxidase is capable of oxidizing its substrate
tetramethylbenzidine (TMB), which develops a stable staining complex with sulfuric
acid detectable at 450 nm by means of a plate reader. The limit of sensitivity for
detection of TNF-a and IL-6 was <5 and <1 pg/mL, respectively, with both intra-assay
and inter-assay variability < 10%.

4.2.24. Confocal images

RAW?264.7 cells were plated on a sterile cover slide in a 12 well plate at a density of 5
x 10* cells/well and incubated overnight at 37°C. Cells were washed twice with PBS
and treated with Flu-c-Chitosansx and DSA/Flu-c-PMA-GNPs, for 4 hours. After
treatment, cells are washed thoroughly with ice-cold PBS (3 times) and fixed with 0.5
mL of 4% (w/v) paraformaldehyde for 10 min at room temperature. Cells were then
permeabilized with 0.1% Triton X-100 in PBS for 5 min at room temperature and
washed twice with PBS. The nucleus of the cells were stained with Hoechst 33342 for 5
min at room temperature in the dark and washed thrice after staining. The cover slide
were carefully fixed onto a clean and clear tissue culture glass slide using mounting

media and dried overnight. Finally, the cells were examined by using a Nikon A1R+
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confocal microscope and images were acquired with a Nikon digital camera and NIS-

Elements acquisition software (version 4.13).

4.2.25. Macrophage infection and intracellular bacterial inhibition assays

S. aureus strain ATCC 25923 was grown in LB medium at 37°C with 160 rpm shaking.
Colony forming units (CFU) were determined after serial dilution and plating the S.

aureus cells on LB agar plates

Intracellular antibacterial activity was determined in RAW 264.7 cells infected with S.
aureus (bacteria/cell ratio of 10) wusing fully validated procedure reported
elsewhere.*** Briefly, 5 pL of processed bacteria containing 10° bacteria was added
into the macrophage cells (10° cells per well) distributed in 12-well tissue culture plates.
The infected cells were incubated for 2 h 37°C to allow phagocytosis. The cell medium
was then washed with fresh media containing 10% FBS to remove extracellular bacteria
those are not phagocytized and washed thoroughly with PBS. Macrophages were then
treated with fresh media containing different concentration of DSA/PAM-GNPs and
Amikacin/DSA/SAM-GNPs, with concentration 0, 50, 100, 200 and 400 pg/mL.
Untreated cells were served as control.

Infected macrophages cultures were terminated at 1, 3, 6, 12, and 24 h post infection.
Cell free supernatant from infected bacteria were diluted and plated on LB agar plates to
determine extracellular bacterial growth. The infected macrophages were lysed with
sterile distilled water to evaluate the intracellular bacterial viability and plating the

lysates on LB agar followed by visual counting of bacterial colonies.

4.2.26. Statistical Analysis

Data from all samples within each group were combined with means + standard error of
mean (S.E.M). Data were averaged from three independent experiments each containing
at least 4 replicates. Statistical significant was determined by one-way analysis of
variance (one-way ANOVA) and a Dunnett’s multiple comparison was used to compare
the effect among groups using GraphPad Prism software (version 6.01, La Jolla, CA).

Values with P<0.05 were considered significant.
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4.3. Results and Discussion

Generally, mannopyranosyl phenylisothiocyanate and formylmethyl mannopyranoside
were designed as mannosylated reagents to modify polysaccharides.?®* Holl et al.
prepared some monosaccharide modified chitosan derivatives using formymethyl
glycosides which were produce via oxidation of at the allyl group at -78°C using ozone
generator.307 Zong’s group oxidized allyl mannose using the very toxic compound OsO4
and NalO, for Mannosylation to chitosan.”*’ On the other hand, researchers selected
mannosyl phenylisothiocyanate as mannosylating reagent that unfortunately is unstable,
expensive, and may have toxicity because of the phenylisothiocyanate bridge for linking
the mannose residues to chitosan, and should be handled carefully due to the fact
toxicity of therapeutic carriers affect the therapeutic efficiency in vitro and in vivo.**%
Here, a new and practical approach to modify chitosan has been developed using

Mannose as precursor.

OH Aco— QAC Ao~ ¢ Ho—~ 9%
HO|0 i AcO Qi g AcO 2 IV g HO -
HO o AcO AcO HO
1 5 O~ = 3 O/\/\S/\/COOH . O/\/\S/\,COOH

Figure 4.2. Synthesis route of 3-thio-heptanoic acid-a-D-mannoside. Reagents and
conditions: (i) p-TsCl, allyl alcohol, 100°C, 36 h, 92 %; ii) Ac,O, pyridine, RT, 24 h,
75.7 %; (iii) HSCH,CH,COOH, CH3CN, hv, 4 h, 94%; (iv) 1M NaOH, MeOH/H,0
(5:1), 0°C—RT, 12 h, 98%.

As shown in Figure 4.3, the process to synthesise the mannose precursor to conjugate
with chitosan consists of four steps. Allyl mannopyranoside was obtained by
glycosylation of mannose and allyl alcohol under refluxing and catalysing with p-TsCI
to generate HCI.?*®* The concentrated syrup was acetylated by Ac,O/pyridine and only
a-isomer of tetra acetate 2 was obtained in 75% yield. This was followed by anti-
Markinikov addition of 3-mercaptopropionic acid by photolysis (hv = 254 nm) to give
thiopropanoic derivative 3 in 94% yield.*® Standard de-O-acetylation was then
undertaken using NaOMe, MeOH, pH > 8) to afford the unprotected mannose
derivatives 4 in quantitative yield.
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Figure 4.3. Synthesis route of 3-thio-heptanoic acid-a-D-mannoside. Reagents and
conditions: (i) p-TsCl, allyl alcohol, 100°C, 36 h, 92 %; (ii) p-TsCl, pyridine, 0°C, 12 h;
(iii) NaNs, DMF, 100°C, 24 h, 44%; (iv) Zn/NH4CI, methanol/water (9:1), rt, 1 h; (v)
Fatty acid chloride, pyridine, 0°C, 12 h; vi) Ac,0O, pyridine, RT, 24 h, 76%; (vii)
HSCH,CH,COOH, DMF, hv, 2 h; (viii) Na, methanol, rt, 24 h.

The synthesis of 6-fatty amide mannoside started from allyl mannoside. The moderately
reactive toluenesulfonyl leaving group was added to the primary hydroxyl group (C-6
position) and converted to the tosylated mannoside in 34% vyield (Figure 4.2).'%° The
next step was the treatment of tosylated allyl mannose with sodium azide in DMF at
100°C (12 h) to afford the azido allyl mannoside 5 in 44% yield.*® A reduction of 5
with Zn/NH,CI afford the amino allyl mannoside 6 and this was used as a precursor to
conjugate various fatty acid chlorides.’*? Fatty acid chloride with chain length C12
(lauroyl chloride 7), C16 (palmitoyl chloride 8) and C18 (stearoyl chloride 9) were
conjugated at C-6 position of mannoside via amide bond formation using nucleophilic
addition reaction. 3-mercaptopropionic acid was added the anomeric position following
the similar procedure described above to obtain 13-15 prior to acetylation of the C-2, C-
3 and C-4 positions of mannoside (10-12). Finally, the 3-thiaheptanoic acid-6-fatty
amido mannosides (16-18) with varying chain length, as a precursor to conjugate onto
the chitosan backbone, were produced after deacetylation step of (13-15) using sodium

metal in methanol with yields between 70 and 80%.
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Figure 4.4. Synthesis of lactose grafted chitosan (Chitlac) via N-alkylation of chitosan
with lactose and the synthesis pathway of mannose and lactose grafted chitosan
(Chitmannolac) using EDC-NHS coupling (top). Synthesis route of fatty amido
mannoside grafted Chitmannolac and fluorescein conjugated fatty amido mannose-
grafted Chitmannolac (bottom). Reagents and conditions: i) Lactose, NaBH3CN, 1%
AcOH/MeOH, rt, 24 h ii) 3-Thia-heptanoic acid-a-D-mannose, EDC, NHC, 0.05 M
HCI, rt, 72 h. iii) 3-Thia-heptanoic acid-6-fatty amido-a-D-mannose, EDC, NHC, 0.05
M HCI, rt, 48 h. iv) 6-(3-Carboxypropylaminocarbonyl)fluorescein, EDC, NHC, 0.05 M
HCI, rt, 48 h.

The degree of deacetylation (DDA) of purified commercial chitosan with M, 164 kDa
was determined by *H NMR spectroscopy using the area of the peaks assigned to H2-
H6 of both monomers between 3.4 and 4.0 ppm and the peak of acetyl group H-Ac at
~2.0 ppm.*®® The estimated DDA was found to be 81.5 mol%. The purified commercial
chitosan was digested using peroxide after cleaving the ether bond between
glucosamine units of chitosan to obtain low molecular weight (MW) chitosan. Based on
the digestion time 3.5 h and 9.0 h, the MWs of chitosan gradually decreased and
produce chitosan with broad MW ranges from 4 to 6.5 kDa (Chitosans) and 2 to 4 kDa
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(Chitosanyy), respectively.*® The prepared Chitosans, and Chitosany, showed improved
solubility against a broad range of pH compared to high molecular commercial chitosan

(data not shown).

Table 4.6: Preparation and structural parameters of lactose modified chitosan (Chitlac).

Compositions (%)° Yield M,
Sample | Lactose® | NaBH;CN? (%) (kDa)
GIcNH, | GIcNAc | GlcNH-Lac
Chitosan 0 0 81.5 185 0 - 164.0
Chitlac A 2.5 6.0 24.8 18.5 56.7 70.7 289.5
Chitlac B 1.0 2.5 45.3 18.5 36.2 55.5 234.4
Chitlac C 0.8 2.0 58.8 18.5 22.7 54.8 225.04
Chitlac D 0.5 1.3 65.6 185 15.9 64.0 206.9
Chitlacsy 0.2 0.5 - - - 76.4 6.7
Chitlacy 0.2 0.5 - - - 85.7 2.8

*Equavalents used per repeating unit of chitosan. "Composition as determined by 'H-
NMR spectroscopy.

The synthesis procedure of fatty amido mannose grafted Chitmannolac are described in
Figure 4.4. Initially, the N-alkyl derivatives of purified chitosan (Figure 4.4) were
prepared with various degree of lactosylation (hamely Chitlac A, Chitlac B, Chitlac C,
Chitlac D, Chitlacsik and Chitlacy) as shown in Table 4.6 using reductive amination and
the products were confirmed by H-NMR spectra analysis (Figure 4.5). The signals
pertaining to the backbone of chitosan are sharper in the absence of substitution and this
effect depends on the degree of lactosylation of the chitosan molecules. The Chitlac
samples with highest amount of lactitol side chains (56.7%) showing the broader NMR
signals from the backbone (Figure 4.6). This can be due to the increase in molecular
weight as a consequence of the derivatization that leads to a reduced overall tumbling of
the molecules shortening transversal relaxation time of the polysaccharide backbone.®'°
Moreover, the anomeric region of the *H-NMR spectrum of Chitlac displays two
additional peaks at 4.1 and 4.45 ppm belonging to the anomeric proton of the p-
galactose side chain unit and the H1 resonance of N-alkylated Glc-NH, moieties,
respectively. The molecular weight of the lactose modified chitosan was estimated from
the composition of the polymer by multiplying the number of units including GIcCNH,,
GIcNAc, and GIcNH-Lac. Further characterization by *C NMR spectroscopy failed
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because of the rigid chitosan backbone and increased

conjugates reduced sensitivity.*'
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Figure 4.5 'H NMR spectra of chitosan, Chitlac, Chitmannolac and PAM-g-

Chitmannolacsy at 298K in D,O

The degree of lactosylation and acetylation can be estimated from the analysis of *H

NMR spectrum recorded at 343 K, to avoid the overlapping of the anomeric protons of

the ring and the residual water signal, by using the H2 proton of the sugar rings as

shown in Figure 15. From the integral values of the signal, the estimated degrees of
lactosylation for Chitlac A, Chitlac B, Chitlac C, and Chitlac D were found to be 56.7,

36.2, 22.7, 15.9 mol% respectively. The degrees of lactosylation depend on the feeding

ratio of lactose and reducing agents into the available amino groups of chitosan

124



backbone.’” The percentage is drastically reduced to 15.9% when a lower amount of

disaccharide and reducing agent is used (Chitlac D).
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Figure 4.6: 'H NMR spectra of Chitlac with increasing degree of lactosylation at 343
K, in D,O/CD3COOD (pH 4). The estimated acetylation a = ((100a/3)/(a/3+ b + c)) and
lactosylation B = (b(100-a)/(a/3 + b + ¢)) can be determined by substituting the integral

310 “a’3

of corresponding label in the formulas. indicate the methyl group of N-

acetylglusamine residues, “b” is the H2 proton of the ring bearing secondary amine, “c”
is the H2 of the ring bearing primary amine which is determined by subtracting the
overlapped H1 and H2 from integral “d”, and “e” is the integral of equally intense

germinal H1 and H2 proton.

The synthesis of mannose and lactose grafted chitosan (Chitmannolac) was commenced
with assembly of mannoside bearing a 3-thia-heptanoic acid spacer (compound 4) that
can be coupled with Chitlac amino groups via carbodiimide chemistry (Figure 4.4). The
reaction condition for the synthesis of Chitmannolac from Chitlac was mild and

controllable. Briefly, Chitlac B, Chitlacsy and Chitlack were stirred with sugar 4
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separately in water prior to activation using EDC and NHS for 24 h to obtain the
correspondent Chitmannolac after 5 days dialysis and lyophilisation. To the best of our
knowledge, there is no report for the mannosylation of chitosan backbone through
amide linkages. Moreover, using an alkyl chain as the bridge for linking mannose to

chitosan backbone exhibited lower cytotoxicity compared to phenyl isothiocyanate.””
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Figure 4.7: Comparison of solubility of chitosan and its derivatives (a) Chitosansy
derivatives and (b) Chitosany derivatives at different pH values as determined by light
transmittance at a fixed wavelength of 600 nm. UV-vis (c) and fluorescence spectra (Ex:

440 nm) of the prepared fluorescein conjugated GNPs (d).

The conjugation of mannose precursor to Chitlac was confirmed via ‘H-NMR
spectroscopy (Figure 4.5). The signals between 2.35 and 2.7 ppm could be contributed
to the protons of the —CH,-CH,-S-CH,-CH,-CH,- groups which was the bridge for
linking mannose to chitosan. The signals of the multiplet peaks within 3.3-4.0 ppm
correspond to the protons of mannose and lactose overlapping with the protons of
chitosan. The degree of substitution of mannose residues in Chitmannolac was
estimated by comparing the characteristic peak areas of mannose residues to chitosan

acetamide peaks at 2.0 ppm and the degree of mannosylation was found to be between
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15-25 mol% (*H NMR spectra data shown in the appendix). The solubility of the
Chitmannolac prepared from Chitlac B dropped enormously and precipitated within an
hour time (photo data not shown) which resulted in elimination of this co-polymer for

further modification with synthesized glycolipids.

Among the synthesized glycolipids, palmitoyl (C16) and stearoyl (C18) amido
mannoside were utilized to graft onto the Chitmannolac backbone prior to formation of
GNPs. The modified glycolipid 3-thioheptanoicacid-6-fatty amido-a-D-mannose was
conjugated following the similar process to graft 3-thioheptanoicacid--a-D-mannose to
Chitlac describe above. The glycolipids conjugated Chitmannolac were denoted as
PAM-Chitmannolacsk (palmitoyl fatty amido mannose with Chitmannolacsk), SAM-
Chitmannolacsk (stearoyl fatty amido mannose with Chitmannolacsy), PAM-
Chitmannolacyk (palmitoyl fatty amido mannose with Chitmannolacy), and SAM-
Chitmannolacyy (stearoyl fatty amido mannose with Chitmannolacy). The conjugations
of the glycolipids to the Chitmannolac backbone were confirmed via ‘H NMR
spectroscopy (Figure 4.5) where the long lipid chain peak around 1.25 ppm from the
glycolipids confirm the conjugation onto the Chitmannolac backbone (all *H NMR
spectra data are shown in appendix). 6-(3-Carboxypropylaminocarbonyl) fluorescein
was conjugated the PAM-Chitmannolacsx and SAM-Chitmannolacsk via carbodiimide
chemistry and the conjugation was confirmed by UV-vis and fluorescence spectra (data
not shown). All the chemical modifications occurred with the amino group which are
located at the glucosamine units (2-N) of chitosan. There is no further change in
chitosan backbone structure which supports the digestion of the g -1,4 glycosidic
linkage of the chitosan backbone by the lysozyme and N-acetyl-f-D-glucosaminidase in
human body.”’

The solubility of the chitosan derivatives in aqueous media was examined by light
transmittance and shown in Figure 4.7 (a and b). Both Chitosansk and Chitosany are
soluble in a wider pH ranges from 5.0 to 8.5 and form clear solutions which were stable
at room temperature for several weeks. However, depending on the degree of
substitution, the transmittance of the chitosan derivatives upon conjugation of sugar
molecules onto the chitosan backbone decreases and form macromolecular structure at

pH 7.0 and over. For instance, the transmittance percentage of PAM-Chitmannolacsy
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declined to 40% at pH 8.5. Nonetheless, the transmittances of the Chitosansk and
Chitosan derivatives are similar in acidic solution and highly soluble at pH below 6.0.
It is well known that the protonation in the acidic solution of the free amino groups
glucosamine unit of chitosan enhance the solubility of chitosan and its derivatives via an
expanded and swollen state.”® Moreover, the molecular weight also influences the
solubility of the chitosan where it increases upon decreases the average MW of the
polymer. It has been noted that Chitosany derivatives have improved solubility
compared to Chitosansy derivatives while pH ranges from 7.0 to 8.5. However, all of
these copolymers are highly soluble at pH below 6.5. The wide ranges of water
solubility to various biological and physiological conditions of both chitosan derivatives

could expand the application of these co-polymers dramatically.

The decanesulfonylacetamide (DSA) loaded chitosan based glyconanoparticles (GNPSs)
were prepared using nanoprecipitation method through self-assembly of the amphiphilic
glycolipid-g-Chitmannolac copolymer followed by probe-type ultrasonication and
dialysis method.?*®%'? The amphiphilic sugar modified chitosan backbone served as a
hydrophilic shell, and the lipid moiety from the fatty amido mannoside group along
with lipidic antibiotic DSA used as the hydrophobic core (Figure 1). In this study, the
encapsulation of DSA into all prepared GNPs was kept constant (DSA/GNPs: 1:4 w/w)
to maintain consistent amount of DSA in each GNPs due to a lack of validated
quantification methods. We hypothesized that the surface functionalization of prepared
GNPs with multivalent lectin binding sugar molecules including mannose, galactose
and glycolipids combined the advantageous properties of GNPs would improve the
potential interaction to specific receptors of macrophages to control and targeted release
of drug at the site of infection as well as promote the stability, rigidity, solubility and

pharmacokinetic profile of the GNPs.33

We also anticipated that the hydrophobic
domain of the synthesized copolymer has the ability to encapsulate lipophilic or poorly
water soluble drug molecules and promote the drug payload and the sustained release of
drug over time. Furthermore, the hydrophilic shell of the GNPs might prevent the free

diffusion of drug by forming a monolayer with a hydrophobic core.?®
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Figure 4.8: Average particle size of the prepared DSA loaded GNPs before and after
amikacin encapsulation (a) in PBS solution at pH 7.4. Results denote as the means + SD
of three batches (n = 3). The zeta potential of the prepared amikacin and DSA loaded
GNPs at different pH (b). Samples were dissolved in 1% acetic acid and adjust the pH
using 2N NaOH to measure the surface charge. Results denote as the means £ SD of
three batches (n = 3). The in vitro amikacin release profile at various pH for
amikacin/DSA/PAM-GNPs, (¢) and amikacin/DSA/SAM-GNPs, (d). Results are
expressed as percentage of cumulative amikacin release and represent the mean value +

S.D of the three replicates.

Fluorescein conjugated GNPs were also prepared using the same nanoprecipitation
method described above and characterized via UV-vis (Figure 4.7¢) and fluorescence
spectroscopy (Figure 4.7d). The UV light absorption at around 440 nm wavelength
confirm the fluorescein binding in the prepared DSA/Flu-c-PAM-GNPs and DSA/Flu-c-
SAM-GNPs. However, the absorbance intensity of the DSA/Flu-c-PAM-GNPs was

lower than the control compound Flu-c-Chitosansx which was as expected due to the
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linear properties of fluorescein conjugated chitosan and lower molecular weight
compared to Flu-c-PAM-Chitosansk. (Figure 4.7c). The fluorescence spectroscopy data
in Figure 4.7d also confirm the fluorescein binding with prepared GNPs by providing

green light emission at round 540 nm upon excitation at 440 nm.

Encapsulation of drug into the GNPs can be influenced by several factors including
method of preparation, sizes of the GNPs, drug and GNPs concentration and their
interaction, and the physiochemical properties of the drug.*** Aminoglycoside amikacin
was loaded to the prepare DSA/PAM-GNPsx and DSA/SAM-GNPs¢ nanoparticles with
amikacin/GNPs ratio of 1:6 and the amikacin may also be present at the interface of the
Chitosan shell. The encapsulation efficiency was observed from the unbound amikacin
in the supernatants via UV-vis spectroscopy at wavelength 349 nm through a
derivatization method using o-phalaldialdehyde (OPA)?™* indicating that 37.5% (0.75
mg out of 3.0 mg) and 18.7% (0.37 mg out of 2.0 mg) of the amikacin had encapsulated
into the DSA/PAM-GNPs, and DSA/SAM-GNPs, nanoparticles, respectively.

The formation of GNPs in aqueous medium was determined from the critical micelle
concentration (CMC) of DSA/PAM-GNPsc and DSA/SAM-GNPs using DLS. The
intensity of the scattered light was measured by DLS (expressed in kilo counts per
second) and run for five times for each dilution. Finally, intensities were plotted as a
function of the DSA/PAM-GNPs, and DSA/SAM-GNPs, concentrations (ug/ml) and
the CMC was determined as the intersection between the two straight lines. The CMC
values of DSA/PAM-GNPs, and DSA/SAM-GNPs were found to be 47 pg/ml and 32
pg/ml, respectively.

The size and distribution of the particle might play an important role in the route of
drug delivery and determine the fate of the drug carrier after administration into the
body. Generally, particle sizes less than 100 nm can be translocated by endocytosis
whereas larger particle sizes over 200 nm are more likely uptaken and translocated by
epithelial cells.**® The mean particle size distribution of the prepared DSA/PAM-GNPs
and DSA/SAM-GNPs¢ nanoparticles before and after amikacin encapsulation were
determined by DLS and shown in Figure 4.8a. The DLS results exhibit that the average
diameter of the DSA/PAM-GNPs, and DSA/SAM-GNPs nanoparticles were 131.9 +
14.3 nm and 191.2 + 20.8 nm, respectively with low PDI (<0.3). There was no
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significant increase of particle size after encapsulation of the amikacin. Moreover, the
average particle sizes of the GNPs prepared using fluorescein conjugated Chitmannolac
show a slightly bigger diameter between 280 and 300 nm. All these mean particle sizes
of the prepared GNPs are favourable to be uptaken by macrophages by multiple
pathways including endocytosis. Figure 4.8b illustrated the effect of pH changes of the
prepared antibiotic loaded GNPs on the zeta-potential. Generally, zeta-potential strongly
influences the stability, either short-term or long-term, of the nanoparticle dispersion.*°
As can be seen, the net positive charge of all the antibiotic loaded GNPs gradually
increased while decreasing the pH of the solution. For instance, zeta-potential of
DSA/PAM-GNPs was found to be (+) 3.4 £ 0.4, (+) 20.3 = 3.8 and (+) 35.2 £ 6.8 mV
at pH 7.4, 6.0 and 5.0, respectively and the positive charges demonstrates the
protonation of amino groups on chitosan. Furthermore, encapsulation of amikacin on
DSA/PAM-GNPsc and DSA/SAM-GNPs, nanoparticles increases its positive zeta-
potential at lower pH due to the positive amino groups of amikacin as shown in Figure
4.8b. Therefore, increase in sizes and zeta-potential after encapsulation of amikacin to
the DSA/PAM-GNPsx and DSA/SAM-GNPs, suggests the loading of amikacin in
DSA/PAM-GNPs, and DSA/SAM-GNPs, nanoparticles.

The cumulative amikacin release studies were carried out in vitro to understand the rate
of drug release in a pH gradient simulating the pH of the lysosome (pH 5.5) and the pH
of the blood circulation (pH 7.4) in order to simulate in vivo biological conditions. To
simulate the body temperature, the experiments were performed at 37°C. As shown in
Figure 4.8c and 4.8d, there was a burst release of amikacin from both the
amikacin/DSA/PAM-GNPs, and amikacin/DSA/SAM-GNPs in the first hour of
incubation in PBS buffer at pH 5.5. More than half proportion of the encapsulated
amikacin were released out from the GNPs within an hour which is due to the
protonation characteristic of amikacin and chitosan favoured to swell in water and rapid
diffusion of amikacin at this physiological condition. However, less than 25% of
amikacin released at blood pH 7.4 at the same time interval. The amikacin release rate
was then slowed down, and was similar for all GNPs during the first 3 h. It was
observed that the release of amikacin at pH 7.4 for both GNPs almost plateaued,
whereas it kept increasing at pH 5.5. By the end of 6 h, 76.4 £ 6.2% and 68.2 £ 9.2% of
total amikacin  were released  from  amikacin/DSA/PAM-GNPsc  and
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amikacin/DSA/SAM-GNPs, respectively at pH 5.5 followed by a sustained release of
drug over a period of 48 h. However, only 34.5 + 2.4% and 38.8 = 5.4% of amikacin
released at pH 7.4 for amikacin/DSA/PAM-GNPs, and amikacin/DSA/SAM-GNPsy,
respectively which may indicate that the encapsulated amikacin agglomerate with the
GNPs at basic condition and disfavour the release of drug from the macrostructure. At
the end of 48 h, about 90% of the amikacin had been released from
amikacin/DSA/PAM-GNPg, at lower pH, which was subsequently used for the

intracellular antibacterial studies.

Stability, biocompatibility, and reduced interference with the biological functions of
cells and animal functions of these prepared GNPs are critical to use as antimicrobial
agents. The most important features of chitosan are low toxicity and good
biodegradability which are very essential for the biomedical application. As toxicity is
a major issue with many chitosan derivatives, the cytotoxicity of DSA/PAM-GNPsg,
DSA/SAM-GNPs,, amikacin/DSA/PAM-GNPs, and amikacin/DSA/SAM-GNPSss
against RAW 264.7 cells were determined by MTT assays after 24 h incubation (Figure
4.9). The results showed that all samples were practically nontoxic to RAW264.7 cells
(cell viabilities: 85.5 - 99.9%) at concentration of 0.125 to 0.5 mg/ml, indicating that all
GNPs possess excellent biocompatibility with no significant toxicity to the cells at these
concentrations, however, significant toxicity of the prepared GNPs showed at higher
concentrations (2 mg/ml) and this concentration was not used for any subsequent
studies. A similar observation was also reported by Yikun Gao er al.’'” and Xin Want

et al*'®

These results are attributed the biocompatibility of chitosan used as the
formation of GNPs. The lower cellular toxicities from the prepared GNPs were also
observed due to the chitosan modification and purification was performed in water
which eliminated potential cytotoxicity originating from organic solvent. Moreover, the
chitosan was modified with simple sugar molecules including mannose and lactose
which are nontoxic to eukaryotes. Although aminoglycosides can be toxic (including
nephron-and ototoxicity), the targeted drug delivery system to macrophages can reduce

319 The toxic effects of these manufactured antibiotic

these toxic side effects.
encapsulated GNPs against bacteria along with their compatibility against macrophages

can establish them as an effective antibacterial agent.
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Figure 4.9. Effects of antibiotic loaded GNPs on RAW264.7 macrophage cell viability.
A MTT assay was performed to detect in vitro cytotoxic effects of DSA/PAM-GNPSsy,
DSA/SAM-GNPs,, amikacin/DSA/PAM-GNPs, and amikacin/DSA/SAM-GNPSss
against RAW264.7 cells after 24 h incubation. Cells were treated with 0.125-2.0 mg/mL
of corresponding antibiotic loaded GNPs. Results were expressed as mean = S.D (n = 6)
of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. blank

control group (untreated cells).

Macrophages play an important role in the initiation, resolution and maintenance of
inflammation  after stimulation by various bacterial endotoxins including
lipopolysaccharides (LPS). A large amount of inflammatory cytokines such as TNF-a
and IL-6 are secreted by macrophages when incubated with LPS. The secreted
cytokines further activate macrophages and enhance the inflammatory responses.®*
Therefore, it is important to determine the pro-inflammatory cytokines profile for
therapeutic intervention targeting macrophages. In this study, the secretion of pro-
inflammatory cytokines TNF-a and IL-6 in the supernatant of RAW264.7 cells were
determined as an indicator in the induction of immune response and the secreted
amounts of cytokines of the prepared GNPs are shown in Figure 4.10. The macrophage

cells were treated with different concentrations of DSA/PAM-GNPs5,, DSA/SAM-
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GNPs¢ nanoparticles at different incubation time and measured for cytokines using
ELISA.

Il Contro/lll 0.125mg/mL HHE 0.25mg/mL Bl 0.5mg/mL M LPS

d
6000 - 5000 4
_ 4000 4
= —
g 4000 i _El 3000 ] *RAK
=] “‘6, hw
& == Hk ke s
? —— ek Q? 2000 - ok o %
I'z‘- 2000 - tﬂ* i — =I " *
= o . 1000 -
04
12h 24h 48h 12h 24 h 48h
DSA/SAM-GNP;, DSA/SAM-GNP;5,
C) 5000 - d) 3000 -
— 40004
_EI —
- .
S 30004 £ 2000
& ke 3
B 5 FEKK
> 2000 ., 2 sk
('8 "? 1000 - wEx ek
4 s * = k4 o
= 1000 o &
04
12h 24h 48 h 12h 24 h 48 h
Time (hours) Time (hours)

Figure 4.10. Production of proinflammatory (TNF-a and IL-6) cytokines upon 12, 24
and 48 h treatment with DSA/PAM-GNPss (a and b) and DSA/SAM-GNPs (¢ and d)
against RAW264.7 macrophage cells. The supernatants were analysed for TNF-a and
IL-6 production using ELISA. For all graphs, results were expressed as mean = S.D (n =
3) of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. blank
control group (untreated cells). LPS: Lipopolysaccharides used as positive control.

The production of TNF-« and IL-6 from RAW264.7 cells were significantly increased
when the cells were treated with the prepared GNPs in comparison to untreated
macrophages (control). For instance, the amount of TNF-« released from macrophages
exposed to the DSA/PAM-GNPsc nanoparticles was significantly higher for all
concentration (p <0.01) compared to control when incubated for 12 and 24 h (Figure
4.10a). Similar results have been observed in terms of TNF-a production when cells
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were incubated with DSA/SAM-GNPs, nanoparticles. Interestingly, the released
amount of TNF-a was greater when DSA/SAM-GNPsy at lower concentration (0.125
mg/mL) in comparison to higher concentration (Figure 4.10c). It is well known that
upregulated proinflammatory cytokines are the indicator to generate activated
macrophages. It has previously been suggested that mannosylated chitosan enhanced
secretion of proinflammatory cytokines and exhibited a higher immune stimulatory
activity by shifting to activated macrophages.?’®%”® Moreover, Ning Wu et al. reported
that the low molecular weight chitosan served as an immunostimulant by enhancing the
secretion of TNF-¢ and IL-6 in a molecular-weight dependent manner.3?!3?
Furthermore, higher levels of IL-6 secretion were also released from the macrophages
exposed to DSA/PAM-GNPs,, DSA/SAM-GNPs, nanoparticles (Figure 4.10 b and d).
However, it has been observed that DSA/PAM-GNPsy released a higher amount of I1L-6
compared to DSA/PSM-GNPs, nanoparticles for all incubation time which could be
resulted from the better inaction of DSA/PAM-GNPs nanoparticles with macrophages
compared to DSA/SAM-GNPs, nanoparticles. In the present study, the dramatically
higher amount of proinflammatory cytokines production indicates the strong

immunostimulatory capability of the prepared GNPs, and this may stimulate uptake.

The sugar-modified nanoparticles are of great interest for active targeting of
macrophages as the presence of lectin receptors on the cell surface can recognize sugar
moieties including mannose, fucose, and galactose.”® In the present study, fluorescein
conjugated chitosan and GNPs were prepared in order to determine the macrophage
cells uptake characteristic. The RAW?267.4 cells were incubated with Flu-c-chitosansy
co-polymer and DSA/Flu-c-PAM-GNPs, nanoparticles for 4 hour at 37°C. The
fluorescence uptake properties were studies by CLSM and the results are shown in
Figure 4.11. The confocal images clearly shows an increased fluorescence in the cell
while incubating with DSA/Flu-c-PAM-GNPs¢ nanoparticles compared to the Flu-c-
chitosansk alone indicating higher cellular uptake by the DSA/Flu-c-PAM-GNPsy
nanoparticles. This higher uptake of DSA/Flu-c-PAM-GNPs, nanoparticles may be
attributed to multiple lectin conjugation to the GNPs which facilitates binding to lectin

receptors widely overexpressed on the macrophage cell membrane. It has been reported
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that surface modification of nanoparticles with multivalent lectin promote the
interaction with four sugar binding site of lectin receptors present on the macrophages

which leads to vacuolation and subsequent internalization.?%

Fluorescein Hoechst Merged

Control

Flu-c-
Chitosang,

DSA/Flu-c-
PAM-GNPs,

Figure 4.11. Confocal laser scanning microscope (CLSM) of Flu-c-Chitosan and
DSA/Flu-c-PAM-GNPs using RAW 264.7 macrophage cell after 4 h incubation to

describe the intracellular uptake characteristic.

In the following experiment, we studied the intracellular antibacterial activity
DSA/PAM-GNPs, and amikacin/DSA/PAM-GNPs, nanoparticles by counting the CFU

of surviving intracellular bacteria over time upon incubation with increasing
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concentration of GNPs added to RAW264.6 cells infected by S. aureus (results are
shown in Figure 4.12). As shown in Figure 4.12a, there were insignificant intracellular
S. aureus inhibitions after 24 h incubation time upon treatment with lower concentration
between 50 and 200 pg/mL of DSA/PAM-GNPsk. As shown in previous chapter, DSA
exhibits bactericidal activity against S. aureus at higher concentration, DSA/PAM-
GNPs nanoparticles reduce the bacterial growth significantly at higher concentration of
400 pg/mL (p<0.01). This result could be attributed from the high loading content of
DSA into the GNPs and/or from the bactericidal activity of low molecular weight
chitosan reported elsewhere. 323324
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Figure 4.12: Intracellular growth of S. aureus inside RAW?264.7 macrophages against
various concentrations of DSA/PAM-GNPs, (a) and amikacin/DSA/PAM-GNPsy (b)
nanoparticles and incubated for 1, 3, 6, 12 and 24 h, respectively. After incubation at 1
h, 3 h, 6 h, 12 h and 24 h, macrophages were lysed with sterile distilled water and the
lysates were plated on LB agar plates for counting bacterial colonies. Control was
determined from the untreated macrophages and grew them on LB agar plates prior to
lyse the infected cells. Data represent the mean value + S.D of the three replicates. *p <

0.005, **p < 0.01 and ***p < 0.001 compared to control group. CFU, colony-forming
units.

The growth of intracellular S. aureus exposed to various concentrations of
amikacin/DSA/PAM-GNPsy nanoparticles showed concentration-dependent
intracellular bacterial growth inhibition (Figure 4.12b). There was no significant

bacterial growth inhibition by amikacin/DSA/PAM-GNPs, nanoparticles upon
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incubation for 24 h with 100 pg/mL (7.5 pg of amikacin in 100 pg of
amikacin/DSA/PAM-GNPs). However, significant bacterial inhibition occurred within
an hour incubation of amikacin/DSA/PAM-GNPs, nanoparticles at concentration 200
and 400 ug/mL, respectively (p < 0.001). Almost 100% bacterial growth was inhibited
by amikacin/DSA/PAM-GNPs, nanoparticles with 30 min incubation when the infected
macrophages treated with 400 pg/mL (p < 0.001). It is well known that many
antibiotics including aminoglycosides are concentration-dependent and the dramatic
increase of antibiotics inside cell compartments may enhance the intracellular
bactericidal activity.”®® These results indicate the potential application of antibiotic
loaded amikacin/DSA/PAM-GNPs nanoparticles as an antimicrobial agent.

4.4. Conclusions

In this chapter, we describe the facile synthesis procedure of chitosan-based GNPs by
grafting hydrophilic sugar molecules and hydrophobic sugar conjugated lipid moieties
onto the chitosan backbone. Primarily, we describe the modification of mannose as a
precursor of chitosan and subsequently conjugated the sugar molecules using biological
friendly carbodiimide chemistry. Then, the chitosan based glyconanoparticles (GNPs)
were prepared using nanoprecipitation method and successfully encapsulated a
hydrophobic antibiotic DSA and hydrophilic aminoglycoside amikacin into the prepared
GNPs. The prepared GNPs were well characterized using NMR spectroscopy, UV-vis
spectroscopy, fluorescence spectroscopy and DLS. We also confirmed that the prepared
GNPs are safe to use in the biological system by exploring its toxic characteristics
through MTT assays although detailed toxicity studies are required (including in vivo
toxicity) to determine the safer doses. Moreover, the proinflammatory cytokines of the
GNPs were determined to demonstrate an immunostimulative profile against
macrophages. The cellular uptake behaviour of the GNPs confirmed the greater
internalization ability of GNPs compared to unmodified chitosan. Finally, the
intracellular antibacterial activity indicated the bacterial growth inhibition capability of
the DSA and amikacin loaded GNPs demonstrating this artificial nano-drug carrier has
great potential for targeted delivery of antimicrobial agents. Future work will involve
application of these GNPs to the treatment of tuberculosis, as both amikacin and DSA

are potent antitubercular compounds.
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Chapter 5



5.0. Conclusions and Future Directions

Delivery of therapeutic agents to the target site is still a major concern in the treatment
of many diseases. Conventional application of many potential drugs is often
characterized by limited effectiveness, poor biodistribution, and lack of selectivity.
Recent developments in nanoengineered non-viral drug delivery systems (DDS) can
deliver their encapsulated therapeutics at a well-defined time, place, or in response to a
specific stimulus with minimum cytotoxicity. The preparation of nano-drug carriers for
DDS depends on the selective combination of the carrier materials to attain suitable
release properties and the surface modification of the nanoparticles to enhance their
targeting capability. In this thesis, we successfully design and develop antibiotic
encapsulated glyconanoparticles and glyco-coated liposomes for active targeting of
macrophages to treat a range of infectious diseases. We performed the background
study of the reported antibiotic delivery system and describe them all in the introduction

chapter.

In Chapter 2, we have noted the close structural similarity between TDM and both
phosphatidylinositol mannosides (PIMs) from mycobacteria and phospholipomannan
(PLM) from Candida albicans and believe that this motif (2-mannosylinositol) is likely
to be recognized by Mincle. The structures of trehalose and 2-mannosylated inositol are
quite similar and the difference between PIM and PLM occurs at C-6 of mannose where
some PIM derivatives contain fatty esters and PLM extends a large oligosaccharide
(mannan) at this site. Therefore, we reported the direct synthesis of 6-fatty acyl and
amido mannosides with varying lipid lengths and benzyl mannoside derivatives as the
aromatic ring is expected to mimic the hydrophobic face of inositol. The C-6 primary
alcohol of benzyl o-D-mannoside was selectively esterified using 2,4,6-
trimetheylpyridine activation of fatty acid chlorides at -40°C. Four novel compounds
were reported by this protocol in reasonable yields (65-75%).2%° The cytotoxicity of
these compounds was investigated against activated monocyte using MTT assays after
treating with 10-80 uM of glycolipids over 24 h incubation time and results showed no
significant toxicity from glycolipids even at the high concentration. The
proinflammatory cytokines measurements against these glycolipids discovered the anti-

inflammatory activity against LPS-activated human macrophages. However, further
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work is necessary to confirm the immune cell targets (including MMR, Mincle, and
TLR4) of these reported glycolipids.

Liposomes are the most extensively studied class of nanocarriers and can be prepared
with different lipid compositions in various particle sizes and charges. The ease of
design and preparation of liposomes allows formulation of optimal therapeutic loading
and drug delivery to target specific cells or tissues. In Chapter 3, novel glyco-coated
liposomal antibiotic delivery system was studied to eradicate intracellular bacteria.
Dimethyldioctadecylammonium bromides (DDAB) with varying concentrations of
prepared glycolipids were formulated to prepare glyco-coated cationic liposomes. The
physicochemical and immunopotentiating properties of the prepared glyco-coated
DDAB liposomes were investigated. The vesicle sizes and polydispersity index of the
glyco-coated DDAB liposomes significantly decreased upon incorporation of 20 mol%
glycolipid into the liposomal formulation without dramatically affecting its cationic
surface charges. The adjuvant properties of glyco-coated DDAB liposomes were
evaluated and the results showed a higher level of cytokine (both TNF-a and IL-6)
production upon incubation with glyco-coated DDAB liposomes compared to pure
DDAB liposomes. As antibiotics, n-decanesulphonylacetamide (DSA) and amikacin
were used to encapsulate into the glyco-coated liposomal formulation and we
successfully loaded these antibiotics with an efficient loading capacity of 25% to 32%
compared to pure DDAB liposomes. Finally, the intracellular viability of S. aureus
infected RAW 264.7 macrophages was evaluated against prepared antibiotic
encapsulated glyco-coated DDAB liposomes and the results showed efficient

intracellular bacterial growth inhibition.

In Chapter 4, we described the successful synthesis and characterization of chitosan
derivatives and preparation and characterization of antibiotic loaded glyconanoparticles
(GNPs). To modify chitosan backbone with sugar molecules, the anomeric and C-6
position of the ally mannoside was modified by a carboxylic acid group and a fatty acid
moiety, respectively. The commercially available chitosan was digested to low
molecular weight chitosan and successfully modify the low molecular weight chitosan
with different sugar molecules. The nanoprecipitation method was employed to generate
nanoparticles with hydrophobic drug DSA. Amikacin loaded DSA/GNPs were also
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prepared to evaluate the intracellular bacterial growth inhibition and the results showed
excellent antibacterial activity of the artificial antibiotic encapsulated GNPs.

This thesis has focused on the design, synthesis and characterization of the novel
therapeutic application of antibiotic loaded glyco-nanocarrier to target macrophages.
The primary purposes of this research project has been achieved, however, there are a
number of issues and follow-up studies that require further investigation and in-depth

understanding in future.

(1) Initially, the reported glycolipids tested against LPS activated macrophages showed
anti-inflammatory activity, however, the possibility exists that the glycolipids are
antagonists of LPS-activation of TLR4 which is expressed in U937 macrophages.
Therefore, it is required to explore the possible immune cell targets (including MMR,

Mincle, and TLR4) of these glycolipids.

(if) DSA and amikacin were tested against S. aureus infected macrophages at the same
concentration to explore their antibacterial activity, however, amikacin showed more
potency against intracellular S. aureus than DSA. Therefore, future work might test
these therapeutic at various concentrations to determine their potency such as EC 50 or

ECB80 concentrations.

(iii) The qualitative measurements of the prepared GNPs can be further explored using

spectroscopy techniques to find the variation in nanoparticles sizes and shapes.

(iv) The quantification of DSA was not performed as lack for validated quantification
method. In future is require to synthesise isotope labelled (**N) DSA and determine the

exact loaded amount of DSA in the liposomes and GNPs.

(v) As amikacin and DSA are both potent against mycobacterium, future work will

involve testing of these drug-loaded nano-carriers to the treatment of tuberculosis.

(vi) The cellular uptake characteristic was determined by confocal microscope to
confirm the internalization of the GNPs using fluorophores. Nonetheless, a common
way of proving this is to also stain the cell membrane and take images of the samples at
multiple focal depths (z-sections); when sections that passes through the cells show

GNPs within the boundary of the cell membrane to confidently state that the

142



internalised particle. A future work is required to perform experiment following the

above process to confirm the cellular internalization.

(vi) The toxic characteristic of the prepared GNPs were measured using MTT assays
although further studies are required (including using a control against amikacin and in

vivo) toxicity to determine the safer doses.

(vii) In vivo antibacterial activity of the infected animal against these artificial glyco

nano-carriers need to be explored.

In summary, this PhD thesis has advanced knowledge in drug delivery by developing a
new strategy to deliver both hydrophobic and hydrophilic therapeutics to macrophages.
Glyco-coated liposomes and micelles were developed to elucidate their stability,
antibiotic loading efficiency, and drug release profile. In addition, this thesis explored
the intracellular antibacterial activity after encapsulation of two different types of
antibiotic and proved that the artificial glyco-nanocarrier improved the cellular
interaction making these glyco-nanocarriers potential therapeutic carriers to
macrophages. Finally, this research has demonstrated improved intracellular bactericidal

activity against S. aureus infected macrophages.
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