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Abstract

Abstract

Nanomaterials are either inorganic or organic nanosized particles which have many industrial
and biological applications such as in cosmetics, environmental remediation, electronics,
biosensing and imaging and in drug delivery. Some have toxic effect upon release to the
environment causing death of microorganisms and others are biodegradable and nontoxic to
the living beings. In this work, two types of nanoparticles were investigated: inorganic titania
nanoparticles which have been shown to have toxic effects and organic Carbopol Aqua SF1
microgel particles which were shown to be nontoxic and biodegradable organic nanoparticles
for drug delivery.

Chapter one explores the current literature relating to nanoparticles.  The types, chemical
and physical properties, methods of synthesis, characterization and functionalization are
discussed along with general applications and the toxicity of titania nanoparticles. The role
of nanomaterials as drug delivery systems and their design in terms of stability, swelling
studies, encapsulation, drug loading and release, response to stimuli and targeting is also
discussed. Finally the use of microfluidics for screening nanoparticle activity is discussed
including microfabrications of chips cell trapping methods and microfluidic cell based assay
methods.

Chapter two is the experimental chapter describing the chemicals and instrumentation
used. It also includes the methods used for the synthesis of titania nanoparticles and effects
of pH on the zeta potential measurement. In addition to that, methods for the testing of the
cytotoxic effects of uncoated and coated titania nanoparticles are described. Finally the
methods employed for studying the optimization of the encapsulation of berberine and
chlorhexidine into Carbopol Aqua SF1 are also included.

Chapter three describe the synthesis of titania nanoparticles (TiO2NPs) and their
characterization, including crystallite size, particle size distribution, surface area
measurement and zeta potential. It was found that as the temperature increased from 100°C
to 800°C, the crystallite size and particle size increased while the surface area decreased. At
100°C, the crystallite size, particle size, surface area and zeta potential of the titania
nanoparticles were 5 nm, 25420 nm, 163 m? g* and +40+9 mV, respectively with anatase as
the dominant phase. However, the phase changed to rutile at the annealing temperature of
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nm, 145+60 nm, 7.5 m? g and -26+8 mVrespectively. In addition to that, the zeta potential
of the titania nanoparticles at 25 nm size was affected by changing the pH of the suspension,
at low pH, the zeta potential was +40 mV giving high stability and fully dispersed particles
while the nanoparticles flocculated in the basic medium with a zeta potential of -25 mV, with
the isoelectric point of titania nanoparticles being pH 6.7. Changing the pH of the solution
for titania nanoparticles caused an irreversible process as it was not possibility to convert the
aggregated titania nanoparticles from microscale to nanoscale.

Chapter four describes the investigation into the the nanotoxicity of the titania
nanoparticles (TiO2NPs) at various hydrodynamic diameters and crystallite size on C.
reinhardtii microalgae and S. cerevisiae (yeast) upon illumination with UV and visible light.
The cell viability was assessed for a range of nanoparticle concentrations and incubation
times. It was found that uncoated TiO>NPs affect the C. reinhardtii cell viability at a much
lower particle concentrations than for yeast. It was also observed that the TiO2NPs toxicity
increased upon illumination with UV light compared to dark conditions due to the oxidative
stress of the reactive oxygen species produced. It was also found that TiO>NPs nanotoxicity
increased upon illumination with visible light which indicated that the nanoparticles might
also interfere with the microalgae photosynthetic system leading to decreased chlorophyll
content upon exposure to TiO2NPs. The results showed that the larger the hydrodynamic
diameter of the TiO2NPs the lower their nanotoxicity, with anatase TiO2NPs generally being
more toxic than rutile TiO2NPs. A range of polyelectrolyte-coated TiO2NPs were also
prepared using the layer by-layer method and their nanotoxicity on yeast and microalgae was
studied. It was found that the toxicity of the coated TiO2NPs alternates with their surface
charge. TiO2NPs coated with cationic polyeletrolyte as an outer layer exhibited much higher
nanotoxicity than the ones with an outer layer of anionic polyelectrolyte. TEM images of
sectioned microalgae and yeast cells exposed to different polyelectrolyte-coated TiO2NPs
confirmed the formation of a significant build-up of nanoparticles on the cell surface for bare
and cationic polyelectrolyte-coated TiO2NPs. The effect came from the increased adhesion
of cationic nanoparticles to the cell walls. Significantly, coating the TiO2NPs with anionic
polyelectrolyte as an outer layer led to a reduced adhesion and much lower nanotoxicity due
to electrostatic repulsion with the cell walls.

Chapter five describes the development and characterisation of berberine-loaded and

chlorhexidine-loaded polyacrylic acid based microgels. The procedure for loading the
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Carbopol microgels with both berberine and chlorhexidine was developed using a swelling-
deswelling cycle dependent on pH. The result of this protocol was a colloidal suspension of
collapsed microgel particles loaded with fixed percentage of the antimicrobial agents,
berberine and chlorhexidine, respectively. The initial microgel particle concentration, as well
as the initial concentrations of berberine and chlorhexidine, were optimized to allow for
maximum encapsulation efficiency of the loaded reagent in the microgel while maintaining
the colloidal stability of the Carbopol microgel suspension. It was determined that 0.15 wt%
berberine and 0.1% chlorhexidine could be successfully incubated with 0.1 wt% Carbopol
microgel while the pH was varied from 8 to 5.5 with a measurable increase of the collapsed
microgel due to electrostatic conjugation of these cationic antimicrobial agents with the
carboxylic groups of the microgel.

While for berberine, only 10% encapsulation efficiency was achieved, for chlorhexidine over
90% encapsulation efficiency was obtained without significant impact on the colloidal
stability of the microgel. The zeta potential of the loaded microgels remained negative in the
range of -35 mV - -40 mV with very moderate increase of the collapsed (and loaded) microgel
particle size. The release of berberine and chlorhexidine from these microgel materials was
studied and sustained release from the formulations was demonstrated upon dilution over the
period of up to 6 hours. The berberine- and chlorhexidine-loaded microgel particles were
then further coated with cationic polyelectrolytes, PAH and PDAC. This carried out to
increase the adhesion of these antimicrobial particles to the cell membranes. These studies
showed a reversal of the zeta-potential of the PDAC coated microgels after their loading with
berberine and chlorhexidine, respectively.

In chapter six, the antimicrobial activity of both berberine and chlorhexidine loaded Carbopol
microgel was studied upon incubation with algae, yeast and E.coli. It was noticed that an
increase in the antimicrobial activity of berberine and chlorhexidine Carbopol microgel
occurred after 6 hours incubation time for algae and after 24 hours for E.coli while there was
no pronounced antimicrobial action for yeast in comparison with the antimicrobial activity
of free berberine or chlorhexidine. This was due to the repulsion forces between the anionic
microgel and the anionic cell membrane which did not allow the encapsulated berberine or
chlorhexidine to be released and diffuse into the cytoplasm causing cell death. In addition to
that, the fully anionic charged Carbopol microgel did not allow berberine and chlorhexidine

to be released easily at pH 5.5 while the percentage of release increased with pH up to 7.5.
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The antimicrobial activity of cationic PDAC coated berberine and chlorhexidine
loaded-Carbopol microgel was also studied for algae, yeast and E.coli. It was found that
cationic PDAC on its own had an acute toxic effect on algae, yeast and E.coli while the
toxicity of cationic PDAC reduced upon coating Carbopol microgel with cationic PDAC.
Algae and E.coli stayed viable up to 0.0045 wt. % and 0.009 wt. % of PDAC coated Carbopol
microgel, respectively. Yeast was resistance to the PDAC coated carbopol for a wide range
of concentrations of PDAC coated Carbopol microgel up to 0.018 wt. %. This was due to the
different thicknesses of the cell membrane. The Carbopol microgels with encapsulated
berberine and chlorhexidine were then coated with cationic PDAC to form PDAC coated
particles. The PDAC coated berberine or chlorhexidine loaded carbopol microgel were then
incubated with each of algae, yeast, and E.coli. The coating appeared to increase the
antimicrobial actions against algae, yeast and E.coli for short incubation times. The increase
in the antimicrobial activity was attributed to the electrostatic interaction between the cationic
PDAC coated berberine or chlorhexidine loaded carbopol microgel and the anionic cell
membrane allowing diffusion of berberine or chlorhexidine easily through cell membrane
causing cell death. TEM images showed aggregation of these cationic PDAC coated
berberine or chlorhexidine loaded carbopol microgel on the surface of the cell membrane.

Chapter seven describes the development of new microfluidics device for cell
trapping to achieve a microscreening cell based assay. The idea involved trapping the cells
in a micro chamber and then passing over suspensions of the nanomaterials and monitoring
the effect. Three design of microfluidic chips were studied with different designs, channel
dimensions (depth and width) cell trapping techniques and materials. Initially chemical
adhesion was investigated to adhere cells into micro chamber of the microfluidics device
using poly-I-lysine bu the cells detached from the surface of microchip because of shear stress
forces. Synthesized magnetic yeast cells which were then investigated for trapping other cells
into the micro chamber of the chip but the back pressures were too high when liquids were
flowed through the system. Magnetic glass beads were then studied to trap the cells, these
were synthesized by coating anionic glass beads with cationic and anionic polyelectrolytes
such as PAH and PSS, however, they had a low magnetic response towards the magnet.
Synthesized magnetic beads were then synthesized using a PDMS based ferrofluid but again
a low magnetic response was obtained towards the magnet. Synthesis by flow focusing

microfluidics was the tried to generate mono dispersed magnetic beads where SDS with water
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was the continuous phase and a styrene based ferrofluid was the dispersed phase but the
magnetic beads were unstable and they need to be optimized. The continuous phase was then
changed to use Hitenol BC20 a polymerisable surfactant, to form hydrophobic magnetic
beads and and a mixing serpentine was added to the chip design to give the generated
magnetic beads time to be stablilise. Despite these changes the magnetic beads stayed
unstable and therefore an emulsification method was used to fabricate poly dispersed
magnetic beads which produced 20pum to 50pm magnetic beads. These beads were
successfully utilized for trapping cells into the micro chamber of the chip device. A new
microfluidic device was designed with suitable channel dimensions which allowed the
magnetic beads to move freely inside the micro chamber of the device. These beads were
placed into the micro chamber could be controlled using the neodymium magnet easily move
the beads.
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Chapter One Introduction and Literature Review

1 Chapter One: Introduction and Literature Review

1.1 Nanomaterials

Nanotechnology can be defined as the science which deals with nanoscale objects. Such
objects are described as materials with at least one dimension less than approximately 100
nanometer in range (1nm=10°m).1 2 These might be materials with one dimension such as
nanofilms, two dimensions like nanowires and nanotubes, or three dimension for example
nanoparticles.? The chemical and physical properties of nanomaterials (NMs) are
considerably different from those of atoms, molecules, and bulk materials.! Nanoparticles
can be amorphous or crystalline structure but differ from the ordinary solid state of matter
because of their large surface area, quantum size effects and high chemical activity. They
can be used as a carrier for liquid droplets or gases® and have many applications in different
areas of life for example, in medicine for diagnosis and therapy, in environmental
remediation as biosensors and agents, in production and storage of energy, catalysis and

agriculture.* There are many types of nanomaterials as shown in Figure 1.1
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Figure 1.1: Examples of nanocarriers for drug delivery and biomedical imaging.®
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Liposomes are tiny synthetic vesicles of spherical shape consisting of a lipid shell
surrounding a core containing a therapeutic molecule or gene which are biocompatible and
nontoxic. To allow clinical use they are produced from the natural nontoxic phospholipids
and cholesterol.® They are mainly valuable as gene therapy devices because of their
capability to pass through lipid bilayers and cell membranes.” 8 for example Zhang et al.
showed the use of liposomes as a targeted therapy for the human insulin receptor through
PEGylated (treated with polyethylene glycol) liposomes linked to a monoclonal antibody.®

Polymeric micelles can be used as an alternative to liposomes. They are synthesized
from copolymers which consist of both hydrophilic and hydrophobic monomer units. The
synthesis process occurs through spontaneous assembly when the concentrations of the
copolymers are above critical micelle concentration (CMC). They are nanosize their
surface chemistry is easily manipulated, they have core functionalities, and are easy to
produce. This makes them suitable as vehicles for encapsulation, and delivery of water
insoluble agents.'® The micelles have a solid-like inner core, which helps as a powerful
nanocontainer of hydrophobic compounds for solubilization of chemotherapeutics, such as
docetaxel (DOC).1

Dendrimers are artificial macromolecules with tree-like structures in which the
atoms are put together in many branches and subbranches radiating out from a central
core.!? Unique interfacial and functional properties are offered by these highly branched
architectures because of their empty internal cavities and surface functional groups.'® For
example, Choi et al. have prepared generation 5 polyamidoamine (G5 PAMAM)
dendrimers conjugated to fluorescein and folic acid. They in turn were linked together
using complementary DNA oligonucleotides to produce clustered nanoparticles for
targeting cancer cells. In vitro studies indicated a specific binding taking place between the
DNA-linked dendrimer clusters and KB cells demonstrating that they could be used as
imaging agents and therapeutics for cancer therapy.'*

Carbon nanotubes are cylinders of graphite sheets with a particle diameter in the
order of nanometers.’® They can be divided into two general groups according to their
structure: single-walled carbon nanotubes (SWCNTSs) with a single cylindrical carbon wall

and multiwalled carbon nanotubes (MWCNTSs) with multiple walls—cylinders nested
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within other cylinders.'® They can be functionalized to be taken up by cancerous cells
through tumor-specific ligands and antibody, like folic acid and monoclonal antibody.’

Inorganic nanoparticles can be defined as either metallic in composition or particles
of metal oxide having at least one dimension in the nanometer range. These nanostructures
reveal significantly novel and distinct chemical, physical, and biological properties, and
functionality due to their nanosize. ® Gold nanoparticles for example can be readily
functionalized with probe molecules such as antibodies, enzymes, nucleotides, etc. These
active elements are crucial in biosensor assays, drug and gene delivery systems, laser
confocal microscopy diagnostic tools, and other biomaterial-based imaging systems.®
Song et al. reported that amine groups functionalized mesoporous silica SBA-15 materials
act as drug matrixes. Ibuprofen (IBU) and bovine serum albumin (BSA) were loaded onto
the unmodified and functionalized SBA-15. The % drug release of ibuprofen from the
functionalized SBA-15 particles was found to be effectively controlled as compared to that
from pure SBA-15suggesting that functional groups are needed on the surface of SBA-15
for well controlled drug delivery.?® Although inorganic nanoparticles are attracting great
attention in the field of nanomedicine, their effects such as long-term tissue damage,
toxicity, immunogenicity, carcinogenesis, and inflammation need to be studied.?

Polymeric nanoparticles (NPs) are composed of biodegradable or biostable
polymers and copolymers with less than 1000 nm in size. The drug molecules can be
encapsulated within the particle, physically adsorbed on the surface, or chemically
associated to the surface of the particle.???* Poly(D,L-Lactic-co-Glycolic Acid) (PLGA)
and Poly(D,L-Lactic Acid) (PLA) polymers nanoparticles are being explored as a nonviral
gene delivery system because of their sustained-release features, biocompatibility,
biodegradability, and ability to protect DNA from degradation in endolysosomes.? PLGA
formulated nanoparticles demonstrated superior gene transfection than those formulated
using PLA polymer in breast cancer (MCF-7) and prostate cancer cell lines (PC-3), due to
the higher DNA release compared to PLA nanoparticles.?®

The work described in this thesis focuses on using inorganic nanoparticles as a toxic
material and organic based microgel as a drug delivery nanocarrier in terms of properties,

stimuli responsive, drug loading and release and targeting.
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1.2 Occurrence of Nanoparticles (NPs)

Nanoparticles have been in existence from the beginning of earth’s history. For
instance, nanoparticles have been found in glacial ice cores 10,000 years old.?” Natural
materials have therefore definitely existed in the environment at nanoscale, for example as
colloids in freshwater (colloids particle dimensions vary between 1 nm and 10 um),? as
atmospheric volcanic dusts and ashes ?° and as particles with a nm scale from soil erosion.*
There are many mechanisms for creating naturally occurring nanoparticles which can be
either geological or biological. Geological mechanisms depend on weathering,
authigenesis / neoformation (in soils), and volcanic activity. These geological paths
produce inorganic NPs whereas, biological mechanism usually manufacture organic
nanomolecules, in spite of the fact that some organisms have the ability to create mineral
grains in cells.®! It could be debated that as nanoparticles have been in the environment,
living organisms should have adapted to their presence.3 Anthropogenic activity has
however generated nanoscale contaminants such as air-borne particles from car exhaust
gases®® and from the erosion of car tyres.3

Engineered nanoparticles (manufactured nanoparticles) appear in many forms
which include nanoclusters (1-10 nm), nanopowders (less than 100 nm) and nanocrystals
(less than 100 nm). These nanoparticles (and natural NPs) usually show novel chemical
and physical properties that are substantially different from the bulk materials of the same
component because of their small particle sizes and large surface area.®® These properties
make them very enticing for economic and health development; therefore, they can be
found in cosmetics, clothes, electronics, biomedicine, aerospace and computer industry.
These nanoparticles can, however, have toxic effects on the environment for example,
carbon fullerene NPs (C60 particles), * titanium dioxide NPs and Zinc Oxide NPs¥.

Figure 1.2 shows some typical structures of nanoparticles.
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Figure 1.2: Structures of some natural and manufactured nanoparticles.®

1.3 Physicochemical Properties of Nanomaterials

The physical and chemical properties of nano-sized particles are completely
different from bulk materials of the same chemical component, due to their large surface
area, tiny sizes and reactivity, leading to potential toxic effects.!® For instance for reasons
discussed later, copper oxide (CuO) nanoparticles are 50-fold more toxic than bulk CuO
particles towards crustaceans,®” algae,®® protozoa®® and yeast.** On the other hand, TiO
and Al,Os NPs are approximately twice as toxic as their bulk preparations towards
nematodes.*? Likewise, the activity of nanoparticles changes as the shape of the particles
changes, leading to variation in their toxicity. Silver nanoparticles for example, have been
shown antibacterial effect depending on their shape.*

The chemical composition of the particle surface has significant effects on
nanoparticles. Most metal nanoparticles have toxic effects by increasing the level of
reactive oxygen species in free cell system due to the photocatalytic effect of the metal
nanoparticles. It is expected that the surface modification of nanoparticles can reduce their
toxicity by surface coating.** *° Free radicals produced by many toxic nanoparticles in
vivo, may cause an oxidative stress, which leads to inflammation, cell destruction, and
genotoxicity.*® Furthermore, the surface charge of the nanoparticle dispersions plays an
dramatic role in the effective toxicity because the hydrodynamic diameter of the
nanoparticles changes with the change in the ionic strength and the pH according to DLVO
theory which is responsible on the stability of colloidal system..*” For example, the toxic
effect of iron oxide nanoparticles on microorganisms (Baker’s yeast and E.Coli) has been

shown to change with pH. At pH 4 the viability rate of E.Coli was 1% while there was a

5
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less pronounced effects on S. Cerevisiae because of the different electrostatic interaction
between these microorganisms and the iron oxide nanoparticles. At pH 10, S. Cerevisiae
had 20% survival rate, however for E.Coli nearly 99% of the cells survived suggesting
that there is a stronger repulsion between E.Coli and the nanoparticles which means that
there is no adsorption of NPs.*® Nanoparticles of small grain size might be able to migrate
easily between biological compartments, causing harmful effect on living organisms.*’

Titanium dioxide (titania) is widely used for pigmentary purposes, with 70% of its
production capacity used in paints, plastics, inks, foods, and toothpastes. Nano-grade
titania can be used in cosmetics and skin care products, such as sunscreens to block UV
light, as well as in catalysts. There are three crystalline phases of TiO2: anatase, rutile and
brookite with the anatase phase having a higher photocatalytic activity than rutile and
brookite.*® Titania nanoparticles are commonly found in aggregate form®® and the
aggregation, size and shape of TiO, nanoparticle,® are important parameters in
understanding prospective cytotoxity.*

Dunford et al., (1997) have reported that nanosized (20-50 nm) TiO> has been
commonly accepted to be a safe sunscreen as it is able to reflect and scatter ultraviolet UVB
and UVA in sunlight but TiO absorption of incident UV light is about 70%; therefore, in
aqueous environments this is going to lead to the formation of hydroxyl radicals. The
crystalline TiO, forms, anatase and rutile, are semiconductors with gap energies of about
3.23 and 3.06 eV, respectively. Figure 1.3 portrays the valance and conduction bandgap of
titanium dioxide. Light at or under these wavelengths holds enough energy to stimulate
electrons from the valence band (VB) to the conduction band (CB), producing single
electrons (e-) and positively charged holes (h+) as carriers. Electrons and holes often
recombine rapidly whereas they can also transfer to the particle surface, where they react
with adsorbed species: (i) electrons react with oxygen and (ii) holes with hydroxyl ions or

water to form superoxide and hydroxyl radicals. %2
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Ultraviolet Light
(<370 nm)

Figure 1.3: Simplified TiO2 bandgap structure and schematic formation of free radical
compounds.

TiO2 is widely employed as a photocatalyst which can be only excited by ultraviolet light
which is 3% - 5% of solar radiation. It is however possible to extend the optical response
of TiOz to the visible light region by modifying the TiO2. Noble metal deposition, for
example silver or gold, has been used which enable metal photosensitization of titania by
electron injection into the conduction band, where the diffusion of the electron in the

conduction band is usually faster while hole-migration takes place typically by charge
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jumping from neighbour sites. Those electron and holes that are not instantly destroyed can
migrate to the surface of the particle and there, they are available for reaction with chemical
species such as hydroxide, oxygen and water.>3 >

Agglomeration and aggregation of nanoparticles have a significant impact on sample
preparation for toxicological studies. Warheit et al. (2004) have shown that utilizing
unstable and agglomerated nanoparticle dispersions in an in vitro or in vivo experiment
lead to inaccurate assessment of nanoparticle toxicity.>> Therefore, it is vital to know
whether these particles are in an agglomerated (weak attraction between primary particles)
or aggregated (strong attraction between primary particles) state, as this implies different
toxicological effects.®® Figure 1.4 describes the effect of agglomeration and aggregation on

particles in dry and liquid dispersion states.

Dry Powder
Primary Particle Agglomerates Aggregates
Primary Particles Held by Weak Primary Particles Held by Strong
van der Waals Forces Chemical Bonds (Sintered)

Liquid Dispers‘iV

Electrical Double Layer  Hydrodynamic Diameter
(Thickness depends on
solution ionic strength)

REPULSIVE FORCES DOMINANT WEAK REPULSIVE FORCES IN LIQUID
{high surface charge; thicker double layer; RESULTING IN AGGLOMERATION
steric forces) ({low surface charge; thinner double layer;

no steric forces)

Figure 1.4: The agglomeration and aggregation of particles configuration in nanopowders
and liquid nanoparticle dispersions.*®
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The Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is usually used to explain
the stability of nanoparticle dispersions and their ability to agglomerate or aggregate,
Figure 1.5 shows the relationship between the interaction energy and normalized distance.
Factors that could affect this are electrostatic double layers, steric, and van der Waals forces
between particles. The nanoparticle stability is affected by ionic strength and pH which in
turn have a huge impact on the particle size and surface charge. In DLVO theory, the
attraction between particles is considered to be due to the van der Waals force, while the
electrical double layer interaction surrounding each particle is the electrostatic repulsive
force. At low ionic strength or high surface charge densities (o), the particles suspensions
are stable as the double layer repulsion dominates. However, at high ionic strength or small
surface charge densities (o), the interaction is dominated by the attractive van der Waals
force which means fast agglomeration. At intermediate values, particles are into the second

minimum where slow agglomeration occurs. After that the critical coagulation
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concentration (CCC) takes place as shown in Figure 1.5 whereby particles stay in the

second minimum with fast agglomeration.>” %8
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Figure 1.5:: DLVO scheme of dispersions stability for the attractive van der Waals and and
repulsive electrostatic double-layer forces together determining the total interaction
potential between two charged surfaces in aqueous electrolyte solutions at different surface
charge densities o or potentials ¥o.>°

With reference to drug delivery, the synthesis of nanocarrier typically results in spherical
particles with diameter from 20 to 200 nm, which can be examined by dynamic light
scattering and electron microscopy methods.%® 5 The chemically controlled size and
surface properties of nanocarrier can be used to limit the rate of clearance by phagocytic
cells and to enable either passive or active cell targeting. In order to traverse capillaries and
penetrate tissues through either paracellular or transcellular pathways, nanocarriers must
be small enough 2 to avoid rapid renal exclusion and uptake by the reticuloendothelial

system.®® Surface charge determines the stability of the formulation  and the particles

10
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tendency to accumulate in the blood stream or interact with the membrane.®* The zeta
potential is commonly used to measure the surface charge, a large zeta potential signifies
a larger surface charge and it is also an index for particle stability.®® In charged particles,
the zeta potential increases due to more repulsive forces, leading to stable particles.®® For
stable nanosuspension the particles must have a minimum of +30 zeta potential.®’

There is a wide range of nanomaterials investigated in this work, based on two types of
nanoparticles. TiO2NPs were chosen because they are highly photocatalyst which meant
that they could have toxic effect and microgel type particles were chosen for drug delivery

as they were thought to be nontoxic.

1.4 Methods for the Synthesis of Titania Nanoparticles

TiO2 has been produced on a massive scale because of its industrial, technological and
commercial importance. The current global production of titanium dioxide is 5000 ton a
year.%8 There are many methods that can be used for synthesizing TiO2 nanoparticles. Here

are some of them:

1.4.1 Sol-Gel Method

The sol-gel method is a useful technique used in the fabrication of various ceramic
materials. A colloidal suspension, or a sol, results from the hydrolysis and polymerization
reactions of the titanium precursors, which are usually inorganic metal salts or metal
organic compounds such as titanium alkoxides.®® This method usually uses low
temperatures and creates very fine particles however the chemicals are quite expensive and

the synthesized nanoparticles contain hydrocarbon impurities from metal precursors.”

Ti(OR)s + 4H20— 2Ti(OH)4 + 4ROH (hydrolysis), (1)
Ti(OH)s— TiO2 xH20 + (2— x)H20 (condensation), (2)

1.4.2 Sol Method
The sol method refers to nonhydrolytic sol-gel processes and generally includes
reactions between titanium tetrachloride and a variety of different oxygen donor molecules,

e.g., a metal alkoxide or an organic ether. This method uses high temperatures for

11
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calcination, needs expensive chemicals, and also has hydrocarbon impurities. However,

this method can be used for producing nanoscale materials.’*

1. 4.3 Hydrothermal Method

Hydrothermal synthesis normally occurs in steel pressure vessels under controlled
temperature and/or pressure with the reaction in aqueous solutions. Nano-TiO: colloids
preparation can be efficiently carried out through the hydrolysis and peptization of titanium
alkoxides in aqueous media, followed by hydrothermal treatment.”? The main advantages
of this method are that the reaction kinetics are significantly increased with a slight increase
in temperature, new metastable products can be produced, normally single crystals are
achieved and there is low contamination because of the closed system conditions and

recycled reagents. However, the disadvantage is slow Kinetics at any given temperature.’

1. 4.4 Solvothermal method

The solvothermal method is similar to the hydrothermal method but the solvent
used is nonaqueous, and the temperature can be raised much higher than that in
hydrothermal method.” This method was used for the synthesis of mesoporous core/shell
titania nanospheres using a water-ethanol mixture as a solvent from TiCls as a titanium

precursor.” The pros and cons are similar to hydrothermal process.

1.5 Characterization of TiO, Nanoparticles

Many techniques have been used for studying the surface charge, size distribution, and

morphology of Titania nanoparticles which are as follows:

1.5.1 Dynamic Light Scattering

This method is used to measure particle size distribution. A schematic for dynamic light
scattering is shown in Figure 1.6. Dynamic Light Scattering depends on irradiating the
sample with a monochromatic beam of laser light which is scattered into a detector located
at an angle (0) relating to the transmitted light, which allows the measurement of the size
distribution of suspended particles.”® The particle size can be measured using Stokes-
Einstein equation.

kT
- 37TnDt aEs mEE mEE omEw

(D

Dy,
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where Dy is the hydrodynamic diameter, Dy is the translational diffusion coefficient, k is
Boltzmann’s constant, T is thermodynamic temperature, and 7 is dynamic viscosity.”’

Figure 1.7 shows a typical particle size distribution of a TiO2 nanoparticle sample.
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Figure 1.6: Diagram of Dynamic Light Scattering instrument.”
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Figure 1.7: Particle size distribution of titanium dioxide nanoparticle at 166 nm (TPs) and
596 nm (TP.). 7

1.5.2 X-Ray Diffraction (XRD)

XRD is a crucial technique for determining the crystalline structure and estimating the
crystal particle size according to the Scherrer equation. X-ray diffraction depends on the

constructive interference of monochromatic X-rays and a crystalline sample. Figure 1.8
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shows the Bragg’s angle diffraction. The primary domain size of the crystallites is given

by the equation:

KA

— A )
p cos 6

D

where K is a dimensionless shape constant taken as 0.94 (varied according to the shape
obtained) , 26 is the diffraction angle, A is the wavelength of the X-ray radiation
(Monochromatic CuK, wavelength = 0.15406 nm), and g is the Full Width at Half-
Maximum (FWHM) of the diffraction peak.®% 8! Figure 1.9 represents the XRD patterns
for TiO2 nanoparticles at different crystallite sizes. It was observed that the particle size
increases as the temperature is raised from 100°C to 800°C whereby from 100 — 600°C,
the amount of anatase TiO. decreases and the percentage of rutile TiO> starts to increase
from 600°C.%2

Figure 1.8: Bragg diffraction represented by interaction between X-rays and a crystalline
sample.®
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Figure 1.9: X-Ray Diffraction patterns Titanium dioxide nanoparticles at different

calcination temperature from 100°C to 800°C, providing different crystallite sizes.®

1.5.3 Zeta Potential

When particles are placed in an aqueous medium, an electrical double layer is made
around them with one layer consisted of ions strongly adsorbed on the surface of the
particles (Stern layer). The other layer is encompassed of ions less tightly adsorbed (diffuse
layer), as showed in Figure 1.10. The zeta potential ({) can be defined as the average
potential (y) in the electrical double layer at the shear zone between a mobile charged
particles and the immobile liquid phase in which a particle is suspended.®® The potential
difference is called the zeta potential and it is measured at the border of the diffuse layer;
therefore, the zeta-potential is a measurement of the quantity of charge existing on the
particle surface relative to the bulk of the dispersing media.®* The zeta potential can be
determined using Henry’s equation through measuring the electrophoretic mobility of a
particle.

2¢ezf (Ka

where UE is the electrophoretic mobility, € is the dielectric constant, z is the zeta potential,

- (3)

f(Ka) is Henry’s function, and ) is the viscosity. Henry’s function generally has value of

either 1.5 or 1.0.8°
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Figure 1.10: The schematic representation of zeta potential which showing the distribution
of ions around the charged particle.

The particles surface charge (zeta potential) and subsequently the particle size can be
changed by varying the pH of solution due to the change the ionic strength causing
agglomeration. For TiO2 NPs dispersed in water, at low pH such particles have a positive
surface charge and, conversely, at high pH, a negative surface charge. The isoelectric point
is the intermediate pH at with a particle has zero net surface charge. The zeta potential and
average particle size of typical TiO> dispersions as a function of pH with ionic strength are
shown in Figure 1.11. The higher the zeta potential, the more predominant over van der
Waals forces is the electrostatic repulsion between the electric double layers, resulting in a
lower agglomeration and a lower viscosity value. The zero value of the zeta potential, the

isoelectric point, indicates the pH at which the particles tend to form flocculates.34 8
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Figure 1.11: The impact of ionic strength on the zeta potential and the hydrodynamic size
of TiO- dispersions.>®

1.5.4 UV-Visible Spectroscopy

Ultraviolet and visible molecular absorption spectroscopy is widely used for the
quantitative determination of a large number of inorganic, organic, and biological species.
The molecular absorption spectroscopy based on electromagnetic radiation of liquid
solution in the wavelength region of 190 to 800 nm to measure of the transmittance T or
the absorbance A of solutions contained in transparent cells having a path length of b
centimeters. The concentration of an analyte is linearly associated to absorbance as given

by Beer's law:

I
A = —logT = logT = gbc

Where Incident light intensity, lo, Transmitted light intensity, I, Absorbance, A
Transmittance, T, Path length, b, Concentration of absorber, ¢, Absorptivity," a, Molar
absorptivity,' €

Many spectrophotometers are depended on a double-beam design. Figure 1.12
demonstrates a double-beam- instrument in which two beams are shaped in space by a V-

shape mirror called a beamsplitter. One beam traverses the reference solution to a detector,
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and the second simultaneously passes through the sample to a second, matched detector.
Both of outputs are amplified, and their ratio (or the logarithm of their ratio) is determined

electronically or by a computer and displayed by the readout device.®’

Photo-
) detector
Reterence 1
Shune cell | P,
. _ _ Il] .II ¥ Readout
OUICE  frem il ow i il Fi g Photo- P .
Av L E!I"-,?FPF',' Beam- dcl:cfor Difference
‘moaochromator. splitter 2 amplifier

Sample
cell

Mirror

Figure 1.12: The schematic diagram of double beam spectrophotometer setup.®’

1.5.5 Fourier Transform- Infrared Spectroscopy

Fourier Transform Infra-red Spectroscopy (FTIR) is a sensitive technique mainly for
identifying organic chemicals and some inorganics owing to the variety of functional
groups, side chains and cross-links involved, all of which will have characteristic
vibrational frequencies in the infra-red range. Examples include paints, adhesives, resins,
polymers, coatings and drugs. It is also valuable tool in isolating and characterizing organic
contamination. FTIR based on the point that the most molecules absorb light in the infra-
red region of the electromagnetic spectrum. This absorption matches precisely to the bonds
existing in the molecule. The frequency range are measured as wave numbers typically
over the range 4000 — 600 cm™.%

Figure 1.13 shows the FTIR analysis which can be conducted in the one arm through, the
IR source radiation passes through the beam splitter to the fixed mirror, then back to the
beam splitter, and through the sample to the IR transducer. While in the other arm, the IR
source light traverses to the beam splitter, is reflected to the movable mirror, and travels

back through the beam splitter to the sample and to the transducer. When the two beams
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meet again at the beam splitter, they can interfere with each other if the phase difference
(path difference) is appropriate. A signal versus mirror displacement plot represents the
interferogram. The interferogram has information about all the frequencies present. The

spectrum, intensity versus wavenumber, is the Fourier Transform of the interferogram.®’
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Figure 1.13: A schematic diagram of FTIR setup.®’

Beanmsplitter

1.5.6 BET Surface Area Measurement

Brunauer—-Emmett-Teller (BET) theory aims to explain the
physical adsorption of gas molecules on a solid surface and acts as the basis for an
important analysis technique for the measurement of the specific surface area of a material.
The BET depends on multilayer adsorption of gases (like nitrogen, argon, carbon dioxide,
etc.) as adsorbates to determine the surface area of adsorbent. An Adsorption Isotherm is
achieved by quantifying the amount of gas adsorbed through a wide range of relative
pressures at a constant temperature (typically liquid N2, 77K). Contrastingly, desorption
Isotherms are accomplished by measuring gas removed as pressure is reduced. BET
derived the BET equation:®

p 1 c—1/p
_ 1 (-) o (5)
V(Po —P) UmC  UmC \P

where P and Po are the equilibrium and the saturation pressure of adsorbates at the

temperature of adsorption, v is the adsorbed gas amount, and Ym is the monolayer

adsorbed gas amount. ¢ is the BET constant,
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Eads— Econd

c = e[ RT TR (<)

E ads »> E cond

where E, 4, is the heat of adsorption for the first layer, and E_,,,4 is that for the second and

higher layers and is equal to the heat of condensation.

Equation (5) can be plotted as a straight line with 1/”[(13*3//33) - 1] on the y-axis

and © = P/Po on the x-axis according to experimental results as shown in Figure 1.14.
This plot is called a BET plot. The value of the slope A and the y-intercept I of the line
are utilized to measure the monolayer adsorbed gas amount ¥m and the BET constant €.

The following equations can be used:

1
T =
AT
1+ 4
c= —.
I
The total Surface area (Stota) and BET surface area (Sget) can then be derived:
STotal = — v
_ STotal

SBET -

Where N = Avogadro's number (6.023x10%), M = Molecular mass of adsorbate, Acs =
Adsorbate cross sectional area (16.2A for Nitrogen) and @ the weight of the solid

adsorbent.88
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Figure 1.14: BET plot for the measurement of surface area of solid adsorbent through
physical adsorption of gas molecules on a solid sample.

1.5.7 Scanning Electron Microscope

A Scanning Electron Microscope (SEM) is a microscope that utilizes electrons, instead of
light, to make a magnified image. It can be used to detect the topography, composition and
crystallographic information at a variety of materials such as minerals, artifacts,
microorganisms, and manufactured materials. Figure 1.15 shows a schematic setup of
SEM machine. It can be seen the figure that electrons are generated at the top of the
microscope by a metallic filament which referred to as the electron gun. The emitted
electrons are then formed into a beam and accelerated down the column toward the
specimen. The beam is further focused and directed by electromagnetic lenses as it moves
down the column. When the beam reaches the specimen, electrons are knocked loose from
the surface of the specimen. These electrons are referred to as secondary electrons. These
electrons are “seen” by a detector that amplifies the signal and sends it to a monitor. The
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electron beam scans back and forth across the sample building up an image from the

number of electrons emitted from each spot on the sample. 8%
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Figure 1.15: The schematic diagram of the SEM setup.®

1.5.8 Transmission Electron Microscope

TEM is powerful technique to reveal information about morphology, crystallography,
particle size distribution, and elemental composition. It is able to provide atomic-resolution
lattice images and giving chemical information for a wide variety of materials such as
metals, minerals, ceramics, semiconductors, and polymers. Because the unique physical
and chemical properties of nanomaterials not only depend on their composition, but also
on their structures, TEM offers a means for characterizing and understanding such
structures. TEM is unique as it can be used to focus on a single nanoparticle in a sample,

and directly identify and quantify its chemical and electronic structure.
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Figure 1.16 describes that as the electron beam travels through the sample, only certain
parts of it are transmitted, creating an amplitude contract image. The image traverses
through a magnifying lens and is then projected onto a phosphor screen or a charge coupled
device (CCD), which permits for quantitative data processing. Information may also be

obtained from backscattered and secondary electrons, as well as emitted photons.®
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Figure 1.16: A schematic diagram of a TEM setup.®

1.6 Functionalization of Nanomaterials

The surface of nanoparticles can be functionalized to change their properties and
interactions with ligands. Nanomaterials can be functionalized with hydroxyl groups which
can react with carboxyl groups of organic or inorganic molecules, whether they are
produced in aqueous or nonhydrolytic solutions, through its oxygen atom or with various

silane groups through -O-Si bond such as surface modification of hydrophobic
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superparamagnetic iron oxide nanoparticles (SPIONs) to be hydrophilic through covalent
bonding (Fe-S) with bi-functional 3-mercaptopropionic acid and then, carboxyl group was
esterified with dextran for biocompatibility which is important in the clinical
applications.®

Amine and oxysilane are other common functional groups that are useful for the
functionalization of nanoparticles, which can possibly have a wide biological
applications.®* Semiconducting nanoparticles for example quantum dots (QDs), Pt, Ag and
Au can be useful for targeted drug delivery systems through their surface modification with
mercapto groups using thiolate polymers.®® Surface molecules might be essential to graft
and activate the surface for extra modification with other chemical or bioactive molecules.
Silane coupling agents are materials with dual functional groups, one for the surface
binding to the nanoparticles and the other for starting additional chemical reactions.%
Physical adsorption for example using electrostatic interactions®” and Van der Waals
interactions® are also considered to be useful methods for the functionalization of
nanoparticles because of the good stability, hydrophilicity in suspensions, simple synthetic
conditions at room temperature but they tend to be weak. Human Serum Albumin (HAS)
was used as a probe for physical adsorption of protein to some nanoparticles for
biodistribution.%

Self-assembly is a method which has the ability to make multidimensional
assemblies of nanomaterials.'® The main forces that control self-assembly are electrostatic
interactions, surface tension, capillary forces, hydrophobic interactions dipole-dipole
interaction, Van der Waals forces and bio-specific recognition.'®* Electrostatic interaction
is the driving force for layer-by-layer (LbL) self-assembly of polyelectrolyte shells. This
method allows the deposition of many chemicals onto various nanomaterials. 2 The shell
thickness can be controlled by consecutively depositing oppositely charged
polyelectrolytes or nanomaterials on the surface through mainly electrostatic
interactions.'% Polyelectrolytes (PES) are cationic or anionic polymers with charged or
chargeable monomer repeat units, whereby in polar solvents such as water, these ion pairs
are able to dissociate, producing the charges on the surface of the polymer while the counter
ions are released in solution. If they involve permanent charges and fully dissociate in

water, they are referred to as strong PEs. Whereas, weak PEs are strongly dependent on
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pH.1% For example, the surface of 35 nm gold nanoparticles was coated with up to eight
layers of polyelectrolytes using electrostatic interaction.'® The method has also been used
for the manufacturing ultra-thin films with desirable properties for corrosion control
through cationic and anionic polyelectrolyte multilayers coating of stainless steel wires.%
Figure 1.17 depicts multilayer structures composed of a positively charged substrate
adsorbing a polyanion and a polycation consecutively.'%

More precisely, anionic titanium(IV) bis(ammonium lactate)dihydroxide (TALH)
as a titania precursor can be electrostatically assembled with cationic polyelectrolyte
poly(allylamine hydrochloride) (PAH), allowing the formation of multilayers, and
moreover, negatively charged Pt nanoparticles can be easily inserted within (TALH/PAH)
multilayers using the same LBL process to produce titania nanocomposite. 0’ 108
Amphoteric crystalline titania nanoparticles with polyelectrolytes were used to
manufacture a dye-sensitized solar cell through assembling polyion/TiO2 nanocomposite
multilayered films by the electrostatic layer-by-layer deposition technique using two weak
polyelectrolytes, poly(allylamine hydrochloride) and poly-(acrylic acid), and two strong
polyelectrolytes, poly(dimethyldiallylammonium chloride) (PDAC) and poly-(sodium 4-
styrenesulfonate).%

Martin et al. used wet layer by layer self-assembly to fabricate rectifying junctions
on metal nanowires from nanoparticles (TiO2/ZnO)/polymers thin films.2°, Metal-ion-
(Ag, Co, Ni and Pd) doped titania nanocatalysts exhibited photo catalytic activity towards
Rhodamine B in the presence of visible light upon deposition on glass slides by the LbL
self-assembly technique using a poly(styrene sulfonate sodium salt) (PSS) and
poly(allylamine hydrochloride) (PAH) polyelectrolyte system. This technique of metal
doped titania nanoparticles thin film gave robust adhesion properties with high stability
and the same efficiency for up to five reusable cycles.!!! Stable and super-hydrophilic
titanium dioxide nanoparticle thin films have also displayed biocompatibility and
suitability for successful cell culturing and attachment to human dermal fibroblast through
layer by layer coating of substrates for example glass, poly(methyl methacrylate) (PMMA)
and poly(dimethyl siloxane) (PDMS) with poly(styrene sulfonate) to form films with
various thicknesses.!'*? The polyelectrolytes coated photocatalyst titania was also

proficiently utilized for coating polyester textiles and producing solar light antibacterial
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textiles. This was achieved though layer by layer assembly coating of cationic
polyethylenimine (PEI) with negatively charged titania particles dispersions and

polyanionic poly(styrene sulfonate) (PSS) with positively-charged TiO- particles.!t?

1. Polyanion

e
2. Wash

Substrate

303_ Na*

Figure 1.17: (A) Scheme of the film deposition process. Steps 1 and 3 denote the adsorption
of a cationic and anionic polyelectrolytes, respectively, and steps 2 and 4 are washing steps
(B) Adsorption steps for the formation of thin film, starting with a positively charged
substrate which firstly was coated with polyanions and then polycations (C) Chemical
structures of anionic and cationic polyelectrolytes, the sodium salt of poly(styrene
sulfonate) and poly(allylamine hydrochloride).%®
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Nanosized hollow spheres or capsules can also be formed using layer by layer self-
assembly from core-shell structures using templating methods.'* The polyelectrolytes and
nanoparticles functionalized nanoparticles were accomplished with polymerization and
silanization methods. Hollow capsules can be produced upon removal of the templates via
calcination or etching, these can then be used as transporters for drug delivery.t*> 116 The
most frequently used cation-anion polyelectrolyte pairs include poly(styrene sulfonate)
(PSS) and poly(diallyldimethylammonium chloride) (PDADMAC) 1% 117 PSS and
poly(allylamine hydrochloride) (PAH)* 116 PSS and poly(diallydimethyl-ammonium)
(PDDA) or poly(pyrrole) and poly(N-methylpyrrole).*8 19 Syccessive coating of

nanoparticles and polyelectrolytes can be useful to assemble different nanomaterials. > 120

1.7 General Applications of Nanomaterials

In nano-cosmetics and sunscreen lotions for example, the nanosized materials have unique
chemical and physical properties that improve the product. The titania (and ZnO) present
in the cosmetics are considered to be safe physical sunscreens according to US Federal
Register, 43FR38206, 25 August 1978 as they have the ability to reflect and scatter both
UVB and UVA, the major cause of skin cancer.>> Nanomaterials can also be used as self-
cleaning materials in the case of the deposition of dust or the growth of microorganisms
(bacteria and algae) on the surface of buildings. Buildings are functionalized with a layer
of the photocatalyst which causes chemical damage to the organic particles adsorbed on
the surface of the photocatalyst, making the surface superhydrophilic which in turn repels
dirt and microorganisms.?*

In agriculture, pesticides are used as formulations for a specific target in the field. However,
these pesticides are toxic and cumulative in the environment and their presence might cause
a serious problem for living beings. Therefore, nanomaterials have a great role in the
protection of plant, pathogen detection, and as a smart nanosensor to detect pesticide
residue for example, titania nanoparticles have the ability to photodegrade the pesticides
through photooxidation.*?> 12 Nanotechnology also shows the ability to remove pollutants
and germs from contaminated water efficiently through using nanoparticles, nano
membrane and nano powder. These pollutants are either heavy metals or organic and

inorganic nutrients or microorganisms. The efficiency of nanomaterials for wastewater
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treatment is attributed to its high surface area.'?* titania nanoparticles were used for the
degradation of wastewater pollutants depending on its photocatalysis. The photocatalysis
process of titania nanoparticles were conducted using suspension and immobilization
reaction systems.?°

Nanostructured materials have also played an effective role in enhancing the
efficiency of solar cells, lithium ion batteries, super capacitors, and hydrogen storage
methods due to their unique optical and electronic properties in terms of providing a large
surface area to improve the electrochemical reaction or molecular adsorption taking place
at the solid-liquid or solid—gas interface. They also create optical effects that increase the
optical absorption in solar cells. Moreover, the crystallinity and porosity of nanomaterials
increase the transportation of ions and electrons and electrolyte diffusion in order to ensure
highly efficient electrochemical process, and achieving more efficient energy conversion
and storage.'?® Nanomaterials are used in medicine to deliver conventional drugs,
recombinant proteins, vaccines and more recently nucleotides using nano drug delivery
devices where these devices are targeted directly to the cell or tissue where they release
their loading in a controlled way.!?” Poly(lactic-co-glycolic acid) (PLGA) for example, was
used in biomedical applications because of its biocompatibility and biodegradation and
also for its surface properties.’?® Nanomaterials can be used for biosensing as the
transduction element, magnetic particles, gold nanoparticles, and quantum dots have been
immobilised with bioreceptor units, increasing the sensitivity and lowering the limit of
detection.!?® In biomedical imaging, Fe-Os nanoparticles have been used as a contrasting
agent in Magnetic Resonance Imaging (MRI) because of their magnetic properties upon
applying magnetic field. This unique property can be beneficial to diagnose many

diseases.t®

1.8 Toxicological Impacts of Nanomaterials

In recent years, due to the huge growth in the production of engineered nanomaterials,
many studies have shown the effect of these nanomaterials on the environment.
Nanoparticles used commercially in cosmetics and sunscreens (TiO2, Fe20z, and ZnO),
fillers of dental fillings (SiO2), in systems of water filtration and catalysis, and in

photovoltaic cells (CdS, CdSe, ZnS) are released in to the environment.*3! However, there
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is an increasing debate about release these very tiny particles and the risks related to
exposure as well as their side effects.®® Toxicological studies of nanoparticles on human
cells in vivo are still limited and most of the knowledge on nanomaterials toxicity comes
from mammalian studies where rats, mice, guinea pigs have been exposed to carbon
nanotubes, nano sized TiO2, nano sized cadmium selenide particles, and metal oxides
particles, causing lung damage. 3% 132 133 |t js well-known that not only bacteria, viruses
and parasites are a major cause of diseases, but very small inorganic particles may cause
health related problems as they have the ability to penetrate through the cellular membranes
of living organisms. For example, asbestos fibres are known to asbestosis, which leads to
lung cancer. 134135 while long term inhalation of silica powder can cause silicosis.**

In the human body, three significant organs are exposed to the environment: the skin,
lungs and the digestive tract. These organs have ability to protect the body from harmful
agents. Similarly, they can transmit nutrients, water and oxygen. The skin acts as a barrier
against toxic materials (with the exception of for example, oxygen for the retina and UV
rays for vitamin D synthesis).% 3 137.138 Nanoscale particles can penetrate through some
organs for instance, the lungs, intestine, and skin. Some of these particles can enter into the
deepest layers of skin depending on size and surface area. Nanomaterials which enter into
the human body via the mouth may cause inflammatory effects or cancer and other
diseases.®® 1% Figure 1.18 shows how nanoparticles exposure can be associated with
diseases in vivo and in vitro. Contrastingly, there are some toxic nanoparticles that can be
beneficial to fight diseases and can be used as a medical treatment for instance, targeting
and damaging only cancerous cells.*

In drug delivery system, nanocarriers themselves should be free from toxicity,
biocompatible, and biodegradable with non-toxic degradation products that can be readily
cleared from the body.!3® A non-toxic delivery vehicle can be designed through selecting
either nontoxic materials to start with or materials that can be metabolized into non-toxic
components before any damage can be achieved in the body. For instance, acrylate- and
methacrylate-based polymeric systems can be easily metabolized into small molecule
alcohols and reasonably non-toxic poly-methacrylic acid and poly-acrylic acid
components. 4% 141 |In such systems toxicity of the carrier could be dominated mainly by its

hydrolyzed small molecule components. Nanovehicles may exert side effects due to a
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massive surface/mass ratio that might adversely change both the degradation rate and

reactive capacity of the nanocarrier’s surface. Moreover, its interactions with cells —

surface activation, uptake, intracellular degradation or deposition, all of which may

abnormally activate, damage or Kill the cells taking up the carriers.'3 Nanotoxicology has

therefore developed as a new branch of toxicology which deals with the health side effects

142

that can be caused by nanomaterials.
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1.9 Toxicity of TiO2 Nanoparticle

Titanium dioxide (titania) is usually used, essentially for pigmentary purposes, with
70% of its production capacity used in paints, plastics, inks, foods, and toothpastes. Nano-
grade titania can be used in cosmetics and skin care products, such as sunscreens to block
UV light, as well as in catalysts. There are three crystalline phases of TiO»: anatase, rutile
and brookite whereby it is normally known that anatase phase has higher photocatalytic
activity than rutile and brookite.*® Titania nanoparticles are commonly found in aggregate
form® and the aggregation, size and shape of TiO, nanoparticle, are important parameters
in understanding prospective cytotoxity.*

Dunford et al., (1997) reported that nanosized (20-50 nm) TiO2 has been commonly
accepted to be a safe sunscreen as it is able to reflect and scatter ultraviolet UVB and UVA
in sunlight but TiO> absorption of incident UV light is about 70%; therefore, in aqueous
environments this is going to lead to the formation of hydroxyl radicals. Hence, photo-
oxidations may elucidate the illuminated TiO2 toxicity and it is probable effects on DNA.
Dunford et al., studied in vivo commercial 20 - 25 nm TiO, samples with different ratios
of anatase/rutile (some samples also contained ZnQO) after that DNA illumination. The
study revealed that DNA in human cells was damaged by illumination in the presence of
TiO22

Federici et al., studied the toxicological effect of titania nanoparticles on rainbow trout
by exposing them to different concentrations of TiO2 NPs for up to 14 days and the results
demonstrated that TiO2 NPs exposure resulted in some physiological effects. 24 Lovern
and Klaper exposed D.magna to either to filtered (30 nm) or unfiltered (100 and 500 nm)
TiO2 NPs for 48 h as an acute toxicity test. In the case of filtered TiO2 NPs, D. magna
presented rising mortality with increasing concentration (100% mortality at 10 mg 1),
while only 9% mortality resulted from 0-500 mg I"* of the unfiltered TiO.. Thus, the
toxicity effect depended on the type of dispersion of TiO2 NPs.}* Titania, ZnO and CuO
NPs have been revealed to have toxic effects and have the ability to inhibit the growth of
microalgae P. subcapitata in visible light due to the generation of free radicals.®® It was
also found that ZnO and CuO have a toxic influence on crustaceans D.magna, T. platyurus

and the bacteria V. fischeri but in that study TiO> NPs were not found to be toxic. Thus,
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the nanoparticle toxicity depends on the particle morphology and size, test organism
species, and synthetics method.*’

Hu et al. exposed the earthworm E. fetida in soil to various concentrations of titania
and ZnO NPs for 7 days to evaluate their toxicity. It was discovered that these NPs were
able to substantially damage the earthworms when doses were higher than 1.0 g kg™,
affecting the mitochondria, DNA and cellulose enzyme activity.'*> Kasemet et al. studied
the toxic effect of nano-grade ZnO, CuO, and TiO2 to S.cerevisiae—an unicellular
eukaryotic organism for a 24 hour exposure time. No toxicity was seen from nano sized
and bulk TiO2 even at 20000 mg/l and both, nano and bulk ZnO were of equivalent toxicity,
whereas, nano CuO was about 60-fold more toxic than bulk CuO.*! The ecotoxic effects of
TiO», SiO2 and ZnO towards Gram-positive Bacillus subtilis and Gram-negative E.coli was
investigated. This study proved that these three nanomaterials were harmful to variable
degrees, with antibacterial activity rising with the concentration of particles. In the same
way, the antibacterial effect of these nanomaterials usually increased from SiOz to TiO- to
ZnO under both dark and light conditions demonstrating that mechanisms additional to
ROS generation were responsible for growth inhibition.}*® Similarly, Reeves et al.
demonstrated for fish cells in vitro that hydroxyl radicals were generated by TiO;
nanoparticles in the absence of ultraviolet light.}4’

Aquatic species can be used for monitoring of water quality and hazard assessment of
wastewaters as they respond in a predictable manner to the presence of most types of
contaminants.**® Hund-Rinke and Simon studied the effect of two illuminated
photocatalytic TiO2 nanoparticles (mainly anatase, 25 nm and 100 nm) to the green algae
D. subspicatus and the daphnid D.magna, respectively. The results indicated that there was
growth inhibition for the green algae. However, no toxic influence was detected with the
D. magna.'*® Rincon and Pulgarin found an antibacterial effect of illuminated
photocatalytic TiO2 on pure culture of E.coli (K12). It was noticed that a rise of E.coli
concentration was detected after bacteria illumination without TiO,. However, the
reduction of bacteria continued in the dark, and no regrowth was perceived within the next
60 hour in the presence of TiO2 (photocatalysis).®® Kim and Lee!® have shown a

toxicological effect of TiO2 NPs which might include the production of hydroxyl radicals
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because of visible light generating extracellular reactive oxygen species (ROS) that may
have ability to damage cell membranes.

Jing et al. studied the toxicities of four oxide nanoparticles (Al203, SiO2, ZnO, and
TiO») to microalgae Chlorella sp. and it was observed that nanoparticles of Al>O3, SiO,
and TiO2 (DJ3, rutile) had no substantial toxicity, while nano-ZnO (20 mg L) and nano-
TiO2 (HR3, anatase) (30 mg L %) significantly inhibited the growth of algae with an
exposure time of 6 day. Moreover, nanoscale particles demonstrated higher toxicity that
that of bulk materials.’>? The ecological effect of TiO, nanoparticles was assessed on two
microalgae (Scenedesmus sp.and Chlorella sp.) which already isolated from the
environment after 72 h ECso exposure time. The study demonstrated the inhibitory
influence of titania nanoparticles on both of the species (16.12mg/L for Chlorella
sp.;21.2mg/L for Scenedesmus sp.). bulk TiO2 material also shown toxicity but lesser than
nanotitania particles.'>3

Three different species of freshwater algae (S.quadricauda, C. moewusii, and
C.vulgaris) were exposed to series of TiO2 nanoparticle concentrations to elucidate their
effects on growth and metabolism of three green algae in terms of growth rates, production,
and respiration. Population growth rate decreased from 11 to 27%, depending on the
species. In addition, TiO2 NPs impact on their metabolism depending on different algae.*>*
Wang et al. evaluated the toxic effect of two economically important nanomaterials,
titanium dioxide (TiO2) and Quantum Dots (QDs) on unicellular green algae C.reinhardtii
in terms of inhibition growth, oxidative stress and gene expression. The results proved that
growth rate was inhibited during the first two to three days in the case of both of TiO, and
Quantum Dots (QDs). Additionally, lipid peroxidation took place after 6 h exposure to
TiOz and QDs.1®

Photosynthesis and growth inhibition has been studied through exposing nano-TiO- to
unicellular green algae. It was found that titania nanoparticles inhibited growth rate and
photosynthetic efficiency. Chlorophyll a content was not affected but chlorophyll b and
carotenoid increased. It was also noticed that C.reinhardtii cells were damaged with
increasing concentrations of TiO2. Lee and An*® studied ecotoxic effects of zinc oxide
nanoparticles and titanium dioxide nanoparticles to the green algae P. subcapitata under
visible, UVA, and UVB irradiation conditions. Algal growth was detected to be inhibited
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as the nanoparticle concentration increased, and ZnO NPs caused destabilization of the cell
membranes. The growth rate of P. subcapitata decreased with increasing TiO2 NPs
concentration up to 72 h under all irradiation, similarly to ZnO nanoparticles which was
attributed to the photo catalytic activity of TiO induced by the visible light as well as UV
light.

Hartmann et al. investigated the ecotoxicity of three different sizes of titanium
dioxide (TiO.) particles (primary particles sizes: 10, 30, and 300 nm) to the freshwater
green alga P.subcapitata using a cold light fluorescent tube emitting light in the visible
spectrum. It was consistently found that, out of three types of commercially available TiO>
particles, the smallest TiO2 nanoparticles type (primary particle size <10 nm) resulted in
higher inhibition at lower concentrations than the two other particle types (30 and 300 nm).
The mechanisms for all three types are believed to comprise of more than generation of
reactive oxygen species and possible mechanisms include adhesion of TiO> to algal cells
and physical disruption of the cell membranes.’® Hong and Otaki'® studied the
relationship of photosynthesis and photocatalytic inhibition by TiO> of algal growth
(Chroococcus sp.) by an ATP assay under ultraviolet (UV) and fluorescent light (FL)
irradiations. The adverse effects on Chroococcus sp. growth in the TiO+FL+UV were
higher than those in the TiO2+UV. The difference is attributed to oxygen generated by
Chroococcus sp. under FL irradiation.

Dalai et al. found that TiO> nanoparticle (NPs) at low concentrations (<1 ug mL—1),
in a freshwater bacterial isolate, B. licheniformis, under light (UV-illuminated) and dark
(non-illuminated) conditions showed a decrease in the bacterial cell viability. The
difference in reduction of cell viability under light (20.7%) and dark conditions (21.3%)
was statistically non-significant at 1 ug mL™* concentration and 2 h exposure time. The
fluorescence microscopy of the NP incubated cells (1.0 ng mL ™2, 2 h) under light and dark
conditions exhibited a mixture of live and dead cells. A significant dose dependent increase
in intracellular ROS generation compared to control was noted. The reactive oxygen
species level after 2 h of incubation was considerably higher under light conditions (7.4 +
0.13%) as compared to dark conditions (4.35 + 0.12%). The LDH analyses confirmed a
statistically significant increase in membrane permeability under dark conditions compared

to the light conditions. The dominant cytotoxicity mechanism under light conditions was
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found to be ROS generation, whereas, NP attachment to the cell membrane leading to

membrane damage significantly contributed in dark conditions.*>®

1. 10 Intracellular Penetration of Nanoparticles

Nanoparticles of different compositions can be assembled with different physical
and chemical properties and functionalized with a myriad of ligands for biological targeting
as shown in figure 1.19. Nanoparticles may be internalized in cells either by directly
interacting with membrane-embedded receptors or indirectly by associating with the lipid
bilayer on cell membrane. In the first approach, nanoparticles are functionalized with
ligands that bind to receptors on the cell with high affinity and specificity. Ligands can be
selected or engineered to target receptors on healthy and diseased cells. Internalization of
the resulting receptor—ligand complexes then leads to receptor-mediated endocytosis of the
nanoparticles.!®® Alternatively, nanoparticles can interact with the membrane via
hydrophobic and electrostatic interactions and be taken into the cell through pinocytosis, a
form of fluid-phase uptake where cell takes in the local extracellular environment by
invaginating and pinching off pieces of the plasma membrane into vesicles containing the

extracellular fluid.16!
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Figure 1.19: A scheme of nanomaterials functionalization for internalization whereby
nanomaterials assembled with various materials that have different chemical and physical
properties. 6!

For a specialized set of cells, namely macrophages, monocytes and neutrophils,
nanoparticles can also be internalized via phagocytosis due to the interaction between the
nanoparticles and cell membrane components.®? Nanoparticles can also internalize by
endocytosis which means transportation of nanoparticles into cells within vesicles and,
depending on the mode of internalization, can either be recycled and exocytose out of the
cell or trafficked to organelles including the lysosomes, Golgi, and mitochondria.
Endosomal trafficking is a complex intracellular process involving motor proteins that
shuttle vesicles along microtubules within the cell. During this process, vesicles are sorted,
fused or dissociated, as well as mature into endosomes and lysosomes (see figure 1.20).%63

Once released from the endosomal compartments, nanoparticles must travel through
the cytoplasm to bind with their intracellular targets. The cytoplasm is crowded with
cytoskeletal structures, proteins, nutrients and small molecules. Diffusion mobility of the

nanoparticle within the cytoplasm depends on its size and interactions with these biological
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entities. Binding to intracellular components may significantly retard the mobility of small
particles while the geometry becomes important in the movement of larger

nanoparticles.1%4

Clathrin - Caveolin - Macropinocytosis Direct Other
dependent dependent Pathways

Exocytosis

MVB/

mteendosome

| ()' Cytoskeletons
=

@

MNucleus

Figure 1.20: Intracellular transport of nanoparticles. After internalization via one or more
of the endocytic pathways, nanoparticles are trafficked along the endolysosomal network
within vesicles with the help of motor proteins and cytoskeletal structures. Vesicles can
transport their contents into sorting endosomes, or excrete/recycle them back to the cell
surface by fusing with the plasma membrane. Alternatively, endosomes can mature into
lysosomes via luminal acidification and recruitment of degradative enzymes. Endocytic
Recycling Compartment (ERC), Endoplastic Reticulum (ER), Microtubule-organising
centre (MTOC) and Multivesicular bodies (MVB)?*6!

As illustrated in figure 1.21 when TiO2 nanoparticles are internalized into cells, they can
induce significant oxidative stress resulting in DNA damage and cell death. Based on these

observations a hypothetical mechanism for cellular toxicity could be through the generation
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of OHe, Oz, and H20 in cells leading to oxidation of polyunsaturated phospholipids. The
lipid peroxidation reaction subsequently causes DNA damage, GSH depletion, and
disruption of membrane morphology and the electron transport chain, which leads to cell

death.16°
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Figure 1.21: The possible mechanism of TiO2 nanoparticles - induced genotoxicity and
cytotoxicity, whereby these ROS induced either lipid peroxidation, causing LDH releasing,
or inhibition of glutathione peroxidise or DNA damage. Lactate Dehydrogenase (LDH);
Reduced Glutathione (GSH); Lipid Peroxidation (LPO).
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1. 11 Nanomaterials for Drug Delivery

In the treatment of diseases, drugs are often injected directly into the blood stream.
However, only a minor portion of injected drugs deliver to, and act in, the diseased tissue
site.%® Drug delivery is a developing field focused on targeting drugs or genes to a desirable
group of cells as shown in figure 1.22. The goal of this targeted delivery is to transmit
proper amounts of drugs to the desirable sites (such as diseased tissues, tumors, etc.) using
nanocarriers while reducing unwanted side effects of the drugs on other tissues.'®” The
nanomaterials for drug delivery must be biocompatible, nontoxic, biodegradable and
nonimmunogenic. The most common drug delivery nanocarriers include liposomes,
polymeric micelles and dendrimers, artificial DNA structures, and biodegradable
scaffolds.!¢®
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Figure 1.22: Untargeted and targeted drug delivery.1%®
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1. 12 Microgel as a Nanocarrier

Microgels are cross-linked polymeric particles. When the microgels size is in
submicrometer range, they are known as nanogels.!’® Microgels are produced by physically
or chemically cross-linking polymer networks that swell in an aqueous solvent. This
swelling occurs due to the absorption of water facilitated by the presence of hydrophilic
groups such as ether, sulphate, hydroxyl and carboxyl groups which are present in polymer
chains.!” Cross-linked bifunctional networks of a polyion and a nonionic polymer (cross-
linked polyethyleneimine (PEI) and poly (ethylene glycol) (PEG) or PEG-cl-PEI) as

microgels were utilized for delivery of polynucleotides.'’.

1. 13 Design of Nanocarriers as a Drug Delivery System

1. 13.1 Biocompatibility and degradability

Good biocompatibility is vital for any nanomaterials used for therapeutic reasons so
that the nanocarriers do not evoke any harmful biological responses at the molecular,
cellular or organ levels when utilized. 1® Biocompatibility is usually measured using cell
toxicity and cell viability assays which have shown an absence of cytotoxic effects for
many different nanocarriers formulations. It is also vital for clearing nanocarriers from the
body into non-toxic degradation products of adequately small size and of chemical
composition that do not provoke any adverse responses such as allergy, blood clot

formation, or induce disease states such as cancer.*’* 17

1. 13.2 Swelling behavior

Nano and microgels swelling are organized by multiple factors in aqueous environments,
including: (i) the cross-linking concentration. At high ionic strengths, the swelling of
cationic nanocarrier gels has been shown to be dependent mainly on the cross-linker
concentration, while at low ionic strengths nanocarrier gel swelling is based on both the
cross-linker and the charge concentration;*’® and (ii) environmental factors such as
temperature, pH and ionic strength. Core—shell nanocarrier gels consisting of cross-linked
poly(ethylene glycol)-b-poly(methacrylic acid) (PEG-b-PMA) became swollen with

increasing pH due to ionization of carboxylic groups within the PMA.Y" Alternatively,
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PEG-cI-PEI nanogels collapsed when the pH was increased from 8.5 to 10, as a result of

deprotonation of amino groups within the PEI.1"®

1. 13.3 High encapsulation stability

Drug molecules loaded into nanocarriers must be retained, and not be transported out
or leak prematurely while circulating in the body in order to deliver maximum therapeutic
effects and lowest toxicity or side effects. Cross linking of the polymer constituents within
the nanocarrier can be used to control drug encapsulation and drug release.**® Therefore,
upon designing a drug delivery vehicle, the encapsulation stability is an important feature
that needs to be addressed. Accidental leakage can result in the supply of drug molecules
to healthy cells leaving a nearly empty nanocarrier upon arrival at the disease site, as

illustrated in figure 1.23.17°
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Figure 1.23: Off —target toxicity of unstable leaky delivery carriers.1’

Drug loading into nanocarrier can be accomplished using a variety of strategies. These

include:

(i) Covalent conjugation of biological agents, which is achievable either during or
following nanocarrier synthesis. Copolymerization of modified enzymes with
acrylamide was conducted in both inverse microemulsion!® and dilute aqueous

solutions'® to produce nanosized hydrogels.
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(if) Physical entrapment of compounds within nanocarrier. This approach was used to
incorporate proteins into cholesterol-modified pullulan nanogels!®? and siRNA into
hyaluronic acid or HA nanogels.'®. Amphiphilic cross-linked nanogels whose
formulation is based on PEG and pluronic F127 were utilized to load and release
doxorubicin drug.®*

(iii) Passive/diffusion-based drug loading. Dextran-lysozyme nanogels have been used for
loading silver nanoparticles®® 1% and dexamethasone®! separately by diffusion alone,
through incubation of nanogels in excess drug or nanoparticle solution on a shaker.

1. 13.4 Controlled and sustained drug release

Drug transport should happen at the targeted site, thereby producing both therapeutic
efficacy and lessened side effects. Drug loading necessarily needs to be high to accomplish
therapeutic goals. **° Encapsulation of a delivery system is regularly stated in terms of its
percent drug loading capacity i.e. the weight percent of the drug loaded per unit weight of
the delivery vehicle. However, it is notable that percent loading is simply the
thermodynamic distribution coefficient of the drug molecule between the interior of the
nanocarrier and the bulk solvent (aqueous phase).1"

Drug release from nanocarriers occurs by multiple mechanisms. The diffusional
release of dexamethasone from dextran lysozyme nanogels was sufficient to improve the
development of pulmonary inflammation in a murine model of lung injury,! whereas silver
nanoparticle exposure from the same nanogel inhibits bacterial growth.%® In vitro
diffusional doxorubicin release from amphiphilic cross-linked nanogels was sustained for
up to one week. '8

Nanocarriers can also release drugs when the nanocarrier structure is biological or
chemical degradable. For examples, the release of doxorubicin from pH-sensitive drug-
loaded nanogels was considerably enhanced at lower pH values, which led to increased
drug uptake by lung carcinoma cells under a slightly acidic pH condition.'® Moreover,
nanogels were developed to release compounds in response to other environmental cues.
Disulphide cross-linked POEOMA nanogels biodegrade and release cargo upon exposure
to glutathione tripeptide, which is commonly found in cells.'®
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1. 13.5 Response to stimuli

Stimuli responsive nanocarriers must retain high drug encapsulation stability while
injected in the blood stream. The drug should release readily in response to the proper
stimulus upon arrival to the targeting site.!3 This can be accomplished by combining
chemical moieties into the design that make the carrier responsive to stimuli applicable to
the disease being targeted. There are two types of stimuli: chemical and physical that can
be engineered into delivery systems. When covalent bonds occur between drug and the
delivery carrier, a chemical response is required to cleave the linking bond between the
carrier and the drug. This chemical response could be triggered by an enzymatic reaction,
a reaction with biological chemicals, redox, changes in pH, or even by an external stimulus
such as light. However, if the encapsulated drug is trapped through a physical or
supramolecular interactions, the delivery carrier could be either engineered to release the
drug because of a chemical response, as shown above, or a physical change in the structure

of the vehicle, such as swelling triggered by temperature, pH, etc.*’

1.13.6 Targeting

One of the most recognized benefits of utilizing nanoparticles as drug carriers is to enable
targeted delivery to the desirable sites of intervention — organs, tissues, cells and their
compartments, pathological formations such as thrombi, etc. Delivery to these sites is
impeded by clearance from the bloodstream via “non-specific” uptake in tissues including
the vascular system (i.e., binding to endothelial and blood cells), reticuloendothelial system
(RES, including the liver, spleen and lymphatic nodes) and excretory organs including
kidneys, lungs, and the bile tract.!®” 18 Sijte-specific delivery of nanocarriers can be
achieved either by coupling to their surface affinity ligands, binding to target determinants,
or using responsiveness to local factors as explained in section 1.13.5, or via “passive”
targeting approaches including extravasation in the pathological sites and retention in the

microvasculature.t®®

1.13.6.1 Passive targeting

In some cases, nanocarriers “passively” gather at desired sites. Nanoparticles typically
exhibit circulation times that can be systematically varied and if desirable, extended to
allow for the sufficient time of blood perfusion to deliver the cargo to a target site. In
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addition, the increased retention of nanoparticles within the blood pool, due to their
inability to diffuse across continuous (i.e., non-fenestrated) endothelium, is often
associated with a reduction in off-target toxicity. 8 Currently, it is purported that most pre-
clinical and all FDA-approved nanoparticles for oncologic purposes passively accumulate
at their target site (pathophysiological targeting) as a consequence of enhanced
permeability and retention (EPR) effects as illustrated in figure 1.24.1%
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Figure 1.24: The concept of passive targeting through the EPR effect and active targeting
through ligand display.1® 1%

The EPR stems from the abnormal increase in vascular permeability that arises during
the pathogenesis of a wide range of diseases including inflammation and solid tumors,
allowing nanoparticles to deposit in the extracellular space. In some cases, such as in
cancer, nanoparticle retention may be heightened due to impaired lymphatic drainage. The
EPR effect is highly variable between diseases, organs, and even within a single
pathological site. For example, EPR is not commonly observed in gastric and pancreatic
cancer,'®! and in most tumors at least some of the vasculature remains intact. In contrast,

some regions may be extremely permeable, allowing submicron nanoparticles to penetrate
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into the interstitium.®? Although passive targeting continues to be the primary mechanism
by which most new nanoparticle formulations reach their target site, there has been a

general movement towards the use of active targeting to complement EPR.

1.13.6.2 Active targeting
“Active targeting” mediated by affinity ligands coupled to a carrier is a more precise and
universal approach. It uses ligands that bind to molecules present or enriched in a cell,
tissue, or pathological structure of interest (target determinants). Antibodies, their
fragments and recombinant polypeptides including single chain antigen binding fragments
(scFv), nutrients, hormones, mediators, receptor ligands, peptides, aptamers, and nucleic
acids have been explored as targeting ligands as shown in figure 1.14.5% 193-1% Recently,
lipid derivatives such as choline group containing molecules have also shown significant
promise for active targeting.9": 19

Target determinants must meet numerous criteria in order to be useful for drug
delivery. First of all, they must run binding or anchoring of carriers. For this purpose,
determinant molecules should exist at the site of interest in sufficient surface density on
the target cell, tissue or structure accessible to allow anchoring of ligand-directed carriers.
Secondly, binding to the target determinants have to not cause side effects that may hinder
or defeat the purpose of the intended medical intervention. Third, anchoring to the target
determinants should favor subsequent addressing to the sub-cellular compartments where
the drug cargo is supposed to serve.*® The foreseen advantages of active targeting include
higher specificity, higher accumulation of nanoparticles at the target site and an increase
in the intracellular penetration of nanoparticles, all of which probably lead to an improved
therapeutic index. however it is usually known that actively targeting vascular biomarkers
can refine the accumulation and specificity of nanoparticles at a disease site.!*

In this work, Carbopol Aqua SF1 as a derivative of polyacrylic acid polymer was
used to encapsulate individually two antimicrobial agents (berberine and chlorhexidine).
Stability of carbopol microgel, biocompatibility and biodegradation, the encapsulation
efficiency, controlled drug release, and toxicity were investigated. The reason for choosing
Carbopol Aqua SF1 is because this material is not toxic and biodegradable and it needs to
be discovered as a nanocarrier in drug delivery system. the encapsulated medicines were

then incubated with algae, yeast and E.coli to improve and control the antimicrobial actions
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200 \while chlorhexidine

of these medicines where berberine has low antimicrobial action
has high antimicrobial action which causes some side effects,?** therefore, they need to be

encapsulated to control the amount of medicine released.

1. 14 Carbopol Aqua SF1 Polymer

Carbopol compounds have plenty of applications in the industry, medicine, and
cosmetics due to the biocompatibility, and with no side effects upon biodegradation.
Carbopol Aqua SF-1 polymer is a lightly cross-linked and highly hydrophilic acrylic
polymer as shown in Figure 1.25 dispersion considered to provide suspending, stabilizing,
and thickening properties to a diversity of surfactant-based personal cleansing products. It
is milky, white liquid with a low acrylic odor, comprising 30% active polymer in water
that is simply pumped, poured and diluted into aqueous formulations. Having a low
viscosity it is easily and quickly combined, providing significant suspending and
stabilizing properties to formulations with insoluble and difficult-to-stabilize ingredients,
such as silicones. It is also capable of thickening shampoo, body wash and other cleansing
formulations to their ideal viscosity and offering highly favorable flow characteristics and
allowing the formulation of highly transparent shampoos and body washes at neutral pH.
The polymer is highly active in surfactant based formulations over a wide pH range from
3.5 to 10 or higher. Furthermore, it is compatible with almost all commercial nonionic,
anionic and amphoteric surfactants in addition to a wide array of popular additives and

conditioning agents, such as cationic polymers.2%2

SN
n

Figure 1.25: The chemical structure of Carbopol Agqua SF1 (Poly Acrylic Acid)
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As purchased, the majority of the polymer’s carboxyl functionality is in the
protonated form; the polymer molecules are coiled and impart moderately little suspension
and viscosity to the liquid. Upon neutralization, the molecules ionize and expand because
of charge repulsion of the anionic carboxylate and this provides suspending and thickening
properties. This mechanism is known as “hydrodynamic” thickening. In hydrodynamic
thickening theory, it is the physical packing of the polymer molecules (and possibly other
formula ingredients) that effects the suspending ability and viscosity. This “space-filling”
mechanism is different from the associative thickening mechanism attributed to
hydrophobically modified polymers. Therefore, it is well used in the 2-in-1 conditioning
shampoos. Additionally, in terms of toxicity the carbopol Aqua SF1 polymer does not
exhibit any toxicity towards animal organs and some microorganisms .2%

Ocular drug delivery systems require muco/bioadhesive polymers which elongate the
residence time at the site of drug absorption. They ensures optimal contact between the
formulation and the absorbing surface to enhance the bioavailability of topical
administration.?%* 204 Carbopol resins, have been widely used for the ocular drug delivery
systems due to their excellent mucoadhesive property.?®® Tang et al. (2005) syntheized
superporous hydrogel composites (SPHCcs) based on aqueous carbopol solution. Carbopol
934P and 974P are able to swell quickly in water as a result of the crosslinking bond in the
structure and adhere to the intestinal mucus due to the functional groups (COOH) to form
hydrogen bridges to interpenetrate the mucus layer. In vitro study of the bioadhesive force
observed that the SPHCcs adhered to the intestinal mucosal more rapidly and displayed
higher mucoadhesion as compared to superporous hydrogel (SPH).2% Silver nanoparticles
were formulated with Carbopol 980 NF polymer to evaluate its wound healing efficacy on
rat model via visual observation, transepidermal water loss and histology of skin. It was
proved that AgNPs-based gel presented superior wound healing efficacy as compared to
marketed formulations and silver ions.?% Lin and Sung (2000) showed that the carbopol/
pluronic solution had an improved capability of holding drug compared to the carbopol or
pluronic solutions alone. The results demonstrated that the carbopol/pluronic mixture can
be utilized as an in situ gelling carrier to improve the ocular bioavailability.?%’

A mucoadhesive ophthalmic drug delivery system comprising puerarin based on
Pluronic P407/P188 and Carbopol 1342 have demonstrated that combining either 0.1% or
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0.2% Carbopol 1342 into Pluronic P407/P188 solution would significantly refine the
mucoadhesive force. The combined solutions had better drug retaining than poloxamer
analogs or carbopol alone. It also appears that ocular bioavailability can be increased more
readily by using the in situ gelling and mucoadhesive vehicle. Therefore, the combined
systems can be used as the ocular in situ gelling and mucoadhesive vehicles to enhance

bioavailability.2%®

1. 15 Berberine

Berberine (Fig. 1.26) is a bright yellow isoquinoline quaternary alkaloid (or a 5,6-
dihydrodibenzo[a,g] quinolizinium derivative) extracted from many kinds of medicinal
plants such as Hydrastis canadensis, Berberis aristata, Coptis chinensis, Coptis rhizome,
Coptis japonica, Phellondendron amurense, Phellondendron Chinese schneid.?®® The
alkaloid has brought wide attention as a therapeutics against a number of diseases including
hyperlipidemia, diabetes, metabolic syndrome, polycystic ovary syndrome, obesity, fatty

liver disease, coronary artery disease.?*°

Figure 1.26: The chemical structure of berberine.

Berberine has a definite potential as drug in a wide spectrum of clinical applications.
Berberine shows a broad array of pharmacological effects, being effective against
gastroenteritis, abdominal pain and diarrhea, and having antimicrobial, antidiabetic and
anti-inflammatory properties.2® 21 212 Berberine employs antimicrobial effects being a
NorA substrate able of gathering in bacterial cells and of binding both single and double-
stranded DNA, thus causing bacterial death by DNA damage.?%
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It has a weak activity against Gram-negative bacteria?®

, and is more powerful
against Gram-positive bacteria, such as Mycobacterium tuberculosis and MRSA
(Methicillin-Resistant S.aureus), by the multi drug resistant (MDR) pump NorA
inhibition.2%0 213214 |t also shows antifungal activity on Aspergillus, Penicillium, Candida,
and Cryptococcus.?®® 212 Berberine has anti-inflammatory activity by inhibiting the
production of tumor necrosis factor-a (TNF-a), interleukin-6 (IL-6) and monocyte chemo-
attractant protein 1 (MCP-1). Moreover, it affects prostaglandin E2 (PGE2) production and
exudate production, and down-regulates the expression of COX-2, matrix
metalloproteinase (MMP)-2 and -9 (MMP-9) through mitogen-activated protein kinase
(MAPK) and NF-kB signaling pathways.?%®

Berberine has been encapsulated in nanoparticles to form (Berberine Chloride-O-
Hexadecyl-Dextran NPs) (BC-HDD NPs). Upon incubation with glucose stressed
hepatocytes, a decrease in ROS generation, oxidative stress, caspase activation, prevention
of depolarisation of mitochondria, and lipid peroxidation was detected in BC-HDD NPs
treated cells in comparison with bulk berberine.?'® Tsai et al (1999) merged berberine into
a chitosan hydrogel to design a transdermal delivery system for the treatment of cutaneous
leishmaniasis. The results showed that only trace amounts of berberine passed through the
rat skin; therefore, they used some surfactants such as Tween 80 to increase the loading of
berberine in the skin.?’

Chang et al. (2011) have developed a novel nanocarrier with a heparin shell for
berberine delivery to treat H. pylori. In vitro analysis of drug release from the nanovehicle
designated that the system was able to control berberine release in a simulated
gastrointestinal dissolution medium, and that the berberine was able to localize specifically
to intercellular spaces or in the cell cytoplasm, the site of H. pylori infection. The prepared
berberine/heparin/chitosan nanoparticles were capable of increasing the values of H. pylori
growth inhibition, compared with berberine alone in solution.?*® Lin et al. (2014) used
berberine-loaded fucose-chitosan/heparin nanoparticles to obtain an enhanced suppressive
effect when they interact with H.pylori and effectively reduce gastric inflammation in an H.
pylori-infected animal study.?*°

Berberine has been shown to be a potent anti-diabetic agent but this efficacy can

hardly be achieved using conventional oral dosage forms. To refine oral bioavailability and
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anti-diabetic efficacy of berberine (BER), a new anhydrous reverse micelle (ARMS)
delivery system was successfully prepared for berberine. In vivo measurements on diabetic
mice confirmed that BER-loaded ARMs reduced the blood glucose by 57% of encapsulated
berberine in comparison with 22% blood glucose level upon intravenous injection of
berberine solution. Berberine loaded ARMs could remarkably enhance drug oral
bioavailability and thereby anti-diabetic efficacy.??

Berberine hydrochloride (BH) has been shown to have promising anticancer
efficacies through a solid lipid nanoparticle (SLN)-based delivery system. Berberine-
loaded SLNs showed high drug encapsulation efficiency and drug-loading, and the release
of berberine from the SLNs was significantly slower than free berberine. The in vitro study
indicated that berberine-loaded SLNs more considerably inhibited cell proliferation on
MCF-7, HepG 2, and A549 cancer cells. Berberine-loaded SLNs also enhanced the
antitumor efficacies of BH on MCF-7 cancer cells.??! Berberine has also revealed
anticancer activity against human hepatic carcinoma in a murine xenograft model in a
liposomal berberine formulation using a thin film hydration /extrusion method. This
method showed a high encapsulation efficiency with higher growth inhibition of HEpG2
cells that of berberine alone. Moreover, in vivo studies confirmed that the liposome
efficiently decreased the berberine elimination rate in both plasma and tissue, and
liposomal berberine effectively reduced the size and weight of tumors as compared with
the untreated tumor control.??

PLGA (polylactide glycolic acid) nanoparticles were prepared using an
emulsification method. Berberine was loaded onto PLGA nanoparticles by single emulsion
as well as multiple emulsion solvent evaporation techniques. In vitro drug release analysis
demonstrated that acidic pH of 5.5 was more suitable for berberine release than pH 7.4.223
Yeast cells of S.cerevisiae were utilized for encapsulating berberine as novel carriers for
the food and drug industries. Analytical methods proved that berberine was encapsulated
in the yeast cells. The results confirmed that S.cerevisiae could be an efficient and safe
carrier for active materials.??* Likewise, berberine hydrochloride was encapsulated into
alginate microspheres via an emulsification/gelation method. Those drug-loaded
microspheres were further trapped into carboxymethyl chitosan (CMC) hydrogel to form a

new drug-delivery system (DDS). The results revealed that the swelling ratio has a
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minimum at around pH 3.0 and a maximum within a pH range 8-10. DDSs composed of
alginate microspheres and CMC decreased the burst effect of the alginate microspheres.??

Berberine-loaded chitosan/ fucoidan-taurine nanoparticles were developed and
served as an epithelial protective material to prevent redistribution of TJ protein caused by
bacterial endotoxin (LPS). The pH-responsive nanoparticles were stable at pH 2.0 but
became unstable when the pH increased to 7.4. The release rate of berberine from the
nanoparticle was slow in simulated gastric fluid (SGF) but fast in simulated intestinal fluid
(SIF). These findings suggested that the berberine-loaded nanoparticle is a potential carrier
for site-specific delivery of berberine to the intestine for the inhibition of impaired
intestinal barrier function.??® Hydrogel composites also were prepared using a cross linking
method with variable amounts of gellun gum and polyvinyl alcohol loaded with berberine
and its functionalization to gold nanoparticles. It was clear that this addition system
produced a composite which considers the most suitable drug delivery system for
berberine, due to all characteristics (higher encapsulation efficiency) of the matrix

structure, creating a promising drug delivery system for delivery hydrophilic drugs.??’

1. 16 Chlorhexidine

Caries and periodontal disease are the most widespread oral diseases in humans which
are related with dental plague. The removal of dental plaque is a crucial component in the
prevention and treatment of such diseases. The use of mechanical agents is a simple and
economical method that was validated in the control of gingivitis.??® However, the
efficiency of this method is affected by the individual's manual dexterity and motivation.
Therefore, there is a great attention to the use of antimicrobial agents to replace or to be
adjuncts to the mechanical methods. Chlorhexidine (CHX) is one of the most effective
antimicrobial agents for dental plaque control.??®2%0 10 ml of 0.2% chlorhexidine gluconate
solution can be used for rinsing for 60 s twice a day in the absence of normal tooth cleaning,
leading to inhibit plaque regrowth and the increase of gingivitis.?®® Chlorhexidine
gluconate (CHX), a cationic bishiguanide and a strong base is more stable in the form of
its salts. The original salts were chlorhexidine acetate and hydrochloride, which are
relatively sparingly soluble in water. Therefore, they have been swapped by chlorhexidine
digluconate. CHX belongs to the polybiguanide antibacterial family, consisting of two
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symmetric 4-chlorophenyl rings and two biguanide groups linked by a central
hexamethylene chain (Fig. 1.27). CHX digluconate salt is easily soluble in water.232 233 |t
is one of the most frequently used chemotherapeutic agents against oral diseases. This is
because of its wide spectrum of activity against yeasts, Gram positive, and Gram negative
bacteria as well as many anaerobic pathogens.?** The mechanism of action is due to its
cationic nature which links to anionic compounds on the bacterial surface such as
phosphate groups of teichoic acid in Gram positive and lipopolysaccharide in Gram
negative bacteria and disrupts bacterial integrity.?®® This leads to leakage of the cell

constituents and eventually cell death.?3®

SO T e e L
NH NH
ol NH NH ol
OH OH O
+2 HO oM
OH OH

Figure 1.27: The chemical structure of chlorhexidine digluconate.

The substantial effects of chlorhexidine on plaque and gingivitis were attributed to the
decline of pellicle formation and attachment of bacteria on the tooth surface.?3” However,
prolonged usage of chlorhexidine carries with it numerous side effects such as disturbances
in taste sensation, teeth staining, and increased dental accumulation.?t 28 Another
important subject is the release mechanism, to improve the effectiveness of chlorhexidine
it is more desirable to release it slowly over a prolonged period of time, this ensures a
greater reduction of microorganisms (longer exposure time). A recent and practical release
system is the combination of microfibrillated cellulose (MFC) and B-cyclodextrin (BCD)
that produces a large dosage of chlorhexidine gluconate over a prolonged period of time,
MFC is known for its burst action whilst BCD is a slow releasing drug delivery agent.? It
might be beneficial to see a mixed composition of chlorhexidine with possibly calcium

hydroxide or fluoride and the incorporated MFC/BCD mechanism.
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It is important to be aware of other interactions between the cationic biguanides such
as chlorhexidine and other antimicrobial actives such as titanium oxide where the
chlorhexidine binds more favorably with anatase rather than rutile.?* It is also possible to
use mesoprouos nanoparticles combined with nano-chlorhexidine; exposing 50 mg of
mesoprouos silica nanoparticles to 4 ml of 50 mg of chlorhexidine dissolved in 5ml ethanol
produces a nanoparticle chlorhexidine release system that effectively targets planktonic
and biofilm modes of oral pathogens.?*! An implantable, anti-microbial delivery device for
the treatment of periodontal disease was prepared by single emulsion/ solvent evaporation
technique according to the association complex of microparticles of poly (dl-lactic-co-
glycolic acid) (PLGA) containing chlorhexidine (CHX) free base, chlorhexidine
digluconate (Chx-Dg) with methylated-b-cyclodextrin (MBCD) and hydroxypropyl-b-
cyclodextrin (HPBCD). It was observed that complexation of the poorly water soluble
CHX with the more hydrophilic HPBCD resulted in 62% higher encapsulation efficiency
and longer duration of sustained release over a 2-week period than complexation with the
more lipophilic MBCD. However, the more water-soluble derivative of chlorhexidine,
CHX-Dg incorporated with the more lipophilic MBCD enhanced encapsulation efficiency
by 12% and prolonged its release as compared with both the free CHX-Dg and its complex
with HPBCD. Biologically it is proved that the chlorhexidine released from PLGA chips
IS active against bacterial population that is relevant in periodontitis (P. gingivalis and B.
forsythus) and a healthy inhibition zone is maintained in agar plate assay over a period of
at least a 1-week.?*2

A thermosensitive hydrogel system was prepared from an inclusion complex between
B-cyclodextrin and chlorhexidine, then the latter was merged into the chitosan. Then, the
human bone morphogenetic protein-2 (rhBMP-2) was added to the hydrogel
simultaneously. The in vitro drug release demonstrated that the rate release of both
chlorhexidine and rhBMP-2 from hydrogel become slower with continuous release up to a
month.?*3 A drug delivery system consisting of (meth) acrylic microparticles containing
chlorhexidine digluconate was prepared by the non-aqueous emulsion/solvent evaporation
method. The particles were micrometer-sized, heat-stable and amorphous/non-crystalline
formulations with drug-loading efficiencies higher than 90%. Drug-loaded (meth) acrylic

microparticles as compacted tablets provided a significant decrease of dissolution rate of
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chlorhexidine digluconate. Therefore, these formulations are possible carriers for
controlled release of chlorhexidine digluconate and can be used in additional innovative
skin and oral products proposed for a long-lasting antiseptic effect.?*
Chlorhexidine-loaded polyurethane was prepared as a material suitable for the fabrication
of devices which are able to resist microbial contamination. In vitro release of
chlorhexidine diacetate and digluconate from orthodontic chains loaded with 10% or 20%
(w/w) chlorhexidine salt was sustained for 42 days. The drug diffusion through the
polyurethane was found to depend not only on chlorhexidine loading, but also on the
chlorhexidine salt. The antibacterial activity of 0.2% (w/w) chlorhexidine diacetate-loaded
orthodontic chain was successfully examined towards Staphylococcus epidermidis via agar
diffusion test. Thus, the chlorhexidine salt-loaded chains could provide an advanced
approach in the prevention of oral infections related to the use of orthodontic devices.?*®

Therapeutic activity of locally applied drugs depends on both the pharmaceutical
system which enables the release of the molecule and the thermodynamic activity of the
active molecule as well as the vasoconstrictive activity of vessels plays a vital role. The
release of chlorhexidine was assessed according to the use of methylcellelose (MC) and
poly (acrylic acid) (Carbopol 934P NF) (PA) polymeric carriers at temperatures in the
range between 22°C and 42°C as well as the temperature of 32°C as the reference surface
body temperature. The released drug increases with the temperature after 10 h and is higher
in the case of the MC system: the greatest difference detected between the MC-CHX
preparations was about 35 %, whereas for PA-CHX, the difference was only 0.5 % of the
initial amount of the drug in the donor compartment. This study is important for patients
with various surface body temperature conditions, who needed to receive local biocides
applied on skin or into the oral cavity.?#

Chlorhexidine base loaded PCL nanocapsules, prepared by interfacial polymer
deposition /solvent displacement yields relatively monodisperse particle size and stable
positively charged nanocapsules with good encapsulation efficiency.?*’ The study
described a sustained release of chlorhexidine base from PCL nanocapsules by mediating
a more direct and prolonged contact between the nanocapsules and bacteria, skin surface,
and skin follicles and provided a prolonged ex vivo topical antimicrobial activity against

Staphylococcus epidermidis.?*” Wound treatment needs molecules that both improve
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healing and control infection. Hence, Poly (lactic-co-glycolic acid) (PLGA) microspheres
based drug delivery system was prepared by a double emulsion process. This system
simultaneously transports platelet-derived growth factor (PDGF)-BB, a hydrophilic protein
known to stimulate wound healing, and chlorhexidine (CHX), an antimicrobial agent for
infection treatment. CHX encapsulation efficiency was 19.6 + 0.8% and 28.9 £ 1.5% for
PLGA 50:50 and 85:15 (w:0) ratio, respectively. This can improve healing and decrease
bacteria levels in an infected wound model.?*® Fini et al. were investigated the in vitro/ex
vivo buccal release of chlorhexidine salt (CHX) from nine mucoadhesive aqueous gels in
addition to their physicochemical and mucoadhesive properties. The mucoadhesive/gel
forming materials were carboxymethyl- (CMC), hydroxypropylmethyl- (HPMC) and
hydroxypropyl- (HPC) cellulose, alone (3% w/w) Orin binary mixtures (5% w/w); gels.
The results proved that combination of HPMC or HPC with CMC revealed slower drug
release as compared with each of the individual polymers. All the systems proved suitable
for CHX buccal delivery in terms of prolonged release and reduced transmucosal
permeation.24°

Enterococcus faecalis is a major cause of bacterial persistence root canal infections.
These bacteria attacks dentinal tubule size which is slightly small between 1-3um
producing difficulty drug penetrations to remove root canal. Silica microcapsules with 2%
chlorhexidine active compound coated with sodium alginate and chitosan (<1 pm in size),
were able to get in and act in dentinal tubules of teeth root canal and also 2% chlorhexidine
has the possibility to be released from silica-chitosan-sodium alginate microcapsules at pH
condition 6.5 better than normal pH condition at 7.4, so the 2% chlorhexidine
microencapsulation has the power to be used as a better root canal drug.?®
Nanocomposite biocompatible hydrogels (NCHG) were used as local drug delivery devices

for curing periodontal infections. The composite consists of the following components:
nanoparticles (NPs), matrix gel, and chlorhexidine (CHX) as antibacterial drug.
The NPs were obtained by free radical initiated copolymerization of the monomers, 2-
hydroxyethyl methacrylate (HEMA) and polyethylene glycol dimethacrylate (PEGDMA),
in aqueous solution. NCHGs were obtained by mixing NPs, monomers, and drug in an
aqueous solution then crosslinked by photopolymerization. Studies discovered that on

average 60% of the loaded drug was released. The fastest release was noticed over a 24 h
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period for matrix gels with low crosslinking density. For NCHGs, the release period
exceeded 48 h.%° Novel antimicrobial nanoparticles (NPs) were developed based on a
hexametaphosphate salt of chlorhexidine (CHX). These were synthesized by simultaneous
reaction between aqueous solutions of CHX digluconate and sodium hexametaphosphate,
under room temperature and pressure. The reaction resulted in a stable colloid composed
of extremely negatively charged NPs (=50 mV), of size 20—160 nm. The NPs adhered
quickly to samples of glass, titanium, and an elastomeric wound dressing, in a dose-
dependent manner. The functionalized materials showed a slow release of soluble CHX
over a period of at least 50 days. The NP colloid is effective against methicillin-resistant

S.aureus (MRSA) and P.aeruginosa in both planktonic and biofilm conditions.?!
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1.17 Microfluidic Devices: An Introduction

Microfluidics (Fig. 1.28) is the science and technology of systems that uses channels
with dimensions of tens to hundreds of micrometres to use or control small (10° to 1078
litres) amounts of fluids.?®?> Some unique phenomena emerge at such scale. For instance,
reactions are completed in a shorter amount of time as the travel distances of mass and heat
are relatively small; the flows are laminar because of low Reynolds number in microfluidic
channels; capillary effects becomes dominant due to large surface-to-volume ratios.?> 24
In the microscale, the surface properties of the device material are greatly amplified, which
can either realize unique functions or lead to problems that would not be encountered at
macroscale;?®® the materials largely determine the function of the devices. Reynold
number?? can be used for the characterization of flow of a fluid through a microfluidic
channel, defines as

Inertial Force  LpVgy4

® = Viscous Force 7
where L is the channel length scale, 1 is the viscosity, r is the fluid density, and Vaverage IS
the average velocity of the flow. For various micro channels, L is equal to 4A/P where A
is the cross sectional area of the channel and P is the wetted perimeter of the channel.

Figure 1.28: Miniaturization and integration of laboratory processes onto a microchip
device. This figure was adopted with a permission from author.®
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Microfluidic systems have interdisciplinary applications in a wide range of areas:
molecular analysis, molecular biology, microelectronics, clinical diagnostics, and drug
development.?’

There are many substantial advantages resulting from the miniaturization of devices
for use in these areas, including low cost of manufacturing, easiness to use, and disposal;
short time of analysis; decreased consumption of reagents and analytes; reduced production
of potentially harmful by-products; high separation efficiency with high resolution and
sensitivity; decreased weight and volume; decreased requirements for power; and
increased portability.?®” 2 The design and development of a functional microfluidic
device must also take into account the type of material used to fabricate the device. The
material should be compatible with sensitive methods of detection, enable easy interfacing
with the user, and allow integration of functional components. The material should also be
inexpensive, and compatible with micrometer-scale features and microfabrication

methods, if the devices are aimed for large-scale application.se

1. 18 Materials for Fabricating Microfluidic Devices

1. 18.1 Silica and Glass

Silica and glass devices are normally processed with standard photolithography.2®°
Glass is electrically insulating and optically translucent; as an amorphous material, etched
glass channels have curved sidewalls unless etching by special techniques.?®® In contrast,
silicon is opaque and vertical channel sidewalls are created in crystalline silicon. Due to its
resistance to organic solvents, ease in metal depositing, high thermoconductivity, and
stable electroosmotic mobility, glass is frequently utilized in numerous chemical
applications.?®®> The main application of glass chips is capillary electrophoresis.?%®
Characteristic applications include on-chip reactions,?%* droplet formation,?® and solvent
extraction and in situ fabrication.?%

The hardness of glass also poses limits to its application in microfluidics. One problem
is the high cost of fabrication: finally, the bonding of such chips is difficult (high
temperature, high pressure and super clean environment are normally required [263]).
Furthermore, glass or silicon is not gas permeable and their chips with etched channels and

chambers cannot be used for long-term cell culture.?6?
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1. 18.2 Elastomers
Elastomers comprise of cross-linked polymer chains that are generally entangled; when
external force is applied, they can stretch or compress, and return to the original shape
when the external force is withdrawn. The most common elastomer used in microfluidics
is polydimethylsiloxane (PDMS).%52
A significant advantage of PDMS is its ease and cheap microfabrication.?®” Liquid
PDMS prepolymer is cured thermally at moderate temperatures (40-70°C) and the PDMS
can be cast from photoresist templates to obtain nanoscale resolution devices, which are
easier and cheaper to make than glass templates;?®® PDMS chip can be reversibly and
conformally bonded to another piece of PDMS, glass, or other substrates by simply making
contact.?®” Oxygen plasma oxidation of PDMS surface is also suitable to irreversibly bond
PDMS to PDMS, glass, or silicon or using a thin layer of PDMS as glue.?®” Multilayer
channel structures were fabricated by stacking several PDMS layers with through holes to
connect different layers.26°
Another advantage of PDMS originates from its high elasticity. Quake et al.
developed an integrated valve depending on two layers of microchannels,?”® allowing high-
density integration of valves (1 x 10 valves/cm?) with picoliter to femtoliter dead volumes,
and realized parallel and complicated on-chip manipulation.?’" 2’2 In contrast to glass,
silicon, and other hard materials (e.g poly(methyl methacrylate) (PMMA) and
polycarbonate (PC)), PDMS is gas permeable (which is crucial for long-term cell culture
in sealed microchannels); also its surface is compatible for cell culture. In comparison with
macroscale culture, the microchip also provides a well-controllable microenvironment. For
example, gradients and oscillations as well as complicated media changing schemes can be
easily accomplished.?’® It is worth observing that cell behaviors on plain PDMS can be
different from those on rigid substrate or on textured or modified PDMS.2"* 27> Because of
these traits, PDMS devices are widely used in bio-related research, primarily, cell culture,
cell screening, and biochemical assays.?’* 276 277 The ability of handling picoliter to
femtoliter volume makes it superior in single-cell analysis.?’? 278
PDMS also has notable limitations despite its popularity.?”® At the molecular level,
PDMS is a porous matrix of Si-O backbones covered with alkyl groups. This structure

permits permeation of gases, which helps cell culture; however, it also leads to some major
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difficulties: the incapability to support certain quantitative experiments and the
incompatibility with organic solvents due to three effects; the adsorption of biomolecules
onto channel walls, the absorption of small hydrophobic molecules into channel walls, and
the change in concentration of solution by water evaporation through channel wall (this

property has been exploited for protein crystallization).?®

1. 19 Fabrication of Microfluidic Devices

1.19.1  Photolithography

Lithography is the most significant technique for fabricating microscale structures.
Depending on the nature of energy beam, lithography techniques can be further divided
into photolithography, electron lithography, X-ray lithography, and ion lithography.?8
Photolithograph technique is the most applicable technique for the fabrication of
microfluidic devices. The patterning process with photolithography is limited to two-
dimensional, lateral structures. This technique utilizes a photosensitive emulsion layer
called resist, which transfers a preferred pattern from a transparent mask to the substrate.
The mask is a transparent glass plate with chromium metal patterns on it. For relatively
large structures of microfluidic applications, a mask patterned on a plastic transparency
film by high-resolution image setter is a choice for cheap and fast prototyping.
Photolithography consists of three process steps: Positioning process: Lateral positioning
of the mask and the substrate, which is treated with a resist, regulating the distance between
mask and substrate. Exposure process: Optical or X-ray exposure of the resist layer,
transferring patterns to the photoresist layer by changing properties of exposed area.
Development process: Dissolution (for negative resist) or etching (for positive resist) of
the resist pattern in a developer solution.?®2

The fast prototyping of photolithography starts by using a computer-aided design
(CAD) program to make a design for a channel. The CAD file is then printed onto a
transparency film with a high-resolution image setter; the transparency acts as a photomask
in contact photolithography. A thin layer of photoresist (fig. 1.29) is applied to the wafer
and exposed to an ultraviolet exposure, which transfers the micropattern on a transparency

mask to the photoresist layer; the photoresist is developed to create a mask for etching;
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after microchannels are made, the photoresist is removed and the channels are bonded with

a flat substrate, for example, through a fusion bonding process.?®®
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PR spin-coating and soft baking

PR stripping
st - . - -
Cover glass drilling

UV exposure

DI water film ! -
o o ~
= =

Photoresist developing and hard baking Cleaning and alignment
// = =
BOE etching in ultrasonic bath Fusion bonding

Figure 1.29: Simplified microfabrication process for rapid prototyping of microfluidic
chips on soda-lime glass substrates.?%

1.19.2  Soft Lithography
Soft lithography is a useful methodology for fabricating microfluidic devices. It is
particularly useful as a non-photolithographic technique for replicating pattern and allows
fast prototyping of devices. The method includes replication of a structure on a master in a
soft elastomer (PDMS). The process can be performed in ambient laboratory conditions;
therefore, it does not required costly cleanroom facilities to fabricate features in the size
range of 20—100 pm (this size range is microfluidics based bioanalysis).?": 283
Soft lithography starts with the production of a PDMS replica of a master (or mold).
The PDMS used is supplied in two components, a base and a curing agent. Silicon hydride
groups existed in the curing agent react with vinyl groups present in the base to form a
cross-linked, elastomeric solid as illustrated in Figure 1.30. To produce a replica, two parts

61



Chapter One Introduction and Literature Review

(typically at 10:1 (v/v) base: curing agent) are mixed together, poured the liquid pre-
polymer over the master, and cured at 70°C for 1 h. The liquid PDMS pre-polymer
conforms and replicates the features of the master up to 10’s of nm. The low surface free
energy and elasticity of PDMS allow it to peel off from masters without damaging the
master or itself. The master is the limiting factor in the production of PDMS replicas. A
common method begins with a high-resolution transparency as a photomask for generation

of the master by photolithography (Figure 1.31).23
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Figure 1.30: Organometallic crosslinking reaction between oligomer base and curing agent
to produce PDMS.
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Figure 1.31: Schematic of typical device fabrication using photolithography for structuring
and PDMS as a device material 234

PDMS replica can also be fabricated by micromoulding technique which duplicates
microstructures on polymer substrates. A molding template is manufactured by either
patterning negative photoresist, e.g., SU-8, on silicon wafer for precise microstructures (i.e.
<50 pm) or direct micromachining PMMA substrate for larger microstructures (i.e. >50
pum). Then a PDMS mixture is applied over the molding template, cured, and peeled off
from the template as shown in figure 1.32. The preferred microstructures providing high

aspect ratios can be obtained in the PDMS substrate.?®
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Figure 1.32: Illlustration of the PDMS replication process.

1. 20 Microfluidic Chips Sealing

PDMS can reversibly or irreversibly seal to itself, or to other surfaces without
distortion of the channels. Sealing of PDMS channels is significantly easier than that for
glass, silicon, or thermoplastics because high temperatures, pressures, and high voltages
are not required. 2%’ A reversible seal provided by van der Waals contact is closely sealed
but cannot resist pressures higher than ~5 psi.?®” Adhesive tapes-silicone or cellophanes
also seal the PDMS channels reversibly.?®® Cellophane tape offers only a temporary seal;
silicone tape makes a greatly robust seal and is waterproof.

PDMS channels can also be irreversibly sealed to PDMS, glass, silicon, polystyrene,
polyethylene, or silicon nitride by oxidizing using a plasma which generates silanol groups
on PDMS, and —OH-containing functional groups on the other materials; these polar groups
produce covalent —O-Si-O-bonds with oxidized PDMS when these surfaces are got into
contact.?®” Another way to irreversibly seal two PDMS slabs includes adding an excess of
the monomer to one slab and an excess of the curing agent to the other. When the two slabs
are cured together, an irreversible seal, indistinguishable from the bulk properties of
PDMS, forms.?°

1. 21 Droplet Based Microfluidics

Droplet-based microfluidics includes the generation and manipulation of discrete droplets
inside microdevices.?® Highly monodisperse droplets can be produced from this method
from nanoscale to microscale diameter range, with flow rate up to twenty thousand per
second.?® Heat and mass transfer times and diffusion distances are shorter, enabling faster
reaction times owing to high surface area to volume ratios at the microscale. Independent

control of each droplet can be achieved through droplet-based microfluidics, hence
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generating microreactors that can be discretely transported, mixed, and investigated.?®
Droplet-based microfluidic devices are compatible with many chemical and biological
reagents and able to perform a variety of “‘digital fluidic’” operations that can be rendered
programmable and reconfigurable. This platform has dimensional scaling benefits that
have enabled controlled and rapid mixing of fluids in the droplet reactors, resulting in
decreased reaction times. This, coupled with the precise generation and repeatability of
droplet operations, has made the droplet-based microfluidic system a potent high
throughput platform for biomedical research and applications, directly synthesis of
particles and encapsulate many biological entities for biomedicine and biotechnology
applications.?®® Researchers have developed a variety of different droplet formation
techniques. T-junction, flow-focusing and coaxial microfluidics are three methods that
based on channel geometry to control the generation of droplets.

1.21.1 T-Junction

In the configuration of T-junction microchip, the inlet channel accommodating the
dispersed phase perpendicularly intersects the main channel which holds the continuous
phase.?®? An interface at the junction is formed from the two phases, and as fluid flow carry
on, the tip of the dispersed phase enters the main channel. The shear forces produced by
the continuous phase and the subsequent pressure gradient cause the head of the dispersed
phase to elongate into the main channel until the neck of the dispersed phase thins and
finally breaks the stream into a droplet (Fig. 1.33). The droplet sizes can be modified by
changing the fluid flow rates, the channel widths, or by altering the relative viscosity

between the two phases.?®
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Figure 1.33: (a) A schematic diagram of rectangular channels of the microfluidic T-
junction droplet generation. (b) A two dimensional flow focusing droplet generation in the
top view. 2%

1.21.2 Flow Focusing Microfluidics

In the configuration of flow-focusing, the dispersed and continuous phases are forced
through a narrow region in the microfluidic device.?®® The design works symmetric
shearing by the continuous phase on the dispersed phase which capable of more controlling
and stable generation of droplets. An extension of flow-focusing is shear-focusing, which
aims to create a singular point of highest shear, which occurs at the narrowest region of the
nozzle.?® This singular point confirms that the break-off of droplets from the fluid stream
happens constantly at that point thus forming uniform droplets as shown in Figure 1.34.
The sizes of the droplets can decreased by increasing flow rates of the continuous phase

and an increase in oil flow rates also rises the droplet generation frequency.
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Figure 1.34: (a) side view of flow focusing Microfluidic setup for the two-phase flow. The
channel height is 75 mm. (b) Top view of flow focusing geometry of microfluidics chip.?’

1.21.3 Coaxial Microfluidics

Coaxial alignment of the two capillaries is ensured by selecting the capillaries such that the
outer diameter of the circular capillary is the similar as the inner dimensions of the square
capillary. Coaxial geometry happens when one fluid flows inside the circular capillary
whereas the other fluid flows through the square capillary in the same direction, resulting
in a coaxial flow of the two fluids (Fig. 1.35a). A dipping process occurs forming individual
monodispersed drops at low flow rates of fluids (Fig. 1.35b and 1.35d). However, upon
increasing the flow rate of either fluid beyond a certain critical limit, producing jet process,

a long stream of the inner fluid with drops forming downstream (Fig. 1.35¢).2%: 2%
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Figure 1.35: (a) Schematic for coaxial microfluidics for generating droplets®*® (b) .(b)
Droplet generation at low flow rates. (c) Droplet generation upon increasing flow rates. (d)
Individual monodispersed droplet produced by micro capillary device. % 2%

1. 22 Some Methods for Synthesis of Magnetic Polymer Beads

Magnetic polymer beads are consisted of magnetic nano- or microparticles encapsulated in

a polymer matrix. The beads size can differ from hundred nanometers to few millimeters.

The synthesis of magnetic polymer beads can be achieved by three common ways. Either,

the magnetic particles are synthesized inside polymer matrix or one polymer is created in

the presence of magnetic particles or the beads are synthesized from pre-formed polymer
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300

and magnetic particles.>™ magnetic nanoparticles of magnetite FesO4 and maghemite vy-

Fe,Oj3 are usually synthesized by the alkaline coprecipitation of ferric and ferrous salts.*%
Superparamagnetic nanocomposite particles were prepared containing functional groups
for adsorption application. The polymer solution contains two different particles: magnetite
(14 nm) and polymer ion exchanger (150 nm). The evaluation of the protein binding
capacity of the composite material displays excellent values, which are comparable to other
ion exchange resins.®% It was also synthesized magnetic nanoparticles that functionalized
with oleic acid to decrease its agglomeration. However, for biological application the
amount of free oleic acid needs to be reduced to minimize the cytotoxicity of the
formulation. the efficacy of magnetic particles — oleic acid for improved killing of tumor
cells has been confirmed in mice fibrosarcoma tumor cells signifying their suitability for
hyperthermia application.®®® Magnetic nanoparticles were utilised to synthesize novel
nanocomposites which sustain both magnetic properties of nanoparticles and self-assembly
of amorphous block copolymer matrix. Therefore, to increase both the dispersion and the
affinity of iron oxide magnetic nanoparticles, they were modified with one of the blocks of
polystyrene-b-polybutadiene-b-polystyrene block copolymer using atomic transfer radical
polymerization.®®* Magnetically anisotropic microparticles were fabricated depend on
oleic acid coated magnetite nanoparticles (OCMNSs) dispersed within the oil drops of a
polymerisable oil-in-water emulsion. This was accomplished by polymerising the oil drops
after gelling the continuous aqueous phase in the presence of an external magnetic field.
Magnetic Janus particles were produced with anisotropic optical and magnetic properties.
These magnetic particles have strong magnetic response upon exposed to magnetic field.%
Another technique was used for fabricating monodisperse magnetic macroporous polymer
beads using coaxial microfluidic. Water-in-oil high internal phase emulsion (HIPE) is
synthesized by emulsifying aqueous iron ions solution in an oil phase containing
monomers. The HIPE is pumped into a coaxial droplet based microfluidic device to
synthesize monodisperse (water-in-oil)-in-water double emulsion droplets as shown in
Figure 1.36. The prepared magnetic beads appeared uniform size, porosity,

superparamagnetic behavior and identical distribution of FesO4 in polymer matrix.3%
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Figure 1.36: Water in oil in water double emulsion droplet generation of magnetic beads
using coaxial microfluidic device.%)

1.23 High Throughput Cell Based Screening

High-throughput cell-based screening platforms have stimulated great interest in the
pharmaceutical industry for enhanced high-throughput cell-based screening platforms as
well as for use in pre-clinical trials.>” The present method of high throughput cell based
screening uses a 96-well microplate for a study of cell growth with different concentrations
of toxin. The 96-well microplate screening method allows for a quite fast screening of the
cytotoxicity of the toxins with adequate number of wells for statistical significance. The
overall protocol for the 96-well screening method based on seeding cells in each of the 96
wells. Then, different concentrations of toxin prepared in culture media are individually
distributed into the 96 wells in order to make gradient concentrations of toxin alongside
the 96-well plate length as shown in Figure 1.37. Eight repeat measurements of varied
concentrations of toxin are allowed for a screening by microplate well. The 96-well plate
containing cells and toxin-added culturing media is located in an incubator and the cells
are continuously cultured for different incubation times, exposed to the toxin. The cells in
the 96 plates are screened with cell viability assay if they are viable or dead after a specific
incubation time. The relative intensity of stained cells in each well is measured using either
an absorbance or a fluorescence or a luminescence measurement. The cytotoxicity of the
toxin can be then determined by comparing the relatively intensities of viable cells as a

function of time with respect to different concentrations of toxin. 3% 309
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Figure 1.37: The schematic configuration of the 96-well microplate cytotoxicity screening
method.>%

1.24 Microfluidic Devices Cell Based Assay

Microfluidic devices have been investigated for cell based assay ° Microfluidic
systems were studied for trapping cells with the aim of reducing the well volumes in a
standard micro titre plate from tens of microlitres to the nano- or picolitre scale to speed
up the process.®'! The benefits of the use of microfluidics in cell biology typically
demonstrate small footprint, low reagent consumption increased fluid control, capability
to deal with the cellular length scale, approximating the physiologic culture environment,
enhanced culture efficiency, low fluorescence background, and batch production of high-
throughput arrays.®*2 3! Microfluidic conditions for example, transport limitations, surface
chemistry effect, and shear forces, might create unique environments for cells comparing
with larger volumes assays.3*

A practical microfluidic cell array ideally requires regular cell immobilization and

distribution in each chamber. Small perturbation to fluid flow can considerably agitate cell
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positions in microculture chambers with nanolitre volumes.'® To address this challenge,
several groups developed a number of microfluidic techniques to confine cells in defined
positions, including cell immobilization on a surface and contact-free cell immobilization
techniques. Figure 1.38 shows a variety of cell-immobilization methods which can be
classified as contactless cell trapping or as cell immobilization on a surface. Cell

encapsulation is regarded as being situated in between3!®
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Figure 1.38: Cell immobilization methods in the microchamber of microfluidic chip.3!®

1.22.1 Surface Contact Cell Immobilization

1.221.1 Chemical Trapping

Cell adhesion and culture on plane substrate is a common approach on the macro
scale. A two-dimensional ordered immaobilization array on micro patterned surfaces allows
easy analysis and signal assignment, because a specific cell is fixed and labelled by its
position. Additionally, cell and substance consumption are strongly reduced. Such cell-

array platforms are used as biosensors, for example in drug screening.®!’ Disadvantages of
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surface immobilization methods are not applicable to non-adherent cells and deposition is

often irreversible.318

1.22.1.2 Hydrodynamic trapping

The most common way of realizing cell or particle trapping functions in microfluidic
systems is to create mechanical obstacles or barriers in a main transport channel; these
separate the object from the fluid which can still move through the device. Vertical walls
topographies are designated where particles are immobilized, the height of obstacles are
smaller than that of the channel, or pores are produced in the channel bottom or the side
walls.3!® Hydrodynamic trapping is used in drug screening or tissue engineering and is fast
compared with chemical trapping. A drawback is that precision in particle deposition is
difficult to achieve with obstacle sites staying empty or aggregates being trapped instead
of single cells.®® Figure 1.39 depicts hydrodynamic cell trapping using microwells.3?°
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Figure 1.39: Hydrodynamic single cell trapping array as illustrated by Di Carlo et al.®?

1.22.2 Contact-Free Cell Immobilization

1.222.1 Dielectrophoretic Trapping
Dielectrophoresis is the movement of a dielectric object due to forces generated by a non-
uniform electric field. Depending on the differences between the permittivity and
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conductivity of the particle and the liquid medium, which vary as a function of the
frequency of the applied field, the particle is either attracted toward the higher field
(Positive Dielectrophoresis, pDEP) or repelled from it (negative Dielectrophoresis, nDEP)
as described in Figure 1.40. A drawback of dielectrophoresis is the existance of a strong
AC field, which cause localised Joule heating, and the setup of a transmembrane

voltage.316 321
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Figure 1.40: Dielectrophoretic (DEP) separation can be a) positive (pDEP) or b) negative (nDEP) which influences
where cells are located within a field. ¢) DEP has been used in microfluidic systems in a variety of arrangements. 322

1.22.2.2 Laser Trapping

Particles to be trapped by the laser must be transparent, non-absorbing at the trapping
wavelength, and have a refractive index different from that of the surrounding medium to
be appropriate for laser trapping. In optical trapping, a tightly focused laser beam is used
to trap and manipulate particles and cells with very high precision. In the optical trap two
forces are on a particle or cell- the scattering force, which orientates the particle away from

the light source by radiation pressure, and the gradient force, which attracts the particle
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into the centre of the trap. The balance between these forces is critical to obtain a stable
trap.3*® Ashkin and Dziedzic®*®® studied trapping of single tobacco mosaic viruses and

Escherichia coli bacteria with no apparent problems then.

1.22.2.3 Acoustic Trapping

In acoustic trapping, a standing acoustic wave field is produced by one or more
ultrasonic transducer integrated on the chip. Different densities and sound speeds of
particle and fluid and scales linearly with particles in an exposed volume are addressed
instantaneously and accumulated in either the nodes or anti-nodes of the periodic wave
pattern.3'® A relatively simple and frequently applied configuration is the confinement of
free-floating objects in thin parallel lines of anti-nodes in which the objects can move freely
within a line as described in figure 1.41. This configuration can be used to move particles,
hold them in a flow, or for particle concentration, agglomeration, and separation.32

Clean fluid inlet Separated
S Ultrasonic

particles

inlet Separated

Figure 1.41: The left image illustrates a particle suspension passing over the transducer
where the particles are moved at a rate determined by their acoustic properties toward the
center of the separation channel. Because of the laminar flow almost no mixing happens.
The right image represents the fractionation of the separated particles through five
consecutive outlets/fractions at the end of the separation channel. Since the separation is
symmetrical along the center of the channel; eight of the fractionation outlet channels are
pairwise connected.>?°

1.22.2.4 Magnetic Trapping

A recently developed method allows periodic spatial arrangement of cells based on
diamagnetic cell response in a modulated magnetic field. The advantage of this technique

is that it is applicable to any diamagnetic particle, as long as its magnetic susceptibility is
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different from that of the medium, eliminating the need for cell labeling with ferromagnetic
beads.3?® An approach to magnetic trapping was conducted by functionalizing particles or
cells with magnetic nanoparticles and trapping them within the microchamber of a
microfluidic chip using permanent magnet. This type of magnetic trapping is applicable in

cytotoxicity assay and drug discovery.3?’

1.25 Summary of Trapping Methods

The performance of all trapping methods is very similar in terms of the force exerted, the
minimum particle size manipulated, biocompatibility, and applicability. However, the
possible drawback of these technique is that cells are permanently exposed to weak electric
and magnetic fields or mechanical forces, to slightly increase temperature or cell membrane
damage because of functionalization with magnetic nanoparticles, these might be affecting
the viability of cells in case of microscreening assays.

1.26 Microfluidic based Cytotoxicity Micro Screening

As discussed in 1.23, cell toxicity test have a crucial role to play in early-stage drug
screening. They could offer more extensive functional information than biochemical assays
and lower cost and shorter period than animal tests.3?® Currently, new technologies, such
as microfluidics and chip-based technology are being merged with traditional cell culture
and detection techniques to developed new opportunities in toxicity testing.*?® Koh and
Pishko have succeeded in designing a three-dimensional (3D) culture of cells through
hydrogel encapsulation of mammalian cells and the cytotoxicity test of toxins. Cytotoxicity
assays proved that small molecular mass toxins such as sodium azide could easily diffuse
into the hydrogel microstructures and damage the encapsulated cells, which resulted in
reduced viability.®3* Sung and Shuler devised a microfluidic chip composed of a
concentration gradient generator and a cavity array to study the liver toxicity of multiple
medications. The results showed good correlation with in vivo drug test results.33! Wang et
al. (2008) developed a novel microfluidic chip composed of a 6 x 6 array of cell culture
microchambers for Hep-G2 cell culture and parallel drug cytotoxicity assay of artemisinin
as depicted in figure 1.42. Viable cells stained with green fluorescence, was used for the
on-chip detection and quantification of cells. Results showed that Hep-G2 cells were
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successfully cultured in the microchip for over 72 h. Moreover, artemisinin (ART) could

inhibit the activity of Hep-G2 cells, which based on the dose of ART and action time.3%?
500Um 500Mm

Figure 1.42: (a) Fundamental scheme of the glass substrate, (b and c) size of the
microchannel and chamber and (d) picture of the microfluidic cell chip.33?

A PDMS microfluidic array with micro cell sieves was developed to fabricate a
multiple mammalian cell lines array for high throughput cell cytotoxicity screening. The
microfluidic array was used for seeding multiple mammalian cell lines in chambers and
detecting the cell viabilities after cells were exposed to different toxins using fluorescence
microscope as shown in figure 1.43. The densities achieved were much higher than existing

multi-well plate technologies.>*
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Figure 1.43: (A) Schematic of the microfluidic array for parallel cell cytotoxicity

Screening. (B) Cell loading simulation in one chamber.
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Zheng, Xiannuo, et al. (2012) investigated the cytotoxicity of cadmium-containing

QDs based on using a newly developed cell-based high-throughput assay-microfluidic chip

as described in figure 1.44. It simultaneously measured QD-induced multiple cellular

events such as cell morphology, viability, proliferation, and QD uptake in HEK293 cells.

The satisfactory results showed that microfluidic chips can be a valuable tool in

nanoparticle toxicity assessment.334
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Figure 1.44: Chip design and cell culture. (a) Schematic illustration of the microfluidic
channels with cell culture chambers. (b) A cell culture chamber with a C-shaped dam. (c)
HEK?293 cells cultured in a cell culture chamber.33*
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In addition to that, a new high throughput microfluidic cell based assay was developed
based on magnetic functionalization of genetically modified yeast (GFP) and holding them
into microchambers of microchip. The cells were magnetized using biocompatible
positively charged PAH-stabilized magnetic nanoparticles with diameters around 15 nm.
Gradient mixing was utilized to simultaneously expose yeast to a range of concentrations
of toxins, and the effective fluorescence emitted from the produced GFP was measured.
The magnetically enhanced retention of the yeast cells, with their facile subsequent
removal and reloading, allowed for very convenient and rapid toxicity screening of a wide
range of chemicals. Figure 1.45 describes an assay method to use viable, genetically
modified green fluorescent protein (GFP) reporter yeast that was magnetized with PAH-
stabilized 15 nm magnetic nanoparticles and held within a microfluidic device, and also
gradient concentration generator on a chip was used to simultaneously incubate yeast to

different concentrations of toxins.
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/

Microchambers

Figure 1.45: Microscreening cytotoxicity assay (A) PDMS glass micro screening system.
Two parallel systems are used, one to test an unknown sample and the second with a
reference. The magnets were placed above the chambers to retain the magnetic yeast. (B)
A scheme showing the position of the magnet on the top of the chambers. (C) Detection of
Cytotoxicity Micro Screening of GFP Yeast.3%’
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1. 27 Objectives of the Research

The purpose of this research is to examine two different nanomaterials:

Firstly, titania nanoparticles as it has toxicological impact on baker’s yeast and
C.Reinhardtii green algae since they are considered to be an ecological marker. The
objectives were conducted through:

1. Synthesize different particle sizes of titanium dioxide nanoparticles by sol-gel
method taking into consideration investigating the chemical and physical
parameters of the method and then the prepared titania nanoparticles are to be
calcinated at wide ranges of temperatures (200°C — 800°C) to prepare different
crystallite sizes.

2. Study the effect pH and ionic strength on size and surface charge of TiO;
nanoparticles.

3. Coat titania nanoparticles by layer by layer technique using anionic and cationic
polyelectrolyte such as poly allylamine hydrochloride and poly styrene solfonate
sodium to prepare multicoated titania nanoparticles. The varied concentrations of
bare and multicoated titania nanoparticles are to be incubated with microorganisms
for examples baker’s yeast (Eukaryotic Cell) and C.reinhardtii (Aquatic
Microorganism) in dark conditions and in the presence of visible and UV light. The
toxic effects of bare and multicoated titania nanoparticles are measured at different
exposure times.

Secondly, polyacrylic acid based microgel as a nanocarrier for drug delivery to increase
the antimicrobial action with high encapsulation efficiency and controlled drug release
using two medicines berberine and chlorhexidine. The aims are to:

1. Study the chemical and physical properties of Carbopol Aqua SF1 in terms of
refractive index, particle size distribution and zeta potential in case of swelling and
deswelling using pH stimuli.

2. Encapsulate berberine and chlorhexidine into Carbopol Aqua SF1 using swelling-
deswelling technique and then to investigate the antimicrobial activity of
encapsulated berberine and chlorhexidine upon incubation with algae, yeast and
E.coli at different incubation time in comparison with the antimicrobial action for

unencapsulated berberine and chlorhexidine at the same conditions.

81



Chapter One Introduction and Literature Review

3. Coat berberine or chlorhexidine loaded Carbopol Aqua SF1 with cationic
polyelectrolyte (PDAC) to form PDAC coated berberine loaded carbopol microgel
or PDAC coated chlorhexidine loaded carbopol microgel. The coated encapsulated
berberine or chlorhexidine allowing electrostatic interaction between cationic
coated encapsulated carbopol microgel and anionic cell membrane of
microorganisms.

Finally, develop a novel microfluidic cell trapping micro device for testing the

nanotoxicity of titania nanoparticles or the antimicrobial action of encapsulated

medicines into carbopol microgel. The cell trapping microchip can be achieved through
using magnetic beads which trapped into the outlet of the microchamber of microchip

for trapping cells into the microchip.
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Chapter Two: Experimental Section
2.1 Materials

2.1.1 Purified Water

High purity water was essential for this work. It was purified by reverse osmosis and
ion exchange using Milli-Q water system (Millipore, UK). Its surface tension was 71.9 mN

m? at 25°C, with measured resistivity less than 18 m Q/cm.

2.1.2 General Chemicals Reagents

Many chemicals were used for the preparation of titania nanoparticles, formulated
nanocarriers and fabrication and application of microfluidic devices as micro screening

assay. Table 1 tabulates the chemicals.

Table 2.1: Chemicals for the synthesis and characterization of nanomaterials

Material Purity Supplier
Sodium Chloride 99.5% Fisher, UK
Sodium Hydroxide 99.6% Fisher, UK
Hydrochloric Acid 37% Fisher, UK
Nitric Acid 68% PROLABO, UK
Ammonia Solution 33% Prime, UK
Ethanol Absolute Fisher, UK
Acetone Absolute Fisher, UK
Titanium Isopropoxide 97% Sigma Aldrich, UK
Isopropanol Alcohol 99% Merck, UK
Acetic acid >99.7% Fisher, UK
Sodium Acetate >99% Aldrich, UK
Carbopol aqua SF1 30% Lubrizol, USA
Berberine Chloride - Fluka, UK
Chlorhexidine digluconate 20% (VIV) Sigma Aldrich, UK
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Table 2.1: Continued

Experimental Section

Material Purity Supplier

Anhydrous Ferric Chloride 97% Fisher, UK

Ferrous Chloride 98% Sigma-Aldrich, UK

Ammonia 33% BDH, UK

Oleic Acid 99% Sigma-Aldrich, UK

Styrene 99.5% Sigma-Aldrich, UK

1 1-azobis(cyclohexanecarbonitrile) | 98% Sigma-Aldrich, UK

Hitenol BC20 i DAI-ICHI KOGYO,
Japan

Agarose High Purity Sigma-Aldrich, UK

(3-Aminopropytriethoxysilane 99% Sigma-Aldrich, UK

Poly-L-Lysine 0.01% Sigma, UK

Glutaraldehyde solution 25% Sigma-Aldrich, UK

Poly (Dimethylsiloxane)

SYLGARD® 184 Silicone 10:1

Elastomer Kit

(Curing agent: Base)

Dow Corning, USA

Glass beads with acid-
washed/silanized

75 pum size

SUPELCO, UK
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2.1.3 Polyelectrolytes

Anionic and cationic polyelectrolytes were used for layer by layer coating of titania
nanoparticles to obtain negatively or positively surface charged titania nanoparticles as
well as obtaining cationic polyelectrolyte coated Carbopol Aqua SF1. For examples, poly
(allylamine hydrochloride) (PAH) (Sigma Aldrich, UK) as a cationic polyelectrolyte with
different molecular weight (15 kDa and 56 kDa), Poly (sodium-4-styrenesolfonate) (PSS)
(Sigma Aldrich, UK) as an anionic polyelectrolytes with two molecular masses (10 kDa
and 70 KkDa), branched poly(ethyleneimine) (PEI) (Sigma Aldrich, UK),
and poly(diallyldimethylammonium chloride) (PDAC) (Sigma Aldrich, UK). Figure 2.1
shows the chemical structures of PAH, PSS, PEI and PDAC.

‘HCI

i NH2 |, 0=8=0

ONa
Poly (allylamine hydrochloride) (PAH) Poly (sodium-4-styrenesolfonate) (PSS)

B /\/NHQ ] —
" NH (\H H Cl
HEN/\VN\/\N/\/N\/\N/\/NV/\NHZ

H
¢ 3

HN> NNk, N
B o HsC CHs

Polyethylenimine, branched poly(diallyldimethylammonium chloride)
Figure 2.1: The chemical formulas of poly (allylamine hydrochloride) (PAH), Poly

(sodium-4-styrenesolfonate) (PSS), polyethyleneimine, and
poly(diallyldimethylammonium chloride)
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2.1.4 Fluorescein Diacetate (FDA)

Fluorescein diacetate (FDA) (Sigma Aldrich, UK) is an acetylated derivative of the
green fluorescent dye fluorescein. The attachment of acetyl groups on the xanthene group
confers the ability to passively diffuse through a phospholipid bilayer. When FDA is in the
cytoplasm, non-specific esterases de-acetylate the FDA molecule to convert it to
fluorescein as shown in figure 2.2. FDA is a simple assay which is sensitive and rapid for
determining microbial activity by measuring the number of viable cells according to the
membrane integrity.™: 2 FDA staining solution is prepared by dissolving 5 mg of FDA in 1

ml of acetone.®

O3 CHs HO o) OH
H3Cy O 0 0O 0 O Intracellular @ 0
O 5 esterases 0
> &)
Y g
FDA Fluorescein

Figure 2.2: The hydrolysis of fluorescein diacetate using intracellular esterase enzyme.

2.1.5 BacTiter-Glo Microbial Cell Viability Assay

The BacTiter-Glo Microbial Cell Viability Assay is a homogenous luminescence-based
assay for measuring the number of viable cells, depending on quantity of ATP presented
in viable cells. The chemistry of this reaction is based on the properties of a thermostable
luciferase and a proprietary formulation for extracting ATP from bacteria. The assay
protocol is achieved through the addition of the BacTiter-Glo reagent directly to the
sample, and subsequent measurement of luminescence. The luminescent signal generated
is proportional to the amount of ATP which considered as an indicator of the viability of
cells. The luminescence nature of the assay depends on the type of bacteria to allow signal
measurement.* Figure 2.3 shows the luminescence reaction between the reagent and ATP

in the presence of molecular oxygen.
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I

Beetle Luciferin + ATP + O,

OH COOH

Recombinant
Firefly
Luciferase
Mg?*

A4

S N o
N: S
Oxyluciferin + AMP + PP, + CO,, + Light

Figure 2.3: The luciferase reaction. Mono-oxygenation of luciferin is catalyzed by
luciferase in the presence of Mg?*, ATP and molecular oxygen.
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2.1.6 Culture Medium for C.reinhardtii cc-124 strain Growth

C. reinhardtii was supplied by Velev’s group from North Carolina State University, USA.
This algae culture was grown in Tris-Acetate-Phosphate (TAP) culture medium. The
chemicals for the culture media (all materials provided by Sigma-Aldrich, UK) are

tabulated in Table 2.2 as follows:

Table 2.2: Preparation protocol of culture media o for growing C.reinhardtii.> ®

NH4CI 15.0¢
1. TAP salts

MgS04.7H,0 409

CaCl2.2H20 209
Samples were dilute to 1L by Milli-Q Water

K2HPO4 28.8¢
2. Phosphate Solution

KH2PO4 14.4 ¢

Samples were dilute with Milli-Q Water to 100.0 ml

3. Hutner’s Trace Elements
) Volume
Solution. Salt Weight (g) |
(For 1 litre final mix, each (m)
compound was dissolved in | EDTA disodium salt 50 ¢ 250 ml
ZnS0Oq4 . 7 H20 22 ¢ 100 ml

the volume of water
o HsBOs 1149 200 mli
indicated. The EDTA was MnCl, . 4 H,O 5.06 g 50 ml
dissolved in boiling water, | CoCl,. 6 H20 161¢g 50 ml
and the FeSO4 solution was | CuSOa4. 5 H20 1579 50 ml
orepared last to  avoid (NH4)sM07024. 4 H20 1109 50 ml

o FeS0O4. 7 H20 4,99 g 50 ml
oxidation).

The solution was diluted to 1.0 litre and left for two weeks, in which the color changed

from green to purple. It was stored in the refrigerator.

The final culture media was produced by mixing the following:
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Tris 2.42 ¢

TAP salts 25.0 mi

Culture Media for Phosphate Buffer Solution 0.375 ml
C.Reinhardtii Hutner’s Trace Solution 1.0ml
Glacial Acetic Acid 1.0ml

The solution produced diluted to 1.0 litre with Milli-Q Water,then autoclaved for an
hour at 1.5 bar at 125°C. Cells are then cultured in this culture media for three days

according to the optimum conditions given below.

The following optimal conditions were needed to cultivate C.Reinhardtii:

1. Purified water.

2. light Intensity 100 W/M?
3. Temperature 30 °C

4. Lightcycle 24 h ON

5. Salinity (pH 8.2 - 8.7 Max 7-9)

2.1.7 Growth of Baker’s yeast (Saccharomyces cerevisiae)

Baker’s yeast was purchased from Sigma Aldrich, UK. It is prepared using yeast extract,
peptone, and dextrose (YPD medium)’ which is a complex medium for routine growth of
yeast. It is prepared from 2 g peptone, 1g yeast extract and 2 g glucose in 100 ml Milli-Q
water. These components are autoclaved for an hour at 1.5 bar at 125°C. Then, to culture
yeast cells, 0.01 g of dried yeast is dispersed in the autoclaved culture media and incubated
for 24 hour at 30°C.

2.1.8 Growth of Escherichia Coli (E.coli)

Non-pathogenic E.coli was supplied from Rotchell’s group in the school of
Biological, Biomedical and Environmental Science at the University of Hull, UK. E.coli

was grown up using Luria-Bertani medium (LB medium)® which can be prepared from 1
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g tryptone, 0.5 g yeast extract and 0.5 g sodium chloride in 100 ml Milli-Q water. Then,
these components were autoclaved for one hour at 1.5 bar at 125°C. Once the culture media
was at room temperature, a few microlitres of stock suspension of E.coli was dispersed in
the autoclaved culture media next to the Bunsen burner. The cultured E.coli is incubated
with shaking at 25°C for 48 hour.

2.2 Instrumentation

A digital sonifier (Branson LTD) was used for dispersing TiO2 nanoparticles samples
with 30% amplitude for 5 minutes at 1.0 sec ON/1.0 sec OFF pulse time. The microscopy
examination was achieved by using Olympus (Olympus BX51) and was used for obtaining
transmitted and fluorescence images with different objective lenses (4x, 10x, 20x, 40X,
50x, and 100x) via digital camera system DP70. A Zetasizer nano ZL (Malvern, UK) was
used for measuring the nanoparticles size distribution and the zeta potential of titanium
dioxide nanoparticles, whereas a Mastersizer Model 2000 (Malvern, UK) was used for
measuring titania particles at microscale. A Siemens D5000 X-Ray Diffractometer with
0.15418 nm wavelength (CuKa radiation) was used for the measurement of crystallite size
of TiO2> nanoparticles at different temperatures. A Perkin-Elmer UV-Vis
Spectrophotometer, USA (Model Bio Lambda 25) with UV Winlab software was used to
measure the absorbance of chlorophyll a and b in Chlamydomonas R. at 646 nm and 663
nm, respectively and additionally, the absorbance spectrum of titania nanoparticles. FT-IR
spectrums were recorded at room temperature with a Perkin-Elmer FT-IR spectrometer-
spectrum RX1. The FT-IR spectrometer was connected to a computer loaded with an IR
Data Manager (IRDM) program. The samples were pressed into discs using
spectroscopically pure KBr. A Mettler Toledo TGA/DSC1 with Star® software system
analyzer to characterize Titania nanoparticles sample over a wide temperature range. A
Micromeritics instrument (USA) was used for measuring surface area of titania
nanoparticles by the BET method. A Nexcelom Cellometer Auto X4 Fluorescence
(fluorescence optics module XB-535-401, Excitation 475 nm /Emission 535 nm) assisted
automated cell counter (purchased from Bioscience, USA) connected to a computer with
Cellometer software was used to measure total, live, and dead cells, concentration, %
viability and cell size. Table 2.3 shows the general equipment used to obtain results.

Transmision electron microscopy (TEM) images were obtained from a JEM 2011 (JEOL,
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Japan) running at 200 KV. A USB4000-UV-VIS detector (Toshiba TCD1304AP Linear

CCD array, USA was used to measure the emission spectrums of visible and UV lamp.

Table 2.3: General equipment

Instrument

Provider and Model

Centrifuge

Thermo Biofuge Primo, UK

Mini-Centrifuge

Eppendorff mini spin plus, UK

pH-meter

Fisher Brand Hydrous 300, UK

Micropipettes

Eppendorff, UK

Shaker

IKA MS 3 Basic, UK

Vortex Mixer

Stuart, UK

Hotplate with Magnetic Stirrer

IKA C-MAG HS7, UK

Rotary Evaporator

Heidolph, Germany

Muffle Furnace Carbolite, UK
Balance Precisa 125 ASC, UK
Homogenizer IKA Ultra-Turrex, UK

2.2.1 Synthesis of Titanium Nanoparticles

The hydrolysis reaction of titanium tetraisopropoxide (TTIP) used for the synthesis of
TiO2NPs was a modified version of that described by Mahshid et al.® as described in the
introduction. There are two steps in the synthesis of TiO2NPs using the sol-gel method. In
the first step, titanium isopropoxide was hydrolysed with excess of water made in an acidic
medium (pH 2) by using nitric acid as a peptizing agent to convert the produced precipitate
to colloid particles of titanium hydroxide. Briefly, LM HNO3 was added drop-wise to 250
ml of purified water to adjust the pH to 2 followed by the addition of 15 ml aliquot of
isopropanol. Then, 5.0 ml of TTIP was added drop-wise to the solution with vigorous
stirring which led to formation of a white turbid dispersion due to the TTIP hydrolysis. The
second step includes the condensation of the resulted suspension of Ti(OH)s which was
conducted through heating for 20 hours at 70 °C. This yielded a yellow-white precipitate

which was filtered, washed with ethanol and dried under vacuum (Gallenkamp vacuum
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oven) at 100 °C for 2 hours. For the preparation of TiO2NPs of different crystallite size,
the titania produced was further annealed at different temperatures ranging from 100 °C to
800 °C for 2 hours. The crystallite sizes of the prepared titania in solid state were
characterised using X-ray diffraction (XRD), transmission electron microscopy (TEM) and
surface area measurements (BET). Aqueous dispersions of the TiO2NPs were then
prepared by dispersing 4 mg of each titania sample in 10 ml aliquots of 20 mM aqueous
solution of NaCl at pH 4 by using a digital sonicator (Branson Ltd.) at 40% of the maximum
power for 10 minutes at 1 sec ON/1 sec OFF pulse time and followed by filtration through
a syringe filter of pore size 0.22 um. The characterization of the TiO2NPs size distribution
and zeta potential in aqueous solutions was carried out using a Zetasizer Nano ZL
(Malvern, UK). For testing the pH effect on the particle hydrodynamic diameter and zeta
potential the pH was adjusted from 2 to 9 using 1 M HCl or 1 M NaOH.

2.2.2 Zeta Potential Measurement

0.0278 g of TiO2 nanoparticles were dissolved in 100 ml of each of 0.0, 5.0, 10.0 and
20 mM of ultrapure sodium chloride aqueous solution (provided by Riedel De Haen) and
dispersed using the ultrasonic probe at 30% amplitude for 5 minutes at 1.0 sec ON/1.0 sec
OFF pulse time. Then, each sample was used for preparing various pH solutions ranging
from 2to 9 (0.1 M HCI or NaOH was used for adjusting the medium). The samples were
used for measuring zeta potential by use of Malvern Zetasizer Nano ZL.

2.2.3 Exposure of TiO2NPs to C. Reinhardetii Cells

A 100 ml aliquot of 5 x 10° cells mI** C.reinhardtii was centrifuged from the culture
media, washed three times and re-dispersed with 50 ml Milli-Q water. 5 ml aliquots of
1x10" cells mI suspension of the washed C.reinhardtii microalgae cells were then
incubated with a series of 5 ml aliquots of aqueous dispersions of TiO2NPs of a range of
total particle concentrations (50-500 pg ml™2). The pH of the dispersions was adjusted to 4
and then the samples were split in three parts which were illuminated for fixed periods of
0, 2, 4 and 6 hours with UV light or visible light, or kept in dark conditions, respectively.
A control sample of the microalgae was also treated under the same conditions without

exposure to TiO2NPs (see fig. 2.4). Then, 1 ml aliquots of the suspended cells were taken
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from each treated sample, centrifuged for 4 minutes at 3000 rpm and washed with Milli-Q
water to remove the excess of TiO2NPs. The cells were re-suspended in 1 ml of Milli-Q
water, incubated with one drop of FDA solution in acetone for 10 minutes and then washed
three times with Milli-Q water by centrifugation at 4000 rpm for 3 minutes. The cell
viability was examined by using Olympus BX51 fluorescence microscope fitted with a
DP70 digital camera and FITC fluorescence filter set. The bulk of the cell viability
measurements were carried out using the automatic cell counter.. The same procedure was
used to test the effect of polyelectrolyte-functionalized TiO2NPs on the viability of
C.reinhardtii cells as a proxy for aquatic microorganisms. C.reinhardtii cells were
incubated with three different concentrations of TiO2NPs/PSS (0.0, 100, and 500 pg ml™?)
which were incubated for 6 hours in dark conditions or illuminated with UV light.
Analogous  experiments  were conducted with  TiO2.NPs/PSS/PAH  and
TiO2NPs/PSS/PAH/PSS polyelectrolyte coated particles at temperature 31 + 2 °C.

&

\'_:,' (4. .

4

Figure 2.4: Optical microscopic image of control sample of C.reinhardtii at pH 4. (A)
Bright field and (B) Fluorescent filter.
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2.2.4 Determination of the chlorophyll content of C. reinhardtii

The protocol used for the determination of the total chlorophyll content of C.reinhardtii
was adapted from Hartmut.!® An aliquot of 2.4 ml acetone was added to 0.6 ml of the
C.reinhardtii samples which had been exposed TiO2NPs at different particle concentration
(50 — 500 pg ml) in the presence of UV or visible light or in dark conditions. The
chlorophyll content of the microalgae was extracted for 1 minute by using vortex mixer
followed by centrifugation for 5 minutes at 13000 rpm. The absorbance of the supernatant
was measured at 646 nm and 663 nm for the determination of chlorophyll a and chlorophyll

b, respectively, by UV-Vis Spectrophotometer.
2.2.5 Exposure of TiO2NPs to Yeast Cells

A 20 ml of the dispersion of baker’s yeast was washed by centrifugation with Milli-Q
water three times and then re-dispersed in 40 ml Milli-Q water. 5 ml aliquots of this cell
dispersion were incubated with 5 ml TiO2NPs aqueous suspension to obtain different total
particle concentrations (250, 500, 1000, 2500 and 5000 pg mit). The yeast samples were
then exposed separately for 0, 3, 6, 12, 18 and 24 hours to visible light or UV light from
the top in open glass tubes. The glass tubes were transparent to UV/vis light above 310 nm
(as shown in figure 4.2 in chapter 4). The same experiments were also repeated in dark
conditions. An aliquot of the yeast cells suspension was incubated with three
concentrations (0, 1000, and 2500 pg ml™?) of TiO,NPs coated with PSS (M.W. 10kDa)
and PAH (M.W. 15kDa). The samples were incubated at different times (0.0 h, 6 h, 12 h
and 24 h) in dark conditions or illuminated with UV light. After each experiment, 1 ml of
each yeast suspension sample was washed, re-suspended in 1 ml Milli-Q water and
incubated with a drop of FDA solution in acetone (0.5 mg mI™?) for 20 minutes. The samples
were then washed with Milli-Q water, centrifuged three times at 3000 rpm for 4 minutes
and the cell viability was examined by fluorescence microscopy and an automatic cell

counter.
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Figure 2.5: Optical microscopic images of control sample of yeast cells at pH 4. (A) Bright
field. (B) Fluorescent filter.

2.2.6 Layer by Layer Polyelectrolytes coating of Titania Nanoparticles

Polyelectrolyte-coated TiO2NPs were prepared using only titania synthesised and
annealed at 100 °C as described in section 2.2.1. 10 ml aliquot of 1500 pg ml* TiO2NPs
dispersion in Milli-Q water was added drop-wise to an equal amount of 10 mg mi? of
solution of PSS (M.W. ~70kDa) dissolved in 1 mM NacCl solution. After shaking for 20
minutes, the particles were washed three times by centrifugation for one hour at 8000 rpm
to remove the excess of PSS and were finally redispersed in 10 ml of Milli-Q water. The
PSS-coated TiO.NPs were then mixed drop-wise with 10 ml of 10 mg mI* PAH (M.W. 15

kDa) dissolved in ImM NaCl solution, shaken for 20 minutes and centrifuged again three
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times at 8000 rpm for 1 hour to yield TiO2NPs/PSS/PAH. For further coating with PSS,
the latter was mixed drop-wise with an equal volume of 10 ml of 10 mg mlI* PSS while
sonicated, then shaken for 20 min, centrifuged and dispersed in Milli-Q water to produce
TiO2NP/PSS/PAH/PSS. Furthermore, we used PSS and PAH of various molar masses (10
kDa and 70 kDa for PSS and 15 kDa and 56 kDa for PAH) to examine their effect on the
size of the coated TiO2NPs After each polyelectrolyte coat, the TiO2NPs were characterised

by the Zetasizer to check their zeta potential and the particle aggregation.

2.2.7 TEM images of Cells

The cell morphology of C.reinhardtii or yeast or E.coli cells after incubation with
nanomaterials were examined with TEM using the following protocol. The cells studied
were centrifuged from nanomaterial suspension at 500 rpm, washed with Milli-Q water
and fixed in 2 wt% glutaraldehyde for 1 hour at room temperature followed by treatment
with 1 wt% osmium tetroxide for 1 hour. The cells were then treated for 1 h with 2.5 %
uranyl acetate and washed with solutions of ethanol of increasing concentration. After
standard dehydration, the cell were embedded in fresh epoxy/Araldite for 48 hours at 60
9C, left at room temperature for 48 hours at room temperature and sectioned using the ultra-
microtome. The sectioned samples were then imaged with a JEOL 2010 Transmission
Electron Microscope (TEM) (Japan) operating at 80 kV and the images were captured with
a Gatan US4000 digital camera. A lanthanum hexaboride (LaB6) crystal was used as the

electron source.

2.2.8 TEM Protocol for Nanomaterials

Titania nanoparticles or Carbopol Aqua SF1 particles was negatively stained for TEM
in order to generate contrast in the TEM image. A few drops of the sample were transferred
to carbon coated copper grids and allowed to settle for one minute. Then, this grid was
covered with a drop of 1% aqueous uranyl acetate. The excess liquid was wicked off with

filter paper and the grids allowed to air dry.

2.2.9 SEM Protocol for Cells

The cells are entirely rinsed of any growth media off the cells using PBS, adhered to

Aclar film, fixed in 2.5% glutaraldehyde in 0.1M cacodylate buffer pH 7.2 for 2 hours at
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room temperature, rinsed in three changes of cacodylate buffer, post fixed in 1% osmium
tetroxide in cacodylate buffer for one hour, rinsed in cacodylate buffer, dehydrated in serial

ethanols up to 100% and dried using liquid carbon dioxide in a critical point dryer.

2.2.10 Swelling Study of Carbopol Aqua SF1

A 0.3 wt. % w/w of Carbopol Aqua SF1 was prepared by weighing 1.5 g in 500 ml
volumetric flask which completed up to the mark with purified water. 40 ml of the stock
solution was added into each sample tube of eight 50 ml centrifuge tubes. The 40 ml of
each centrifuge tube was adjusted to have a range of solution from pH 5 to pH 12 (0.1 M
NaOH and 0.1 M HCI were used to adjust the medium). Then the particle size distribution was
measured with Mastersizer 2000 MS (1000 rpm, Malvern Instruments, UK) for each pH
solution at a fixed refractive index 1.453. The machine was washed three times using Milli Q
water after each measurement. Then the samples were diluted to the right laser obscuration

levels using the Milli-Q water.

2.2.11 Cytotoxicity Effect of Carbopol Aqua SF1

A 0.3 wt. % stock solution of Carbopol Aqua SF1 was prepared by weighing 0.3 g of
Carbopol Aqua SF1 in 100 ml volumetric flask and diluting to the mark with milli-Q water.
The pH of the solution was adjusted to 5.5 using acetate buffer solution. 5 ml aliquots of
suspension of the washed cells were then incubated with a series of 5 ml aliquots of aqueous
dispersions of Carbopol Aqua SF1 solutions at a range of concentrations (0.01-0.15 wt. %)
at different incubation times. The control sample was treated in the same way without
exposing to Carbopol Aqua SF1 solution. Then, 1 ml aliquots of the suspended cells were
taken from each treated sample, centrifuged for 4 minutes at 3000 rpm and washed with
Milli-Q water to remove the excess of Carbopol Aqua SF1 suspension. The cells were re-
suspended in 1 ml of Milli-Q water, incubated with one drop of FDA solution in acetone
for 10 minutes and then washed three times with Milli-Q water by centrifugation at 4000
rpm for 3 minutes. The cell viability was examined by using automatic cell counter with
respect to algae and yeast while fluorescence spectroscopy was utilized to measure the

relative fluorescence unit for E.coli.
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2.2.12 Antimicrobial activity of Free Berberine or Chlorhexidine

A 0.2 wt. % stock solution of either berberine or chlorhexidine was prepared by
weighing 0.2 g of berberine or chlorhexidine and making up to the mark to a 100 ml
volumetric flask. 5 ml aliquots suspensions of the washed cells were then incubated with 5
ml of a series of concentrations (0.005-0.15 wt. %) of either berberine or chlorhexidine
(prepared and diluted with autoclaved Milli-Q water from 0.2 wt. % stock solution) at
various incubation times. The control sample was incubated under the same conditions but
without the active material. After that, 1 ml aliquots of the suspended cells were taken from
each treated sample with time, centrifuged for 4 minutes at 3000 rpm and washed with
Milli-Q water to remove Carbopol Aqua Sf1 suspension. The cells were re-suspended in 1
ml of Milli-Q water, incubated with one drop of FDA solution in acetone for 10 minutes
and then washed three times with Milli-Q water by centrifugation at 4000 rpm for 3
minutes. The cell viability was examined by using automatic cell counter with respect to
algae and yeast while fluorescence spectroscopy was utilized to measure the relative

fluorescence unit for E.coli.

2.2.13 Encapsulation of Berberine into Carbopol Aqua SF1

A 0.1 wt. % Carbopol Agqua SF1 concentration was prepared by weighing 0.1 g of stock
solution and dispersed in a 20 ml Milli-Q water, then adjusted to pH 8 using 2 drops of
0.25 M NaOH. 75 ml of 0.2 wt. % of berberine chloride was added to carbopol solution to
prepare 0.15 wt. % berberine in 0.1 wt. % carbopol solution. The resulted solution was
stirred for half an hour and the pH of the solution were decreased to pH 5.5 using 2 drops
of 0.25 M HCI with stirring. After that the solution was centrifuged for 30 minutes at 8500
rpm. The supernatant was taken to measure the encapsulation efficiency of berberine in
carbopol and the precipitates were washed twice in Milli Q water. Afterwards, the
precipitate was dispersed in Milli Q water and the pH of the solutions was increased to pH
8 using 2 drops of 0.25 NaOH solution. The resulting solution was stirred overnight to
make sure all aggregated Carbopol solution to be swelled at pH 8 and then the pH of the
solution was decreased to pH 5 using acetate buffer solution. The total volume of berberine

loaded Carbopol Aqua SF1 suspension was kept at 100 ml.
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2.2.14 Encapsulation of Chlorhexidine into Carbopol Aqua SF1

A 0.1 wt. % solution of Carbopol Aqua SF1 concentration were prepared by weighing 0.1
g of stock solution and dispersed in a 75 ml Milli-Q water, then adjusted to pH 8 using 3
drops of 0.25 M NaOH. Aliquot of 0.1 wt. % of chlorhexidine digluconate was added
dropwise to Carbopol Aqua SF1 solution to prepare 0.1 wt. % chlorhexidine in 0.1 wt. %
carbopol solution. The pH of the resulting solution were decreased to pH 5.5 using 3 drops
of 0.25 M HCI with stirring. After that the solution was centrifuged for 30 minutes at 8500
rpm. The supernatant was taken to measure the encapsulation efficiency of chlorhexidine
in carbopol and the precipitates were washed twice in Milli Q water. Afterwards, the
precipitate was dispersed in Milli Q water and the pH of the solutions was increased to pH
8 using 3 drops of 0.25 NaOH solution. The resulted solution was stirred over night to
make sure all aggregated carbopol solution to be swelled at pH 8 and then the pH of the
solution was decreased to pH 5 using acetate buffer solution. The total volume of

chlorhexidine loaded Carbopol Aqua SF1 suspension should be kept at 100 ml.
2.2.15 Antimicrobial Activity of Encapsulated Active Material with C.reinhardtii

A 100 ml aliquot of 5 x 10° cells mI* C.reinhardtii was centrifuged from the culture
media, washed three times and re-dispersed with 50 ml Milli-Q water. 5 ml aliquots of
1x10" cells mI suspension of the washed C.reinhardtii microalgae cells were then
incubated with a series of 5 ml aliquots of different equivalent concentrations of 0.15 wt.
% berberine or 0.1 wt. % chlorhexidine loaded 0.1 wt.% carbopol solution (0.01, 0.025,
0.05, 0.075, and 0.1 wt. %). The cell viability was measured at different incubation times
up to 6 hours. Then, 1 ml aliquots of the suspended cells were taken from each treated
sample, centrifuged for 4 minutes at 3000 rpm and washed with Milli-Q water to remove
the free and encapsulated drug. The cells were re-suspended in 1 ml of Milli-Q water,
incubated with one drop of FDA solution in acetone for 10 minutes and then washed three
times with Milli-Q water by centrifugation at 4000 rpm for 3 minutes. The cell viability
was examined by using Olympus BX51 fluorescence microscope fitted with a DP70 digital
camera and FITC fluorescence filter set. The bulk of the cell viability measurements were

carried out using an automatic cell counter.

110



Chapter Two Experimental Section

2.2.16 Antimicrobial Activity of Encapsulated Active material with Yeast

20 ml of the dispersion of baker’s yeast cultured in YPD medium was washed by
centrifugation with Milli-Q water three times and then re-dispersed in 40 ml Milli-Q water.
5 ml aliquots of this cell dispersion were incubated with 5 ml of different equivalent
concentrations of 0.15 wt. % berberine or 0.1 wt. % chlorhexidine loaded 0.1 wt. %
Carbopol Aqua SF1 solution to obtain different total particle concentrations of each
encapsulated drug. The cell viability was measured at different incubation times up to 24
hours. After each incubation, 1 ml of each yeast suspension sample was washed, re-
suspended in 1 ml Milli-Q water and incubated with a drop of FDA solution in acetone (0.5
mg mL?1) for 15 minutes. The samples were then washed with Milli-Q water, centrifuged
three times at 3000 rpm for 4 minutes and the cell viability was examined by fluorescence

microscopy and an automatic cell counter.

2.2.17 Antimicrobial Activity of Encapsulated Active Material with E.coli

50 ml of dispersed E.coli cells cultured in LB medium was washed, centrifuged three
times with autoclaved milli-Q water for 3 minutes at 5000 rpm and redispersed with 50 ml
Milli Q water in 50 ml red centrifuge tube. The relative luminescence unit for the culture
media free cells was found to be 140 a.u. 5 ml aliquots of this cell dispersion were incubated
with 5 mL of different equivalent concentrations of 0.15 wt. % berberine or 0.1 wt. %
chlorhexidine loaded 0.1 wt. % carbopol solution to obtain different total particle
concentrations of each encapsulated drug. After each incubation, 1 ml of each E.coli
suspension sample was washed, re-suspended in 1 ml Milli-Q water. Then 100 pl of culture
media free E.coli cells was incubated with 100 pl of BacTiter-Glo Microbial cell viability
reagent in white opaque 96-well microplate solid flat bottom. The relative luminescence
intensity was measured as a function of incubation time to find out the cell viability upon

incubation with different concentration of encapsulated drug.

2.2.18 Measurement of Encapsulation Efficiency

The supernatant produced from the encapsulation of drug into Carbopol Aqua SF1
was taken and the absorbance was measured at either 252 nm for chlorhexidine or 430 nm
for berberine using UV-Visible spectrophotometer. Calibration curves of each drug were
created by preparing different concentrations of the drug and measuring the absorbance of
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each concentration. Then, a graph was plotted for the absorbance as a function of the
concentration of the drug. The linear regression equation was used to calculate the
unknown concentration of the unencapsulated drug. The encapsulation efficiency of the
active material loaded Carbopol Aqua SF1was calculated by

Total Drug—Unencapsulated Drug]
[Total Drug]

x 100

Encapsulation Ef ficiency (%) = [

D Loading Content (%) = [Total Drug — Unencapsulated Drug] 100
rug toading Lontent t/o) = [Total Drug — Unencapsulated Drug + Carbopol amount]

2.2.19 % Drug Release

A 50 ml of average encapsulated active material (Berberine or Chlorhexidine) loaded
0.1 wt. % carbopol was added into a dialysis bag (10K MWCO). Then, the bag was placed
into 500 ml beaker which has already being filled with 500 ml of acetate buffer solution
(pH 5.5) (IM: 1M Acetic acid: Sodium Acetate) and capped with an aluminum foil. The
bag was stirred gently with an orbital shaker at room temperature. After that, the drug
release was measured in a range of wavelength from 400 nm to 200 nm using UV-Visible
spectrophotometer of buffer solution in the micro centrifuge tube against water sample as
a blank. The measurements were taken at 15, 30, 60, 120, 180, 240, 300, 360 and 1440
minutes. All release experiments were carried out in triplicate. The percentage of

cumulative drug release can be calculated by

MR
% InVitro Drug Release = mx 100

where MR is the amount of drug released from the Carbopol Aqua SF1 at time t and ML is
the amount of drug loaded in Carbopol Aqua SF1.

2.2.20 Functionalization of Carbopol Aqua SF1

Varied concentrations of polyallylamine hydrochloride (PAH) (0.5 mg mI* — 2 mg ml?)
and Poly(diallyldimethylammonium chloride) solution (PDAC) (0.01 mg ml2- 0.1 mg ml-

1) were mixed separately with a fixed concentration of Carbopol Aqua SF1 (0.1 wt. %) at
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pH adjusted to 4.75-5 using acetate buffer solution whereby the final volume was 10 ml.
Then the zeta potential measurement was conducted for each sample to find out the
optimum concentration of both cationic polyelectrolyte and Carbopol Aqua SF1 which in

turn give stable suspension.

2.2.21 Functionalization of Encapsulated Berberine with PDAC

A 1100 pl of 0.2 wt. % poly(diallyldimethylammonium chloride) solution was rapidly
added to suspension of 10 ml of 0.015 wt. % berberine loaded 0.1 wt. % Carbopol Aqua
SF1 (Already prepared in section 2.2.12) with vigorous shaking and then the volume was
diluted to 20 ml to form PDAC coated 0.0075 wt. % berberine loaded 0.05 wt.% Carbopol
Agua SF1 (PDAC coated BLC). The resulting solution was utilized as a stock solution to

study the antimicrobial activity with algae, yeast and E.coli.

2.2.22 Functionalization of Encapsulated Chlorhexidine with PDAC

A 1150 pl of 0.2 wt. % poly(diallyldimethylammonium chloride) solution was rapidly
added to suspension of 10 ml of 0.09 wt. % chlorhexidine loaded 0.1 wt. % Carbopol Aqua
SF1 (Already prepared in section 2.2.13) with vigorous shaking and then the volume was
diluted to 20 ml to form PDAC coated 0.045 wt. % chlorhexidine loaded 0.05 wt. %
Carbopol Aqua SF1 (PDAC coated CLC). The resulting solution was utilized as a stock
solution to study the antimicrobial activity of PDAC coated CLC individually with each of
algae, yeast and E.coli.

2.2.23 Cytotoxic Effect of PDAC on Algae, Yeast and E.coli

A series of concentrations of poly(diallyldimethylammonium chloride) solution (0.0045
wt. % - 0.05 wt. %) were incubated separately with 5 ml volumes of each microorganisms
(algae, yeast and E.coli) and the cell viability was measured at different incubation time

using the same procedure mentioned in sections 2.2.14, 2.2.15, and 2.2.16, respectively.

2.2.24 Cytotoxic Effect of PDAC Coated Carbopol Aqua SF1 on Algae, Yeast and
E.coli

5 ml aliquots of each concentration of PDAC coated Carbopol Agua SF1 suspension
(0.0018 wt. % to 0.018 wt. %) were incubated individually with 5 ml volume of each cell,
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algae, yeast and E.coli. Then the viability was measured using the same procedure

mentioned in sections 2.2.14, 2.2.15, and 2.2.16, respectively.
2.2.25 Antimicrobial Activity of PDAC Coated BLC

A 50 ml aliquot of each cell (Algae, Yeast and E.coli) was centrifuged from the
culture media, washed three times and re-dispersed with 5 ml autoclaved purified water.
250 ul aliquots of the washed cells were then incubated with 5 ml of series concentrations
of stock solution of PDAC coated 0.0075 wt. % berberine loaded 0.05 wt.% Carbopol Aqua
SF1 (PDAC coated BLC) whereby the cell viability was measured according to the
procedures mentioned in sections 2.2.14, 2.2.15, and 2.2.16, respectively. For algae, the
series concentrations were ranged from 0.0018 wt. % PDAC coated 0.0015 wt. % berberine
loaded Carbopol Aqua SF1 suspension to 0.0045 wt. % PDAC coated 0.00375 wt. %
berberine loaded Carbopol Aqua SF1 microgel complex while for yeast were from 0.0018
wt. % PDAC coated 0.0015 wt. % berberine loaded Carbopol Aqua SF1 to 0.009 wt. %
PDAC coated 0.0075 wt. % berberine loaded Carbopol Aqua SF1 and for E.coli was from
0.0022 wt. % PDAC coated 0.0015 wt. % berberine loaded Carbopol Aqua SF1 to 0.0088
wt. % PDAC coated 0.006 wt. % berberine loaded Carbopol Aqua SF1.

2.2.26 Antimicrobial Activity of PDAC Coated CLC

The same procedure as mentioned in Section 2.2.24 was followed to study the antimicrobial
activities of PDAC coated chlorhexidine loaded Carbopol Aqua SF1 against each of algae,
yeast and E.coli cells. The sock solution used was 0.0045 wt. % PDAC coated 0.045 wt.
% chlorhexidine loaded 0.05 wt. % Carbopol Aqua SF1 (PDAC coated CLC). In this
experiment, the series of concentrations of stock solution incubated with algal cells ranged
from 0.0018 wt. % PDAC coated 0.009 wt. % chlorhexidine loaded Carbopol Aqua SF1
microgel, to 0.0045 % PDAC coated 0.0225 wt. % chlorhexidine loaded Carbopol Aqua
SF1 microgel. For yeast, from 0.0018 wt. % PDAC coated 0.009 wt. % chlorhexidine
loaded Carbopol Aqua SF1 microgel to 0.009 % PDAC coated 0.045wt. % chlorhexidine
loaded Carbopol Aqua SF1 microgel was used and for E.coli cells, 0.0022 wt. % PDAC
coated 0.009 wt. % chlorhexidine loaded Carbopol Aqua SF1 microgel to 0.0055 % PDAC
coated 0.0225 wt. % chlorhexidine loaded Carbopol Agua SF1 microgel was used.
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2.2.27 Chemical Adhesion of C.reinhardtii

1.5 pl of poly L lysine (50 ml of sterile tissue culture grade water to 5 mg of poly-lysine)
was added to the surface of sterile micro chamber and incubated for 24 h. Now, the glass
chip was bonded with PDMS chip by chip holder and tubing where the coated glass/PDMS
chip washed with Phosphate Buffered Saline (PBS, pH 7.4). Then, the algae cell suspension
was pumped immediately at flow rate 10 pl.min"* for 30 minutes and the pumping was
stopped for 30 minutes to allow cells to adhere to the poly-L-lysine adhered to the surface
of glass chip. After that, the chip was washed with PBS buffer solution (pH7.4) to remove
unbounded cells, then FDA solution was pumped for 15 minutes and stopped for 10
minutes to check the viability of cells. The viability of cells was determined using

fluorescence microscope at FITC position with different magnifications.

2.2.28 Synthesis of Magnetized Glass Beads

Magnetic nanoparticles were synthesized according to procedure published by Berger et
al.!* Briefly, 1 ml of 2M FeCl; solution and 4 ml of 1M FeCls solution (Both of salts were
dissolved in 2.0 M of Hydrochloric acid) were mixed vigorously together. Then a magnetic
stirring bar was placed in the flask and began stirring vigorously. 50 ml of 0.7 M aqueous
NHz solution was added dropwise by pipette or burette into the flask. The slow rate of
addition is critical, and a burette is a convenient means of slowing the addition rate.
Magnetite, a black precipitate, was formed immediately. Stir throughout the addition of the
ammonia solution. After that the precipitate to settle without stirring (5-10 min), the dark,
and sludge like solid at the bottom of the beaker was iron oxide magnetic nanoparticles.
Afterwards, the precipitate was washed three times until the solution gives pH 6.5-7. Then
magnetic particles were heated up to 80°C for one hour. After that, the solution was
incubated at room temperature and washed three times with Milli Q water. The synthesized
iron oxide nanoparticles was coated with cationic polyelectrolyte (polyallylamine
hydrochloride) to convert the surface charge of magnetic particles to positive charge by
dispersing small amount of magnetic nanoparticles with 10 mg/ml of PAH for 20 minutes

with ultrasonic probe to form PAH coated magnetic nanoparticles.

On the other hand, layer by layer coating was conducted for glass beads with 75 pum with
cationic and anionic polyelectrolyte. The first step included surface activation of glass
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beads with piranha solution and washed many times. The activated glass beads were first
coated with 10 mg.mI"* PAH cationic polyelectrolyte and washed with purified water three
times , then further coated with 10 mg. mIt PSS anionic polyelectrolyte to generate PSS-
PAH-glass beads. After that the PSS-PAH-glass beads suspension were mixed with equal
volume of PAH coated magnetic nanoparticles for 20 minutes and ultra-sonication for 5
minutes to form PAH-magnetic nanoparticles coated PSS-PAH-Glass beads (Magnetized
magnetic beads). The final suspension was tested their magnetic response using high

performance neodymium magnet.

2.2.29 Synthesis of Magnetized Yeast Cells

The same procedure for the synthesis of magnetic nanoparticles mentioned in section
2.2.28 was utilized which involves synthesis of PAH coated magnetic nanoparticles.*?
These PAH coated magnetic nanoparticles were added dropwise with vigorous stirring to
equal volume of yeast cells suspension at flow rate 250 pl.min™t. Then, the magnetized
yeast cells were washed three times with purified water to get rid of the excess amount of
cationic polyelectrolyte (PAH). These magnetized yeast cells were further used for

trapping cells in the micro chambers of microchip.

2.2.30 Synthesis of Magnetized PDMS Beads in Wet Agar Layer

The same procedure as described in section 2.2.28 was used with some modifications. The
synthesized magnetic nanoparticles were heated up to 1 hour at 80°C and then 1 ml of oleic
acid was added with continuing heating for 1 more hour with drastic stirring. A black
precipitate was formed in the bottom of 100 ml beaker trapped on the magnet. The
suspension was cooled to room temperature. The precipitated particles were washed five
times with water and ethanol, separated by magnetic decantated and dried in an oven at
80°C. The obtained oleic acid coated magnetic nanoparticles could be easily dispersed in
low density silicone fluid (CP20) using ultrasound to form oil-based ferrofluids. PDMS
was prepared by weighing 9 g of pre-polymer and 1 g curing agent and mixing vigorously
for couple of minutes till many bubbles appear. The PDMS was then centrifuged for three
minutes at 3000 rpm to remove bubbles. After that, a 20% oil based ferrofluid suspension
was dispersed with 80% PDMS to form PDMS dispersed OAMNPs. On the other side,
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0.75 gm agar was dissolved in Milli-Q water and heated up 80°C for a period of time to
dissolve agar completely. Then the agar solution was poured off Petri dish and left to
solidify. Then, 1% xanthan gum and 1% sodium dodecyl sulphate (SDS) were dissolved in
water and poured on the top layer of solidified agar. A 50 pl glass syringe was filled with
PDMS dispersed oleic acid coated magnetic nanoparticles (OCMNSs) and then the needle
of glass syringe immersed and wiped manually in the interface of wet agar layer. Then the
petri dish was placed in an oven with 400C for 24 hours to allow magnetized PDMS beads

to solidify.
2.2.31 Synthesis of Magnetic Micro Beads

Magnetite (FesO4) nanoparticles were prepared by coprecipitation of Fe3* and Fe?* (2:1
molar ratio) with ammonia solution.'® Briefly, 0.1 M of FeCls (anhydrous, 97%, Fisher)
and 0.05 M FeCl,.4H20 (98%, BDH) were dissolved in 40.0 ml of Milli-Q water. The
solution was heated and stirred at 80 °C for 1 hour. Then 12.0 ml of NH4OH (33% wi/w,
BDH) and 1.0 ml oleic acid (99%, Sigma Aldrich) were added rapidly. At the same
temperature, the produced suspension was vigorously stirred for 1 hour and then cooled to
room temperature. The precipitated particles were washed five times with water and
ethanol, separated by magnetic decantation and dried in an oven at 80 °C. The obtained
OCMNSs were easily dispersed in styrene (99.5%, Sigma Aldrich) using ultrasound probe
to form oil-based ferrofluids for 10 minute at 30 % amplitude. The thermal initiator 1,1-
Azobis(cyclohexanecarbonitrile) (Vazo) was added for thermal polymerisation. The oil in
water emulsion we prepared by mixing 20% of oil based magnetic nanoparticles with 80%
of 5% Hitenol BC20 (Dai-Ichi Kogyo Seiyaku, Japan) and homogenised manually.
Afterwards, the resulting emulsion was mixed equally with 2% hot agarose, and cooling
them under tap water, then heating them up to 72.5 degree for 3.5 hours. After that, the
produced particles was heated up to 88 degree to melt agarose and washing magnetic

particles with the same temperature many times to get solidified magnetic particles.
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2.3  Chip Fabrication

2.3.1 Fabrication of Microfluidic Flow Focusing Chip

A flow focusing microfluidic device was utilized as a chip for generating different
sizes of droplets according to the flow rate of the dispersed and continuous phases. The
channel design was drawn in AutoCAD program and sent to Photo Tools LTD (UK) for
the photomask production. The photomask was put on top of the photoresist coated
borosilicate glass (30 mm length x 60 mm width) and exposed to UV light for 60 second.
Then, the chip was developed, chrome etched, and wet etched with a mixture of nitric acid
and hydrofluoric acid. The depth of the channel depended on times, as the time increased,
the channel becomes deeper. The channel dimension was 50 pm channel width and 100
pum channel depth. Then, fluidic access holes at the end of each channel were drilled using
a drill press. The etched chip was then irreversibly sealed under pressure to another glass
chip at temperature 640 °C, held for 6-8 hours. Figure 2.4 shows the flow focusing
microfluidic devices that was used for the generation of magnetic beads. It can be seen in
Figure 2.4A that styrene based oleic acid coated magnetic nanoparticles were placed in the
centre of the flow focusing chip which represents the dispersed phase at flow rate 1 pl.min-
1 while on both sides of flow focusing microchip were the surfactant (sodium dodecyl
sulphate or Hitenol BC20) dispersed in purified water as a continuous phase at flow rate 5
ul.min™. It can also be seen in Figure 2.4B that the same continuous and dispersed phases
as mentioned in Figure 2.4A were used while a further serpentine mixing channels were

added to increase the stability of generated droplets.
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Figure 2.6: The droplet generation microfluidic chip using flow focusing technique. (A)
Normal flow focusing microchip and (B) Flow focusing microchip with serpentine mixing
channels

2.3.2 Fabrication of Microfluidic Cell Trapping Chip

The microfluidic cell based array (bottom plate) was fabricated by using
photolithography technology as described previously. The fabricated chip was 30 mm
length x 30 mm width with 50 pum channel width and 100 pum channel depth. It also
consisted of two inlets, one inlet for passing a specific concentration of titania
nanoparticles, the second inlet to inject cells and from the two inlets the fluorescein
diacetate (FDA) solution is utilised to measure the viability of the cells after incubation
with titania nanoparticles at different exposure times. The second part of the chip was the
microchambers where the cells were trapped by magnetic beads and finally, the outlet

which represents the waste as shown in figure 2.5.

119



Chapter Two Experimental Section

PDMS
Inlet 1

Inlet 2 I\
\ Outlet

Glass

Figure 2.7: Microfluidic scheme for trapping cells into microchamber. The two inlets are
used for passing cells, toxin, and FDA solution, the microchamber is for trapping cells
using magnetic beads through controlling with very strong magnet and the outlet is for
flushing out cells and chemicals off chip.

The upper plate (PDMS) (Sylgard 184, Dow Corning, Midland, MI) was prepared
with a 10:1 ratio between the PDMS and the curing agents. The mould was degassed in a
vacuum chamber for 10 min before curing in a 70°C oven for 4 h. The devices were then
cut by a razor blade and the fluidic connection ports were punched using an 18-gauge flat-
tip needle. The device was then irreversibly bonded to glass plate after oxygen plasma
treatment (Plasma Therm Etcher, 50 W, 2 torr, 60 sec) for the face up of the glass (bottom
plate) and PDMS (top plate), then PDMS/glass microfluidic devices was heated up to 80°C
for an hour to strengthen the bonding between PDMS and glass.
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3 Chapter Three: Synthesis, characterization and functionalization
of titania nanoparticles: An Introduction

Titania nanoparticles play vital role in many applications involving industrial,
pharmaceutical and electronics® due to their unique physical and chemical properties such
as quantum effect, particle size, and surface area where they have potential toxic effect
upon releasing to the environment.? Therefore, in this chapter, titania nanoparticles were
synthesized and characterized to study their behavior upon incubation with some
microorganisms as well as functionalization of titania nanoparticles with anionic and

cationic polyelectrolytes to study the effect of surface charge on microorganisms.
3.1 Synthesis of Titania Nanoparticles

The hydrolysis reaction which was used for the synthesis of titanium dioxide
nanoparticles involved titanium isopropoxide as a precursor and isopropanol and Milli-Q
water as a solvent. There are two steps in the synthesis of TiO2NPs using the sol-gel
method: Firstly, the hydrolysis of titanium isopropoxide with excess water to give a fast
reaction in acidic medium (pH 2) by using nitric acid as a peptizing agent to convert the
produced precipitate to colloidal particles. Secondly, condensation of the resulting
suspended solution for 20 hours at 70 °C. A yellow-white precipitate formed from this

procedure. The overall chemical reactions can be schematically denoted by

Ti(OCsH7)4 + 4H20— 2Ti(OH)4 + 4 C3H;OH (Hydrolysis)

Ti(OH)s— TiO2 xH20 + (2— x)H20 (Condensation)
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Figure 3.1: The average size distribution of water dispersed titanium dioxide NPs (pH 4)
that synthesized by hydrolysis and condensation of titanium isopropoxide at acidic medium
for 20 hours at 70°C.

The characterization of TiO2 nanoparticles was achieved by taking a small portion of
precipitate and dispersing in Milli-Q water as described in section 2.2.1 in Chapter 2. The
average particle diameter of the dispersed sample was measured using dynamic light
scattering. Figure 3.1 illustrates the size distribution of TiO2 NPs which dispersed in Milli-
Q water (pH 4) at 30% amplitude for 5 minutes. The average particle diameter of titania

nanoparticles was measured to be 25 nm ranging from 5 nm to 45 nm.

X-Ray Powder Diffraction was used to measure the TiO2 nanoparticle crystalline size
by using the Scherrer function® and to study the morphology of the synthesized crystalline
titanium nanoparticles. Equation (2) from section 1.5.2 was used to calculate the crystallite
size of the titania nanoparticles. The anatase TiO> nanoparticle was found to be 5 nm
which agreed with that obtained in the literature.® Figure 3.2 shows the x-ray diffraction

pattern of the TiO2 NPs sample.
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Figure 3.2: X-Ray Diffraction pattern of anatase TiO> NPs which was prepared by
hydrolysis at pH 2 followed by condensation of titanium isopropoxide at 70°C for 20 hour.

To optimize the synthesis of titania nanoparticles, parameters such as temperature, pH and

the volume of the precursor were investigated.
3.1.1 Effect of the amount of Titanium Isopropoxide Precursor

Series of aliquots (1.0, 3.0, 5.0 and 7.0 ml) of titanium isopropoxide as a precursor were
utilized to synthesize titania nanoparticles to investigate the effect of volume of the
precursor as described in Section 2.2.1 in chapter 2. Four different precipitates were
produced and the particle size of each sample was measured three times by the Zetasizer.
Figure 3.3 shows the effect of TiO precursor on the particle size indicating that the TiO>
particle size did not appear a significant increase as the amount of precursor increased,
referring to that grain size of titania nanoparticles does not depend on the amount of
precursor. Figure 3.4 also shows the X-Ray diffractions patterns of TiO2> NPs samples that
synthesized with different volumes of precursor. It could be seen that the crystallite sizes
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obtained from the XRD measurements of TiO» samples were approximately 4-6 nm
illustrating that there was no significant difference between crystallite sizes of synthetic
samples. Thus, it was shown that changing the amount of precursor did not affect
significantly the crystallite size.
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Figure 3.3: The variation of the NPs size with the amount of precursor (titanium
isopropoxide) in which the samples are synthesized by hydrolysis and condensation of
titanium isopropoxide in water at pH 2.
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Figure 3.4: X-Ray diffraction patterns of titanium dioxide nanoparticles synthesized from
the hydrolysis of (A) 1.0 ml, (B) 3.0 ml, (C) 5.0 ml, and (D) 7.0 ml of titanium isopropoxide
in acidic medium and condensation at 70°C for 20 hour.

3.1.2 Effect of Reaction pH on particle size

A range of pH values (2.0, 3.0, 4.0, 5.0 and 6.0) were used for preparation of the titania
nanoparticles (0.1M HNO3z or 0.1M NH4OH used to adjust the pH) using the procedure
mentioned in Section 2.2.1. Each of the above solutions was prepared by using Milli-Q
distilled water in 250 ml volumetric flask. Figure 3.5 depicts the effect of pH of the reaction
on particle size at constant conditions in terms of sample and reagent volumes, temperature
and reaction time. It can be seen that at very strong acidic medium (pH 1-2), the titania
nanoparticles will produce homogenous suspension, while they aggregate heavily at pH
values higher than 2 whereby the particle sizes become in the microscale; therefore, pH 1-

2 is the best value to prepare titania nanoparticles.
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Figure 3.5: The variation of particle size of titanium dioxide with pH of the reaction
solution using 5.0 ml of titanium isopropoxide, 15.0 ml of isopropanol and 250 ml of Milli-
Q water after heating at 70°C for 20 hours.

3.1.3 Effect of Temperature on the Titanium Dioxide Particle Size

The same procedure for the synthesis of titania nanoparticles as stated in Section 2.2.1 was
utilized in this experiment except it was carried out at different reaction temperature. Figure
3.6 shows the effect of temperature of the reaction mixture on the particle size of titanium
dioxide for 20 hours. It was found that with high temperature (50-85°C), a nano-sized
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titania nanoparticles was produced, however, micro particles were generated at low
temperature; therefore, 50-85°C was the optimum temperature range for the preparation of
TiO2 nanoparticles. Thus, the temperature has an important role in the fabrication of titania

nanoparticles, preventing aggregation.
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Figure 3.6: The effect of temperature on particle size for titania nanoparticles prepared by
using 5.0 ml of titanium isopropoxide, 15.0 ml of isopropanol and 250.0 ml of Milli-Q
distilled water adjusted to pH 2.0 with 0.1 N HNO3 or 0.1 N NH4OH.

3.2 Characterization of Titania Nanoparticles

Because of the environmental, industrial and technological importance of the titania
nanoparticles, the physical and chemical parameters of synthesized TiO2 nanoparticles

were studied.
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3.2.1 The Absorption of UV-Vis Spectroscopy of Titania Nanoparticles

A solution of 5.0 nm anatase water dispersed titania nanoparticles was measured by UV-
Visible spectrophotometry between 200 nm to 700 nm. It can be clearly seen in figure 3.7
that the 5.0 nm titania nanoparticles has an absorption edge at 375 nm (dotted line) that lies
in the near UV range with a band gap energy 3.5 eV, which is larger than the value of 3.2
eV for the bulk TiO2.* The band gap of a semiconductor depends on particle size,®> when
the particle size is smaller, the band gap will be bigger. The band gap energy® was

calculated using the following equation:

Band Gap Energy E= % Equation (2)

where h is the Planks constant, 6.626 x 10—34 J s, c is the speed of light, 3.0 x 108 m/s and

A is the wavelength (nm).
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Figure 3.7: Figure 18: UV-Visible absorption spectrum of 5 nm anatase titania
nanoparticles showing band gap energy 3.5 eV in comparison with 3.2 eV of bulk TiO..
Dotted line that crosses the x-axis represent the absorption edge.

3.2.2 Calcination of Synthesized Titania Nanoparticle

Once synthesized titanium dioxide nanoparticles were annealed at different temperatures
(200°C - 800°C) using the muffle furnace to find out the effect of temperature on the
crystallite size of nanoparticles. Figure 3.8 shows the powder X-ray diffraction patterns of
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the calcinated TiO2 nanoparticles. It can be seen that the crystallite size of anatase TiO>
become larger and the XRD bands (260= ~25°) are sharper as the calcination temperature
increased resulting in crystallite sizes of the TiO, with 6, 6.5, 7 and 12 nm for 200°C,
300°C, 400°C, and 500°C respectively. Additionally, up to 600°C, the anatase and rutile
TiO2 nanoparticles XRD patterns were together appeared with 28 nm and 38 nm,
respectively. However, Above 600°C, rutile TiO> peaks ((20 = ~27°) started to appear as
illustrated in figure 3.8(E) and anatase TiO peak was disappeared at 800°C and rutile TiO>
become dominant (Fig. 3.8(F)). The above results are in agreement with analogous results

previously reported in the literature.’
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Figure 3.8: Powder X-Ray diffraction patterns of prepared TiO2 nanoparticle at various
calcination temperatures (A) 200°C, (B) 300°C, (C) 400°C, (D) 500°C, and (E) 600°C,
showing the formation of different sizes of anatase TiO. with sharper peaks as the
temperature is increased from 200°C to 600°C (A, B, C, and D). However, with (E), the
XRD peaks of anatase TiO; are very sharp (crystallite size 28 nm and 38 nm for anatase
and rutile, respectively) while at 800 °C, rutile TiO2 nanoparticles are dominant with 142
nm crystallite size.
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3.2.3 Transmission Electron Microscope Images of Titania NPs

The TEM images in figure 3.9 were taken for different sizes titania nanoparticles
which were annealed at 100, 400, 600 and 800 °C, respectively. It can be seen in figure
3.9(A) that the TiO2 nanoparticles prepared are crystalline particles and they are roughly
spherical with a diameter of less than 10 nm, which agrees with the crystallite size
calculated from XRD patterns. It can also be noticed that the monodispersed titania
nanoparticles at high resolution TEM image which refers to anatase grain (Figure 3.9B).
However, for Figure 3.9 (C) and (D) a significant difference is seen in terms of morphology
and particle size due to the fact that calcination temperature affects the morphology of

titania nanoparticles and increases the crystallite size and decreases the surface area. These

results are in line with that in the literature.®

Figure 3.9: TEM photographs of synthesized titania nanoparticles at (A) as prepared TiO>
at 100 °C which shown crystallite size less than 10 nm, (B) uniformed size anatase Titania
nanoparticles at 400 °C, (C) TiO2 Nanoparticles at 600 °C and (D) large sized rutile titania
nanoparticles at 800 °C.
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3.2.4 Fourier Transform Infrared Spectroscopy (FTIR)

A Fourier Transform Infrared Spectroscopy (FTIR) spectrum was obatined for the
annealed TiO, samples at 100, 400, 600 and 800 °C in the range 500-4000 cm™. Figure
3.10 shows very strong peaks at 500 cm™* - 650 cm™* which related to Ti-O bonding in
anatase morphology.® © Moreover, the band observed at 1623 cm™ was recognized to be
stretching and vibration of the Ti-O-Ti group. Peaks at 1100 cm1, 3317 cm™* and 3352
cm correspond to stretching of absorbed water and hydroxyl group vibration®. However,
at 600 °C the peak 1100 cm™ vanished which might be attributed to dehydration. Peaks at
2900-3000 cm™, refer to C-H stretching vibrations but these peaks disappeared at high
temperature, which means all organic compounds were removed from the samples after the
calcination. . The sharp and intensive peak at 1385 cm™ is due to the presence of nitrates,
which were added as HNOs, during the acidification of the solution in the sol-gel synthesis

as a peptizing agent.
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Figure 3.10: Fourier Transform Infrared Spectroscopy (FTIR) spectrum of annealed titania
nanoparticles at 100, 400, 600 and 800°C.
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3.2.5 Thermogravimetric Analysis (TGA)

The TGA graph for 20.1950 mg of 5 nm anatase titania nanoparticles is shown in
Figure 3.11 illustrating that the weight loss has happened in three steps. The first weight
loss shows an endothermic peak at 100 °C to 180 °C due to the removal of absorbed water
from the surface of sample. The second thermal degradation is from 180 °C to 325 °C
because of the dehydration and combustion of organic species for example, residues of the
precursor (titanium isopropoxide).** The third degradation from 325 °C to 600 °C might
be attributed to the phase transition!? corresponding with results of XRD patterns and FTIR
spectrum. Above 600 °C, 84% of sample remained representing the thermal stability of the

sample.
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Figure 3.11: Thermal Gravimetric Analysis (TGA) graph of 5 nm anatase titania
nanoparticles. showing three steps of thermal degradation: the Step 1 represents
dehydration, Step 2 refers to organic compound degradation and the Step 3 is the phase
transformation from anatase to rutile titania nanoparticles.
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3.2.6 Surface Area Measurement

Surface area measurements of titania nanoparticles at different temperatures were
carried out by nitrogen adsorption at 77K using the BET method. Table 1 shows the surface
area of titania nanoparticles at different annealing temperatures. It can be clearly seen in
table 1 that the smaller the crystallite sizes the larger the surface area. It can also be seen
that the surface area decreased as the temperature of annealing increased from 163 m2.g*
for 5 nm anatase TiO2 nanoparticles at 100°C to 7.5 m2.g™ for 142 nm rutile TiO, at 800°C
annealing temperature. The increase of the temperature up to 800°C led to the phase
transformation from anatase to the more stable rutile TiO2.These results are compatible
with the reported research.'® It can be seen in the table that hydrodynamic diameter of
titania nanoparticles increased as the temperatures increased. It should be noted that the
average particle diameter was bigger than that of the crystallite size owing to the formation
of clusters of nanoparticles in the liquid dispersion which was different from that of dry
powder of titania nanoparticles. The zeta potential was also measured for each calcinated
sample of titania nanoparticles and it can be observed from the table that at 100°C, the zeta
potential was +40 mV which means it was highly stable whereas, at high temperature, the

titania nanoparticles are rutile and it is negatively charged (-26 mV).

Table 3.1: The effect of the annealing temperature during the TiO2NPs synthesis on the
crystallite domain size and the BET surface area of titania. The hydrodynamic diameters
and zeta potential of the TiO-NPs after dispersing each sample in Milli-Q water at pH 4 by
sonication at the same conditions are also reported.

Calcination | Average crystallite | BET surface area | Hydrodynamic Zeta

temperature size /m2gt diameter potential
/°C /nm /nm / mV

Anatase | Rutile

100 5 - 163 25+ 20 409
200 6 - 152 25+ 20 36+10
300 6.5 - 139 27 £ 20 32+6
400 7 - 90 35+25 31+7
500 12 - 46 40 + 25 3+10
600 28 38 9 50 £ 25 3+10
800 - 142 7.5 145 +60 -26 8
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3.2.7 Measurement of Zeta Potential of Titania Nanoparticles

A series of various concentrations of sodium chloride were prepared in Milli-Q water
and then added to equal amounts of 25 nm-sized titanium nanoparticles. Each solution was
dispersed at 30% maximal power for 5 minutes and adjusted to different pH values from
2-9. The zeta potential of the NPs was then measured to find out the effect of pH on the
surface charge of nanoparticle. Dilute hydrochloric acid or sodium hydroxide was used to
adjust the pH of each solution. Figure 3.12 shows the effect of pH on the average particle
diameter and zeta potential of the dispersed titania nanoparticles in the medium. The
surface charge of nanoparticles decreased gradually from a positive charge at low pH to

negative at high pH, where the isoelectric point was approximately 6.8.
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Figure 3.12: The variation the zeta potential and the particle diameter of dispersed anatase
TiO2NPs in an aqueous solution of 20 mM NaCl as function of pH adjusted by addition of
1 M HCI or 1 M NaOH. The triangles show the effect of pH on the average particle
hydrodynamic diameter.
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It was also found that in acidic medium, the solution was clear but as the pH increases
above 5, the particles start to aggregate (Fig. 3.12) as the particle surface charge and the
corresponding electrostatic repulsion are not strong enough to prevent their partial
coagulation. However, there were unable to redisperse the aggregated TiO>NPs by
subsequent lowering the pH of the aggregated particles dispersion below 5. This indicates
that the TiO2NPs aggregation is irreversible, possibly due to covalent bond formation

among TiO2NPs within the aggregates. Figure 3.13 shows how the nanoparticle dispersion

changed with pH values.

L ]
Figure 3.13: The aggregation profile of TiO2 nanoparticles at pH 2-9 by using Milli-Q
water as a solvent and samples were dispersed at 30% of the maximum power of the

sonifier for 5 minutes. pH of the solution was adjusted by addition of HCI or NaOH. This
profile also represents the effect of pH on the average particle diameter.

Figure 3.14 gives the dependence of the average particle diameter and zeta potential as a
function of the solution pH for rutile TiO2NPs, produced by annealing at 800 °C which was
prepared in Milli Q water, sonicated for 5 minutes at 40% of maximum power and filtered
using filter syringe 0.2 um. One sees that rutile NPs have not only different particle size
but also different surface properties from anatase NPs in which is also reflected in their
nanotoxicity. It can also be observed in figure 3.14 that the zeta potential of rutile titania

nanoparticles are negatively charged at pH 4.
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Figure 3.14: The variation the zeta potential and the particle diameter of dispersed rutile
TiO2NPs in an aqueous solution of 1 mM of NaCl as a function of pH which was adjusted
by addition of small amount of aqueous solutions of 1M HCI or 1M NaOH. The square
symbols show the effect of pH on the average particle hydrodynamic diameter while the
circle symbols represent the particle zeta potential vs. pH.

3.3 Functionalization of Titania Nanoparticles

Once the titania nanoparticles were prepared, optimized and characterized, they can be
functionalized using a Layer-by-Layer assembly technique. It was used to coat 25 nm
anatase TiO2NPs with alternating layers of anionic (PSS) and cationic (PAH)
polyelectrolytes using the protocols described in section 2.2.6. Since the anatase TiO2NPs
were cationic below pH 6.5 the first layer used was PSS, an anionic polyelectrolyte that
formed negatively charged TiO2NPs/PSS. Further coating with PAH gave positively
charged TiO2NPs/PSS/PAH. Finally, by using an extra coating of PSS, anionic
TiO2NPs/PSS/PAH/PSS particles as stated in figure 3.15. The coating was affected by
many parameters such as the addition of titania nanoparticles, the ionic strength and the

molar mass of the polyelectrolyte (which can cause partial aggregation).
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Figure 3.15: The schematic functionalization of titania nanoparticles with anionic and
cationic polyelectrolytes. The PSS and PAH represent Polystyrene Sulfonates and
Poly(allylamine hydrochloride), respectively.

3.3.1 The Effect of Addition of Titania Nanoparticles

It was investigated the effect of using different methods to add titania nanoparticles to
polyelectrolyte (anionic or cationic) including direct addition, drop by drop and dropwise
addition with ultra-sonication. Figure 3.16 shows how changes the method of addition of
the nanoparticles to the polyelectrolyte can affect the average particle diameter of titania
nanoparticles. It can be seen in figure 16 that dropwise addition with drastic shaking
appeared to cause aggregation, with particle diameters being greater than 200 nm whereas,
in case of direct addition of titania nanoparticles to the polyelectrolyte obtained a particle
diameter with 120 nm. However, dropwise addition with ultra-sonication was found to be
the best addition method whereby the particle diameter was up to 80 nm. The reason for
this is that ultrasonic energy plays an important role in dispersing the clustered
nanoparticles upon using excess amount of either anionic or cationic polyelectrolytes,
allowing interaction with aggregated nanoparticles to provide a good stability of the
colloidal particles. Therefore, this method gave good stability of cationic or anionic

polyelectrolytes coated titania nanoparticles.
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Figure 3.16: The effect of addition of bare or coated titania nanoparticles to the anionic or
cationic polyelectrolytes on the average particle diameter of coated titania nanoparticles. It
was used three methods of addition, direct addition, dropwise addition and dropwise
addition with ultrasonic energy. It was found that the drop by drop addition with ultra-
sonication is the favorable method with average particle diameter 80 nm.
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3.3.2 Effect of lonic Strength

The average particle size after each polyelectrolyte coating was examined at several
different ionic strengths. Figure 3.17 shows the effect of the ionic strength on the size of
the TiO2NPs coated with anionic and cationic polyelectrolytes. Note that the particle
hydrodynamic diameter increased with an increase in NaCl concentration. This is largely
due to the partial coagulation of the polyelectrolyte-coated TiO2NPs, during the coating
stages due to the diminished electrostatic repulsion at higher salt concentrations. The
optimal concentration of NaCl solution, where the coated TiO2NPs are still nano-sized,

was found to be 1 mM.
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Figure 3.17: The effect of the solution ionic strength on the particle size distribution of
TiO2NPs coated with anionic and cationic polyelectrolytes. Different concentrations (1, 5,
20, 50 mM) of sodium chloride solution were used to dissolve the polyelectrolytes.
Dropwise addition with ultra-sonication was used for the addition of the different ionic
strength dissolved polyelectrolytes to the colloidal particles of titania.
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3.3.3 Effect of Molar Mass of Polyelectrolyte

Layer-by-Layer coating was also carried out using two batches of PSS and PAH with
different molar. Figure 3.18 shows that the lower the molar mass of the polyelectrolyte, the
smaller the hydrodynamic diameter of the polyelectrolyte coated TiO2NPs; therefore, 10
kDa PSS and 15 kDa PAH were chosen for coating titania NPs.
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Figure 3.18: The effect of the molar mass of anionic or cationic polyelectrolytes on the
average particle diameter of the coated titania nanoparticles as a function of number of
deposited layers of polyelectrolytes of different molar mass. 70 kDa and 10 kDa
Polystyrene Sulfonates and 56 kDa and 15 kDa Poly(allylamine hydrochloride) were used
in 1 mM of sodium chloride solution with dropwise addition with ultra-sonication method.
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3.3.4 Zeta Potential of Bare and Coated Titania NPs

The zeta potential of the TiO>NPs after each coating with anionic or cationic
polyelectrolytes was measured as seen in Figure 3.19. It can be seen that the zeta potential
of the polyelectrolyte coated TiO.NPs alternates after the coating with the oppositely
charged polyelectrolytes, as shown with other studies reported in the literature.46
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Figure 3.19: The zeta-potential of bare and multi-layer coated TiO2NPs as a function of
numbers of deposited layers of anionic and cationic polyelectrolytes. 10 kDa of polystyrene
Sulfonates and 15 kDa of poly(allylamine hydrochloride) as polyelectrolytes for coating
titania nanoparticles were used with 1 mM sodium chloride solution with dropwise addition
with ultra-sonication.
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It can be concluded that titania nanoparticles were synthesized with crystallite size 5
nm, particle size 25 nm and high surface area 163 m? g*. The physical and chemical
properties are investigated to be unique. It was also multicoated titania nanoparticles with
anionic and cationic polyelectrolyte using layer by layer technique. Here, we will use the
prepared coated titania nanoparticles with anionic or cationic polyelectrolytes in the next
chapter to be incubated with individual microorganisms such as C.reinhardtii and
S.cerevisiae to study the nanotoxicity effect of coated titania nanoparticles. It also useful
to discover the behaviour of these coated nanoparticles upon incubation in dark conditions
and in visible and UV lights.
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4 Chapter Four: Nanotoxicity of Titania Nanoparticles
4.1  Toxicity of TiO2NPs on C.reinhardtii in UV/visible light

Experiments were conducted to investigate the effect of TiO2NPs on C.reinhardtii a
single-cell green alga. C.reinhardtii was incubated with TiO2NPs whilst being
illuminated with visible light, UV light or in dark conditions. The emission spectra of
the visible light source and the UV light source are given in Figures 4.1 and 4.2,
respectively. It can be seen in Figure 4.1, the emitted light from table lamp which can
be used for visible irradiating the incubated cell with titania nanoparticles suspension.
However, in Figure 4.2 which represents the UV light emitted from UV lamp at

wavelength 365 nm.
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Figure 4.1: The emission spectrum of the visible light source which was used for
irradiating C.reinhardtii in the presence of TiO>NPs at various exposure time which
was measured by USB4000-UV-VIS detector (Toshiba TCD1304AP Linear CCD
array, USA).
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Figure 4.2: LHS axis: The absorbance spectrum of the soda glass tubes used for the
incubation of the cell with TiO2NPs in UV light. RHS axis: The emission spectrum of
the UV lamp which refers to that the maximum emission occurs at 365 nm which was
measured by USB4000-UV-VIS detector (Toshiba TCD1304AP Linear CCD array,
USA). This UV light source was used to irradiate C.reinhardtii and yeast in the
presence of TiO2NPs.

It was possible that the TiO2NPs could interact with the cell growth media. This could
affect the cells in two ways: (i) by depleting nutrients from the media and (ii) a protein
corona could form around the NPs in solution which would changes the way the NPs
adhere to the cell membrane. To eliminate the effect of the growth media on the
nanoparticles, C.reinhardtii cultures were used which had been removed from the
growth media and re-dispersed in Milli-Q water. The aqueous suspensions of the
microalgae were incubated with aqueous suspensions of TiO2NPs of various
concentrations for several different periods of time. The cell viability was examined
immediately after removing the excess TiO2NPs from the cell suspension.

The comparison of the cell viability of C.reinhardtii in dark and visible light
conditions is presented in Figure 4.3 at different exposure time up to 6 hours. Note that
immediately after incubation (0 hours), the viability of the microalgae gradually
decreased with TiO2NPs concentrations above 100 pg mL™*. After 2-6 hours of

incubation in visible light, the cell viability also decreased but at much lower TiO2NPs
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concentrations of 10-250 ug mL™. Above this limit, it was found no viable cells in the
samples. Figure 4.4 shows a bright field microscope image of the cells in the presence
of high TiO2NPs concentrations (>250 pug mL™). It can be seen that the cells were
highly aggregated while at lower TiO2NPs concentrations (50 pug mL™?) they were fully
dispersed. This can be explained by the fact that the positive surface charge of the
TiO2NPs generally has a disruptive effect on the cell membranes. In addition of that,
chlorophyll content could release because of the cell membrane disruption which then
absorbs on the surface of titania nanoparticles. In the presence of visible light, the
absorbed chlorophyll can release one electron which transfers to the conduction band

of titania nanoparticle, then generating reactive oxygen species.
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Figure 4.3: The viability of C.reinhardtii cells incubated with solutions of different
concentrations of TiO2NPs (1-500 pg ml™) at pH 4 in dark conditions and in visible
light at O h, 2 h, 4 h and 6 h exposure times as compared with the control sample at
room temperature. The cell suspensions were free from culture media upon incubation
with solutions of titania NPs concentrations to avoid interaction between TiO2 NPs with

culture media components.
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Figure 4.4: The 50x bright field microscopic image of (B) aggregated C.reinhardtii at
high concentration of TiO2NPs against control sample (A)

Figure 4.5 shows a comparison of the C.reinhardtii cell viability as a function of the
TiO2NPs concentrations in dark conditions and in UV light. At low UV light exposure
times there was a pronounced toxic effect for TiO2NPs concentrations above 250 ug
mLL. At exposure times above 2 hours, a sharp decrease in the microalgae viability was
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observed for TiO.NPs concentrations from 50-250 pg mL™. At higher particle
concentrations all cells lost their viability. Figure 5 also shows that the toxicity effect
of TiO2NPs on the microalgae irradiated with UV light for 6 hours is definitely higher
than that with visible light at the same conditions (Figure 4.4). One would expect that
in the presence of UV light and oxygen, the reactive oxygen species produced from the
TiO2NPs would not only oxidise the chlorophyll content in the microalgae, but could
also exert oxidative stress to the cell nucleus, mitochondria and other organelles and it
is difficult to differentiate between these effects. Figures 4.3 and 4.5 indicate that at
low and moderate particle concentrations, the cationic nature of the TiO2NPs has much
more disruptive effect on the cell viability (represented by the data in dark condition)

than the additional effects of irradiation by visible and UV light.
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Figure 4.5: Comparison of the C.reinhardtii cell viability as a function of the TiO2NPs

concentrations in dark conditions and in UV light at Oh, 2h, 4h, and 6 hours of
incubation times in comparison with control sample of microalgae.

4.2 Chlorophyll content of C. reinhardtii after exposure to TiO2NPs

The effect of TiO.NPs on C.reinhardtii was also indirectly evaluated by

determining the cells chlorophyll content as a measure of their photosynthetic ability.
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Figure 4.6 and figure 4.7 show the total chlorophyll content (chlorophyll a and b) as a
function of TiO2NPs concentration after different exposure times and up to 6 hours in
both visible and UV light, respectively. Note that the cells apparently lose part of their
chlorophyll content in the presence of TiO2NPs not only upon exposure to UV light,
but also upon irradiation with visible light. Moderate loss of chlorophyll was found
even in dark conditions. However, we observed a sharp loss of the cells chlorophyll
content upon irradiation with UV light above particle concentration of 50 pg mL™
which is close to the threshold concentration where the cells start to lose their viability,
as shown in Figure 4.6 and 4.7. Note that with the UV light source (main peak at 365
nm) used in these experiments, the microalgae cells alone did not lose their viability or

discolour over the same period of time.
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Figure 4.6: The effect of the TiO2NPs concentration on the chlorophyll content of green
algae C.reinhardtii in dark conditions and under visible light after Oh, 2h, 4h, and 6 h
exposure time. The total chlorophyll content (a, b) was extracted from algal cells using
80 % aqueous acetone solution, then mixed for a minutes, centrifuged for 5 minutes
with 13,000 rpm. The solution produced was scanned over a wide range of wavelengths
from 200 nm to 700 nm. The chlorophyll a and b concentrations were measured at
maximum wavelengths 645 and 663 nm, respectively.
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Figure 4.7: The effect of the TiO2NPs concentration on the chlorophyll content of green
algae C.reinhardtii in dark conditions and under UV light after Oh, 2h, 4h, and 6 h
exposure time. The total chlorophyll content (a, b) was extracted from algal cells using
80 % aqueous acetone solution, then mixed for a minutes, centrifuged for 5 minutes
with 13,000 rpm. The solution produced was scanned over a wide range of wavelengths
from 200 nm to 700 nm. The chlorophyll a and b concentrations were measured at
maximum wavelengths 645 and 663 nm, respectively.

Figure 4.8 shows optical images of the effect of TiO2NPs on the C.Reinhardtii
which indicate that for the range of 50-500 ug mL™ particle concentrations, a distinct
discoloration of the cells chloroplasts was observed after 6 hours of exposure to visible
light. The decrease of cell chlorophyll content in dark conditions above 100 mg mL™*
TiO2NPs is surprising as reactive oxygen species would not be expected to be produced
in the absence of UV/vis light. Note that the microalgae viability does not correlate 1:1
with their chlorophyll content. The dead cells can temporarily retain some residual
amount of chlorophyll in their chloroplasts, although their cell membranes are

compromised. This is clearly the case in Figure 4.6 and 4.7 where a small amount of
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chlorophyll was extracted from the samples treated with TiO2NPs at 500 pg/mL, which
show 0% viability (Figure 4.3 and 4.5). The complete bleaching of the cells chlorophyll

content requires higher TiO2NPs concentrations and/or longer exposure times to UV

light and oxygen.

Figure 4.8: Optical images of C.reinhardtii samples after 0, 2, 4 and 6 hours of
illumination with UV light in the presence of TiO2NPs at the same concentration range
(0-500 mg L) as in Figure 6 and 7. The LHS test tubes on all four images in figure 8
represent the control sample of microalgae without TiO2NPs.

TEM images of the microalgae cells after 6 hours of exposure to TiO2NPs in
visible light were obtained in order to examine the localisation of TiO2.NPs around the
cell membrane of C.reinhardtii. Figure 4.9 shows TEM images of sections of
microalgae cells incubated with TiO2NPs of different concentrations where it can be
seen that the cell membranes have a dense coating of TiO2NPs and there is a limited
penetration of nanoparticles inside the cells even at 100 pg mL™. In addition, the cells
organelles and the inner cell microstructure (Figure 4.9B-D) look very different to the
control sample untreated with TiO2NPs (Figure 4.9A) which indicates that the
internalised TiO2 NPs may interfere with the microalgae photosynthetic pathways even

under irradiation with visible light.
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Figure 4.9: TEM images of microtome-sectioned samples of C.reinhardtii cells after
being incubated with 0, 100, and 500 pg mL™ TiO2NPs and irradiated for 6 hours with
visible light. Image (A) represents the control sample of the cells without TiO2NPs;
image (B) corresponds to microalgae incubated with 100 pg mL™ TiO2NPs; images (C)
and (D) show the microstructure of a microalgae cell wall after incubation with 500 pg
mL* TiO2NPs. Internalization of titania nanoparticles inside the algal cells is not seen
even at a 500 pug mL? concentration as displayed in figure 10. The data indicate the
absence of Ti in the cell interior but show its presence on the cell outer membrane.

The possibility of internalisation of the cationic TiO.NPs in C. Reinhardtii was further
checked by EDX. Sectioned samples of the microalgae exposed to TiO2NPs were
analysed (Figure 4.10) and this revealed that TiO2NPs accumulate only at the outer side
of the cell membrane without evidence for further penetration in the cell interior.
Reactive oxygen species produced by exposure to TiO2NPs and oxygen in UV/visible
light may also interfere with the cell chloroplasts and other vital organelles and disrupt
the cell photosynthetic system which corresponds to the higher toxicity. However, since
an adverse effect was observed on the microalgae at high TiO2NPs concentrations in
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dark condition, this indicates that another possible mechanism of toxicity may also be
in place in addition to the one discussed in the literature.! It is envisaged that most of
the decrease in the percentage of viable microalgae cells in both visible light and dark
conditions is probably due to the cell membrane disruption.
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Figure 4.10: EDX diagram of the C.reinhardtii algae cell at 750 ppm: (A) cell interior
membrane and (B) cell outer membrane regions; (C) whole cell. This demonstrates the
lack of internalized TiO2NPs in C.reinhardtii even at NPs concentration 750 ppm.
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4.3  Toxicity Effect of TiO2 NPs on Yeast_in Visible/UV Light

Following on from the previous experiments with microalgae we then exposed
baker’s yeast to TiO2NPs. As previously the experiments were carried out in the
absence of growth media which could have interfered with the evaluation of the
interaction between the cells and nanoparticles. The hydrolyzed yeast was incubated
with dispersed titanium dioxide nanoparticles solutions (250, 500, 1000, 2500, and
5000 pg mlt) and exposed separately for 24 hours in dark and in visible light condition
(the emission spectrum of visible light as shown in fig. 4.1). After that, an aliquot of
each sample was taken to check the percentage of viability by automatic cell counter.
Figure 4.11 shows the percentage of viable cells at different exposure time in dark and
light (0 h,3h,6h,12h, 18, h, and 24 h).

Figure 4.11 shows that at 0.0 hour exposure time, all cells are viable in dark and in
the presence of visible light in line with control sample. When the exposure time of
titania nanoparticles interacted yeast increased to 3 hours, no pronounced toxic effect
was observed up to 1000 pug ml? but there was cytotoxic effect noticed at 2500 and
5000 pg mi? in dark and visible light conditions. At 6-18 hour exposure time, the
percentage of viability was reduced from 500 — 5000 pg.ml in visible light, while the
viability in dark condition was higher than that for visible light for the same
concentrations. After 24 hour exposure time, 250 pg mi? titania nanoparticles
concentration showed no toxic effect in dark and visible light conditions and, the
concentrations are higher than 250 pug ml, it showed significant inhibition of yeast
viability in the presence of visible light in comparison with dark conditions. It was also
indicated that yeast cells aggregated at high concentration for both irradiation

conditions.
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Figure 4.11: The viability of baker’s yeast at different concentrations of titania
nanoparticles against control sample at dark condition and visible Light condition
which shows a toxic effect of titania nanoparticles in visible light in comparison with
the dark conditions. This experiment was conducted through pipetting 1 milliliter of
samples, centrifuged, incubated with one drop of FDA solution for 10 minutes, and
centrifuged twice , then measured their viability using automatic cell counter.
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Figure 4.12 shows an optical image of yeast cells after incubation with a 3000 pg.ml
concentration of titania nanoparticles in the presence of visible light. It can be seen that

the cells are aggregated.

Figure 4.12: Bright field microscope image of (B) aggregated yeast cells after
incubation with titania nanoparticles (5000 pg.ml?) in the presence of visible light
against control sample (A).

Samples of yeast cells were also incubated in the presence of UV light with
dispersed TiO2NPs at different particle concentrations for various periods of time for
up to 24 hours in dark conditions and in UV light, respectively. It is important to note
that the control yeast sample survived without the media for this period of time, i.e. the
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effect is not due to the lack of nutrients. The yeast cell viability in each sample was
determined as described in section 2.2.5. It was observed that the cells were highly
aggregated after incubation with a high TiO2NPs concentrations, as shown in Figure
4.12 for visible light. This result is similar to clustering of the C.reinhardtii cells in the
presence of high concentrations of TiO2NPs which be explained with the positive
surface charge of the nanoparticles which hetero-coagulate with the negatively charged
cells.

Figure 4.13 shows the cytotoxic effect on yeast of different concentrations of
TiO2NPs (of hydrodynamic diameter 25 nm) upon illumination with UV light (the
emission spectrum of UV lamp is as shown in Figure 2) at different exposure time up
to 24 hours.
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Figure 4.13: The percentage of viable yeast cells after incubation with TiO2NPs of
different concentration in the presence of UV light and in dark conditions at exposure
times varying from 0 h to 24 h. The data show higher toxic effect of the TiO2NPs in
UV light than in dark conditions which can be attributed to the production of reactive

oxygen species in the presence of atmospheric oxygen.
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The figure indicates that the cells are completely unaffected at 0 exposure time
which corresponds with the results obtained when the yeast cells were illuminated with
visible light for the same period of time. After 3 hour exposure time at higher
concentrations of titania nanoparticles (2500 pg ml* and 5000 pg ml™t) there was a
noticeable drop in the viability of yeast cells, but the effect was less at concentrations
from 250 pg mlI*t— 1000 pg ml™ both in dark condition and induced by UV light. After
6 incubation concentrations of 250 — 500 pg mlI titania NPs had no effect, however, at
1000 pg mi™ there was a slight drop in the viability under UV light compared to dark
condition for the same concentration. For the 12 hour to 18 hour exposure time in UV
light there was a considerably lethal effect for concentrations of 250 pg ml to 5000 g
ml . Contrastingly, in dark condition, there was very little cytotoxic effect for titania
NPs concentrations up to 5000 pg ml™. After 24 hour exposure time, the percentage of
viability significantly declined but remained constant at about 55 % from 250 pg ml*
to 2500 pg ml2. It was also detected that at 5000 pg mi™? titania NPs concentration, a
big toxic effect happened about 50% in comparison with control. Moreover, at dark
conditions it was perceived that the percentage of viability was seen to be almost

identical with other exposure times from 12 hour to 18 hour in the absence of light.

Our results indicated that the TiO2NPs have a weak effect on the yeast cells
viability above 1000 mg mL? in dark conditions. The cytotoxic effect of the TiO-NPs
on microalgae upon illumination with UV light is stronger and can be observed at much
lower particle concentrations (above 100 mg mL™). For up to 6 hours of exposure, our
data on cell viability agree with the findings of Kasimets et al.2 who reported that yeast
cells are insensitive even to extremely high TiO2NPs concentrations. However, our cell
viability data are acquired in the absence of culture media whose components may also
adsorb on the nanoparticles surface and change their interaction with the cells. In order
to understand better the differences between the TiO2NPs effect on microalgae and
yeast we used TEM to examine the yeast cells which were incubated with TiO>NPs for

24 hours and treated similarly to the microalgae as shown in Figure 4.9.
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Figure 4.14: TEM images of S. cerevisiae sectioned after 24 hours of irradiation with
UV light and incubation in (A) Milli-Q water and (B) 5000 ug mL* TiO2NPs. (C) High
resolution TEM image of the outer and inner cell wall of the yeast cell treated as in (B)
which shows the attachment of TiO2NPs to the outer cell surface and indicates their
internalisation inside the cell.
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Figure 4.14B shows the TEM images of microtome-sectioned yeast cells after exposure
to UV light and 5000 pug mL™ TiO2NPs for 24 hours compared with the control samples
of yeast without exposure to TiO2NPs (Figure 4.14A). One can see a build-up of
TiO2NPs both on the outer and the inner cell wall which indicates their penetration
through the cell wall at high particle concentration (Figure 4.14C). This result was
confirmed by performing EDX on sectioned yeast which showed the presence of Ti on

both sides of the cell membrane (Figure 4.15).
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Figure 4.15: EDX diagram of yeast cell at 1000 ppm: (A) cell interior membrane and
(B) cell outer membrane regions; (C) the cell centre. The data indicate the presence of
TiO2NPs both on the outer and the inner part of the cell membrane. This confirms the
internalised TiO2NPs in yeast at this NPs concentration.

However, the exposure of yeast to TiO2NPs in the same concentration range that cause
cytotoxicity effect in C.reinhardtii (Figure 4.9) did not lead to extensive particle

internalisation and cell damage due to the much thicker cell wall of yeast (~200 nm) as
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compared to C.reinhardtii.

The specific cytotoxicity of TiO2NPs in UV light probably occurs due to the generation
of OHe, Oz, and H20> in their vicinity as they are deposited on the cell wall which
leads to local oxidation of phospholipids into cell membrane. In addition, the
internalisation of TiO>NPs through the damaged cells walls subsequently may cause
DNA damage, disruption of vital organelles and the electron transport chain, which
leads to the cell death. The cells wall thickness determines the barrier for the TiO2NPs
internalisation and their toxicity threshold.

This study was similar to a recently reported study in the literature? where yeast was
incubated with nano-grade ZnO, CuO, and TiO> for a 24 hours exposure time. However,
no toxicity was seen from nano and bulk TiO2 even at 20000 mg/l. This study also
indicated the that the toxicity of metal nanoparticles depended on the particle size and
crystal structure® along with the fact that titania nanoparticles have the ability to
generate oxidative stress in visible light.! The reported study was however conducted
in the presence of growth media and it is known that some the components of the media
(e.g. peptones) can interact with metal nanoparticles which could affect results.

4.4  Effect of the TiO2NPs size on microalgae and yeast cell viability

To study the effect of particle size on cell viability a series of titania samples were
produced by thermal annealing at 400 °C , 600 °C and 800 °C, followed by dispersion
by sonication in aqueous solution to prepare samples of TiO2NPs of particle diameters
25 nm, 35 nm, 50 nm and 145 nm. A fixed amount of TiO2NPs of each sample was
incubated with C.reinhardtii and S. cerevisiae and irradiated with UV light for 6 h and
24 h, respectively. Control samples of the same compositions were kept in dark
conditions for the same periods of time. Figure 4.16 shows the effect of TiO2NPs
particle size on their toxicity for C.reinhardtii and S. cerevisiae.
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Figure 4.16:(A) The cell viability of C.reinhardtii incubated with TiO2NPs of different
average particle sizes (25 nm, 35 nm, 50 nm and 145 nm) and total particle
concentration of 250 ug mL* in dark conditions and in UV light for 6 hours. (B) The
cell viability of S. cerevisiae incubated with TiO>NPs of different average particle sizes
(the same as in (A)) but at total particle concentration of 2500 pg mL? in dark
conditions and in UV light for 24 hours.
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The data indicates that the smaller particle sizes had a higher toxic effect on both types
of cells at fixed other conditions. The toxicity decreases with increasing particle size
for both samples irradiated with UV light and those kept in dark conditions. This effect
of particle size can be explained by the packing conditions of the TiO2NPs which allow
more of the smaller nanoparticles to attach to the cell wall as compared to the case of
larger nanoparticles. However, the effect is not so pronounced for S. cerevisiae.

Note that the toxic effect of the 145 nm TiO2NPs is much smaller than that of the
smaller nanoparticles. This is apparently related to the fact that thel45 nm particles
were obtained by dispersing titania annealed at 800°C which corresponds to rutile,
while the other three TiO2NPs samples (25 nm, 35 nm and 50 nm) correspond to anatase
form of titania. Since the former has a slightly negative zeta potential at pH 4, this is
likely to explain the reduced nanotoxicity of the rutile TiO2NPs with the lack of
electrostatic adhesion with the cells.

It should be noted that the TiO2NPs samples used in Figure 16 have not only different
hydrodynamic diameters but also varying zeta potentials. The reason is that it is
practically difficult to vary the particles size at fixed surface potentials as the smallest
particle hydrodynamic diameter in solution is limited by the crystallite size of titania,
which is controlled by the calcination temperature at the sample preparation stage. For
unmodified TiO2NPs the zeta potential depends on the size of the particle crystallites
as well as the degree of aggregation. This is not unusual and is well documented with
other materials. Table 1 clearly shows the link between the particle hydrodynamic
diameter achieved by sonication in solution and the particle crystallite size. The
negative zeta potential for 145 nm TiO2NPs is because this is a rutile form of titania
which has different isoelectric point (IEP) to anatase.

4.5  Nanotoxicity of polyelectrolyte-coated TiO2NPs on C. reinhardtii

Since the adhesion of the TiO2NPs to the cell membrane is largely driven by
electrostatic interactions, we examined the cytotoxicity of TiO,NPs coated with a
varying number of polyelectrolyte layers and compared them with the bare TiO2NPs.
Figure 4.17A and 4.17E represent the cytotoxic effect of bare TiO>NPs in dark
conditions and in UV light while Figures 4.17B and 4.17F give the same effect of
TiO2NPs coated with a single layer of PSS.
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Figure 4.17: The effect of anatase TiO2NPs coated with different number of layers of anionic (PSS) and cationic (PAH) polyelectrolytes
on the viability of C.reinhardtii microalgae at different particle concentrations (0, 100 and 500 pg mL™). The cells were incubated with
the TiO2NPs for at 0 h, 3 h and 6 h exposure times in dark conditions (A-D) and in UV light (E-H), respectively. The cytotoxic effect
on the microalgae cells was assessed for: (A, E) bare TiO2NPs; (B, F) TiO2NPs/PSS; (C, G) TiO2NPs/PSS/PAH and (D, H)
TiO2NPs/PSS/PAH/PSS at different nanoparticle concentrations and exposure times.
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It should be noted in Figure 4.17 that there is no pronounced toxicity of TiO2NPs/PSS on
the microalgae in dark conditions at this range of particle concentrations irrespectively of
the time of exposure. The toxic effect of TIO2NPs/PSS under UV light is also much lower
than the one of the bare TiO2NPs. The difference between the cell viability in Figures 4.17B
and 4.17F is solely due to the photo activity of the titania nanoparticles. One may conclude
that the functionalization of the TiO>NPs with anionic polyelectrolyte reduced its
nanotoxicity probably because of the electrostatic repulsion of the coated nanoparticles
from the cell surface as both of them have a negative surface charge (see also
functionalization of titania nanoparticles in chapter 3).

A very similar effect was observed for TiO2NPs/PSS/PAH/PSS as shown in Figures 4.17D
and 4.17H for these anionic nanoparticles. However in Figure 4.17C and 4.17G where a
second coating of the cationic polyelectrolyte PAH is included the viability of the
microalgae reduces considerably. In fact it is nearly as toxic to the microalgae as the bare
TiO2NPs. It is interesting that at lower TiO2NPs/PSS/PAH concentrations (100 mg mL™t)
these cationic coated particles are even more toxic than the bare TiO2NPs irrespectively of
the time of exposure in both dark and UV light conditions. However, at higher
concentrations, the bare TiO2NPs exhibit higher toxicity to microalgae than coated
TiO2NPs/PSS/PAH. This pattern of alternating toxicity of the polyelectrolyte coated
TiO2NPs seems to be consistent with their surface charge and the resulting electrostatically
driven adhesion to the negatively charged cell wall surface. The cationic nanoparticles (the
bare TiO2NPs and TiO.NPs/PSS/PAH) have higher nanotoxicity than their anionic
versions, TiO2NPs/PSS and TiO2NPs/PSS/PAH/PSS.
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In order to examine the build-up of TiO2NPs on the microalgae cell surface we incubated
them with the same range of polyelectrolyte-coated TiO2NPs followed by their removal
from the nanoparticle suspension after fixed time of exposure to UV light. The cell samples
were sectioned and imaged with TEM as described in the previous section. Figure 4.18
displays TEM images of C.reinhardtii for TiO2NPs coated with different number of
anionic (PSS) and cationic (PAH) polyelectrolytes layers after incubation for up to 6 hours
in dark conditions and in UV light.

Figure 4.18: TEM images of microtome-sectioned C.reinhardtii microalgae cells after
being incubated for 6 hours with polyelectrolyte-coated TiO2NPs while illuminated with
UV light. The TiO2NPs have been modified by deposition of different number layers of
anionic (PSS) and cationic (PAH) polyelectrolytes. (A) The control sample of the
microalgae without TiO2NPs. The microalgae after being incubated with (B)
TiO2NPs/PSS; (C) TiO2NPs/PSS/PAH and (D) TiO2NPs/PSS/PAH/PSS.
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Looking at Figure 4.18 is should be noted that there are very few TiO2NPs/PSS and
TiO2NPs/PSS/PAH/PSS attached to the cells (Figures 4.18B and 4.18D) while we observe
a significant build-up of TiO2NPs/PSS/PAH on the cell wall (Figure 4.18C). These results
are consistent with the nanotoxicity pattern of the polyelectrolyte-coated TiO>NPs on
C.reinhardtii displayed in Figure 4.17. One may speculate that the poor attachment of the
anionic particles TiO2NPs/PSS and TiO2NPs/PSS/PAH/PSS to the cells as confirmed by
the TEM images corresponds to less disruption of the cell membranes and to lower
oxidative stress in UV light as the ROS are produced around nanoparticles that are in the
bulk of the suspension rather than on the cell walls. However, as can be seen in Figures
4.9C and 4.9D for the bare TiO2NPs and Figure 4.18C for the TiO-NPs/PSS/PAH, there is
an effective hetero-coagulation of the cationic TiO2NPs on the anionic cell walls which
corresponds to much higher local particle concentration which subsequently has a highly
disruptive effect on the cell viability (cf. Figures 4.17A, E and 4.17C, G).

4.6  Nanotoxicity of polyelectrolyte-coated TiO2NPs on yeast

It was also conducted similar tests with yeast cells and polyelectrolyte-coated
TiO2NPs where the cells were removed from their culture media. Figure 4.19 compares the
impact of bare and multilayer-coated TiO>NPs with PSS and PAH polyelectrolytes at

different particle concentrations on the yeast cell viability.
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Figure 4.19: The cell viability of yeast upon incubation of bare and polyelectrolyte-coated anatase TiO.NPs of different particle
concentrations (0, 1000, and 2500 pg mL™) in dark conditions (A-D) and in UV light (E-H) at 0 h, 6 h, 12 h and 24 h exposure times.
The yeast cells were incubated with: (A, E) bare TiO:NPs; (B, F) TiO2NPs/PSS; (C, G) TiO2NPs/PSS/PAH and (D, H)
TiO2NPs/PSS/PAH/PSS.
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In Figure 4.19 it can be seen that for exposure times up to 6 hours, no measurable change
in the yeast cell viability was observed for TiO2NPs/PSS and TiO2NPs/PSS/PAH/PSS even
at high particle concentrations. Significant difference were also not seen between the
samples kept in dark conditions or in UV light at the same particle concentration. However,
for longer incubations times, the cationic nanoparticles TiO.NPs/PSS/PAH showed a
significant toxic effect on yeast even at moderate particle concentrations. A strong effect
of the bare TiO2NPs on yeast cells viability was observed upon illumination with UV light
at high particle concentrations. It is worth mentioning that no significant toxic effect was
detected for bare TiO2NPs in dark conditions at the same particle concentration range.
These results call for some discussion with regard to the possible factors that may
contribute to the nanotoxicity of the coated TiO2NPs on yeast, which differ from their effect
on the microalgae cells. Since yeast cells have much thicker cell walls (~200 nm) than
microalgae, the data suggests that it takes a much higher nanoparticle concentration to
impact the yeast cells viability (see also Figure 4.13). However, upon illumination with
UV light, the cell walls are likely to sustain greater damage from the ROS generated in
their vicinity which may facilitate further TiO2NPs internalisation at higher concentrations
and exposure times. Upon incubation with the anionic particles, TiO2NPs/PSS/PAH/PSS,
however, we did not observe significant difference between the yeast cells viability both
in dark conditions and in UV light for up to 24 hours of exposure except at very high
particle concentrations.

The increased toxicity of the TiO.NPs/PSS (Figure 4.19B) compared to
TiO2NPs/PSS/PAH/PSS (Figure 4.19D) is due to the thicker polyelectrolyte shell of the
TiO2NPs/PSS/PAH/PSS. The ROS generating TiO2NPs cores are closer to the cell
membranes for TiO2NPs/PSS than for TiO2NPs/PSS/PAH/PSS. One may conclude that by
coating the TiO2NPs with an outer anionic polyelectrolyte layer their cytotoxicity is greatly
reduced for both yeast and microalgae due to the electrostatic repulsion between the cells
surface and the nanoparticles. Figure 4.20 shows TEM images of yeast cells incubated

with TiO2NPs coated with polyelectrolyte layer of different surface charge.
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Figure 4.20: TEM images of microtome sectioned yeast cells after being incubated for 24
hours under UV light with TiO2NPs coated with different number of polyelectrolyte layers:
(A) Control sample without TiO2NPs. (B) Yeast cell incubated with TiO2NPs/PSS. (C)
Yeast cells incubated with TiO2NPs/PSS/PAH. (D) Yeast cells incubated with
TiO2NPs/PSS/PAH/PSS.

The TEM images in Figures 4.20B and 4.20D supports the hypothesis that the electrostatic
repulsion between the negatively charged cell walls and the anionic nanoparticles,
TiO2NPs/PSS and TiO2NPs/PSS/PAH/PSS, leads to reduced adhesion onto the cell
surface. Figure 4.20C however, shows a much larger build-up of cationic nanoparticles
TiO2NPs/PSS/PAH which leads to the higher nanotoxicity for yeast both in dark conditions
and in UV light. Nano-sized titania can be harmful to the environment as it is a powerful
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cell membrane disruptor due to its cationic nature and photo-activity which can make an
adverse impact on aquatic organisms especially the ones in the root of the food chain. Our
study shows for the first time that coating TiO2NPs with anionic polyelectrolytes as
terminal layer greatly reduces their toxicity on algae and yeast as well as the toxicity
threshold concentrations. Our study, as outlined above indicates a way of reducing toxicity
of TiO2NPs by pre-coating them with anionic polymers. An additional improvement, which
will be addressed in a follow up publication, would be to use layers of biocompatible
anionic polymers to reduce the ecological footprint of such nanomaterials upon their post

use release into the environment.

Conclusion

A range of titania nanoparticles of diffuse crystallite size were synthesised and
characterised their surface charge and average hydrodynamic diameter in aqueous
solutions. We studied the effect of the TiO2NPs hydrodynamic diameter on their toxicity
for C.reinhardtii microalgae and yeast. In our nanotoxicity studies we separated the cells
from their growth media to avoid any interferences with the TiO2NPs. The results indicate
that smaller TiO2NPs have higher toxicity than larger ones, with the anatase form of the
TiO2NPs having higher impact on the cell viability than the rutile form. It was found that
the bare anatase TiO2NPs are cationic below pH 6.5 which explains their adhesion to the
cell walls of both microalgae and yeast.

Irradiation of the microalgae cells with UV light (peak at 365 nm) had bigger impact on
their viability in the presence of TiO2NPs compared with the same experiments conducted
in dark conditions. Surprisingly, illumination with visible light also made the TiO2NPs
more toxic to the microalgae compared to the ones in dark conditions. The experiment
showed that TiO,NPs at concentrations above 50 mg mL™ noticeably affect the microalgae
viability while particle concentrations higher than 250 mg mL™ led to complete loss of
viability. The tests also showed a decrease in the chlorophyll content after prolonged
exposure to TiO2NPs in UV and visible light. This indicated that TiO-NPs can not only
disrupt the cell membranes but also can interfere with the cell chloroplasts. The results with
yeast cells showed similar trends but the nanotoxicity concentration threshold TiO2NPs

was about one order of magnitude higher due to the much thicker yeast cells walls.
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It was also produced polyelectrolyte-coated TiO2NPs with up to 4 layers of polyelectrolytes
of alternating charge (PSS and PAH) using the layer-by-layer technique. Cell viability tests
showed that their nanotoxicity alternates with the particles surface charge and depends on
the last coat of polyelectrolytes. Anionic nanoparticles as TiO2NPs/PSS and
TiO2NPs/PSS/PAH/PSS showed much lower nanotoxicity than the cationic ones,
TiO2NPs/PSS/PAH and bare TiO2NPs, respectively. This is explained by the poor adhesion
of the anionic particles to the cell walls due to their electrostatic repulsion and the
amplification of the particle-cell adhesion in the case of cationic TiO2NPs. These results
were checked by TEM images of sectioned microalgae and yeast cells. The results of this
study can benefit the understanding the interaction mechanisms of surface modified

TiO2NPs/PSS with living cells and determine the factors which control their nanotoxicity.
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5 Chapter Five: Characterization and Functionalization of
Formulated Nanocarriers: An Introduction

Recently, nanocarriers have been of great interest across the world due to their
potential environmental and medical applications as for delivery systems for active
components. In this chapter a polymer, Carbopol Aqua SF1 is used as a microgel for
encapsulating two antimicrobial agents, berberine chloride and chlorhexidine digluconate.
The unique chemical and physical features of the microgel were investigated, such as
particle size distribution, zeta potential and swelling studies at the conditions of its loading
with the antimicrobial agents. The factors affecting encapsulation in terms of microgel
stability, drug and microgel concentration, the percentage of drug release and its

encapsulation efficiency were optimized.
5.1  Particle Size and Zeta Potential of Carbopol Aqua SF1

Carbopol Aqua SF1 is a cloudy white aqueous suspension of a carboxyl groups
functionalized cross-linked polyacrylic acid polymer! with dendrimers like structure? as
shown in Figure 5.1 which represents a schematic for the cross linking network of Carbopol
Aqua SF1 but it does not completely similar to carbopol microgel’s structure. Aliquots of
the suspended Carbopol Aqua SF1 solution were prepared from the stock solution and used
to measure the particle size and zeta potential using the Malvern Zetasizer Nano ZS
instrument at a refractive index of the collapsed microgel particles of 1.45 at room
temperature. Figure 5.2 shows that the average particle diameter of Carbopol Aqua SF1
was found to be approximately 100 nm while the zeta potential is -44 mV which means
that the Carbopol Aqua SF1 microgel particles have high stability® when suspended in
MilliQ water at pH 5.5 as shown in Figure 5.3.

179



Chapter Five Characterization and Functionalization of Formulated Nanocarriers

Figure 5.1: Proposed schematics of cross linked network of the Carbopol microgel particles
in collapsed state (at low pH).
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Figure 5.2: The average particle diameter of 0.05 wt% carbopol Aqua SF1 prepared from
30 wt% stock solution (as supplied by the manufacturer) at pH 5.
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Figure 5.3: The zeta potential of 0.05 wt. % carbopol Aqua SF1 at pH 5.5 prepared from
30 wt. % stock solution (as supplied by the manufacturer).
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Figure 5.4 show the TEM image of the dried up suspension of Carbopol Aqua SF1
microgel particles. It can be seen that it contains spherical particles of about 100 nm. +

20? This is in agreement with the average particle diameter measured by the Zetasizer

instrument.

Figure 5.4: The TEM image of Carbopol Aqua SF1 particles after drying the suspension.
The image was taken after pretreatment of carbopol sample with the TEM protocol for
nanomaterials described in Chapter 2 to increase the imaging contrast.
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5.2  Swelling Behavior of Carbopol Aqua SF1

Carbopol Aqua SF1 microgel are known to change their particle size by swelling,
depending on the ionic strength and pH of the solution. To quantify this phenomenon
aliquots of Carbopol Aqua SF1 were prepared and adjusted in a range of pH from 5 to 12
using small amounts of 0.25 M sodium hydroxide. The average particle diameters of the
collapsed and swollen Carbopol Aqua SF1 microgels were determined using Malvern
Mastersizer instrument at the refractive indexes of 1.453 and 1.336, respectively. The
corrected particle size and refractive index of the swollen microgel particles were
calculated by combining the data from the refractometer and the Mastersizer measurements

as follows:

At low pH, where the microgel was collapsed, assuming that at this pH the micro gel is
pure polyacrylic acid (PAA) then:

A3 e (1)

where
vo: Volume of the collapsed Carbopol Aqua SF1particles (at pH 5 for example)
d,: Diameter of the shrunk Carbopol Aqua SF1 particles (at pH 5 for example)

At high pH the microgel is swollen with water and consequently in one particle of microgel

there is both PAA and water. The volume of this particles is then:

T 3
vE e d i ()

where

v: Volume of swollen Carbopol Aqua SF1 particles at pH 8 for example
d: Diameter of swollen carbopol particles (at pH 8 for example)

Assuming ¢, is the volume fraction of PAA in the swollen micro-gel particle and ¢,, is

the volume fraction of water:
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vo

ba=2=(D ad Py-l-¢a=1-(D) ... 3)

Furthermore if m, is the mass of PAA in the swollen micro-gel particle, m,, is the mass of
water in the swollen micro-gel particle; p,, and p, are the mass densities of water and

PAA, respectively.

My = VPP wee vee vee wre wee weeee (4)

My = VO Py v eer eve wee en een e (5)

Finally for the weight percentage of PAA w, we can write:

m
W, = ———x100.........(6)
mg + my

Then, by substituting Egs (4) and (5) into Eq. (6), the weight percentage of PAA in the

i i 100
swollen  micro-gel particle can be calculated to be:wa:—"%pa =
V@apat VPwPw
100 ¢pgpq
Papat PwpPw ( )

After that we substituted Eqg. (3) (3) in Eq. (7) to obtain:

100 d3p,
¢ dg (pa - pw) + pwd3

..(8)

The particle size of the collapsed Carbopol Aqua SF1 microgel particles is do= 100 nm
which can be obtained from Figure 2, and the mass densities of PAA and water can be
taken from the literature* °, p,,= 1 g cm= and p,= 1.15 g cm™. The refractive index of the
Carbopol Aqua SF1 suspension was measured using Abbey refractometer with 589 nm
sodium line at room temperature. The experiment included measurement of the suspension
refractive index at different concentrations of carbopol Aqua SF1 as shown in Figure 5.

The linear regression equation for the calibration as shown in Figure 5.5 is:
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Ng =Ny +aAWg cee e vee e o (9)

Here n,, = 1.3325 is the refractive index of water at room temperature and a = 0.0012
is the slope of the experimental data plot of the refractive index of the carbopol Aqua SF1
solution, ns, versus the PAA weight fraction in the suspension, wa (see Figure 5 for more
details).
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Figure 5.5: The variation of refractive index of Carbopol Aqua SF1 as a function of
Carbopol Aqua SF1 concentrations at room temperature using Abbey Refractometer with
sodium line at wavelength 589 nm.

Since the microgel particles swell upon changing the pH from 5 to 8 their particle refractive
index also changes. Since the refractive index of the swollen microgel particle is unknown,
this means that the particles diameter of the swollen microgel are unrealistic if estimated
at fixed refractive index of PAA above pH 8. Therefore, the average particle diameter of a

specific concentration of Carbopol Agua SF1 microgel (0.3 wt. %) was determined as a
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function of refractive index from Figure 5.6. The linear regression equation for the

calibration was:
d=d{+ fng .o vn ... (10)
Where the model parameters d; = 0.6415 and f = —0.2323
Are determined by fitting the diameter of the particles versus the refractive index of the

suspension.
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Figure 5.6: The average particle diameter (nm) of carbopol Aqua SF1 microgel as a
function of the refractive index which was measured by Abbey Refractometer with 589 nm
sodium line at room temperature. The measurement was conducted using 0.3 wt% of
carbopol adjusted to pH 8 by adding small amount of 0.25 M sodium hydroxide.
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To work out the real size of the swollen microgel particles at pH 8, the particles refractive

index (np) can be approximated as the dispersion refractive index (n;) so that the weight

fraction of PAA can be calculated.

Hence, equation (9) become,

100 ¢qpq

n, =n, +aw, =n, +a

By substituting equation (11) in equation (10), we obtained

d=d;+ (n +a
! 'B v d)a(pa_pw)-l'pw

100 ¢_p >
d, + n, +a a-d
d_ ﬁ( ¢.(0,—P,) +p,

do do

From equation (3), we obtaing, = (2—0)3, S0 di =&
(o

By combining the previous equation with Eq. (13),
1 dl [)) ( 100 ¢apa >
—=—=—+—|ny, ta
1/3 do do v ¢a (pa - pw) + pw

Pa
Hence we finally obtain:
$q = 0.02592

d do 01 0.334
= = = . m
¢1/3 10.02592 #

a

¢a(pa - pw) + Pw e e

100 ¢qpq )

. (11)

. (12)

(13)

. (14)
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The weight fraction of PAA inside the swollen microgel particles (w,) is therefore 2.592 %
while the rest is water. In addition of that, the refractive index of swollen microgel particles
(n,) is 1.336.

In the above calculations, it was used two different refractive indexes due to the fact that
as the Carbopol Aqua SF1 microgel swells, the refractive index changes as the pH increases
from 5 to 8. It is therefore important to notice that at low pH (below approximately 7), the
microgel particles were collapsed and their refractive index used was 1.453. When the pH
increases Carbopol Aqua SF1 dispersion starts to form a gel, the solution became clear and the
refractive index changes. In this case the refractive index used in Mastersizer was 1.336. It also
seems that in the collapsed form, the Carbopol Aqua SF1 particle contains protonated
carboxylic groups and remains collapsed up to pH 7 without any noticeable change.
Whereas, as the pH increased above 7, particles swelled leading to the increase in the
particle size. The swelling behavior occurred because of the deprotonation of Carbopol
Agua SF1 particles which led to electrostatic repulsion between the dissociated carboxylic
groups on the PAA chains. This leads to the partial swelling in the microgel particles and
the absorption of enormous amounts of aqueous phase from the surrounding solution. At
high microgel concentration at pH higher than 7, this leads to the formation of a highly
viscous colorless gel due to the solution being effectively filled in with swollen microgel
particles as schematically illustrated in Figure 5.7. This can clearly be seen in in Figure 5.8
where from pH 5 up to pH 7, the average particle diameter is approximately constant at
100 nm. However, as the pH increases, the carbopol starts converting to the colorless gel
and the average particle size very steeply increases to more than 300 nm. This behavior of
the Carbopol Aqua SF1 microgel is comparable to the other pH responsive hydrogels

reported in the literature.®
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pH Increase

pH Decrease

Figure 5.7: Schematic for the swelling/deswelling behavior of carbopol Aqua SF1 in case
of increase and decrease of pH of the surrounding solution, respectively.
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Figure 5.8: The average particle diameter of Carbopol Aqua SF1 as a function of pH. The
size is calculated using variable refractive index of the particles in the Malvern Mastersizer,
one is at the collapsed carbopol microgel which is 1.453 while the refractive index is 1.336
in case of fully swollen carbopol at pH 8. Aliquot of 0.25 M sodium hydroxide was used
to adjust the pH. Each reading was repeated six times.

The swelling / deswelling feature of the Carbopol microgel can be beneficially
exploited for the purposes of development of drug delivery systems. This microgel was
therefore used to encapsulate antimicrobial agents like berberine chloride and

chlorhexidine digluconate with the aim of sustained delivery and slow release of these

agent to microbial cells.
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5.3  Encapsulation of Berberine into Carbopol Aqua SF1 microgel

To encapsulate berberine, the pH of the Carbopol Aqua SF1 microgel was adjusted from
pH 5 to pH 8 to produce the swollen anionic Carbopol Aqua SF1 microgel with a larger
particle size. The swollen microgel was then mixed with known aliquots of cationic
berberine to form a berberine loaded swollen Carbopol Aqua SF1 complex. The pH of the
solution was then decreased to pH 5.5 to collapse the microgel so that that the berberine
gets encapsulated inside. The schematics shown in Figure 5.9 which explains the
encapsulation of berberine into Carbopol Aqua SF1.
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Figure 5.9: The schematic diagram for the encapsulation of Berberine into carbopol Aqua
SF1 depending on the swelling and deswelling behavior of the microgel in the basic and
acidic medium, respectively.
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The interaction between the microgel and berberine are based on electrostatic conjugation
with non-covalent bonding to ensure releasing the antimicrobial agent upon incubation of
the loaded microgel particles with tested microorganisms. The berberine-loaded Carbopol
Aqua SF1 (BLC) suspension was centrifuged three times to remove of the excess berberine
which had not been encapsulated and in the last centrifugation step the suspension was
adjusted to pH 5.5 with acetate buffer solution (pH 5.5). The benefit behind the addition of
acetate buffer solution is to adjust pH to be 5.5 and to ensure the pH is fixed upon
incubation with microorganisms. Figure 5.10 shows optical images of the samples of the
Carbopol Aqua SF1, berberine, berberine-loaded swollen Carbopol Aqua SF1 at pH 8 and
berberine loaded Carbopol Aqua SF1 at pH 5.5.

0.1 wt. % 0.15wt. % 0.1 wt. % Centrifugation of 0.1 wt. % 0.015 wt. %
Carbopol Aqua Berberine carbopol with carbopol with 0.15 wt. % Berberine
SF1 Microgel 0.15 wt. % Berberine at pH 5.5 loaded 0.1 wt.

Berberine at | % carbopol
pH& Aqua SF1

Microgel

Figure 5.10: Digital photographs of the samples of bare Carbopol Aqua SF1, berberine,
berberine-loaded Carbopol Aqua SF1 at pH 8 and berberine-loaded Carbopol Aqua SF1 at
pH 5.5.
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5.4  Characterization of Berberine-Loaded Carbopol Aqua SF1

5.4.1 Effect of Carbopol Concentration on Berberine Encapsulation

Solutions of different concentrations of berberine were mixed with a dispersion of fixed
concentration of Carbopol Aqua SF1, then stirred and its pH was decreased to 5.5,
centrifuged and re-dispersed in Milli-Q water. The pH was then increased to pH 8, stirred
overnight and then decreased to pH 5.5 with acetate buffer solution. The average particle
diameter was measured for the berberine loaded Carbopol Aqua SF1 suspension at a
refractive index for Carbopol Aqua SF1of 1.456 at room temperature. Figure 5.11 shows
the effect of the Carbopol Aqua SF1 concentration on the microgel particle size of the
berberine-loaded Carbopol Aqua SF1 particles. It can be seen that at 0.10 wt% Carbopol
Aqua SF1 the particle size remains low whereas at 0.05 wt% Carbopol Aqua SF1 the

particle size increases due to aggregation at high concentrations of berberine.
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Figure 5.11: Average particle diameter of Carbopol concentrations upon encapsulation of
different amounts of berberine.
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5.4.2 Effect of the Berberine Concentration on the Carbopol Stability

The effect of the berberine concentration on the colloidal stability of Carbopol Aqua
SF1 upon encapsulation of berberine into the Carbopol Aqua SF1 was then studied. Figure
5.12 shows the average microgel particle diameter (purple Line) and their zeta potential
(black line) of Carbopol Aqua SF1 as a function of berberine concentration. Please note
that the term zeta-potential of a microgel particle is not precisely defined due to the “soft”
character of the microgel particle when swollen with the surrounding media. Thus, at pH
above 7 the position of the plane of shear is not well defined as the particles can deform as
they move electrophoretically and values of the zeta-potential are for indicative purposes
only. However, at pH below 7 the microgel particles (including the ones loaded with
Berberine) can be treated as solid particles with well-defined zeta potential and plane of
shear. As the berberine concentration increases it can be seen that the average particle
diameter also increases. Up to 0.15 wt% of berberine, the average particle diameter of
Carbopol Aqua SF1 gradually increases but from 0.15 wt% to 0.2 wt%, no change in the
particle size was noticed whereby the particle size is around 133 nm. We were not able to
increase further the berberine solution concentration due to reaching its solubility limit. It
can also be seen in figure 5.4 that zeta potential of Carbopol Aqua SF1 decreases slightly
as the berberine concentration rises. At very low concentration of berberine, the zeta
potential of Carbopol Aqua SF1 is negative, -44 mV, which means high electrostatic
stability of the colloid while it also stays stable at high concentration of berberine where

the zeta potential of the microgel at 0.2 wt % is -40£5 mV.
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Figure 5.12: The average particle diameter and the zeta potential of Carbopol aqua SF1 as
a function of berberine concentrations at pH 5.5 using 0.1 wt% Carbopol Aqua SF1, acetate
buffer solution (pH 5.5) and each solution was sonicated for 5 minutes to facilitate its
dispersing.

5.4.3 Determination of the Berberine-Loaded Carbopol Microgel Particle Size
The value of average particle diameter of berberine-loaded Carbopol Aqua SF1 was
determined using the Malvern Zetasizer instrument and was found to be about 135 nm at
pH 5.5 which corresponds to about 35% increase in particle size in comparison with bare
carbopol (see figure 2) as shown in figure 5.13. Figure 5.14 shows the zeta potential for
the berberine-loaded Carbopol Aqua SF1 suspension and it can be seen that it was -40 mV.
This high zeta potential of the berberine-loaded microgel indicates that only a small
fraction of COOH-groups on the microgel matrix are bond to the loaded berberine and the
COOH groups on the microgel surface can dissociate almost to the same extent as bare
carbopol which ensures that the loaded carbopol suspension had high enough colloidal
stability due to electrostatic stabilization. The TEM image shown in Figure 5.15 shows that
the berberine-loaded Carbopol Aqua SF1 particles which have spherical morphology,
although they are slightly larger than these of bare carbopol. The particle size on the image

agrees with the results from Malvern Zetasizer (Figure 5.13).
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Figure 5.13: The Average particle diameter of 0.015 wt.% berberine loaded Carbopol Aqua
SF1 at pH 5.5 produced from addition of aliquot of berberine solution to 0.1 wt% of
Carbopol Aqua SF1 Microgel at pH 8 followed by decrease of the pH to 5.5 to form
berberine-loaded collapsed Carbopol Aqua SF1. The final suspension was adjusted with
acetate buffer solution supporting pH 5.5.
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Figure 5.14: Zeta potential of 0.015 wt.% berberine-loaded Carbopol Aqua SF1 at pH 5.5
acetate buffer solution which was measured by Malvern Zetasizer Nano ZS machine with

dip cell immersed in plastic cuvette.
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200 nm

Figure 5.15: TEM image of berberine-loaded collapsed Carbopol Aqua SF1 at pH 5.5
adjusted with acetate buffer solution. The encapsulation was conducted through adjusting
the microgel at pH 8, then berberine was added to produce the swollen Carbopol Aqua SF1
microgel. The produced suspension was adjusted to pH 5.5 to form berberine-loaded
Carbopol Aqua SF1 microgel.
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5.4.4 UV-Visible Spectrophotometry of Berberine-Loaded Carbopol

Carbopol, berberine, and berberine-loaded Carbopol Aqua SF1 were characterized by
UV-vis spectrometry to examine the encapsulation of Berberine into Carbopol Aqua SF1
after all the excess berberine had been removed by the centrifugation/washing process
which was carried out three times. The UV-visible spectrum of Carbopol Aqua SF1,
berberine and berberine-loaded Carbopol Aqua SF1 is given in Figure 5.16. The Carbopol
(blue line) absorbed in the UV region around 200 nm with no significant wavelength. The
berberine (orange line) however had four absorption peaks, one which was in the visible
area with a wavelength around 420 nm and three peaks in the UV region with wavelengths
350 nm, 265 nm and 230 nm respectively. It can be seen that there is no spectral
interference between the absorbance of Carbopol Aqua SF1 and berberine. The black line
shows the absorbance spectrum for the berberine-loaded Carbopol Aqua SF1 and the
spectra for berberine can be clearly seen which showed four peaks similar to those of
Berberine. As the all the excess berberine had been removed by the centrifugation process,
this provides clear evidence that the cationic berberine is conjugated with the anionic
carboxyl group of the Carbopol microgel.
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Figure 5.16: The UV-Visible spectrum of 0.01 wt. % carbopol (Blue line), 0.025 wt. %
Berberine (Orange line) and berberine-loaded carbopol (Black line). All solutions were
adjusted to pH 5.5 using acetate buffer solution. Perkin Elmer Lambda 25 UV-Visible
spectrophotometer was utilized to measure the spectrum in the wavelength range from 200
nm to 700 nm.
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5.4.5 FTIR Spectrometry of Berberine Loaded Carbopol

Fourier Transform Infra-Red spectroscopy (FTIR) was used to further explore the
composition of the loaded carbopol particles. Spectra were obtained for the Carbopol
microgel, berberine and berberine-loaded Carbopol microgel in the frequency range from
400 cm™* to 4000 cm™. In the FTIR spectra of Carbopol microgel as shown in Figure 5.17
A, a characteristic peak was seen in the range 3300-3500 cm™ due to the stretching
vibrations of O-H and intermolecular hydrogen bonding. The strong peak between 2850
and 3000 cm™ was due to the stretching vibration band of the aliphatic C-H bond. The
spectra also presented a peak in the range 1670-1750 cm™ which appointed to a strong
vibration band of carbonyl stretching (C=0) while the two variable peaks at 1400 — 1490
cm™ were assigned to the stretching vibration band of the carbonyl bond (C-O). The peak
appearing from 1000 cm™ to 1300 cm™ was attributed to the coupling between in-plane
OH bending and C-O stretching of neighboring carboxyl groups. These explanations of
FTIR spectrum of Carbopol Aqua SF1 are in line with the literature” 8,

For berberine, it can be seen in the figure 5.17B that two weak peaks were noticeable
at 2946 cm™ and 2846 cm™ which are assigned to the stretching vibration of the aliphatic
C-H group. It was also observed significant bands of berberine at 1636 cm™, 1602 cm™ and
1505 cm™ and these bands are belonging to heterocyclic amine (C-N), quaternary iminium
ion (-C=N-) and the stretching vibration of C=C in the aromatic ring, respectively.
However, a peak at 1105 cm™ was prominent which was attributed to the deformation of
aromatic ring and the bending vibration in C-H in-plane. In addition of that, the stretching
vibration of C-H was presented at 1037 cm™. The FTIR results of berberine are in line with
the literature®!!

The FTIR spectrum of berberine-loaded Carbopol Aqua SF1 are shown in Figure 5.17C
which illustrated some characteristic bands for the encapsulation of berberine into
Carbopol Aqua SF1. A broad vibration band at 3460 cm™ was referred to stretching of the
O-H bond which was also noticed with the FTIR of Carbopol. Furthermore, it was
perceived that a peak at 1700 cm™ is related to the stretching vibration band of carbonyl
group (C=0) of the Carbopol (PAA) while another two distinctive peaks were prominent
in the berberine-loaded Carbopol at 1653 cm™ and 1600 cm™ for the stretching vibration

of C-N and -C=N- bands. These bands were also noticed in the berberine only. Finally, a
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significant peak at 1500 cm™ was noted that represents the stretching vibration band of

C=C for the aromatic ring.

— e b W W
=TV BTV | ]

S b ©

Transmittance / %

—Carbopol

(A)

1 1 1 1 1 1 1

900 1400 1900 2400 2900 3400

Wavelength / cm™?

3900

n
= — T — T — T — |

Transmittance %

—Berberine

(B)

400

100

900

1400 1900 2400 2900 3400

Wavelength / em™!

3900

99.99
= 99.98
[-*]
E 99.97
£99.96
£ 99.95
=
E‘ 99.94

99.93

99.92

%

—Berberine Loaded Carbopol
©

500

1000

1500 2000 2500

Wavelength / cm!

3000 3500 4000

Figure 5.17: The FTIR spectrum of Carbopol Aqua SF1 (A), berberine (B) and berberine-
loaded Carbopol Aqua SF1 (C). Each sample was dried in the over overnight and mixed
with excess amount of dried KBr pellets to make KBr disk. The samples then scanned with
Perkin Elmer FT-IR spectrometer in the range of wavelength from 400 cm™ to 4000 cm
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5.4.6 Thermogravimetric Analysis of Berberine Loaded Carbopol

The thermal gravimetric analysis was used to study the physical structures of
berberine, Carbopol and berberine-loaded Carbopol microgel. The thermal gravimetric
analysis can be seen in Figure 5.18 along with the 1% derivative curve (DTA). The materials
were heated from 100 °C to 900 °C at 10 °C/minute in air atmosphere with a purge rate of
10 mL/minute. Carbopol (C) (blue curve) lost weight at 400°C which relates to the thermal
decomposition of hydrocarbon compounds, no changes were seen over 550°C. The
berberine component in Figure 5.18 (black curve) gave an endothermic peak at 150 °C
which was attributed to loss of water. After that, upon increasing the temperature little
change was seen up to 700°C. The thermal behavior of the berberine loaded carbopol was
different to that for the individual compounds (red Curve) The TGA curve showed weight
loss at 300 °C, 350 °C and 450 °C.
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"'9; Sample: C, 111580 mg
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Figure 5.18: The thermogravimetric analysis and the first derivative curve of Carbopol
(Blue curve), berberine (Black curve) and berberine-loaded Carbopol (Red curve) where
the mass is plotted in the Y-axis while the temperature on the X-axis. This experiment was
conducted in the air atmosphere with a purge rate of 10 mL/minute at temperature from
100 °C to 900 °C.
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5.4.7 Elemental Analysis of Berberine-Loaded Carbopol Aqua SF1

The elemental analysis of Carbopol alone and for the encapsulated berberine was
conducted by taking an appropriated amount of 0.15 wt. % berberine-loaded 0.1 wt. % of
Carbopol Aqua SF1. This amount was centrifuged, dried and vacuumed overnight at room
temperature. The precipitates formed were submitted for elemental analysis. Table 5.1
shows the % value of C, H, and N for Carbopol and berberine-loaded Carbopol. Carbopol
contained a higher percentage of carbon in comparison with hydrogen amount but there
was no nitrogen in carbopol content which means that Carbopol is typical polyacrylic acid
derivative consisting of two main elements, carbon and hydrogen in addition to the oxygen
which was not analyzed. However, berberine-loaded Carbopol microgel as expected had
carbon, hydrogen and nitrogen demonstrating that the berberine had been encapsulated into
the Carbopol particles. Using the percentages of each elements resulted from the
elementary analysis, the composition of the loaded particles was determined to contain
12.2 % berberine and 87.8 % carbopol. Therefore, if the dry carbopol is assumed to have
the same composition as polyacrylic acid, the mole ratio of the carboxyl group with respect
to the loaded berberine is about 33.

Table 5.1: The elementary analysis of Carbopol and Berberine loaded Carbopol after
centrifugation and drying of only Carbopol and berberine-loaded into Carbopol.

Results Required Carbopol % Berberine-Loaded Carbopol %
C 56.8 54.7
H 5 4
N 0.00 0.51
The % Berberine content in Carbopol 12 %
Mole Ratio (COOH groups / Berberine) 33.5
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5.4.8 Berberine Encapsulation Efficiency and Loading Content

The non-encapsulated amount of berberine was measured to determine the
encapsulation efficiency and the percentage of the drug loading content from the linear
regression equation calculated from the calibration curve of berberine as shown in Figure
5.19. Table 5.2 shows the encapsulation efficiency and the percentage of berberine loading
content of the added concentration of berberine. It can be proved that the encapsulation
efficiency of berberine into Carbopol microgel is 10 % and this efficiency is low owing to
berberine contains one ionisable amino group that can interact electrostatically with each
deprotonated carboxyl groups in the Carbopol microgel at pH 5.5. Additionally, the
percentage of berberine loading content is 9% which represents the amount of loaded
berberine with respect to the amount of dried carbopol microgel (from initial 0.1 wt. %
concentration). The following equations were used to calculate the encapsulation efficiency

and drug loading content of Berberine (BRB)*?:

Berberine Encapsulation (%) = M x 100,
BRB

[WrB—WUy]

i %) = X .
Drug Loading Content (%) ——— 100

|Here wagrs is the total amount of Berberine added to the carbopol at pH 8, wy is the non-
encapsulated amount of Berberine obtained after the centrifugation and analyzing the
supernatant, and wc is the amount of Carbopol used during the whole system which means

the concentration of Carbopol microgel in wt. %.

Table 5.2: The encapsulation efficiency and the percentage of berberine loading content of
0.15 wt. % berberine (BRB) into 0.1 wt. % of Carbopol microgel.

Total BRB BRB BRB Encapsulation | Drug Loading
Concentration | on-encapsulated | Encapsulated Efficiency Content
wt. % wt. % wt. % % %
0.15 0.1354+0.008 | 0.01540. 008 10+6 9+£5
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Figure 5.19: The absorbance spectrum of series of solutions of berberine (BRB)
concentrations measured at 422 nm wavelength. The diluted concentrations of berberine
were prepared from 0.2 wt% stock solution of berberine chloride.
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5.4.9 Berberine Release Studies

It was investigated the percentage of in vitro berberine release using aliquots of
equivalent concentrations of berberine-loaded 0.1 wt% Carbopol. This formulation had
already been optimized in terms of the encapsulation stability with particle size and zeta
potential of the colloidal microgel was 135 nm and -40 mV at pH 5.5, respectively. The
berberine-loaded microgel suspension was placed into a dialysis cassette (10K MWCO,
Thermo Fisher, UK) which allowed the berberine released from the microgel to diffuse
through its membrane pores. The dialysis device was placed into: (i) a beaker which was
already pre-filled with acetate buffer solution (pH 5.5) or (ii) a beaker with a phosphate
buffer at pH 7.5 in order to monitor the amount of released berberine at a specific pH. After
that, the concentration of the released Berberine in vitro was measured using UV-Visible
spectrophotometer. All release experiments were carried out in triplicate. The percentage

of cumulative drug release was calculated by

MR
% Drug Release = mx 100

where MR is the amount of drug released from the Carbopol at time t and ML is the amount
of drug loaded in the Carbopol partricles.

The percentage of cumulative berberine release as a function of time is presented in Figure
5.20. It can be observed that the mechanism of release depends on the pH of the medium.
At pH 5.5, approximately 25% of the encapsulated berberine was released in 2 hours and
then the 55 % was released after 5 hours. After this the % released levelled off with only a
slight increase of 65% after 24 hours. The slow release at pH 5.5 occurred due to the high
zeta potential value of the anionic Carbopol microgel at that pH which allowed delay in
the release of the cationic berberine moieties out of the microgel. At pH 7.5, there is a more
dramatic release of 86 % berberine up to 3 hours and 90% after 24 hours. This due to the
decrease in the zeta potential value at pH 7.5 which means the berberine becomes
unconjugated from the carboxyl groups of Carbopol. One possible explanation of this result
is that at pH 5.5 the berberine is trapped inside the collapsed microgel particles which

ensure slower release than at pH 7.5 where the microgel is swollen.
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Figure 5.20: The percentage of in vitro berberine release as a function of time which was
conducted using 10 K MWCO dialysis bag filled up with 50 mL of berberine-loaded
Carbopol suspension. The whole dialysis bag was dipped in a beaker filled with 500 mL
of either acetate buffer solution at pH 5.5 or phosphate buffer saline at pH 7.5. In this
protocol, 3 mL of berberine-loaded carbopol suspension were mixed with3 mL of fresh
buffer solution. The samples absorbance was scanned in a range of wavelength (200 nm-
700 nm) using Perkin EImer UV-Visible Spectrophotometer.
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5.5  Encapsulation of Chlorhexidine into Carbopol Aqua SF1 microgel

The same procedure that was used to encapsulate berberine into Carbopol Aqua SF1 was
used to encapsulate chlorhexidine. Figure 5.21 also shows a diagram for the encapsulation

of chlorhexidine into Carbopol Aqua SF1.
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Figure 5.21: The schematic diagram for the encapsulation of chlorhexidine into carbopol
Aqua SF1, in this diagram the swelling and de-swelling of carbopol microgel were taken
place to involve chlorhexidine into the collapsed microgel.
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The Carbopol microgel was adjusted to pH 8 to swell the Carbopol Aqua SF1 microgel in
a highly anionic form. Chlorhexidine digluconate solution was added drop-wise to the
Carbopol microgel to avoid the aggregation which happened if the solution is added in one
go. The pH of the solution of chlorhexidine-loaded swollen Carbopol microgel was then
decreased to pH 5.5 because at this specific pH, the Carbopol Aqua SF1 has the highest
anionic zeta potential as shown in Figure 5.3 which is expected to promote better
conjugation between Carbopol and chlorhexidine. The suspension of chlorhexidine-loaded
collapsed Carbopol Aqua SF1 was then centrifuged three times to remove the non-
encapsulated chlorhexidine. The suspension of collapsed Carbopol microgel was then
dispersed in acetate buffer solution (pH 5.5) to prevent any change in pH which could affect
the drug release mechanism. The suspension was also ultra-sonicated for 5 minutes to
increase and strengthen the conjugation between Carbopol and chlorhexidine where
carbopol microgel suffers from aggregation upon incubation with chlorhexidine; therefore,
it was ultra-sonicated to break the interaction between the microgel and chlorhexidine.
Figure 5.22 illustrates the images of samples of Carbopol Aqua SF1 at pH 5.5,
chlorhexidine, chlorhexidine-loaded swollen Carbopol microgel at pH 8 and
chlorhexidine-loaded collapsed Carbopol microgel at pH 5.5.

B Y
Centrifugation of 0.1 wt. %
carbopol with 0.1 wt. %
Chlorhexidineat pH 5.5

0.1 wt. % 0.1 wt. % 0.1 wt. %
Carbopol Aqua | Chlorhexidine carbopol with

SF1 Microgel Digluconate 0.1 wt. %
Chlorhexidine

0.09 wt. %
Chlorhexidine
loaded 0.1 wt.

% carbopol

Aqua SF1

Microgel

atpH 8

Figure 5.22: The Photographic image of bare carbopol, chlorhexidine, chlorhexidine-
loaded Carbopol at pH 8 and chlorhexidine-loaded Carbopol at pH 5.5.
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5.6  Characterization of Chlorhexidine-Loaded Carbopol

5.6.1 Effect of the Carbopol Concentration on the Chlorhexidine
Microencapsulation

The effect of the concentration of Carbopol Aqua SF1 on the encapsulation of
chlorhexidine was studied by mixing solutions of different concentration of chlorhexidine
with a solution of fixed concentration of Carbopol Aqua SF1 (0.05 and 0.1 wt. %). The
suspensions produced were then stirred, the pH was decreased to 5.5, and the microgel
particles were centrifuged three times and dispersed in a solution of buffer acetate at pH
5.5. The average particle diameter of the chlorhexidine-loaded Carbopol Aqua SF1
suspensions were then measured at the refractive index of Carbopol microgel (1.456) as
shown in Figure 5.23. At 0.05 wt% Carbopol Aqua SF1 (dotted curve), the particle size of
chlorhexidine-loaded Carbopol Aqua SF1 increased slightly from 110 nm to 134 nm,
respectively. For samples with initial concentration of 0.01 wt% chlorhexidine the microgel
particle diameter sharply increased to 400 nm. The increase in chlorhexidine concentration
caused aggregation of the Carbopol Aqua SF1 microgel because the cationic charges from
the chlorhexidine reduced the negative surface charge of the carbopol particles. Thus, 0.05
wt% carbopol would not be suitable for encapsulating higher concentrations of

chlorhexidine.

A 0.1 wt% Carbopol Aqua SF1, (see the dotted line in Figure 5.23), the hydrodynamic
diameter of Carbopol Aqua SF1 microgel can be seen to increase with the concentration of
chlorhexidine. At high concentration of chlorhexidine (0.1 wt. %), the average particle
diameter appeared to be 135 nm without any evident particle aggregation. Therefore, we
chose 0.1 wt% Carbopol Aqua SF1 as the optimal microgel concentration to encapsulate
different concentrations of chlorhexidine. It also indicated that the drop-wise addition of
chlorhexidine to Carbopol Aqua SF1 with shaking and ultra-sonication is beneficial to

avoid the microgel aggregation upon addition of the chlorhexidine di-gluconate solution.
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Figure 5.23: The average particle hydrodynamic diameter of chlorhexidine-loaded
carbopol as a function of solution concentration of chlorhexidine. The two lines correspond
to incubation of two different concentrations of Carbopol Aqua SF1 (one is with 0.05 wt%
(Dotted) and 0.1 wt% (Dashed)) with series of solution of different concentration of
chlorhexidine. The encapsulation process was conducted by swelling and deswelling of
Carbopol Aqua SF1 to pH 8 and pH 5.5, respectively.
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5.6.2 Effect of the Chlorhexidine Concentration on the Carbopol Stability

The effect of different concentrations of chlorhexidine on the colloidal stability of the 0.1
wit% Carbopol Aqua SF1 was investigated. Figure 5.24 shows the average particle diameter
(blue line) and the zeta potential (black line) of Carbopol Aqua SF1 as a function of the
chlorhexidine concentration. This shows that as the chlorhexidine concentration increases,
the average particle diameter of Carbopol Agua SF1 also increases. At 0.05 wt%
chlorhexidine (blue line) the average particle diameter of Carbopol Aqua SF1 was 110 nm,
then this increased slightly to 120 nm and 135 nm at 0.075 wt% and 0.1 wt% chlorhexidine
concentration, respectively. Above 0.1 wt% chlorhexidine (around 0.125 wt%), an
aggregation occurred and the hydrodynamic size of chlorhexidine loaded Carbopol Aqua
SF1 was found to be 300 nm. Additionally, it can also be seen in Figure 24 (black line) that
the zeta potential of Carbopol Aqua SF1 particles decreased as the chlorhexidine
concentration increased. At 0.05 wt% concentration of chlorhexidine, the zeta potential of
Carbopol Aqua SF1 was -38 mV. This gradually increase until 0.1 wt% chlorhexidine
where the zeta potential of the collapsed microgel particles is -35 mV which means the
colloid is sufficiently stable. However, above 0.1 wt% of chlorhexidine concentration, the
colloid became unstable with a zeta potential of around -15 mV. 0.1 wt% chlorhexidine
concentration was therefore selected as the optimum value to be encapsulated with 0.1 wt%
Carbopol Aqua SF1 microgel particles. This CHX concentration gave a high colloidal
stability and particles with an average particle diameter of 135 nm and zeta potential of -
35mV at pH 5.5.
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Figure 5.24. The average particle hydrodynamic diameter and the zeta potential of
Carbopol aqua SF1 microhel particles as a function of the concentration of added
chlorhexidine. This loading method was based on drop by drop addition of solutions of
different concentration of chlorhexidine separately to four equal amounts of 0.1 wt. %
Carbopol Aqua SF1 at pH 8, then decreased pH to 5.5, centrifuged three times and finally
re-dispersed in acetate buffer solution at pH 5.5. Each solution was sonicated for 5 minutes
to facilitate the re-dispersing of the particles.
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5.6.3 Measurement of the Particle Hydrodynamic Diameter and Zeta Potential

Upon encapsulation of chlorhexidine into the Carbopol Aqua SF1 microgel, the average
particle hydrodynamic diameter of chlorhexidine-loaded Carbopol Aqua SF1 was 270 nm
at pH 8 because the Carbopol microgel was swollen as shown in Figure 5.25. In
comparison, the average particle hydrodynamic diameter and zeta potential of
chlorhexidine encapsulated Carbopol Aqua SF1 at pH 5.5 were found to be 135 nm (see
fig 5.26) and -40 mV (see Figure 5.27), respectively. The chlorhexidine-loaded Carbopol
Agua SF1 microgel showed an increase in particle size at pH 5.5 in comparison with bare
Carbopol Aqua SF1 microgel which partially confirmed that it has encapsulated the
chlorhexidine. Additionally, the zeta potential of encapsulated suspension was high giving
good colloidal stability. The TEM image of the loaded particles can be seen in Figure 5.28.
The particles had spherical morphology with little aggregation and the measured particle
size from the TEM images was in good agreement with the results from the Malvern
Zetasizer (Figure 5.25).
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Figure 5.25: The average particle diameter of 0.09 wt.% chlorhexidine-loaded swollen
carbopol at pH 8 which measured using Malvern Zetasizer ZS (UK) after a specific amount
chlorhexidine mixed with a fixed concentration of carbopol (0.1 wt%).
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Figure 5.26: The average particle hydrodynamic diameter of 0.09 wt.% chlorhexidine-
loaded collapsed carbopol resulted from addition of aliquot of chlorhexidine solutionto 0.1
wt% of swollen carbopol at pH 5.5 then the pH was reduced to form chlorhexidine loaded
collapsed carbopol. The final suspension was centrifuged three times and dispersed with
acetate buffer solution at pH 5.5 to resist any change in pH upon incubation with
microorganisms.
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Figure 5.27: The zeta potential of 0.09 wt.% chlorhexidine-loaded collapsed carbopol
microgel produced from mixing specific amount of chlorhexidine with 0.1 wt% carbopol
to form physical interacted complex at pH 8, then the pH decreased to pH 5.5 to form
chlorhexidine-loaded collapsed carbopol. The latter was centrifuged and dispersed with
acetate buffer at pH 5.5. The resulted suspension was measured by Malvern Zetasizer ZS
with Dip cell using plastic cuvette.
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Figure 5.28: TEM image of chlorhexidine-loaded collapsed carbopol at pH 5.5 which
presented the spherical shape of the produced microgel. The encapsulation was achieved
through adjusting carbopol to pH 8, then chlorhexidine was added to form chlorhexidine
loaded swollen carbopol. The formed suspension was adjusted to pH 5.5 to form
chlorhexidine loaded carbopol microgel. The TEM samples were prepared according to the
procedure mentioned in Chapter 2, Section 2.2.7.
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5.6.4 UV-Vis Spectroscopy of Carbopol, CHX and CHX-Loaded Carbopol

UV-Visible spectroscopy to study the absorption spectrum of Carbopol Aqua SF1,
chlorhexidine and chlorhexidine loaded Carbopol Aqua SF1 as shown in Figure 5.29. This
absorbance spectrum was useful for the characterization of the physical conjugation
between Carbopol Aqua SF1 and chlorhexidine. It can be seen from Figure 5.29 (Blue line)
that Carbopol Aqua SF1 absorbed in UV region between 250 nm to 200 nm. Chlorhexidine
(orange line) also had two broad absorbance peaks in the UV region, one at 254 nm and
the other at 233 nm. The chlorhexidine-loaded Carbopol Aqua SF1 (black line) exhibited
two substantial peaks in the wavelengths 264 nm and 233 confirming the presence and
respectively the conjugation of chlorhexidine into the carbopol particles. There was a shift
at 264 nm (compared to 254 nm) which can be attributed to partial scattering of the incident

light by Carbopol Aqua SF1 colloid suspension.
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Figure 5.29: The UV/vis absorbance spectrum of 0.01 wt% Carbopol Aqua SF1 (Blue line),
0.007 wt% chlorhexidine (Orange line) and 0.006 wt% chlorhexidine-loaded Carbopol
Aqua SF1 (Black line). The measurement was done in the range of wavelength from 200
nm to 400 nm using Perking Elmer Lambda 25 UV-Visible spectrophotometer with 1 cm
path length of QS cuvette.
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5.6.5 FTIR Spectroscopy of Carbopol, CHX, and CHX-Loaded Carbopol

FT-IR can provide unique information on the conjugation between Carbopol Aqua
SF1 and chlorhexidine. The FTIR spectra were obtained for Carbopol, chlorhexidine,
chlorhexidine-loaded Carbopol microgel at 400 cm™ to 4000 cm™(Figure 5.30).

The spectrum for carbopol Aqua SF1 (Figure 5.30A) was discussed in section 5.4.5.
The spectrum of chlorhexidine digluconate in Figure 5.30B is characterized by the main
stretching vibrations s from 3300 cm™ to 3500 cm for the N-H group. The bands at 2850
cm™ to 3000 cm? are stretching vibration bands due to the aliphatic C-H group. Moreover,
the peak at 1672 cm™ relates to the stretching vibration band of the aliphatic C=N group
which is considered as a characteristic peak of chlorhexidine. There are also a peaks at
wavelengths from 1450 cm™ to 1550 cm™ which are assigned to C=C group in the aromatic
ring and at 1251 cm™ which relates to the stretching vibration frequency of aliphatic amine

(C-N) group. These FTIR results of chlorhexidine are in line with these of the literature.'®
14, 15

Figure 5.30C shows the spectrum of Carbopol Aqua SF1 encapsulated chlorhexidine.
The broad absorption band at 3435 cm™ can be allocated to the O-H group for Carbopol
microgel while the band at 3364 cm™ for the N-H group for chlorhexidine. The frequencies
at 1653 cm™ and 1734 cm™ were noticed as principal characteristic bands for chlorhexidine
loaded Carbopol Aqua SF1 because they represent the vibration bands of the aliphatic C=N
group for chlorhexidine and the carbonyl group (C=0) for carbopol, respectively. The
FTIR spectra therefore confirm that the chlorhexidine was encapsulated into Carbopol

Agua SF1 microgel.
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Figure 5.30: The Fourier Transform-IR spectrum of Carbopol Aqua SF1 (A), chlorhexidine
(B) and chlorhexidine-loaded Carbopol Aqua SF1 (C). These materials were dried and
mixed with excess amount of KBr pellets to prepared KBr discs for each of Carbopol
microgel, chlorhexidine and chlorhexidine-loaded Carbopol microgel which in turn were

scanned individually in range of wave numbers from 400 cm™ to 4000 cm™ to measure
their FTIR spectrum.
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5.6.6 Thermogravimetry Analysis of Chlorhexidine-Loaded Carbopol

Figure 5.31 presents data from the thermal gravimetric analysis (TGA) and the differential
thermal analysis (DTA) for Carbopol Aqua SF1, chlorhexidine and chlorhexidine-loaded
Carbopol Aqua SF1. These materials were heated separately from 100°C to 900°C at
10°C/minute in air atmosphere with a purge rate of 10 mL/minute. The blue line represents

the thermal behavior of Carbopol Aqua SF1 as discussed earlier in section 5.4.6.

Figure 5.31 (red line) is for chlorhexidine where an endothermic plateau was obtained at
175°C for both TGA and DTA which relates to the loss of water. Upon increasing the
temperature to 450°C, another endothermic peak is seen which relates to the loss of
nitrogen and the thermal stability of chlorhexidine was found to be at 650°C. For the
chlorhexidine-loaded Carbopol Aqua SF1 (black line) the results were completely different
from that of for the individual components. Five endothermic peaks were seen at 225°C for
dehydration, 325°C and 375°C for carbon compounds, 425°C for nitrogen molecules and
600°C.
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Figure 5.31: Thermal Gravimetric Analysis (TGA) and Differential Thermal Analysis
(DTA) of chlorhexidine (red line), Carbopol Aqua SF1 (blue line) and chlorhexidine-
loaded Carbopol microgel (black line) which are conducted through weighing a known
amount of each sample and drying, then ran by the TGA machine at a range of temperature
from 100 °C to 900 °C at 10 °C/minute in air atmosphere with purge rate of 10 mL/min.
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5.6.7 Elementary Analysis of CHX and BRB Loaded Carbopol

Table 5.3 shows the % elementary values of C, H, and N for Carbopol Aqua SF1 and
chlorhexidine-loaded Carbopol Aqua SF1. It can be seen in Table 5.3 as would be expected,
the chlorhexidine-loaded carbopol contained nitrogen in addition to carbon and hydrogen.
This amount of nitrogen related to the chlorhexidine and the percentage of nitrogen was
much higher than that seen for berberine due to the chemical structure of chlorhexidine
(Figure 1.27), which has ten nitrogen atoms as compared to only one in berberine (Figure
1.26). These results confirm that chlorhexidine has been encapsulated into the Carbopol
microgel with the percentage of chlorhexidine being 13.2 %. The mole ratio of the carboxyl
group of Carbopol Aqua SF1 to chlorhexidine was found to be 50.2 which as expected was
much higher than that for berberine due to the higher nitrogen content of chlorhexidine and
its higher number of cationic groups. Here we have assumed that the Carbopol chemical

composition corresponds to polyacrylic acid.

Table 5.3: The elementary analysis of Carbopol Aqua SF1 and the encapsulated
chlorhexidine (CHX) into Carbopol Aqua SF1 microgel through centrifuging and drying
the each sample in air at room temperature.

Results Required Carbopol Aqua SF1 | CHX Loaded Carbopol Aqua SF1
% %
C 56.73 53.59
H 4.99 7.35
N 0.00 3.67
The % drug content in Carbopol Agua SF1 13.2%
Mole Ratio (COOH /CHX) 50.2
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5.6.8 Encapsulation Efficiency and Drug Loading Content

The encapsulation efficiency and the percentage of chlorhexidine loading in Carbopol
Agqua SF1 was determined by UV-vis absorption spectrometry using the amount of
chlorhexidine not encapsulated. The calibration can be seen in Figure 5.32. Table 5.4
depicts the encapsulation efficiency and the percentage of chlorhexidine loading content
into Carbopol microgel. The equations used to calculate the encapsulation efficiency and

drug loading content of chlorhexidine (CHX)? are as follows:

]

CHX Encapsulation (%) = Mcvlzﬂ x 100
CHX

CHX Loading Content (%) = _wenx—wul 10

[Weux—wuy+wc]

Here wchx is the total amount of chlorhexidine added to the Carbopol Aqua SF1 at pH 8,
wuy is the non-encapsulated amount of chlorhexidine obtained after the centrifugation, and
wc is the amount of Carbopol Aqua SF1 (wt.%).

It can be seen from the table that 90 % of total concentration of chlorhexidine was
encapsulated into the microgel with a 47% chlorhexidine loading content. This high
encapsulation efficiency is due to the fact that chlorhexidine is highly cationic with many

nitrogen atoms that interact with carboxyl groups of Carbopol Aqua SF1.

Table 5.4: The encapsulation efficiency and chlorhexidine loading content for the
encapsulation of 0.1 wt% chlorhexidine in 0.1 wt% Carbopol Aqua SF1.

Total CHX CHX CHX Encapsulation Drug
Concentration Non- Encapsulated Efficiency Loading
Content
wit% encapsulated Wi% %
wt% %
0.1 0.01£0. 003 0.09£0. 003 90t4 47+1
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Figure 5.32: The standard curve of solutions of different concentrations of chlorhexidine
di-gluconate at wavelength 254 nm using Perking Elmer Lambda 25 UV-Visible
spectrophotometer. The solutions were prepared from 0.2 wt% stock solution of
chlorhexidine digluconate.
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5.6.9 Chlorhexidine Release Kinetics

The chlorhexidine release was studied in the same way as explained in Section 5.4.9
for berberine. The concentration of chlorhexidine loaded in the supernatant was used to
study the amount of released chlorhexidine from the Carbopol microgel. The average
particle diameter of the chlorhexidine loaded Carbopol suspension was 135 nm and the
zeta potential was -35 mV. Figure 5.33 describes the percentage of cumulative
chlorhexidine released as a function of time. At pH 5.5, 12 % of chlorhexidine was released
within 2 h and 16% - after 5 h. Between 12 and 24 hour, the percentage of chlorhexidine
release become around 20% where there was no significant release from Carbopol
microgel. This happened because of the high interaction between anionic Carbopol Aqua

SF1 and cationic chlorhexidine, causing slow release of the antimicrobial agent.

On the other hand, at pH 7.5 the % chlorhexidine release increased to 20% after 2 h
Between 12 h and 24 h, 45% of the chlorhexidine was released. This low release compared
to berberine is due to the reduction of the zeta potential at pH 7.5, causing de-conjugation
of chlorhexidine from the carboxyl groups of Carbopol Aqua SF1. One can also take into
account that at pH 7.5 the microgel is swollen which would allow the de-conjugated

chlorhexidine to diffuse out faster.
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Figure 5.33: The percentage of in vitro chlorhexidine release as a function of time. The
experiment was conducted using 10 K MWCO dialysis bag filled up with 50 mL of
chlorhexidine loaded Carbopol Aqua SF1 suspension. The whole dialysis bag was dipped
in a beaker filled with 500 mL of either acetate buffer solution at pH 5.5 or Phosphate
buffer saline at pH 7.5. A 3 mL sample of loaded Carbopol microgel were pipetted from
each buffer solution and in the same time, a 3 mL of fresh buffer solution was also added
to the beaker. The pipetted amount was scanned in a range of wavelength (200 -700 nm)
using Perkin Elmer UV-Visible Spectrophotometer.
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5.7  Functionalization of Carbopol and Encapsulated Carbopol

Solutions of a specific concentration of a range of cationic polyelectrolytes including poly
(allylamine hydrochloride) (PAH), branched poly (diallyldimethylammonium) chloride
(PDAC) and polyethyleneimine (PEI) were mixed with a fixed concentration of carbopol
Aqua SF1 microgel at a pH less than 5 to coat the microgel with a layer of cationic
polyelectrolyte. Figure 5.34 shows the average particle hydrodynamic diameter of the
cationic polyelectrolyte coated Carbopol Aqua SF1 microgels as a function of the type of
cationic polyelectrolyte. PAH-coated and PDAC- coated Carbopol can be seen to have
small particle diameters with a good stability in comparison with PEI which had much
higher particle diameter (580 nm). PAH and PDAC were found to be the best cationic
polyelectrolyte for the cationic functionalization of carbopol microgel with high colloidal
stability.
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Figure 5.34: The average particle diameter of cationic polyelectrolyte functionalized
Carbopol Aqua SF1 microgel versus the category of cationic polyelectrolyte. The
experiment was achieved by mixing excess amount of either poly (allylamine
hydrochloride) (PAH), or branched poly (diallyldimethylammonium) chloride (PDAC) or
polyethyleneimine (PEI) with 0.1 wt. % Carbopol Aqua SF1 microgel, then gently stirred
and ultra-sonicated for a minute.

In order to incubate the cationic polyelectrolyte PAH coated Carbopol Aqua SF1
microgel with microorganisms, they needed to be washed to remove any PAH
polyelectrolyte not coating the particles as the free PAH would have a cytotoxic effect on
the microorganisms. The suspension was therefore centrifuged for an hour at 10,000 rpm
twice and washed each time before measuring the average particle diameter at each time.
After the first wash, the average particle diameter was 106 nm with a zeta potential around

30 mV as shown in Figure 5.35.

231



Chapter Five Characterization and Functionalization of Formulated Nanocarriers

25. ................ : ............... ._...............: ............... :...............:

o]
o
b

-
(4]

. . . .
------------------------------------------------------------------------------

—_
o

Intensity (Percent)

0.1 1 10 100 1000 10000

500000,...:. ................... GEREREREEEEERERREEE
400000
3000001

200000

Total Counts

100000

Apparent Zeta Potential (mV)

Figure 5.35: The average particle hydrodynamic diameter (A) and zeta potential (B) of
PAH-coated Carbopol Aqua SF1 microgel at pH 5. This was achieved through mixing
excess amount of solution of the cationic polyelectrolyte PAH with a fixed concentration
of Carbopol Aqua SF1 suspension to form PAH-coated Carbopol Aqua SF1. The produced
suspensions were stirred, ultra-sonicated and centrifuged once at 10,000 rpm for an hour.

Upon the second centrifugation, however as shown in Figure 5.36 that average
particle diameter appeared too big at around 4um and the zeta potential was -11 mV which

means that the PAH-coating layer of carbopol microgel had washed off the particle and
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was in the supernatant. Moreover, the coating of the microgel particles was damaged which

did not allow them to be re-dispersed in the solution.
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Figure 5.36: The average particle diameter (A) and zeta potential (B) of PAH-coated
carbopol microgel at pH 5 which was conducted through stirring and ultra-sonicating of
the suspension produced from the first centrifugation and then centrifuged again at 10,000
rpm for 1 hour.
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5.7.1 Effect of PAH Concentration on Carbopol Coating

To overcome the problem outlined in the previous section, solutions of different
concentrations of PAH were mixed with a solution with fixed concentration of Carbopol
Aqua SF1 microgel to produce PAH-coated Carbopol Aqua SF1 microgel with equivalent
amounts of cationic polyelectrolyte and Carbopol Aqua SF1 without any aggregation.
Figure 5.37 shows the average particle hydrodynamic diameter and zeta potential of coated
Carbopol Microgel as a function of PAH concentration. At 0.55 mg ml™? of PAH, the
particle hydrodynamic diameter and zeta potential were 114 nm and -5 mV, respectively
but for 1 mg mI™* PAH, the same parameters were 115 nm and -11 mV, respectively. Upon
increasing the PAH concentration to 1.25 mg ml™ the particle size and zeta potential
became 105 nm and +19 mV, respectively. Further increase in the concentration of PAH
did not cause any pronounced change in the particle hydrodynamic diameter but the zeta
potential kept increasing due to the increase in the ionic strength. 1.25 mg mI™ of PAH was
selected as the optimal concentration to obtain maximum positive surface charge of the

particle while maintaining the colloid stability of the PAH-coated carbopol microgel.
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Figure 5.37: The average particle diameter and zeta potential of PAH coated Carbopol
Aqua SF1 microgel as a function of PAH concentration in mg.ml™. The results were
achieved through mixing different concentrations of PAH with 0.1 wt. % concentration of
Carbopol microgel with gentle stirring and ultra-sonication for a minute.
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5.7.2 Effect of the PDAC Concentration on the Carbopol Coating

The Carbopol Agqua SF1 microgel was also coated with the cationic polyelectrolyte
PDAC by mixing solutions of different concentrations of PDAC with a solution of fixed
concentration of Carbopol microgel to find a good balance between positive surface charge
and colloidal stability of the PDAC-coated Carbopol microgel. Figure 5.38 depicts the
average particle hydrodynamic diameter and zeta potential of PDAC-functionalized
Carbopol microgel versus the PDAC concentration. Low concentrations of PDAC resulted
in aggregation with low values for the zeta potential of around +12 mV while upon increase
of the PDAC concentration up to 0.017 wt%, the average particle diameter and zeta
potential of the PDAC-coated Carbopol were 228 nm and 15 mV, respectively. At 0.018
wt% PDAC concentration, the average particle size and zeta potential of Carbopol Aqua
SF1significantly decreased to 132 nm with a +18 mV. The particle diameter did not change
for PDAC concentrations above 0.018 wt% but the zeta potential continued to increase to
+44 mV at 0.1 wt% PDAC concentration. 0.018 wt% PDAC concentration was found to
be the best compromise between positively charged microgel and colloidal stability of the
PDAC-coated Carbopol Aqua SF1.
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Figure 5.38: The average particle hydrodynamic diameter and zeta potential of PDAC-
coated Carbopol Aqua SF1 suspension as a function of the PDAC concentration which
were accomplished through mixing solutions of varied concentration of PDAC solutions
with 0.1 wt% Carbopol microgel, followed by stirring and ultra-sonication for a minute.
The particle diameter and zeta potential were measured by Malvern Zetasizer Nano ZS.

5.7.3 Cationic Functionalization of Antimicrobial-loaded Carbopol Microgel

PAH and PDAC are cationic polyelectrolytes which can kill microorganisms on
their own through disrupting cell membranes . In addition they can be utilized in
promoting the adhesion of polyelectrolyte pre-coated particles to the cell membrane!’ as
well as to increase the antimicrobial activity of drug loaded nanoparticles.®. Both
berberine-loaded Carbopol Aqua SF1 (BLC) and chlorhexidine-loaded Carbopol Aqua
SF1 (CLC) were functionalized with PDAC to form PDAC-coated BLC and PDAC-coated
CLC, respectively. Figure 5.39 and Figure 5.40 show the particle size distribution and zeta
potential for both PDAC coated BLC- and PDAC-coated CLC. As shown in Figure 5.39
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that the average particle diameter and zeta potential of PDAC coated BLC were 190 nm
and +17 mV but 280 nm and +30 mV for PDAC coated CLC as stated in Figure 5.40.
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Figure 5.39: The particle size distribution (A) and zeta potential (B) of berberine-loaded
carbopol coated with the cationic polyelectrolyte PDAC via addition of the cationic
polyelectrolyte to the solution of berberine-loaded carbopol, followed by shaking of the
solution for 5 minutes.
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Figure 5.40: The particle size distribution (A) and zeta potential (B) of chlorhexidine-

loaded carbopol coated with the cationic polyelectrolyte PDAC via addition of the cationic

polyelectrolyte to the solution of Chlorhexidine-loaded carbopol, followed by shaking of
the solution for 5 minutes.

It can be concluded that carbopol microgel has two refractive index according to the change
in pH where the refractive index is 1.45 in case of collapsed carbopol microgel while it is
1.339 for the swelled microgel. The results also indicated that carbopol microgel can be
used as a nanocarrier for drug delivery through encapsulation of berberine and
chlorhexidine individually with high stability and improved drug release. It also indicated
that the encapsulated berberine or chlorhexidine into carbopol microgel has the ability to
be coated with cationic polyelectrolyte such as PAH and PDAC to increase the

antimicrobial actions.

238



Chapter Five Characterization and Functionalization of Formulated Nanocarriers

Bibliography

1. C. A. Lubrizol, Noveon Consumer Specialties, Technical Data Sheet, 2007, 294.

2. A. Hirao, K. Sugiyama, Y. Tsunoda, A. Matsuo and T. Watanabe, Journal of
Polymer Science Part A: Polymer Chemistry, 2006, 44, 6659-6687.

3. T. M. Riddick, Blood, 1968, 10, 1.

4. A. Kuo and Z. Pu, Polymer Data Handbook, 1999.

5. J. Kotz, P. Treichel and J. Townsend, Chemistry and chemical reactivity, Cengage
Learning, 2011.

6. S. Bontha, A. V. Kabanov and T. K. Bronich, Journal of controlled release, 2006,
114, 163-174.

7. S. Sahoo, C. K. Chakraborti and S. C. Mishra, Journal of advanced
pharmaceutical technology & research, 2011, 2, 195.

8. M. Moharram and M. Khafagi, Journal of applied polymer science, 2007, 105,
1888-1893.

9. P.-L. Lam, K. K.-H. Leeg, S. H.-L. Kok, G. Y.-M. Cheng, X.-M. Tao, D. K.-P.
Hau, M. C.-W. Yuen, K.-H. Lam, R. Gambari and C.-H. Chui, Soft Matter, 2012,
8, 5027-5037.

10.  S.-J. Wu, T.-M. Don, C.-W. Lin and F.-L. Mi, Marine drugs, 2014, 12, 5677-
5697.

11.  S. K. Battu, M. A. Repka, S. Maddineni, A. G. Chittiboyina, M. A. Avery and S.
Majumdar, Aaps Pharmscitech, 2010, 11, 1466-1475.

12. L. Wang, H. Li, S. Wang, R. Liu, Z. Wu, C. Wang, Y. Wang and M. Chen, AAPS
PharmSciTech, 2014, 15, 834-844.

13. A Kovtun, D. Kozlova, K. Ganesan, C. Biewald, N. Seipold, P. Gaengler, W. H.
Arnold and M. Epple, RSC Advances, 2012, 2, 870-875.

14. K. Garala, P. Joshi, M. Shah, A. Ramkishan and J. Patel, International journal of
pharmaceutical investigation, 2013, 3, 29.

15.  P. Larkin, Infrared and Raman spectroscopy; principles and spectral
interpretation, Elsevier, 2011.

16.  T.A. Kolesnikova, I. A. Fedorova, A. A. Gusev and D. A. Gorin, Nanotechnol
Russia, 2011, 6, 244-255.

17.  S. Kidambi, N. Udpa, S. A. Schroeder, R. Findlan, I. Lee and C. Chan, Tissue
engineering, 2007, 13, 2105-2117.

18.  A.P.Richter, J. S. Brown, B. Bharti, A. Wang, S. Gangwal, K. Houck, E. A. C.

Hubal, V. N. Paunov, S. D. Stoyanov and O. D. Velev, Nature nanotechnology,
2015, 10, 817-823.

239



Chapter Six Antimicrobials Formulated in Nanocarriers

6 Chapter Six: Antimicrobial Formulated in Nanocarriers: An
Introduction

In the previous chapter, we developed a new protocol for loading of Carbopol Aqua SF1
microgels with two different antimicrobial agents, berberine and chlorhexidine and studied
their properties in terms of optimization of their colloid stability, encapsulation efficiency
and drug release. In this chapter, we examine the cytotoxic effect of Carbopol Aqua SF1
microgels after loading with antibacterial agents on microorganisms such as microalgae,
yeast and E.coli. The study is complemented with an investigation into the antimicrobial
activity of both berberine and chlorhexidine on these microorganisms at identical
conditions as a reference for comparison with the microgel-formulated antimicrobials.
Finally, the antimicrobial activity of cationic polyelectrolyte coated Carbopol microgels
loaded with berberine or chlorhexidine was examined upon incubation with algae, yeast
and E.coli. The aim of this work being to develop microgel-formulated antimicrobials in
attempt to produce sustained release of antimicrobials as well as increase the antimicrobial
activity of both berberine and chlorhexidine by their encapsulation at very low overall
concentrations into Carbopol Aqua SF1 microgel particles. All cell viability experiments
were conducted at room temperature through incubation of the Carbopol microgel with
culture media free cells at pH 5.5 for up to 6 hours. Then a millilitre of the cell sample was
pipetted, washed, centrifuged, and dispersed in Milli-Q water. After that, one drop of 5 mg
ml* FDA solution was added to the dispersed sample, the sample was shaken for 10
minutes, centrifuged twice and dispersed with Milli-Q water. A 20 pl of resulted sample
was pipetted and placed in a chamber for cell counting. The cell viability assessment was
done by using Cellometer Auto X4 based on the fluorescence of the FDA in-vivo

hydrolysis (see Chapter 2 for more details).

6.1  Cytotoxicity Assay of Carbopol Aqua SF1 Microgel

Cytotoxic experiments were conducted through the incubation of suspensions of different
concentrations of Carbopol microgel particles with a range of test microorganisms:
C.reinhardtii (microalgae), S.cerevisiae (baker’s yeast) and E.coli. The protocol used here
was similar to that mentioned in Section 4.1, however, it included the incubation of

Carbopol microgel suspensions with cells removed from the culture media to avoid any
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interaction between Carbopol Aqua SF1 particles of culture media components. Figures
6.1 to 6.3 represent the cytotoxic effects of Carbopol Aqua SF1 microgel without any
antimicrobial additives on C.reinhardtii, S. cerevisiae, and E. coli, respectively. As seen
from Figure 6.1, we did not observe cytotoxic effect on the microalgae cells upon
incubation with series of suspensions of different concentrations of Carbopol Aqua SF1 at
room temperature and up to six hours incubation time. Similar results were obtained
(Figure 6.2) for yeast with no measurable cytotoxic effect for 24 hours incubation time for
solutions of different concentration of Carbopol Aqua SF1 microgel. Figure 6.3 also shows
no pronounced cytotoxic effect of the unloaded microgel particles on E.coli cells. These
results prove that Carbopol Aqua SF1 microgel does not apparently affect the viability of
these microorganisms for the duration of these incubation experiments. Our results are in

agreement technical data sheet provided by the manufacturer of this Carbopol microgel.t
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Figure 6.1: The change in cell viability of C.reinhardtii cells incubated in aqueous
suspensions of varying concentrations of Carbopol Aqua SF1 microgel particles. The
experiment was conducted at room temperature through incubation of Carbopol solutions
with culture media free algal cells at pH 5.5 for up to 6 hours. The cells were washed by
centrifugation and tested with FDA cell viability assay as described above.
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Figure 6.2: The cytotoxic effect of Carbopol Aqua SF1 on yeast cells whereby the cells
were incubated with suspensions of different concentrations of Carbopol Aqua SF1
microgel particles at pH 5.5 at room temperature up to 24 hours. The cells were washed
by centrifugation and tested with FDA cell viability assay as described above. .
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Figure 6.3: The cytotoxic effect of suspensions of different concentration of Carbopol Aqua
SF1 microgel particles on E. coli cells at different incubation times. The experiment was
conducted by incubation of the cells with solutions of different concentrations of Carbopol
Agqua SF1 at pH 5.5 at room temperature for up to 24 hours. The assay was performed by
pipetting a milliliter of the sample, washing, centrifuging and dispersing with Milli-Q
water. After that, 100 puL of each sample was placed in 96-microwell plate and then, 100
pL leuciferin reagent was added to the 100 pL sample, shaked for 30 seconds, and
incubated for 5 minutes at 25 °C. The relative luminescence intensity which represents the
percentage of viable cells was measured using a Luminometer.

6.2  TEM Image of Cells Incubated with Carbopol Microgel

The morphology of microalgae and yeast cells was studied by TEM. Through observation
of the microstructure of these cells, the potential cytotoxic effects due to the incubation of
the cells in suspensions of Carbopol Aqua SF1 microgel particles could be detected. Figure
6.4 shows the TEM images of microalgae cells incubated for 24 hours with 0.1 wt. %
Carbopol Aqua SF1 microgel at pH 5.5. As seen in Figure 6.4B, the organelles of
microalgae cells seem more or less intact in terms of chloroplast, nucleus and cell
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membrane and that there was no visible disruption in the microstructure of the cells

compared with the control sample as shown in Figure 6.4A.

Figure 6.4: The TEM images of C. reinhardtti cells after incubation with 0.1 wt% Carbopol
Agua SF1 microgel. The TEM imaging was conducted with the similar way as it was
mentioned in Section 2.2.7. Briefly, the cells were centrifuged at 500 rpm, washed with
Milli-Q water, fixed in 2 wt% glutaraldehyde for 1 hour at room temperature, then treated
with 1 wt% osmium tetroxide for 1 hour, followed by treatment with 2.5 wt% uranyl acetate
for 1 hour and washed with solutions of different concentrations of ethanol. After that, the
cell were embedded in fresh epoxy/araldite for 48 hours at 60 °C, left at room temperature
for further 48 hours and sectioned using an ultra-microtome. The images were taken by
using JOEL TEM machine.

The morphology of yeast cells was also investigated by capturing TEM and SEM images
for cells that have been incubated with 0.15 wt% Carbopol Aqua SF1 microgel as seen in
Figure 6.5. It can be seen in Figure 6.5B that the microstructures inside the yeast cells do
not seem to change compared with the control sample, Figure 6.5A. The SEM images
Figure 6.5C show the control yeast sample and Figure 6.5D shows a yeast cell after being
incubated with Carbopol. We did not observe visible differences between the control
sample and that of the Carbopol-exposed cell with respect to their outer cell membrane.
These images suggest that Carbopol Aqua SF1 microgel does not have detectable cytotoxic

effect at concentrations up to 0.15 wt% on both microalgae and yeast cells.
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Figure 6.5: The TEM (A-B) and SEM (C-D) images of yeast cells incubated with a specific
concentration of Carbopol Aqua SF1/ microgel at pH 5.5 for 24 hour incubation time. The
experiment was conducted as described in Section 2.2.7. (A) TEM image of the control
sample, (B) TEM image of the yeast cells after incubation in 0.15 wt% Carbopol Aqua SF1
for 24 hours, (C) SEM image of the control sample of yeast and (D) SEM image of yeast
cell after incubation in 0.15 wt% Carbopol Aqua SF1 for 24 hours.

6.3  Antimicrobial Activity of Berberine-Loaded Carbopol (BLC)

The antimicrobial activity of free berberine and berberine-loaded Carbopol Aqua SF1
microgel on several microorganisms such as C. reinhardtii (microalgae), S. cerevisiae
(yeast) and E. coli was studied. This approach might be helpful to boost the antimicrobial
activity of berberine using very low overall concentrations encapsulated into Carbopol
Aqua SF1 microgels. The next three sections 6.3.1, 6.3.2, and 6.3.3 describe the
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investigation into the antimicrobial efficiency of berberine-loaded Carbopol Aqua SF1

with microalgae, yeast and E.coli in comparison with free berberine.

6.3.1 Antimicrobial Activity of Berberine Loaded Carbopol (BLC) on Algae

In order to increase the antimicrobial activity of berberine, a new method for encapsulating
berberine into Carbopol aqua SF1 microgel was developed by using the swelling /
shrinking of the microgel particles stimulated by a pH change.

Initially microalgae cells were separated from the culture media by centrifugation and a
fixed amount of cells were incubated in solutions of different concentrations of free
berberine at pH 5.5 supported using acetate buffer. The cell viability was then measured
at different incubation times using FDA viability assay as described in Chapter 2 by an
automatic cell counter. Figure 6.6 shows the cell viability of the microalgae as a function
of free berberine concentration. The viability of the algal cells immediately upon
incubation (0 hours) gradually declined from low to high berberine concentrations, (85%
at 0.001 wt. % to around 10 % at 0.05 wt. %). After 2 hours incubation time the algal cells
viability sharply decreased in comparison with the control sample with 0.05 wt. % being
the minimal berberine concentration which kills all the cells, 5% viable algal cells were
found at the concentration of 0.01 wt. % berberine after 2 hours incubation time. After 4
hours of incubation, the viability was significantly reduced to 20 % at 0.001 wt% berberine
concentration and by 6 hours incubation time, no viable cells were observed at berberine
concentrations from 0.007 wt% to 0.05 wt% while the viability went down to 15 % at 0.001
wt% berberine. This demonstrates that berberine tends to be an effective antimicrobial

agent at moderate concentrations over sufficiently long period of time.
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Figure 6.6: The viability of C. reinhardtii cells incubated with solutions of different
concentrations of berberine at different incubation times. The pH of the solution was
adjusted with acetate buffer solution (pH 5.5) to avoid any change in pH upon incubation.
The incubation was conducted through mixing a solution of specific concentration of
berberine with a fixed amount of culture media free microalgae cells in a 20 mL glass vial
caped with cotton plug and placed in an incubatorto avoid contamination. A 1.0 mL of each
sample was pipetted, cells were centrifuged and washed with Milli-Q water and their
viability was tested using FDA assay.

It also studied the same microalgae cells viability after being incubated with solutions of
different overall concentrations of encapsulated berberine into Carbopol microgel. In
Sections 5.8 and 5.9 the encapsulated berberine had been shown to have an encapsulation
efficiency of around 10% with 65% of the total amount of berberine released at pH 5.5

over 24 hours. To avoid any interaction between the berberine-loaded Carbopol microgel
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and components of culture media, the algal cells were washed prior to the experiments.
Figure 6.7 shows the results for the viability of the microalgae cells when incubated with
solutions of different concentrations of microgel-encapsulated berberine at room
temperature with incubation time up to 2 hours. Figure 6.7 shows that that the cell viability
decreased slightly up to 0.005 wt% encapsulated berberine and then gradually declined
from 0.0075 wt. % to 0.01 wt. % of encapsulated berberine at zero incubation time. Zero
incubation time experiments corresponds to the cells mixed up with the berberine
formulation and then immediately washed and tested with FDA assay. After 1 hour
incubation time the cell viability was reduced progressively from 60% to 20% at 0.01 wt.
% average encapsulated berberine.

After 2 hours incubation time, however, the viability decreased sharply from 37% at 0.001
wt% to 7% viability at 0.0025 wt% average encapsulated berberine, respectively. At
concentrations above 0.01 wt. % all the cells were dead. Comparing the results for free
berberine (Figure 6.6) and berberine-loaded Carbopol (Figure 6.7) encapsulation appeared
to increase the antimicrobial activity of the berberine. This is because by encapsulating the
berberine in the Carbopol Agua SF1 microgel a concentrated local dose of berberine is
delivered when a microgel particle is deposited to the outer cell membrane. This increases
in the antimicrobial action attributed to the release of higher amount of berberine from the
loaded Carbopol microgel on the membrane and possibly inside cytoplasm of the cell
through formation of endosomes of berberine-loaded Carbopol microgel through
endocytosis process, in which berberine molecules can be be subsequently released in the
cell cytoplasm leading to cell death. In addition to this antimicrobial mechanism, the locally
increased berberine concentration leads to disruption of the outer membrane whose
opening can also lead to the cell death. Thus, all these reasons increased the antimicrobial

efficiency of berberine agent.

248



Chapter Six Antimicrobials Formulated in Nanocarriers

100
90
80

m0h
@Elh

ﬁIIIII'

Control  0.001  0.0025  0.005  0.0075 0.01
Overall concentration of encapsulated berberine / wt%

70
60
50
40
30
20
10

0

Viable Cells %

Figure 6.7: The viability of C. reinhardtii cells incubated with solutions of series of
different overall concentration of berberine loaded into Carbopol Aqua SF1 microgel after
different incubation times. The incubation was conducted at pH 5.5 by mixing a solution
of a specific overall concentration of berberine loaded into Carbopol microgel with a fixed
amount microalgae cells removed from the culture media in a 20 mL glass vial caped with
a cotton plug and placed in an incubator to avoid contamination. A 1.0 mL of each sample
was pipetted, washed with Milli-Q water and the viability was tested using FDA assay.

SEM images were taken of C. reinhardtii algal cells after incubation with 0.01 wt. %
encapsulated berberine into Carbopol microgel for 2 hours as shown in Figure 6.8. It can
be seen that the morphology of the cells had changed and showed irregular shapes as well
as detachment of the flagella was observed for the treated algal cells (see fig. 6.8B, C, and
D) in comparison with the control sample (Figure 6.8A). This change in the morphology
might be attributed to the interaction between the cell membrane and berberine loaded
Carbopol Aqua SF1 microgel to form endocytic cargos using clathrin/actin mediated-
endocytosis? for these particles, which pass through the cell membrane and can potentially
release more berberine inside the cytoplasm. Figure 6.9 shows schematic diagram of the
interaction between berberine loaded Carbopol Aqua SF1 particles and the membrane of
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cells and also details the mechanism of berberine released from the microgel particles
loaded with the active material leading to the cell death. Note the dimples left on the cell
membrane of the treated whose size matches approximately the size of the collapsed
microgel particles. One may conclude that the cells treated with encapsulated berberine
have been disrupted by one or more microgel particles attachment to their membrane. The
curving of the membrane suggests that endocytosis of the berberine-loaded particles may

also be a viable mechanism for antimicrobial action.

Figure 6.8: SEM images of C.reinhardtii cells upon incubation with 0.01 wt% encapsulated
berberine into Carbopol Aqua SF1 particles whereby (A) represents the control sample and
(B, C, and D) show the incubated cells with 0.01 wt% berberine loaded Carbopol Aqua
SF1 for 2 hours. These cells were pre-treated after incubation as described in section 2.2.8.
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Figure 6.9: Schematic for the release of berberine from Carbopol microgel through direct
diffusion in the outer cell membrane of cell as well as by the internalization of berberine-
loaded Carbopol microgel through the cell membrane forming endosome of berberine
loaded microgel particle by endocytosis whereby berberine molecules can be further

released inside the cell’s cytoplasm.
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6.3.2 Antimicrobial Activity of Berberine-Loaded Carbopol (BLC) on Yeast

The antimicrobial activity of free berberine on yeast was studied through incubation of
solutions of different concentrations of berberine with yeast cells removed from the culture
media following same procedure as described for berberine with microalgae above (Figure
6.10). The study was conducted at room temperature and for incubation times up to 6 hours.
It can be seen that free berberine did not appear to have any antimicrobial activity compared
to the control sample where no berberine was used.

The antimicrobial activity of berberine-encapsulated into Carbopol Aqua SF1 microgel
was then assessed with yeast at different incubation time. Figure 6.11 shows the results for
the viability of yeast cells versus a range of overall concentrations of microgel-
encapsulated berberine at various incubation times. It can be seen that the berberine
encapsulated into the microgel also had no antimicrobial effect towards yeast cells, and
these results are comparable with those for free berberine (Figure 6.10). The reason behind
that is that the yeast cells have a very thick and rigid shell of glycoproteins around their
cell membrane. This can be also be seen on the TEM images of incubated yeast cells after
incubation with free and encapsulated berberine (Figure 6.12). The internal microstructure
of the yeast cells seems undamaged and appears similar to the control sample. Interestingly,
however the SEM images of yeast cells incubated with free and encapsulated berberine
(Figure 6.13) did however display slight shrinkage of the outer cell membrane which means
that berberine had affected the yeast cells but the cells have stayed viable along the
incubation time (see Figure 6.13B) while at low concentration of encapsulated berberine
(0.001 wt%), the SEM images of the treated cells showed no significant effect behind this
incubation as shown in Figure 6.13C. Figure 6.13D, 6.13E, and 6.13F also showed that
Carbopol Aqua SF1 microgel particles are being trapped on the surface of yeast cells,
which explains that either Carbopol Aqua SF1 diffuses berberine outside of the cell or
internalizes inside the cell through endocytosis process according to clathrin/actin
mediated-endocytosis pathway® which is as shown in Figure 9 for the antimicrobial activity

of encapsulated berberine into algae.
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Figure 6.10: The viability of baker’s yeast cells incubated with series of solutions of
different concentrations of free berberine at pH 5.5 from 0 hours to 6 hours. The experiment
was conducted by mixing yeast cells removed from the culture media with solutions of
berberine concentrations from 0.01 wt% to 0.15 wt% in a 20 mL glass vial with gentle
stirring. The cell viability was measured by using FDA assay whereby, 1 mL of sample
was pipetted, washed and one drop of FDA acetone solution was added and stirred for 10
minutes, centrifuged and dispersed in PBS buffer solution. A 20 ul of the sample was
placed in a chip of measurement to determine the viability of cells.
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Figure 6.11: The viability of yeast cells incubated with series of average encapsulated
Berberine concentrations at pH 5.5 from 0 hour to 6 hours incubation times. The
experiment was conducted by mixing culture media free yeast cells with solutions of
overall concentration of encapsulated berberine from 0.001 wt% to 0.015 wt% in a 20 mL
glass vial with gentle stirring. The viability was measured by using FDA viability assay
whereby, 1 mL of sample was pipetted, washed and one drop of FDA acetone solution was
added and stirred for 10 minutes, centrifuged and dispersed in PBS buffer solution. A 20
uL of the sample was placed in the Cell counter chip for measurement to determine the
viability of cells.
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Figure 6.12: TEM images of culture media free yeast cells that have been incubated with
solutions of different concentrations of berberine: (A) control sample without berberine,
(B) 0.15 wt% berberine, and (C and D) 0.001 wt. % and 0.015 wt. % of overall encapsulated
berberine into Carbopol Aqua SF1 microgel, respectively. The TEM images did not appear
to show significant difference in comparison with the control in case of using both free or
encapsulated berberine. The TEM samples were first treated with glutaraldehyde for 2
hours and washed with a buffer solution (pH 7.4) three times, then stained with uranyl
acetate and washed with aqueous solutions of different concentrations of ethanol as
explained in details in the experimental section (Chapter 2).
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Figure 6.13: SEM images of yeast cells incubated for 6 and 24 hours with solutions of free
and microgel-encapsulated berberine, respectively. (A) Control sample of yeast cells; (B)
Yeast cells incubated with 0.15 wt% free berberine, (C) Yeast cells incubated with 0.001
wt% microgel-encapsulated berberine, and (D, E, and F) Yeast cells incubated with 0.015
wt. % of microgel-encapsulated berberine. Here the overall berberine concentration in the
microgel formulation is quoted. The cells were pre-treated with glutaraldehyde for two
hours and washed with buffer solution (pH 7.4) for three times, dried and then gold-
sputtered to increase the imaging contrast.
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6.3.3 Antimicrobial Activity of Berberine-Loaded Carbopol (BLC) on E.coli

The antimicrobial activity of berberine and berberine-loaded Carbopol Aqua SF1 on E.coli
was investigated at various incubation times. Figures 6.14 and 6.15 show the results for the
effect of the free berberine and berberine-encapsulated into Carbopol Aqua SF1 microgel,
respectively. The experiments were conducted as previously, by mixing a fixed amount of
the cells with each specific concentration of berberine and microgel-encapsulated berberine
at room temperature. The results in Figure 13 for free berberine show that it had a strong
effect on the viability of the E. coli cells. The viability of the E.coli decreased for berberine
concentrations from 0.01 wt% to 0.1 wt% in the moment of addition of the cells to the
solutions (0 hour incubation time). Upon increase of the incubation time to 1 hour, the
viability of the cells became lesser in comparison with the control sample. Similarly, at 2
hours incubation time about 95% of the E.coli cells were killed at 0.075 wt% and 0.1 wt%
free berberine, respectively.

The results for the antimicrobial activity of microgel-encapsulated berberine with E.coli
are shown in Figure 6.15. Berberine-loaded Carbopol Aqua SF1 microgel can be seen to
have a much lower antimicrobial activity than free berberine. From O hours to 4 hours
incubation time there was a very low anti-bactertial effect. When the incubation time was
increased up to 8 hours, the antimicrobial activity increased from 30 % at 0.001 wt. % to
70% at 0.01 wt. % of overall encapsulated berberine. After 24 hours of incubation, the
viability of yeast cells sharply decreased to 5% at 0.01 wt% of overall concentration of
microgel-encapsulated berberine. The difference in the antimicrobial activity between free
berberine and berberine-loaded Carbopol microgel is attributed to the percentage of
berberine release whereby berberine-loaded in the Carbopol microgel releases slower. In
addition of that, Carbopol Aqua SF1 microgel at pH 5.5 has high negative zeta potential
which interact strongly with the cationic berberine. The negatively charged loaded
microgel also repels from the negatively charged surface of the bacterial cell wall which

seems to reduce the effectiveness of the local berberine release in the cells near vicinity.

257



Chapter Six Antimicrobials Formulated in Nanocarriers

40

35

30

25

20

15

Relative luminescence Unit

10

Control 0.01 0.025 0.05 0.075 0.1
Berberine concentration / wt.%

Figure 6.14: The relative luminescence intensities of viability of E.coli cells as a function
of berberine concentrations for 2 hours incubation time. This experiment was performed
through pipetting 1 mL of each sample was centrifuged thrice to get rid of the excess
amount of berberine, then dispersed in Milli-Q water. After that, 100 pL of the sample was
mixed with 100 pL of luciferase reagent in 96 microwell plate for 30 seconds, incubated
for 5 minutes at 25 °C, and the relative luminescence was measured by using a
Luminometer.

258



Chapter Six Antimicrobials Formulated in Nanocarriers

40

B0 hour @1hour @2 hour @4 hour ®8 hour @24 hour

35

w
o

o1

— Relafive Lumigescencg,Unit
ol o

o

Control 0.001 0.0025 0.005 0.0075 0.01
Average Encapsulated Berberine / wt.%

Figure 6.15: The relative luminescence intensities of viability of E.coli cells as a function
of overall concentration of encapsulated berberine loaded into Carbopol Aqua SF1
microgel for different incubation times. This experiment was performed through pipetting
1 mL of each sample, centrifuged thrice to get rid of the excess amount of berberine, then
dispersed in Milli Q water. After that, 100 puL of the sample was mixed with 100 pL of
luciferase reagent in 96 microwell plate for 30 seconds, incubated for 5 minutes at 25 °C,
and the luminescence intensity was measured by using Luminometer.
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It can be seen in Figure 6.16, SEM images for E.coli cells that incubated with berberine
loaded Carbopol Aqua SF1 for 24 hour where the cells had some cavities on the surface.
The reason for this is owing to the interaction between cell membrane and berberine loaded
Carbopol Aqua SF1 particles where the particles are either interacted with the cell
membrane and released the active material or internalized into cells via caveolae
endocytosis* where this pathway is similar to that described for algae and yeast cells or
E.coli cells sense to the changes in lateral tension in the bilayer of the cytoplasmic
membrane produced by fast water flow into the cell causing filamentation due to osmotic

shock.®

Figure 6.16: SEM images for E.coli cells incubated with a suspension of 0.01 wt%
berberine-loaded Carbopol Agua SF1 microgel. (A) Control sample and (B, C, D, E, and

260



Chapter Six Antimicrobials Formulated in Nanocarriers

F) represent E.coli cells incubated with 0.01 wt% berberine-loaded Carbopol Aqua SF1
microgel at room temperature for 24 hours incubation time.

6.4  Antimicrobial Activity of Chlorhexidine-Loaded Carbopol (CLC)

The antimicrobial activities of free chlorhexidine (CHX) and chlorhexidine-loaded
Carbopol Aqua SF1 microgel (CLC) on C. reinhardtii, yeast and E.coli were then
investigated. The reason behind encapsulation of chlorhexidine into Carbopol Aqua SF1
microgel is on the one hand, to increase the antimicrobial activity in comparison with free

chlorhexidine and on the other hand to lessen the side effects of the antimicrobial agent.

6.4.1 Antimicrobial Activity of CHX-Loaded Carbopol (CLC) on microalgae

The antimicrobial activities of free chlorhexidine and microgel-encapsulated chlorhexidine
was tested on microalgae at room temperature for different incubation times to examine
their effects on algal cells as shown in Figures 6.17 and 6.18. Figure 6.17, for free
chlorhexidine shows that at O hours incubation time, the viability sharply declined from
0.0001 wt% to 0.1 wt% concentrations of free chlorhexidine and that the cells were
completely exterminated in the concentrations above 0.01 wt% free chlorhexidine. After 1
hour incubation the viability reduced to 20% at 0.005 wt% of chlorhexidine and after 2
hours the lethal effect of chlorhexidine expanded to concentration range above 0.005 wt%.
In Figure 6.16 however, at 0 incubation time, the antimicrobial effect of Carbopol Aqua
SF1 microgel-encapsulated chlorhexidine was reduced compared to free chlorhexidine (the
cell viability decreased from 93% to around 40% whereas the viability reduced to 0 in the
case of free chlorhexidine in the same concentration range). After 1 hour incubation time
some antimicrobial affect was observed towards microalgae cells in the concentrations
range from 0.045 wt% to 0.09 wt% but was still much reduced compared to free
chlorhexidine. After two hours incubation time, the microalgae cells decreased for 9 x 10
® to 0.009 wt% of overall concentration of microgel-encapsulated chlorhexidine. This
difference in the viability of algal cells upon incubation with both free chlorhexidine and
chlorhexidine-loaded Carbopol microgel is partly attributed to the slow release of
chlorhexidine from the Carbopol Aqua SF1 microgel. Another important factor, however,
is that there is an electrostatic repulsion between the negatively charged Carbopol Aqua
SF1 particles and the cell surface which does not allow the encapsulated chlorhexidine to
come too close to the cell membrane and disrupt it thus killing the cells. The SEM images
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for C. reinhardtii cells in Figure 6.19 show that the chlorhexidine released from
chlorhexidine-loaded Carbopol Aqua SF1 particles caused a damage for the membrane of
the cells whereby cells have shrank and appeared wrinkled (see Figure 6.19B) in
comparison with control sample as shown in Figure 6.19A. The interaction between the

particles and microalgae cell membrane is similar to that for berberine for the same cell

used.
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Figure 6.17: The viability of C. reinhardtii cells incubated with solutions of varied
concentrations of free chlorhexidine at different incubation times. The incubation was
conducted through mixing a solution of specific concentration of chlorhexidine with a fixed
amount of microalgae cells remove from the culture media in a 20 mL glass vial caped
with cotton and placed in an incubator. 1.0 mL of each sample was pipetted, washed with
Milli-Q water and the cell viability was tested using FDA assay.
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Figure 6.18: The viability of C.reinhardtii cells incubated with solutions of different
overall concentrations of encapsulated chlorhexidine into Carbopol Aqua SF1 microgel
after different incubation times. The incubation was conducted at pH 5.5 by mixing an
aliquot of specific overall concentration of chlorhexidine-loaded Carbopol Aqua Sf1
microgel with a fixed amount of culture media free microalgae cells in a 20 mL glass vial
caped with cotton and placed in an incubator. A 1.0 ml of each sample was pipetted, washed
with Milli-Q water and the viability was tested using FDA assay.
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Figure 6.19: SEM images of C.reinhardtii cells. (A) Control sample of E.coli. (B) E.coli
cells incubated with 0.09 wt% chlorhexidine-loaded Carbopol Aqua SF1 for two hours.
The samples were pre-treated for SEM using the procedure described in section 2.2.8.
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6.4.2 Antimicrobial Activity of Chlorhexidine-Loaded Carbopol (CLC) on Yeast
The effect of free chlorhexidine and microgel-encapsulated chlorhexidine was explored on
baker’s yeast cells which are known to have a very strong and rigid outer cell membrane.
Figure 6.20 and 6.21 show the viability of the yeast cells after exposure to free
chlorhexidine and chlorhexidine-loaded Carbopol microgel. At 0 hour incubation time
(instant exposure), the viability of yeast cells decreased to 5% in the concentration range
from 0.001 wt% to 0.05 wt% of free chlorhexidine di-gluconate, after an incubation time
of one hour all cells were killed above concentrations 0.01 wt% chlorhexidine. The yeast
viability had reduced sharply from 36% to 12% at chlorhexidine concentrations of 0.001
wt. % to 0.005 wt. % against the control sample.

Figure 6.21 indicates that the response of yeast cells towards microgel-encapsulated
chlorhexidine is not pronounced probably due to the electrostatic repulsion of the
negatively charged microgel from the yeast cell membrane which leads to release of
chlorhexidine away from the cell. After 3 hours of incubation the cell viability decreased
to around 70% for all concentrations of encapsulated chlorhexidine and this trend
continued at 6 hours incubation. By 12 hours incubation time the viability had reduced to
50% compared to the control for concentrations of encapsulated chlorhexidine between
0.025 wt% and 0.05 wt%. After 24 hours, the effect become very noticeable for
concentrations 0.001 wt% to 0.05 wt% to be around 40% at higher concentrations. These
results also suggest a slow release of the encapsulated chlorhexidine due to its strong
conjugation with the anionic microgel which does not allow the full amount of the cationic
chlorhexidine to be released from the cross-linked network of negatively charged
Carbopol. Figure 6.22 shows SEM images of yeast cells after incubation in a suspension
of chlorhexidine-loaded Carbopol microgel particles for 24 hours at room temperature. It
can be seen in Figure 6.22 (B, C, D, E, and F) that the morphology of the yeast cell’s outer
membrane has changed and cavities were appeared on the surface of the cells whereby
these microgel particles have interacted with the cell membrane of the yeast cells. We
cannot confirm based only on these SEM images whether microgel particles loaded with
chlorhexidine have truly internalized into the cell cytoplasm using the similar way of
endocytosis pathway as explained previously for antimicrobial action of microgel-

encapsulated berberine with yeast cells. However, Figure 6.22A shows the control sample
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of yeast cells where there was no chlorhexidine loaded particles in the solution and the

surface of the membrane is free of cavities.
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Figure 6.20: The viability of yeast cells incubated with series of solutions of free
chlorhexidine with different concentrations at pH 5.5 after incubation from 0 to 1 hours.
The experiment was conducted by mixing the yeast cells (removed from the media) with
solutions of chlorhexidine concentrations from 0.001 wt% to 0.05 wt% in a 20 mL glass
vial with gentle stirring. The cell viability was measured by using FDA viability assay
whereby, 1 mL of sample was pipetted, washed and one drop of FDA acetone solution was
added and stirred for 10 minutes and centrifuged and dispersed with PBS solution. A 20
pL of the sample was placed in a cell counting chip to determine the cell viability.

266



Chapter Six Antimicrobials Formulated in Nanocarriers

100

90 |

80

40
30
20
10
0

Control 0.0009 0.0045 0.009 0.0225 0.045
Average Encapsulated Chlorhexidine /wt.%

Viable Cells /| %
(@)
(@)

@O0 hour @3 hour @6 hour @12 hour m24 hour

Figure 6.21: The viability of yeast cells incubated with series of average encapsulated
chlorhexidine concentrations at pH 5.5 from 0 hour to 24 hours incubation times. The
experiment was achieved through mixing culture media free yeast cells with solutions of
Overall encapsulated chlorhexidine concentrations from 0.001 wt% to 0.05 wt%.
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Figure 6.22: SEM images of yeast cells. (A) Control sample of yeast cells and (B, C, D, E
and F) yeast cells after incubation in solution of 0.045 wt% chlorhexidine-loaded Carbopol
Aqua SF1 microgel with yeast cells for 24 hours incubation time at room temperature. The
cells were pre-treated for SEM using the procedure described in section 2.2.8.
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6.4.3 Antimicrobial Activity of CHX-Loaded Carbopol (CLC) on E.coli

The testing of the antimicrobial activity of CLC was also checked on E.coli cells. The
experiments were carried out using 20 mL glass vials capped with cotton to avoid
contamination. E.coli cells were removed from the culture media prior to the experiment
to avoid any interaction between the chlorhexidine-loaded Carbopol Aqua SF1 microgel
and the culture media components. Figures 6.23 and 6.24 show the viability of E.coli cells
when exposed to free- and microgel-encapsulated chlorhexidine at room temperature.
There was a significant decrease in the viability of E.coli from 0.005 wt% to 0.1 wt% free
chlorhexidine while no pronounced effect at 0.001 wt% at O hour incubation time. After 2
hour of incubation the E.coli viability has reduced for the same concentration to be about
50% and by 4 h exposure the reduction in the viability of the E.coli cells had expanded to
cover all concentrations from 0.001 wt% to 0.1 wt% chlorhexidine and it was found to be
10 % of the maximum luminescence intensity of the control sample for the highest
chlorhexidine concentration, by 4 hours incubation almost all cells died off.

As with the results for the microalgae and yeast, at 0 hour incubation time there was only
a limited effect on E.coli cell viability. After 4 h incubation time, the viability was reduced
at high chlorhexidine concentrations but the effect was much lower than for free
chlorhexidine. At 8 hour incubation time, the luminescence intensity of viable cells
dropped from 0.005 wt% to 0.05 wt% while the viability of E.coli cells was sharply down
in the concentration ranged from 0.001 wt% to 0.05 wt%. After 24 hours incubation time
90% of E.coli cells were dead at 0.05 wt% in comparison with control sample where there
was no chlorhexidine in the solution. As described previously, this is due to the slow release

of chlorhexidine from Carbopol Aqua SF1 microgel.
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Figure 6.23: The relative luminescence intensities ( @ measure of the viability) of E.coli
cells as a function of the free chlorhexidine concentration for up to 4 hours incubation time.
This experiment was performed through pipetting 1 mL of each sample, centrifuged thrice
to get rid of the excess amount of chlorhexidine and then dispersed in Milli-Q water. After
that, 100 pL of the sample was mixed with 100 pL of luciferase reagent in 96 micro-well
plate for 30 seconds, incubated for 5 minutes at 25 °C, and the luminescence was measured
by using a luminometer.
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Figure 6.24: The relative luminescence intensities of viability of E.coli cells as a function
of the overall concentration of chlorhexidine-loaded into Carbopol Aqua SF1 microgel for
up to 24 hours incubation time. This experiment was performed at the same conditions as
the one with free chlorhexidine (Figure 6.23).

Figure 6.25 shows SEM images of E.coli after their incubation in a suspension of 0.045 wt.
chlorhexidine-loaded Carbopol Aqua SF1 microgel for 24 hours at room temperature. It
can be seen that the cell membrane of the E.coli cells changed and shows some microgel
particles aggregated on the bacteria surface which caused cavities on the cell membrane.
These cavities refers to either the interaction between Carbopol Aqua SF1 particles and

cell membrane leading to local release of chlorhexidine can disrupts the cell membrane and
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kills the cells. The mechanisms for antimicrobial action seem to follow the same pathway

described for berberine with E.coli cells.

200 nm

—

Figure 6.25: SEM images of E.coli cells. (A) Control sample of E.coli cells. (B, C, and D)
E.coli cells incubated with 0.045 wt% chlorhexidine-loaded in Carbopol Aqua SF1
microgel. The cells were pre-treated with the procedure described in section 2.2.8.

6.5  Antimicrobial Activity of PDAC-coated Encapsulated Carbopol

Our previous experiments on the antimicrobial actions of encapsulated berberine or
chlorhexidine showed that the Carbopol-encapsulated berberine and chlorhexidine have
lower antimicrobial activity on a range of microorganisms in comparison with both free
berberine and chlorhexidine. The main reason for this is that Carbopol microgel particles
retain their negative surface charge even after the encapsulation takes place. The
electrostatic repulsion with negatively charged cell surface does not allow them to release
the encapsulated antimicrobial agent in near vicinity of the cell membrane. To overcome

this problem, the Carbopol microgel particles encapsulating the berberine or the

272



Chapter Six Antimicrobials Formulated in Nanocarriers

chlorhexidine were coated with a cationic polyelectrolyte to increase their adhesion to cells

and antimicrobial action.

6.5.1 Cytotoxic Effect of PDAC on Microlgae, Yeast and E.coli

We coated the berberine- or chlorhexidine-loaded Carbopol Aqua SF1 microgel with a
cationic polyelectrolyte PDAC to reverse the surface charge of the microgel from negative
to positive. However, we also needed to study the cytotoxic effect of the PDAC alone on
the selected microorganisms (microalgae, yeast and E.coli). This was achieved by
incubating such cells with solutions of different concentrations of PDAC to its threshold
of cytotoxicity on these microorganisms. Figures 6.26, 6.27 and 6.28 show the cytotoxic
effect of solutions of PDAC of different concentrations on C.reinhardtii, yeast and E.coli,
respectively. It can be seen in these figures that the cationic polyelectrolyte (PDAC) has an
extremely strong antimicrobial effect in a wide range of concentrations ranged from 0.0045
wt% to 0.05 wt%. To establish the toxicity of the antimicrobials-loaded microgel we
therefore needed to remove the free PDAC from the microgel suspension before incubation
with cells to differentiate between the cytotoxic effect of PDAC and the antimicrobial
activities of microgel-encapsulated berberine or chlorhexidine. For microalgae and yeast
(Figures 6.26 and 6.27), PDAC solutions of different concentrations were incubated with
a fixed amount of cell sample. The cell viability was measured through pipetting a millilitre
of each sample, centrifuged, dispersed in water, after that 1 drop of FDA solution was
added and incubated for 10 minutes and centrifuged again two times. The cell viability of
the resulted sample was measured by automatic cell counter using FDA viability assay. For
E.coli (Figure 6.28), the cell viability was measured through pipetting a millilitre of each
sample, centrifuged, dispersed in water, after that 100 uL of each cell sample was placed
in a 96-microplate wells and added 100 pL of luminescence reagent. The 96 microplate
wells were shaken for 30 second and incubated for 5 minutes and the luminescence

intensity was measured by Luminometer.
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Figure 6.26: The cytotoxic effect of solutions of different PDAC concentration on
microalgae cells (C.reinhardtii) for 1 hour incubation time at room temperature. PDAC
solutions of different concentrations were incubated with a fixed amount of microalgae

cells.
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Figure 6.27: The cytotoxic effect of solutions of different PDAC concentration on yeast
cells for up to 1 hour incubation time at room temperature. A fixed amount of yeast cells
was incubated with a solution of different PDAC concentrations
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Figure 6.28: The cytotoxic effect of solutions of different PDAC concentration on E.coli
cells for up to 1 hour incubation time at room temperature. Solutions of different PDAC
concentrations were incubated with a fixed amount of E.coli cells.

6.5.2 Cytotoxic Effect of PDAC-Coated Carbopol on Algae, Yeast and E.coli

In order to measure the antimicrobial activity of PDAC-coated and berberine- or
chlorhexidine-loaded Carbopol Aqua SF1 on microalgae, yeast and E.coli, the cytotoxic
effect of PDAC coated-Carbopol Aqua SF1 (without berberine or chlorhexidine) towards
these microorganisms had to be investigated. A specific quantity of each type of cell was
incubated with suspensions varying concentrations of PDAC-coated Carbopol Aqua SF1
microgels at room temperature for selected incubation times. Figure 6.29 shows the results
for algal cells where there is little effect until 0.009 wt% to 0.018 wt% at which point the
viability is strongly affected. In this range even a 0 incubation time the coated Carbopol

Aqua SF1 particles appear to be damaging the thin cell membrane of algae.
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Figure 6.29: The cytotoxic effect of PDAC-coated Carbopol Agqua SF1 microgel upon
incubation with microalgae cells for 2 hours at room temperature. The measurement was
conducted through pipetting 1 mL of each sample, centrifuged twice, incubated with 1 drop
of FDA solution for 10 minutes and then centrifuged and re-dispersed with PBS solution
(pH 7.4). After that, the cell viability was measured by automatic cell counter.

Figure 6.30 shows the cytotoxic effect of the Carbopol microgel coated with the cationic
polyelectrolyte PDAC on yeast cells after up to 6 hours incubation time at room
temperature. In this case, there was no pronounced toxic effect for the incubation of yeast
cells with each individual concentration, a slight decrease was seen for higher
concentrations at 6 h. In the case of the yeast, the thicker cell membrane prevents the
PDAC-coated Carbopol Aqua SF1 particles from disrupt it. Although PDAC can disrupt
the cell membrane of yeast (see the section above), the microgel bonded PDAC does not

seem to produce the same effect as free PDAC.
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Figure 6.30: The cytotoxic effect of PDAC-coated Carbopol microgel upon incubation with
yeast cells for up to 6 hours at room temperature. The measurement was conducted through
pipetting 1 mL of each sample, centrifuged twice, incubated with FDA solution for 10
minutes and then centrifuged and dispersed with PBS solution (pH 7.4). After that, the cell
viability was measured by automatic cell counter.

The cytotoxic effect of PDAC-coated Carbopol microgel particles was also tested on
E.coli. Figure 6.31 shows that PDAC in the concentration range 0.0036 to 0.009 wt% is
not toxic with up to a 2 h incubation time while at 0.018 wt% PDAC concentration there
was a cytotoxic effect on E.coli cells. Therefore, it was utilized the concentrations from
0.0036 wt. % to 0.009 wt. % in the further experiments to incubate the cells with PDAC
coated antimicrobial agent loaded Carbopol to measure the increase in the antimicrobial
activity as well as to investigate the antimicrobial agent’s ability to kill E.coli cells when

delivered by using PDAC-coated microgel particles.
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Figure 6.31: The cytotoxic effect of PDAC coated Carbopol Aqua SF1 microgel upon
incubation with E.coli cells for 2 hours at room temperature. The measurement was carried
out through pipetting 1 mL of each sample, centrifuged twice, after that 100 pL of each
cell sample was placed in a 96-microplate wells and added 100 pL of luminescence reagent.
The 96 microplate wells were shaken for 30 seconds, incubated for 5 minutes and the
intensity was measured by Luminometer.

6.5.3 Antimicrobial Activity of PDAC-coated BLC on Microalgae

We studied the antimicrobial activity of berberine-loaded Carbopol Aqua SF1 which was
additionally coated with the cationic polyelectrolyte PDAC to enhance the electrostatic
adhesion between the negatively charged cell membrane and positively charged PDAC-
coated Carbopol microgel loaded with berberine. Figure 6.32 shows the viability of
C.reinhardetii cells incubated with suspensions of different concentration of PDAC-coated
berberine loaded Carbopol Aqua SF1 (BLC). At 0 hour incubation time (instant exposure),
the viability of the algal cells decreased from 82% at 0.0018 wt% PDAC - 0.0015 wt%
berberine— Carbopol Aqua SF1 complex concentration to 50% at 0.0045 wt% PDAC-
0.00375 berberine-Carbopol Aqua SF1 complex concentration and then sharply declined
to 15% at 0.0045 wt% PDAC-0.00375 wt% berberine-Carbopol Aqua SF1 concentration.
Upon increasing the incubation time to 1.5 hours, all the cells died for 0.0045 wt% PDAC-
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0.00375 wt% Berberine-Carbopol Aqua SF1 concentration and the viability was 7% for
the 0.003 wt% PDAC - 0.0025 wt% Berberine-Carbopol Aqua SF1 concentration.
However, 40% of algal cells were viable after 1.5 hour for the 0.0018 wt% PDAC-0.0015
wit% Berberine-Carbopol complex. Therefore, 0.0045 wt% PDAC-0.00375 wt% berberine-
Carbopol concentration was the most effective concentration to kill algal cells after 1.5
hour incubation time.

Figure 6.33 represents a comparison between the antimicrobial activities of PDAC-coated
BLC complex, free berberine and Carbopol-encapsulated berberine. More than 90% of
algal cells were dead at 0 h incubation time upon incubation with 0.0045 wt% of PDAC
but for the same concentration of PDAC which had been used to coat the Carbopol Aqua
SF1 to form PDAC-coated Carbopol microgel, there was no toxic effect. There was,
however, an increase in the antimicrobial activity for the encapsulated berberine into
PDAC-coated Carbopol microgel, in comparison with the uncoated BLC. The reason is
that PDAC coated BLC was positively charged and is attracted to the negatively charged
surface of the cells, allowing high local concentrations of encapsulated berberine to disrupt
the cell membrane and kill the cells. Whereas, there was low biological activity from un-
encapsulated berberine (0.00375 wt%) which slowly Kills the cells while for the berberine-
loaded Carbopol Aqua SF1, there was a slow release of berberine from Carbopol microgel
causing delay in the death of cells after 1.5 hour incubation time. In the latter case there is
unfavorable repulsion between the BLC and the cell membrane as they both carry negative

surface charge.
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Figure 6.32: The viability of C.reinhardtii microalgae cells upon incubation with solutions
of different concentrations of PDAC-coated berberine-loaded Carbopol Aqua SF1
microgel. The solutions were prepared depending on dilution from stock solution with the
concentration 0.009 wt% PDAC-0.0075 wt%-0.075 wt% berberine-Carbopol Aqua SF1
complex. The measurement was conducted through pipetting 1 mL of each sample,
centrifuged twice, incubated with a drop of FDA solution in acetone for 10 minutes, and
then centrifuged and dispersed with PBS solution (pH 7.4). After that, the cell viability was
measured by automatic cell counter.
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Figure 6.33: The viability of C.reinhardtii microalgae cells upon incubation with 0.0045
wt% PDAC, 0.0045 wt% PDAC-coated Carbopol, 0.0375 wt% berberine, 0.00375 wt%
Carbopol-encapsulated berberine, and 0.0045 wt. % PDAC-coated 0.00375 wt%
berberine-loaded Carbopol Aqua SF1 microgel complex. The measurement was conducted
through pipetting 1 mL of each sample, centrifuged twice, incubated with 1 drop of FDA
solution in acetone for 10 minutes and then centrifuged and dispersed with PBS solution
(pH 7.4). After that, the viability was measured by an automatic cell counter.
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Figure 6.34 shows SEM images for C.reinhardtii algal cells that had incubated with 0.0045
wt% PDAC-coated 0.00375 wt% berberine-loaded Carbopol Aqua SF1 microgel complex
for one hour. From Figure 6.34B, C, and D one sees that microalgae cells were completely
damaged by this complex and acquire an irregular shape in comparison with the control
sample (see Figure 6.34A). The reason for this is due to the electrostatic interaction
between the encapsulated cationic PDAC-coated Carbopol Aqua SF1 and the anionic cell
membrane allows adhering particles to diffuse the active material in the local vicinity of

the cell surface causing cell death as explained schematically in Figure 6.35.

Figure 6.34: SEM images of C.reinhardtii microalgae cells. (A) Control sample of the
microalgae cells. (B, C, and D) C.reinhardtii cells incubated with 0.0045 wt. % PDAC
coated 0.00375 wt% berberine-loaded Carbopol Aqua SF1 microgel complex after one
hour incubation time at room temperature. The experiment was conducted through
incubation a suspension of microalgae cells with solution of PDAC-coated 0.00375 wt%
berberine-loaded Carbopol Aqua SF1 particles. The cells were pre-treated for SEM using
the procedure described in section 2.2.8.
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Figure 6.35: Schematic diagram for the electrostatic interaction between PDAC-coated
berberine-loaded Carbopol Aqua SF1 particles and the anionic cell membrane of
microalgae cells.
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6.5.4 Antimicrobial Activity of PDAC coated BLC on Yeast

The antimicrobial activity of berberine-loaded Carbopol Aqua SF1 coated with PDAC was
tested on yeast cells at room temperature for up to 2 h. From Figure 6.36 it can be seen that
all the yeast cells survived when incubated with different concentrations of PDAC coated
BLC particles. One possible explanation is that the cells remained viable because their
thick and strong outer shell of the cell membrane which prevents the cationic antimicrobial
from reaching the lipid bilayer. These results are in agreement with other studies in the
literature® where they tested berberine with yeast cells in the non-growth conditions and it
were unable to demonstrate any cytotoxic or genotoxic effects.

Comparing with the results for berberine in the PDAC-coated Carbopol Aqua SF1 microgel
with these with the same concentration of free berberine (0.0075 wt%) (Figure 6.37) it can
be seen that for the same concentration of free berberine, berberine encapsulated within
Carbopol Aqua SF1, and PDAC-coated berberine-loaded Carbopol complex, there was no
cytotoxic effect towards yeast cells as compared with control sample. This was in contrast
to 0.009 wt% free cationic polyelectrolyte PDAC which was a lethal concentration when
incubated with yeast cells which is enough to disrupt the yeast cell membrane. The PDAC
decreases its toxicity upon interacting with the anionic Carbopol microgel to form the
PDAC-coated Carbopol Aqua SF1 microgel. Figure 38 displays the SEM images for yeast
cells upon incubation with PDAC-coated berberine-loaded Carbopol particles. It can be
seen in Figure 6.38B, C, D and E that yeast cells were appeared to have dimples and cavities
on their surface due to the electrostatic attraction with cationic PDAC-coated berberine-
loaded Carbopol microgel particles, allowing berberine to penetrate into the cells compared
with the control sample of yeast as shown in Figure 6.38A. However, free berberine did
not Kill the yeast cells because they have rigid and thick outer membrane layer that prevents
berberine molecules to disrupt the lipid bilayer.
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Figure 6.36: The viability of yeast cells upon incubation with solutions of different
concentrations of PDAC-coated berberine-loaded Carbopol microgel. These suspensions
were prepared by dilution from a stock solution with the concentration 0.009 wt% PDAC-
0.0075 wt% berberine -0.075 wt% Carbopol Aqua SF1 complex.
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Figure 6.37: The viability of yeast cells upon incubation with 0.009 wt% PDAC, 0.009
wt% PDAC-coated Carbopol Aqua SF1, 0.0075 wt% berberine, 0.0075 wt% encapsulated
berberine, and 0.009 wt% PDAC-coated 0.0075 wt% berberine-loaded Carbopol Aqua SF1
microgel complex.
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Figure 6.38: SEM images of yeast cells. (A) Control sample of yeast cell and (B, C, D, and
E) yeast cells that incubated with 0.009 wt% PDAC-coated 0.0075 wt% berberine-loaded
Carbopol Aqua SF1 microgel complex after two hours of incubation. The SEM samples
were pretreated with the procedure described in section 2.2.8.
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6.5.5 Antimicrobial Activity of PDAC Coated BLC on E.coli

The antimicrobial activity of PDAC-coated berberine-loaded Carbopol Aqua SF1 microgel
complex (PDAC coated BLC) with E.coli was investigated by incubation of solutions of
various concentration of PDAC coated BLC with a fixed amount of E.coli cells removed
from their culture media for two hours at room temperature. Figure 6.39 shows that there
was no noticeable antimicrobial activity for berberine concentrations from 0.0015 wt% to
0.0025 wt%. However, antimicrobial activity was seen for concentrations of 0.00375 wt%
to 0.006 wt% berberine after two hours of incubation. Suspensions with 0.006 wt%
Carbopol-encapsulated berberine appeared to have high antimicrobial activity, killing the
cells. This increase in the antimicrobial efficiency towards the cells was attributed to the
increase in the concentration of berberine encapsulated into the Carbopol microgel as well
as the electrostatic interaction between PDAC-coated Carbopol-encapsulated berberine
and the outer cell membrane of E.coli, in which the encapsulated berberine is released
locally and disrupts the E.coli cells membrane causing cell death.

The comparison between the uncoated and the PDAC-coated microgel particles upon
incubation with E.coli cells can be seen in in Figure 6.40. The uncoated particles were toxic
after two hours period of incubation time. However, when we used same concentration of
PDAC to coat the Carbopol Aqua SF1 microgel and incubated with the cells, it was found
that all cells remained viable for the same period of time. The cells were also incubated
with 0.006 wt% free and Carbopol encapsulated berberine and it was discovered that no
significant antimicrobial activities was seen for both cases at the same overall
concentration of berberine. Contrastingly, a considerable increase in the antimicrobial
activity was observed after the incubation of the E. coli cells with PDAC-coated 0.006 wt%
berberine-loaded Carbopol at the same incubation time. The reason is attributed to the
interaction between cell membrane and the PDAC-coated berberine encapsulated particles

which allowed the encapsulated berberine to get through and kill cells.
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Figure 6.39: The antimicrobial activity of suspensions of different concentrations of
PDAC-coated berberine-loaded Carbopol Aqua SF1 (PDAC coated BLC) against E.coli
cells. The solutions were prepared from the stock solution (0.011 wt% PDAC-coated
0.0075 wt% berberine-loaded 0.05 wt% Carbopol Aqua SF1 complex.
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Figure 6.40: The antimicrobial activity of 0.0088 wt% PDAC-coated 0.006 wt% berberine-
loaded Carbopol towards E.coli cells as a function of both the antimicrobial activity of free
and Carbopol-encapsulated berberine and the cytotoxic effect of uncoated and PDAC-
coated particles. The incubation was also performed through incubation each concentration
with a fixed amount of E.coli cells after their removal from the culture media.
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Figure 6.41 shows SEM images of E.coli cells that were incubated with 0.0088 wt%
PDAC-coated 0.006 wt% berberine-loaded Carbopol particles for two hours at room
temperature. It can be seen from Figure 6.41B, C, and D that particles of PDAC-coated
berberine-loaded Carbopol are clustered on the surface of the cell membrane of E.coli cells
compared with control sample where there was no berberine involved (see Figure 6.41A).
This aggregation happened due to the electrostatic attraction between the cationic PDAC-
coated berberine-loaded Carbopol particles and the anionic cell membrane of E.coli which
contributed to the increase of the antimicrobial activity of berberine in comparison with the

same concentration of free berberine over the same period of incubation.

Figure 6.41: SEM images of E.coli cells. (A) Control sample of E.coli and (B, C, and D)
incubation of E.coli cells with solution of 0.0088 wt% PDAC coated 0.006 wt% berberine-
loaded Carbopol suspension.
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6.5.6 Antimicrobial Activity of PDAC-coated CLC on Microalgae

The antimicrobial activity of chlorhexidine with microalgae cells was examined through
incubation of suspensions of different concentrations of PDAC-coated chlorhexidine-
loaded Carbopol microgel with microalgae cells for 1 hour. Figure 6.42 shows that at 0
hours incubation time (immediately upon incubation), the viability of the microalgae had
sharply decreased to 41%, 32% and 25% at 0.0018 wt% PDAC-0.009 wt% Chlorhexidine-
Carbopol Aqua SF1, 0.003 wt% PDAC-0.015 wt% Chlorhexidine-Carbopol, and 0.0045
wt% PDAC-0.0225 wt% Chlorhexidine-Carbopol, respectively. All the cells died for
concentrations between 0.003 wt% and 0.0045 wt% PDAC-Chlorhexidine-Carbopol
complex but approximately 10% viable cells remained from incubation of at the lower
concentration after 1 hour. This means that both 0.003 wt% PDAC-0.015 wt%
Chlorhexidine-Carbopol microgel and 0.0045 wt% PDAC-0.0225 wt% Chlorhexidine-
Carbopol were effective in killing microalgae cells.

The antimicrobial activity of PDAC-coated chlorhexidine-loaded Carbopol was compared
with that of free PDAC and PDAC-coated Carbopol Aqua SF1. We also compared these
results with the antimicrobial activity of free chlorhexidine and uncoated chlorhexidine-
loaded Carbopol microgel particles as shown in Figure 6.43. The free cationic
polyelectrolyte PDAC was toxic and killed all the cells after one hour. The PDAC-coated
Carbopol microgel did not have measurable cytotoxic effect on microalgae cells. There
was, however, a significant increase in the antimicrobial activity of both free chlorhexidine
(0.025 wt%) and 0.0045 wt% PDAC coated 0.0225 wt% chlorhexidine-loaded Carbopol
towards microalgae cells in comparison with the uncoated chlorhexidine-loaded Carbopol
microgel. This occurs because of the electrostatic attraction between the cationic PDAC-
coated encapsulated chlorhexidine and the anionic cell membrane of the microalgae which
allows for chlorhexidine to disrupt locally the cell membrane causing the cell death.
Whereas, there was no interaction between the anionic chlorhexidine-loaded Carbopol
particles and the cell membrane due to the electrostatic repulsion forces. Figure 6.44 shows
SEM images of C.reinhardtii cells that were incubated with a suspension of 0.0045 wt%
PDAC-0.0225 wt% Chlorhexidine-Carbopol complex for one hour. It can be illustrated in
Figure 6.44B, C, and D that the particles of PDAC-coated chlorhexidine loaded Carbopol

microgel were trapped on the cell membrane of the microalgae cells. This clustering and
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accumulation of antimicrobial particles is attributed to the attraction between the cationic
particle and anionic surface of the cells. The local release of chlorhexidine molecules
increased the antimicrobial action. It can also be seen in Figure 6.44E, a high magnification
of SEM image of 44D which explains the heterocoagulation of the antimicrobial particles

on the cells.
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Figure 6.42: The viability of microalgae cells versus solution of several different
concentrations of PDAC-coated chlorhexidine loaded Carbopol microgel which have been
prepared from the stock solution 0.0045 wt% PDAC — 0.045 wt% Chlorhexidine — 0.05
wt% Carbopol dispersion.
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Figure 6.43: The comparison between the antimicrobial activity of 0.0045 wt% PDAC-
0.0225 wt% Chlorhexidine-Carbopol microgel, the Carbopol-encapsulated chlorhexidine
(0.0225 wt%), 0.025 wt% chlorhexidine and the cytotoxic effect of free 0.0045 wt% PDAC
and 0.0045 wt% PDAC-coated Carbopol Aqua SF1 against the control sample of algal
cells.
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Figure 6.44: SEM images of C. reinhardtii cells. (A) Control sample and (B, C, D, and E)
samples after incubation in a suspension of 0.0045 wt% PDAC-0.0225 wit%
Chlorhexidine-Carbopol Aqua SF1 complex suspension with C.reinhardtii cells for one
hour.
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6.5.7 Antimicrobial Activity of PDAC-coated CLC on Yeast

The antimicrobial activity of PDAC coated chlorhexidine-loaded Carbopol Aqua SF1
microgel towards yeast cells was then investigated at room temperature for a 2 hours
incubation period as shown in Figure 6.45. As previously, the cell culture media had been
removed to prevent any unwanted interaction. It can be seen that the viability of yeast cells
was reduced to 34% at high concentration while it was around 60% at low concentration
at 0 h incubation. An hour later, the viability was considerably reduced to 35%, 23% and
15% for 0.0018 wt% PDAC-0.009 wt% Chlorhexidine-loaded Carbopol microgel, 0.0045
wt% PDAC-0.0225 wt% Chlorhexidine-loaded Carbopol microgel and 0.009 wt% PDAC-
0.045 wt% Chlorhexidine-loaded Carbopol microgel, respectively. After 2 h both 0.0045
wt% PDAC-0.0225 wt% Chlorhexidine-loaded Carbopol and 0.009 wt% PDAC-coated
0.045 wt% Chlorhexidine-loaded Carbopol microgel had been the most active
concentrations killing all cells because of the attraction between PDAC-coated microgel
with encapsulated chlorhexidine and the cell membrane.

The antimicrobial activity towards yeast cells was best for 0.009 wt% PDAC-0.045 wt%
Chlorhexidine-loaded Carbopol, free chlorhexidine (0.05 wt%) and 0.045 wt%
chlorhexidine-loaded Carbopol Aqua SF1 microgel which are compared as shown in
Figure 6.46. The figure also demonstrates the cytotoxic effect of each of 0.009 w% PDAC
and 0.009 wt% PDAC-coated Carbopol microgel whereby 0.009 wt% free PDAC had
appeared a toxic effect towards yeast cells while the PDAC-coated Carbopol did not affect
the viability of yeast cells. PDAC-coated chlorhexidine-loaded Carbopol showed enhanced
antimicrobial activity in comparison with the same concentration of uncoated
chlorhexidine-loaded Carbopol which appeared to have a very low antimicrobial activity
with 86% of the cells being viable after 2 hours. However, the free chlorhexidine seemed
to have antimicrobial activity which is higher than that for PDAC-coated Carbopol with
encapsulated chlorhexidine. The surface morphology of yeast cells incubated with 0.009
wt% PDAC-0.045 wt% Chlorhexidine-loaded Carbopol was examined using SEM as
shown in Figure 6.47. It can be seen in Figure 6.47B, 6.47C, 6.47D, and 6.47E that yeast
cells suffered a profound change of morphology from the interaction with PDAC-coated
Carbopol with encapsulated chlorhexidine causing irregular surface shape with cavities as

compared with control sample (Figure 6.47A) where there was no chlorhexidine. This
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approach allowed enhancing of the antimicrobial action of chlorhexidine in comparison

with free chlorhexidine at the same concentration.
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Figure 6.45: The viability of yeast cells versus suspensions of several concentrations of
PDAC-coated chlorhexidine-loaded Carbopol prepared from a stock solution 0.0045 wt%
PDAC — coated particles of 0.045 wt% Chlorhexidine — loaded in 0.05 wt. % Carbopol
Aqua SF1 microgel.
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Figure 6.46: The comparison between the antimicrobial activity against yeast of 0.009 wt%
PDAC-0.045 wt% Chlorhexidine-Carbopol microgel particles, the Carbopol-encapsulated
chlorhexidine (of overall concentration 0.045 wt. %), 0.05 wt% chlorhexidine and the
cytotoxic effect of free 0.009 wt. % PDAC and 0.009 wt. % PDAC-coated Carbopol against
the control sample.
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Figure 6.47: SEM images of yeast cells: (A) Control sample of yeast cell and (B, C, D, and
E) represent the result of the incubation of yeast cells in suspension and 0.009 wt% PDAC-
0.045 wt% Chlorhexidine-loaded Carbopol microgel particles after 2 hours.
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6.5.8 Antimicrobial Activity of PDAC Coated CLC on E.coli

Finally, the antimicrobial activity of PDAC-coated chlorhexidine-loaded Carbopol
microgel towards E.coli cells was studied for up to two hours of incubation. Figure 6.48
shows the relative luminescence intensity of E.coli cells upon incubation with series of

PDAC coated CLC concentrations followed by exposure to luciferase.
35

—8-0 h Incubation Time =€ -2 h Incubation Time

w
o
T

= N N
ol o ol
T T T

[
o
T

Relative Luminescence Unit

Control 0.0022 wt. % 0.0036 wt. %  0.0055 wt. %
PDAC - 0.009 PDAC-0.015 PDAC -0.0225
wt. % CHX-  wt. % CHX-  wt. % CHX-

Carbopol Carbopol Carbopol

Figure 6.48: The relative luminescence intensity of E.coli incubated with suspensions of
various concentrations of PDAC-coated chlorhexidine-loaded Carbopol for up to two hours
of incubation. The diluted concentrations were prepared from the stock solution (0.011
wt% PDAC-coated 0.0075 wt% chlorhexidine-loaded 0.05 wt% Carbopol. The incubation
was conducted through incubation each concentration with a fixed amount of culture media
free E.coli cells.

A significant increase in the antimicrobial activity was seen at high concentrations of
PDAC-loaded CLC (0.0055 wt% PDAC-coated 0.0225 wt% chlorhexidine-loaded
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Carbopol) after incubation for 2 h and there was slight increase in the antimicrobial activity
for PDAC coated 0.015 wt% chlorhexidine-loaded Carbopol. Therefore, the PDAC coating
has a significant contribution in the increase of the antimicrobial activity of chlorhexidine
because of the electrostatic interaction between the cationic PDAC and anionic cell
membrane of the E.coli cells which leads to its successful disruption, and kills them.

The antimicrobial activity of 0.0055 wt% PDAC-coated 0.0225 wt% chlorhexidine-loaded
Carbopol Aqua SF1 complex was also compared with the results at the same concentration
of free chlorhexidine and chlorhexidine-loaded Carbopol with E.coli cells (Figure 6.49).
There is a substantial increase in the antimicrobial activity of PDAC-coated CLC as
compared with uncoated CLC but there was no pronounced change between PDAC-coated
CLC and free chlorhexidine for the same concentration used. Figure 6.50 shows the
morphology of the microstructure of E.coli cells that incubated with 0.0055 wt% PDAC-
coated 0.0225 wt% chlorhexidine-loaded Carbopol for 2 hours of incubation. It can be seen
in Figure 6.50B-F that the PDAC-coated particles are also heterocoagulated on the cell
membrane of E.coli due to the cationic-anionic interaction between the particles and the
surface of the cell, respectively. This interaction assisted in the increase the antimicrobial
action of chlorhexidine through allowing penetration of high concentrations of
encapsulated chlorhexidine to the intracellular fluid. This results were compared with the
control sample of E.coli as shown in Figure 6.50A.The electrostatic interaction between
the PDAC-coated CLC particles and the outer cell membrane of E.coli is shown in Figure

6.51 which explains the increase in the antimicrobial activity of chlorhexidine.
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Figure 6.49: The antimicrobial activity of 0.0055 wit% PDAC-coated 0.0.0225 wit%
chlorhexidine-loaded Carbopol microgel towards E.coli as a function of the antimicrobial
activity of the free and Carbopol-encapsulated chlorhexidine. We also compare with
cytotoxic effect of uncoated and coated CHX.
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6.50: SEM images of E.coli cells. (A) Control sample of E.coli and (B, C, D, E, and F)
represent the incubation of E.coli cells with a suspension of 0.0055 wt% PDAC coated
0.0225 wt% chlorhexidine-loaded Carbopol for 2 hours at room temperature. The cells
were pre-treated with the procedure described in section 2.2.8.
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Incubation between Cationic PDAC coated
Chlorhexidine Loaded Carbopol suspension and
E.coli Cells. Upon incubation, Chlorhexidine
molecules start diffuse through the cell membrane
to the cytoplasm of E.coli causing cell death
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Figure 6.51: The schematic of the electrostatic interaction between PDAC-coated
Chlorhexidine-loaded Carbopol microgel particles and the outer cell membrane of E.coli
cells in which the chlorhexidine molecules are delivered locally at high concentrations on
the cell membrane of E.coli cells.

It can be concluded that carbopol Aqua SF1 microgel is biodegradable and biocompatible
material according to the toxicity testing of carbopol microgel suspensions with each of
algae, yeast and E.coli. It can also be indicated that berberine or chlorhexidine loaded
carbopol microgels have antimicrobial activities towards model microorganisms but this
antimicrobial actions are significantly different from chlorhexidine to berberine for which
it was noticed a considerably increase in the antimicrobial action for chlorhexidine which
are much better than that for berberine. However, a significant increase in the antimicrobial
actions were observed for both berberine and chlorhexidine towards algae, yeast and E.coli.
This increase is attributed to the coating of encapsulated berberine and encapsulated
chlorhexidine with cationic polyelectrolyte (PDAC) which cause electrostatic interaction
between the coated encapsulated berberine or chlorhexidine and cell membrane within very

short period of incubation time (less than one hour).
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7 Chapter Seven: Microfluidic Cell Based Assay: An Introduction

In the previous chapters the role of nanomaterials was studied in terms of either the
toxicological effect of nanomaterials or their role as a nanocarrier for drug delivery. In both
cases, the investigation was conducted through preparing solutions of different
concentrations of nanomaterials and incubating them separately with microorganisms such
as microalgae, yeast and E.coli cells. The batch method was utilized to investigate the
viability of these cells and the cells were considered as whole cell biosensors to explore
either the cytotoxic effect of metal nanoparticles or antimicrobial activity of encapsulated
drug. The batch method was time-consuming and used high volumes of reagents. Using a
microfluidic system it is possible to automate the process, reduce the amount of reagents

and increase the throughput of screening.?
7.1.  Cell Adhesion using Poly-L-Lysine

The first approach investigated to trap the cells in the microfluidic device was cell
adhesion to the micro chamber of the microchip device using the chemical adhesant such
as poly-L-lysine.? A simple microfluidic device was utilized as shown in Figure 7.1, the
microchip consists of two layers: the bottom plate is made of glass which was fabricated
by photolithography. This plate involves two inlets, micro chamber in the centre of the chip
and one outlet to collect the waste solution outside of the chip. The glass micro device was
treated with alcoholic sodium hydroxide overnight, washed with water and ethanol thrice,
and dried in the oven to prepare an active glass surface with a high distribution of
negatively charged surface. After that, 2 pl poly-L-lysine solution was added to the micro
chamber and left overnight at 0°C to allow the poly-L-lysine to adhere to the glass surface
as shown in Figure 7.2. On the other hand, the top plate is PDMS layer which is made of
elastomer. This layer can be prepared from mixing elastomer with curing agent (10:1), then
centrifuged and poured in a glass petri dish to form layer with thickness 3-4 mm and left

overnight in an oven to be solidified at 60°C.
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Figure 7.1: a) Schematic of a microfluidic chip; b) Photographic image of the microfluidic
chip-cell based assay for trapping cells into a micro chamber.
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Figure 7.2: The schematic for the ionic bonding between poly-L-lysine and both of glass
chip and cell.

The glass bottom plate of the microfluidic device was then bonded with a PDMS layer to
prepare the channels and the device was placed in a chip holder and tubing was connected
to the channels as displayed in Figure 7.3. Phosphate Buffered Saline (PBS, pH 7.4) was
pumped at a flow rate 10 pL.min from inlet 1 and inlet 2 to wash and remove the excess
unreacted amounts of poly-L-lysine for 30 minute, and also to provide a sterile
microenvironment inside the chip. Then, a concentrated suspension of algae cells was
pumped into the micro device at flow rate 10 pL.min for 10 minutes and then the pumping
was stopped for 30 minutes to allow the algal cells to adhere to the surface of the micro
chamber of the device. The trapped cells were then washed with phosphate buffer saline

for 10 minutes to get rid of the unbound cells.
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Figure 7.3: (A) A schematic flowgram of the microfluidics glass chip where the micro
chamber is examined under microscope. (B) The experimental setup of algal cells trapping
on the micro chamber of the microchip device using poly-I-lysine.
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The trapped cells were examined under the microscope using the bright field
position as shown Figure 7.4. It can be seen in Figure 7.4 (A, B and C) that algal cells
were trapped in the micro chamber of the device with high distribution of the cells in the
outlet (A), the centre (B), and the inlet of the micro chamber. Moreover, highly magnified
images of trapped cells were also observed at D, E, and F of Figure 7.4.

SO0 LI

5007

Figure 7.4: Bright field microscopic images of algal cells trapped in the micro chamber of
the microfluidic chip using poly-I-lysine as an adhesant agent. (A) Trapped cells in the
outlet of the micro chamber, (B) Trapped cells in the centre of the micro chamber, (C)
Trapped cells in the inlet of the micro chamber, (D) On-chip trapped cells at 10X
magnification, (E) On-chip trapped cells at 20X magnification, and (F) On-chip trapped
cells at 50X magnification.
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The viability of the trapped algal cells was tested using the fluorescein diacetate (FDA)
viability assay. FDA was pumped though inlet 1 and inlet 2 using syringe pump at flow
rate 10 pl mint for 5 minutes and incubated with the trapped cells for 10 minutes, then the
remaining FDA solution were washed off with phosphate buffer saline (PBS). The viability
of the cells was measured using the fluorescence microscope as shown in Figure 7.5. The
figure shows that the algal cells trapped in the micro chamber of the chip were still viable
but a significant decrease in the amount of trapped cells was observed. This decrease was
attributed to the effect of shear stress forces from pumping reagents through the system
because of the flow rate as well as the weak interaction between the cells and poly-L-lysine
as shown in the white arrows in Figure 7.5 where cells detached from the surface of the
microchamber. From these results it was clear that this method would not provide
reproducible results.
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Figure 7.5: The Viability of on-chip trapped cells using chemical adhesion through the
interaction between cells and glass chip adhered poly-L-lysine. The viability was measured
by incubating cells with FDA solution for 10 minutes. White arrows refer to the detachment
of cells from the surface of the microchamber due to the weak interaction where the effect
of flow rate is dominant causing shear stress on the interaction between adhered cells and
the surface.

313



Chapter Seven Microfluidic Cell Based Assay

7.2 Microfluidic Cell Trapping

It was clear an alternative method was needed and therefore it was decided to trap
the cells physically using magnetic particles between 25 um and 75 pm with strong
magnetic response. A simple microfluidic chip design (channel width 100 um, channel
depth 50 um and made of glass/PDMS plates) was used for the micro screening assay.
Microorganisms were incubated with these nanomaterials to study either their toxicity or

the antimicrobial action as shown in Figure 7.1.

Figure 7.6 describes a schematic diagram of the proposed cell trapping into the
micro chamber of the micro device. The strategy of trapping cells is based on placing
different sizes (25-75 um) of fabricated magnetic microbeads into micro chamber of the
chip device and then, trapping the beads at the end of the micro chamber using a high
performance neodymium magnet as shown in Figure 7.6 (a and b). After that, the cells (size
>3 um) are pumped at a slow flow rate using a syringe pump through inlet 1 and inlet 2
to be trapped before the gate keepers (magnetic beads). The magnet had to be kept in the
place to avoid escaping cells and ensure a good distribution of trapped cells in the micro
chamber as shown in Figure 7.6(c). A specific concentration of either titania nanoparticles
or microgel particles are then pumped from the two inlets over the cells. The flow is then
stopped to allow incubation with the trapped cells for a specific period. After that, PBS
buffer solution (pH 7.4) is pumped from the two inlets to remove the nanomaterials and
fluorescein diacetate is then introduced and incubated with the trapped cells for 10 minutes.
Finally, the trapped cells are washed with PBS solution to remove the excess amount of
FDA solution and the cell viability is measured as an overall intensity using the
fluorescence microscope. The cells are then flushed from the chip by moving the magnet
to the side as illustrated in Figure 7.6(d).
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Figure 7.6: The schematic diagram of microfluidic cell trapping by gate keepers (magnetic
microbeads) which are used for investigating the cytotoxic effect of nanoparticles or
antimicrobial assay upon incubation with cells into the micro chamber for periods of
incubation time. (a) Placing magnetic beads into micro chamber. (b) Attraction of magnetic
beads by magnet (c) Passing and Trapping the cells into micro chamber (d) flushing out
cells upon moving the magnet to the side.
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Another design was also manufactured® as shown in Figure 7.7. This design
consisted of two layers: the upper layer was made of PDMS with three holes (Inner
Diameter 1.6 mm) which were broken up using 1.25 mm biopsy punch device as shown in
Figure 7.8 (A). However, the lower layer includes upstream part which can generate

gradient concentrations from a stock solution allowing rapid experiments in which the cells

are exposed to a range of different concentrations as shown in Figure 7.8 (B, C, and D).

Figure 7.7: The microfluidic chip design which generates concentration gradients by
pumping stock solution of a reagent from inlet 1 and water from inlet 2 with dilution
occurring in the branched channels. This design was fabricated as mentioned in Chapter 2,
Section of chip fabrication
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Figure 7.8: The microfluidic chip for high throughput micro screening cell based assay.
(A) The whole microfluidics chip with concentration gradient generator. (B) The branched
point for concentration gradient generator (CGG), (C) The micro chambers for trapping
cells and (D) The cross channels between concentration gradient generator (CGG) and the
micro chambers.
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7.3  Fabrication of Magnetic Microbeads

A range of different magnetic particles were prepared to find the best type for this

application.
7.3.1 Magnetic Glass Beads

To prepare these beads iron oxide nanoparticles were produced using the procedure
described by Berger* with some modification.1M Ferrous chloride was vigorously mixed
with 2M ferric chloride and then, ammonia solution was slowly added in drops to form
magnetite, a black precipitate. The dark solid at the bottom of the beaker was the iron
oxide magnetic nanoparticles which were washed three times until the solution gave a pH
of 6.5-7. Then the magnetic particles were heated up to 80°C for one hour to convert
hematite to magnetite. The precipitate was incubated at room temperature and washed three
times with Milli Q water. Figure 7.9 shows the photographic images of the magnetic

nanoparticles and Figure 7.10 displays their particle size distribution (41 nm) and zeta
potential (-7 mV).

Figure 7.9: The photographic profile of black precipitate of magnetic nanoparticles
dispersed in milli Q water (A) and particles attracted by magnet (B). The magnetic particles
were prepared by mixing ferrous and ferric ions and ammonia solution was added drop
wise to form iron oxide nanoparticles.
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Figure 7.10: The average particle diameter (A) and zeta potential (B) of magnetic iron
oxide nanoparticles prepared from mixing ferric and ferrous solutions in the basic medium.

The synthesized iron oxide nanoparticles was then coated with cationic
polyelectrolyte (polyallylamine hydrochloride) to convert the surface charge of magnetic
particles to positive by dispersing small amount of the nanoparticles with 10 mg/ml of PAH
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for 20 minutes with an ultrasonic probe.® The zeta potential was measured to be +60 mV

as shown in figure 7.11.
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Figure 7.11 : The zeta potential of PAH coated magnetic iron oxide nanoparticles which
were achieved through a specific amount of iron oxide nanoparticles solution with excess
amount of cationic polyelectrolyte. The excess amount of polyelectrolytes was removed
from the solution by separation with magnet.

To produce magnetic glass beads, the glass beads were cleaned to activate glass
surface using piranha solution allowing increase the amount of hydroxyl groups on their
surface. The activated glass beads were functionalized with cationic polyelectrolyte (PAH)
and then it was further coated with anionic polyelectrolyte (PSS) to produce PSS coated
PAH/ glass beads as shown in Figure 7.12. Then, the prepared PAH coated magnetic
nanoparticles were mixed with PSS coated PAH/ glass beads and left for a while. The
produced magnetic glass beads were tested with magnet and it was found few of these
beads have magnetic response and they need further coating with magnetic nanoparticles
to obtain strong magnetic response as demonstrated in Figure 7.13. Hence, it was required

to synthesize another magnetic bead with lower size to enhance the magnetic response.
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Figure 7.12: The schematic diagram for the functionalization of glass beads with magnetic
nanoparticles in which the functionalization was achieved using cation and anionic
polyelectrolyte such as poly (allylamine hydrochloride) and poly(styrene-4-solfonate
sodium).
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A

Figure 7.13: Bright field images of magnetic nanoparticles coated glass beads whereby (A)
represents magnetic glass beads without any external operator and (B) denotes to the
magnetic glass beads under the control of magnet

322



Chapter Seven Microfluidic Cell Based Assay

7.3.2 Magnetic Yeast Cells

Magnetic yeast cells were synthesized using electrostatic layer by layer coating.®

This method was conducted through coating of anionic magnetic nanoparticles with
cationic polyelectrolyte poly (allylamine hydrochloride) (PAH) to form PAH coated
magnetic nanoparticles. The latter was utilized to magnetize yeast cells by drop wise
addition of yeast cells to the solution of PAH coated magnetic nanoparticles which then
washed many times to get rid of the excess amount of polyelectrolyte by approaching
magnet. Figure 7.15 shows microscopic image of magnetic nanoparticles functionalised
yeast cells in comparison with normal yeast cells and it seems from the figure that
magnetized yeast cells appeared aggregated and attached to each other due to the
electrostatic interaction between anionic outer cell membrane and cationic PAH coated
magnetic nanoparticles as well as the interaction between non-magnetized and magnetized

yeast cells that allowed yeast cells to be aggregated.
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Figure 7.14: Schematic diagram for the magnetization of yeast cells using magnetic
nanoparticles that previously coated with cationic polyelectrolyte (PAH) to form PAH
coated FezOs4 nanoparticles with stirring for 20 minutes. The magnetic nanoparticles were
prepared from precipitation of ferrous and ferric ions in the basic medium of ammonia
solution, then heated up to 80°C for an hour to get superparamagnetic nanoparticles which
then separated by approaching neodymium magnet.
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Figure 7.15: The bright field microscopic images of (A) normal yeast cells and (B) yeast
cells that magnetized using Poly (allylamine hydrochloride) coated magnetic nanoparticles
which in turn functionalized yeast cells to form magnetic yeast cells.
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The magnetized yeast cells then were pumped at flow rate 25 pl.min* from inlet 1 and inlet
2 as described in Figure 7.16A. Then, the magnetized cells were trapped into the micro
chambers of the chip device using neodymium magnet which already placed on top of the
micro chambers and process was carried on for an hour. The figures 7.16B and 7.16C
describe the micro chambers in case of before and after trapping magnetized yeast cells,
respectively. It can be observed from Figure 7.16C that magnetized yeast cells were trapped
irregularly in the micro chamber because of the configuration of etched channel of the chip
which hinder magnetic cells to accumulate properly. Moreover, a back pressure happened
because of the small sizes of trapped magnetized cells which does not allow fluids to pass
through pores of the magnetized cells. In addition of that, this method cannot be used for
trapping cell where these magnetic coated cells might interact with trapped cells causing
damaging of the cell membrane.

Microscope

Inlet1 A

Inlet 2

=

Syringe Pump

Figure 7.16: (A) Experimental setup of trapping magnetized yeast cells into the micro
chambers of the micro device using neodymium magnetic on top of the micro chambers.
This experiment was achieved by pumping the cells using syringe pump from inlet 1 and
inlet 2 at flow rate 25 pl.min™! and trapping cells in the micro chambers following that
flushing out trapped cells to the outlet upon removal the magnet from the chip, (B) A bright
field microscopic image of the micro chambers before the trapping process, and (C) A
microscopic image of trapped cells into the micro chambers of the chip after trapping upon
placing the magnet of the top of the chambers.
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7.3.3 PDMS stabilized oleic acid coated magnetic nanoparticles

To obtain smaller particles PDMS stabilized oleic acid functionalized magnetic
nanoparticles were prepared by heating the prepared magnetic nanoparticles to 80°C (see
Section 7.3.1) and then rapidly adding to them a millilitre of oleic acid to coat the particles
and make them hydrophobic.® The hydrophobized nanoparticles were dried to remove any
residues of water molecules and then dispersed in a low density silicone oil which in turn
mixed with equal amount of poly (dimethyl siloxane) (PDMS) as shown in Figure 7.17.
The particles were then dispersed with low density silicone oil to decrease the viscosity of
PDMS.
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Figure 7.17: The schematic of synthesis of PDMS stabilized oleic acid coated magnetic
nanoparticles which were synthesized using oleic acid coated magnetic nanoparticles and
then dispersed in low density silicone oil and mixed with PDMS to form hydrophobic
magnetic nanoparticles.

Polymerised magnetic micro beads could then be produced via filling a 50 ul glass
syringe (Needle gauge 22S) with the coated nanoparticles. To make the method work a
petri dish was prepared with two layers as shown in Figure 7.18. The upper layer was
prepared by mixing 1% wt. % of both xanthan gum and sodium dodecyl sulphate (SDS) to
make a highly hydrophilic wet solution and the other layer was solidified agar which works
as a solid hydrophilic support as depicted in Figure 7.18A. The glass syringe was filled
with PDMS stabilized oleic acid coated magnetic nanoparticle which were slowly,
manually discharged in the interface between the top layer which contains xanthan gum

and SDS to increase the shear stress forces between PDMS droplet and the hydrophilic
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components of the top layer, and the agarose layer as a solid support. The PDMS droplets
generated were warmed up to 60°C in the oven overnight to polymerize them to form

solidified magnetic PDMS microbeads as shown in Figure 7.18B.

Droplet of PDMS stabilized

C . 50 ul Glass Syringe with
S;;tp::iilg:ated magnetic needle gauge 228
| (A)
Plastic I . — Solution of Xanthan gum
petri dish sasssnss and Surfactant (SDS)
L = Solidified Agar Solution

Figure 7.18: (A) Scheme of the synthesis of solidified magnetic PDMS micro beads in a
plastic petri dish in which the upper layer includes 1 wt. % of both xanthan gum and sodium
dodecyl sulphate (SDS) and the lower layer is solidified agar. (B) Photographic image of
polymerised magnetic PDMS micro beads on the top layer of petri dish.

The synthesized magnetic PDMS microbeads were well washed with Milli Q water to
remove the xanthan gum and sodium dodecyl sulphate (SDS) by attracting the beads with
a neodymium magnet. The magnetic beads were then examined under the microscope and
the bead sizes were found to be in the range from 50 pum to 500 um (Figure 7.19).
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Figure 7.19: The bright field microscopic images of solidified magnetic PDMS micro beads
which were prepared from generation of droplet of PDMS stabilised Oleic acid coated
magnetic nanoparticles using glass microsyringe in the presence of mixture of xanthan gum
and the surfactant SDS, and then these droplets were thermally polymerised to form
solidified magnetic PDMS micro beads. The scale bar is 200 pm.
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The solidified magnetic PDMS micro beads were tested on microfluidic chip device (3 cm
X 3 c¢cm, 100 pum width and 50 um depth) towards magnet to investigate the magnetic
response. It can be seen in Figure 7.20 A, B and C that the magnetic micro beads had a
weak response to the neodymium magnet. Another problem that was noticed was that
volume of magnetic PDMS bead was larger than the channel depth (Figure 7.20D) which
meant that smaller magnetic beads with a strong magnetic response were needed.
Moreover, it was observed that the beads were adhering to the surface of the microfluidic

device.

A 4 500 pm 500 pm

C 500 pm

Figure 7.20: On-chip microfluidic interaction between magnetic PDMS micro beads and
the neodymium magnet. (A-C) represent the response of the magnetic beads upon
approaching the magnet whereby they showed weak magnetic response and (D) represents
the horizontal flat surface of the microfluidic chip showing part of the magnetic beads on
the top of the chip.
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7.3.4 Flow Focusing Microfluidic Device

A microfluidic flow focusing technique was then investigated to prepare smaller
monodispersed magnetic microbeads.® This method was optimised by changing the flow
rate for both the continuous and dispersed phase and also the depth and the width of the
flow focusing device. Figure 7.21 shows the process for the synthesis of styrene based oleic
acid coated magnetic nanoparticles using a flow focusing microchip. The dispersed phase
was styrene based oleic acid coated magnetic nanoparticles (OCMNP) which was
synthesized according to the scheme described in Figure 7.21A". The synthesis are similar
to that described in section 7.3.3 in Figure 7.17 but the produced oleic acid coated
superparamagnetic iron oxide nanoparticles were then dispersed in styrene to form a
styrene based ferrofluid. 2 wt. % thermal initiator 1, 1-azobis(cyclohexanecarbonitrile)
(Vazo) was then added to the styrene based ferrofluid to obtain polymerized magnetic

micro beads. The continuous phase was the surfactant (SDS) as an aqueous phase.
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Figure 7.21: (A) the schematic diagram for the synthesis of styrene based ferrofluid which
was synthesized from mixing the precursors ferrous and ferric ions in basic medium of
ammonia which then dispersed in styrene. (B) A photographic image of microfluidic flow
focusing used for the generation of magnetic microbeads. (C) The flow gram of
components of continuous and dispersed phase in the flow focusing microchip.
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Figure 7.21B describes the microfluidic flow focusing chip with dimensions of the
channel are 50 um in depth and 100 um in width and the length of the chip is about 2.5 cm
that was fabricated using photolithography as it was mentioned in chapter 2, Section of
chip fabrication. The chip consisted of two layers of glass, the lower layer contained etched
micro channels with flow focusing while the top layer was the bottom of the chip with
tubing holes. Figure 7.21C shows the flow focusing chip® where the continuous phase (SDS
+ Water) passes through two sides of the chip inlet whereas, the styrene based oleic coated
magnetic nanoparticles are accommodated in the centre of flow focusing. The droplet
generation was conducted by pumping sodium dodecyl sulphate at flow rate 5 pl.min"* and
the styrene based ferrofluid at 0.1ul.min"t with the droplets being generated at the cross
junction as shown in Figure 7.22. To obtain monodispersed magnetic droplets which then
can be thermally polymerised using initiator to form solidified magnetic micro beads, it is
very important to optimize the flow rate of both continuous and dispersed phase and also

the concentration of SDS surfactant.
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Figure 7.22: The droplet generation using microfluidic flow focusing technique depending
on pumping sodium dodecyl sulphate on both sides of the inlet1 at flow rate 5 pl.min"! and
styrene based ferrofluid in the centre of the chip (inlet 2) with flow rate 1 pl.min™ and the
droplets were generated in the cross junction area to be collected in a glass tube from the
outlet of the chip.

A plastic syringe was used for loading the continuous phase while a glass syringe was
needed for loading the disperse phase because it contained styrene that could react with a
plastic syringe in case of using it. Silica capillary tubes also had to be used to introduce
solutions to avoid any reactions. The chip design had channel dimensions, depth 50 pum
and width 100 um. Figure 7.23 shows a schematic of the microfluidic flow focusing chip,
chip dimensions and the experimental setup of the droplet generation using flow focusing
technique.
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Figure 7.23: (A) profile for the flow gram of SDS as a continuous phase and styrene based
Ferrofluid in the microfluidic flow focusing technique for generating droplet. (B) The
channel dimensions of the chip which explained that the width is 100 um and the depth is
pm. (C) Photographic image of the experimental setup for the generation of magnetic
droplets using microfluidic flow focusing.

. Effect of SDS Concentration

Different concentrations (0.035 M — 0.17 M) of SDS were used as a continuous phase at
flow rate 5 pl.min™ with the dispersed phase (styrene based ferrofluid) at flow rate 0.1
ul.min? to obtain the optimum concentration of SDS for the formation of micro beads.
Figure 7.24 illustrates the droplet collected off at different concentrations of anionic
surfactant. It can be seen from the figure that (A) which represents 0.035 M SDS gave
mono dispersed droplet without any flocculation while B and C gave flocculated droplet
generation with mono dispersed micro particles at SDS concentration 0.052 M SDS and
0.07 M SDS because of the attraction forces between each particle. However, D, E and F

demonstrated highly mono dispersed magnetic micro particles with slightly flocculated
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micro particles. Therefore, 0.035 M solution of SDS concentration is the best value to

generate mono dispersed magnetic droplet.
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Figure 7.24: The effect of surfactant (SDS) on the size of the droplet generated from
microfluidic flow focusing technique. (A) 0.035 M SDS (B) 0.052 M SDS, (C) 0.07 M
SDS, (D) 0.07 M SDS, (E) 0.14 M SDS and (F) 0.17M SDS.
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° Effect of Flow rate

Various flow rates of continuous phase (1 pl/min — 5 pl/min) were studied. Figure 7.25
shows chip profile for the generation of droplet at different flow rate of continuous phase
(SDS+ Water) with fixed flow rate of dispersed phase (0.1 pl/min). It was noticed that at
low flow rate of continuous phase (1-2 pl/min) that large sizes of micro beads were
generated but they were aggregated and poly dispersed as is shown in (A and B). However,
at high flow rates of continuous phase, small sizes of micro particles were formed with
relevant mono dispersion (C, D, E and F). Thus, 5 pul/min flow rate of SDFS was chosen
as an optimal flow rate for the generation of droplets.
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Figure 7.25: Effect of flow rate of continuous phase of sodium dodecyl sulphate (SDS) on
the size of magnetized droplet using flow focusing microfluidic technique while the
dispersed phase (styrene based ferrofluid) being kept at 0.1 pL/min. (A) 1 pL/min, (B) 2
pL/min, (C) 3 pL/min, (D) 4 uL/min, and E and F represent the flow gram and droplet
generated at flow rate of SDS at 5 pL/min.

The magnetized droplets collected off chip at 1 % SDS concentration, 5 pL/min flow rate
of SDS and 0.1 pL/min flow rate of styrene based ferrofluid were then thermally
polymerised off chip at 70°C for three hours as displayed in the setup in Figure 7.26. It was

observed that the droplets generated had a strong magnetic response but were unstable,
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therefore, the droplets need more mixing on-chip to increase their stability and at the same

time, they need more powerful surfactant to be more stable.
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Figure 7.26: The experimental setup for the thermal polymerization of generated
magnetized droplets from the system dispersed phase (styrene based Ferrofluid) and the

continuous phase SDS solution using microfluidic flow focusing technique at 700C for
three hours.

7.3.5 Flow focusing Microfluidic with Serpentine

A new microfluidic flow focusing chip was then designed to generate magnetized droplet
through adding serpentine mixing coil which allow droplets to interact with the surfactant
for longer time so they could become more stable.® X° The polymerisable surfactant Hitenol
BC20 was also used rather than SDS because the latter hydrolysed as the temperature was
increased for polymerization.. Figure 7.27 shows the flow focusing microchip with the
serpentine. The chip contained inlet 1 which accommodated 2% wt. % Hitenol BC20 as a
continuous phase while inlet 2 was used for the styrene based ferrofluid as shown in Figure
7.27A and 7.27B. As before silica capillary tubes were used in the holes of the top layer of

glass to deliver fluids to the lower layer of the chip. The chip dimensions were 7 cm in
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length and 2.5 cm in width while for the micro channels were depth 50 um and width 100

pum with a wider 150 um channel for the serpentine. To generate more stable magnetized

droplets, the concentration and the flow rate of Hitenol BC20 was investigated. Figure 7.28

shows the droplet generation using 1% Hitenol solution at flow rate 0.1 ul. min? as a

continuous phase and styrene based ferrofluid at 5 pl. min™ as a dispersed phase.

nlet 1 Inlet 2

Mixing Coil 1

Serpentine Mixing Coil 2

Outlet

Figure 7.27: The microfluidic flow focusing with serpentine mixing part for the generation
of magnetized droplets. (A) Flow gram of flow focusing technique with serpentine, (B)
photographic image of the developed microchip for flow focusing technique. (C) Flow

focusing cross junction, (D) mixing coil 1 and (E) serpentine mixing coil 2.
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Figure 7.28: The droplet generation using flow focusing technique with serpentine mixing
part. (A) Droplet generation in the cross junction, (B) The generated droplets in the mixing
coil 1, (C) The generated magnetized droplet before entering the serpentine part, and (D)
the generated droplet in the serpentine part as actually seen in the microscope.

. Effect of Hitenol Concentration

Different concentration (1%, 2 %, 3 % and 4 % wt. %) of the surfactant Hitenol BC20 were
used as the continuous phase in inlet 1 at a flow rate 5 pl min while styrene based
ferrofluid was the dispersed phase being kept at flow rate 0.5 pl mint in inlet 2 of the
microchip. Figure 7.29 shows that there was no significant difference in the generated
magnetized droplets which means that the concentration of Hitenol BC20 did not affect the
sizes of the magnetized droplet.
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Figure 7.29: The effect of Hitenol BC20 on the size of the magnetized droplet generated
from the system that consists of Hitenol as a continuous phase and styrene based ferrofluid
as a dispersed phase. (A) 1 wt. % Hitenol BC20, (B) 2 wt. % Hitenol BC20, (C) 3 wt. %
Hitenol BC20, and 4 wt. % Hitenol BC20.
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o Effect of flow rate of Styrene based Ferrofluid

Various flow rates of dispersed phase (0.1 pl mint, 0.5 pl min%, 0.75 pl min, and 1 pl
mint) were utilized to study the effect of the flow rate of the dispersed phase of the size of
the magnetized droplet while the flow rate of the continuous phase was 5 pl min™. Figure
7.30 shows the effect of flow rate of the dispersed phase on the size of the magnetic micro
beads for the system which consists of 2 wt. % Hitenol BC20 as a continuous phase at flow
rate 5 pl min™t and styrene based ferrofluid as a dispersed phase. It can be seen from the
figure that as the flow rate of the dispersed phase increases, the size of magnetized particles
increased where at 0.1 to 0.5 pl min? flow rates of the dispersed phase, the sizes were
around 50 pm to 65 um while at flow rate 0.75 pl mint the size increased to 90 um and at
1 pl min’, the size has become bigger than 100 um. These results were promising to obtain
mono dispersed magnetic micro beads, however, they were still unstable even when using
different surfactant. Therefore, this system needs to be further optimization by adding
another channel to pump warmed agarose which then cooled down to keep the micro beads
separate and avoid the coalescence between droplets. As time was running it out and it was

decided to use the synthetic method in batch mode.
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500 um

Figure 7.30: The effect of flow rate of the dispersed phase of styrene based ferrofluid on
the size of the generated magnetized micro beads at fixed flow rate of continuous phase of
Hitenol BC20. (A) 0.1 pl mint, (B) 0.5 pl min™t0.75 pl mint, and (D) 1 pl min™,

7.3.6 Fabrication of Magnetized Micro Beads by Emulsification

Magnetic micro beads were synthesized according to the emulsification method described
by Dyab et al'* with some modifications as shown in Figure 7.31. The synthesis is similar
to that mentioned in Figure 7.22A but styrene based ferrofluid was emulsified with anionic
polymerisable surfactant Hitenol BC20 to produce hydrophobic micro beads after thermal
polymerisation. The emulsion was homogenised manually using plastic pipette to make
sure obtaining poly dispersed micro beads. It can be seen in figure 7.32A, the formation of
magnetic micro droplets before thermal polymerisation as well as parallel chains were
produced upon approaching strong neodymium magnet from magnetic micro droplets (see
fig. 7.32(B)). In addition of that, figure 7.32(C and D) also display the fabricated magnetic

micro beads after thermal polymerisation.
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Figure 7.31: The schematic diagram for the manual synthesis of magnetized micro beads
using the precursor’s ferrous and ferric ions in the basic medium of ammonia to form
magnetic nanoparticles which in turn functionalized with olic acid and dispersed in styrene
to form styrene based Ferrofluid. The latter then homogenized with equal amount of 2%
Hitenol BC20 to for oil in water emulsion using pipette. After that, the emulsion was added
to warmed agarose and cooled down to room temperature, which then heated up to 70°C
for three hours to polymerise the beads.
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Figure 7.32: The generation of magnetic micro beads from the emulsification of the system
Hitenol BC20 as a continuous phase and styrene based ferrofluid as a dispersed phase and
thermally polymerised using thermal initiator. (A) The prepared oil in water magnetized
droplets, (B) The parallel chains of magnetized micro beads before thermal polymerization
and (C and D) The fabricated magnetic micro beads after thermal polymerization.

7.4  Magnetic Gate Keepers in Microchip

The generated magnetic micro beads had sizes ranged from 10-30 um which means that
these beads were poly dispersed micro particles allowing fluids to pass through the pores
between micro beads to avoid the back pressure in case of pumping liquids from inlets of
the chip. The magnetic response was tested and it was found to be very strong upon
approaching neodymium magnet where the beads can be controlled and attracted in
different directions. Therefore, these beads could be utilized for trapping cells into the
micro chambers of microchip. Figure 7.33A and 7.33B show the different dimensions of
the cell trapping microchip with the micro chamber which accommodates these beads as

gate keepers at the outlet. The bottom plate of the glass chip consists of two inlets, one
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outlet, and micro chamber of Microfluidic chip that is used for trapping cells while the
upper plate accommodates PDMS layer. After that, the magnetic beads were placed in the

micro chamber of the chip. The glass chip was bonded to PDMS plate using chip holder as

shown in Figure 7.33C.

Figure 7.33: The PDMS/glass microfluidic cell based assay for trapping cells using
magnetic micro beads as gate keepers into the micro chamber of the microchip. (A)
Microfluidics chip cell trapping with 100 um in depth, (B) microfluidics chip cell trapping
with 150 um in depth, (C) microfluidics glass chip cell trapping with 100 um in depth as a
lower plate bonded with PDMS using chip holder where all tubing holes were achieved by
punch device and the tubing was 1.6 mm PTFE. (D) PDMS/glass microfluidic chip bonded
with chip holder and magnetic micro beads are in the micro chamber of the chip

Various different channel depths (50 pm, 100 pum and 150 pm) were investigated to
accommaodate the magnetic beads into the micro chamber of the chip as shown in Figure

7.33A and 7.33B. However, it was observed that these beads do not have the ability to
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move freely inside the micro chamber, even though they have strong magnetic response as
explained in Figure 7.33D. The reason behind that is attributed to the configuration, the
depth, and the width of the micro channel where there was not possibility to control
precisely these parameter upon etching glass plate. In addition of that, the upper plate is
made of PDMS and it was noticed that upon approaching neodymium magnet from the

micro chamber from the top layer, the magnetic response of these beads were weak.
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Figure 7.34: Microfluidics chip design that made of PMMA polymer from a CAD file
designed by computer software that constructed by CNC machine to form three dimension
micro channels. (A) The CAD file of the chip design. (B) The master design made of
PMMA polymer by CNC machine. (C) The master design placed in rectangular block
which can be used for making replica that made of PDMS (D) The micro chamber of the
master PMMA design. (E) The micro channels of the master PMMA polymer design.
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On the other hand, the magnetic response become extremely strong upon using magnet
from the glass plate side. Therefore, it was tried another design of microchip with different
dimensions (75 mm length and 25 mm width) by making the lower chip made of PDMS
which contains the micro channels and chambers and the upper chip is made of glass
(B270) with 1.6 mm inner diameter of each hole. Figure 7.34 describes microfluidic chip
design as a master mold which made of PMMA polymer and the channels were created by
CNC machine according to drawing CAD file using computer software. Additionally, it
contains the rectangular block to construct the replica after pouring PDMS with curing
agent on top of the master, then peeled off. It can also be displayed in Figure 7.35A that
the PDMS plate contains the microchannel with 175 pm in depth alongside of the
microchip while the glass plate includes the holes of inlets and outlets which then bonded

on top of the PDMS plate using oxygen plasma cleaner as shown in Figure 7.35B.

The magnetic micro beads were placed into the micro chamber before bonding the two
plates together where the face up of PDMS and glass plates were exposed to oxygen plasma
cleaner for a minute at 0.6 watt RF power. The glass/PDMS chip was left in an oven for
24 hour at 60°C to strengthen the chemical bonding between the plates. Figure 7.36A
describes the glass / PDMS microfluidic chip and magnetic beads are inside the micro
chamber of PDMS plate which were placed after plasma bonding while the glass chip
contains the holes of inlets and outlets. PTFE tubing (ID, 0.5 mm and OD, 1.6 mm) was
utilized to pump fluids from syringe pump to the inlets of the microchip where they were
glued to the chip using Araldite glue and left for a while to be solidified. The glass/PDMS
chip was experimentally set up under bright field microscope with 2X magnification with
neodymium magnet on top of the glass plate as explained in the photographic images for
the whole setup and the side and the top of the microfluidic device in Figure 7.36B, 7.36C
and 7.36D, respectively. The micro chamber placed magnetic beads were drive and
controlled by neodymium magnet and moved to different directions as shown in Figure
7.37. It can be seen in Figure 7.37 that magnetic beads follow the magnet to each side

where it was placed, and this feature are important for trapping cells.
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A

Figure 7.35: Glass/PDMS microfluidics cell trapping chip. (A) the microfluidics chip
which consists of PDMS plate with micro channels and glass plate with holes. (B) Oxygen
plasma bonded glass/PDMS microfluidics chip.
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b= NS
Microfluidic

chip

Figure 7.36: Glass / PDMS microfluidic chip for cell based assay which was conducted
through bonding glass to PDMS using plasma cleaner and magnetic beads placed inside
the micro chamber. (A) Glass/PDMS microfluidics chip with magnetic beads attracted by
neodymium magnet. (B) The experimental setup of the microfluidic glass beads trapping
into the micro chambers. (C) Photographic image of the side of the Glass/PDMS microchip
with the magnet on top. (D) Photographic image of the top of Glass/PDMs microchip with
the magnet on top of the glass plate trapping magnetic beads inside the micro chamber.
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Figure 7.37: Bright field microscopic images of the micro chamber of glass / PDMS
microfluidic chip where magnetic beads are inside the micro chamber and attracted by
neodymium magnet upon approaching the magnet from the micro beads. (A) Magnetic
beads upon approaching the magnet from the upper side of the chip. (B) Magnetic beads
upon approaching the magnet from the down side of the chip. (C) Magnetic beads upon
approaching the magnet from the right hand side of the chip. (D) Magnetic beads upon
approaching the magnet from the left hand side of the chip.

It can be concluded that magnetized gate keepers were synthesized from thermal
polymerization of emulsified styrene based ferrrofluid in Hitenol BC20. These magnetized
gate keepers have the ability to be trapped into the micro chamber of the chip upon
approaching neodymium magnet. This developed method could overcome most problems
of cell trapping methods into microfluidic chip which suffer some drawbacks such as
electric and magnetic field and some mechanical forces.*? Additionally, the new method
does not have any interaction with the trapped cells as the magnetic Janus beads are
hydrophobic and biocompatible.'® Several approaches were tried and had come up with a
simple solution but ran out of time to achieve toxicity or antimicrobial testing which would

be further work.
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8. Chapter Eight: Conclusions and Future Works

8.1  Conclusions

Nanomaterials play an important role in many industrial and biological applications as they
have unique chemical and physical properties such as small size and high surface area.
However, the huge production of these nanomaterials which might release to the
environment causing damage ecological system. The aim of this thesis was to investigate
nanoparticles, both in terms of their toxic effects on model microorganisms and their
application for drug delivery. Metal nanoparticles such as titania nanoparticles have the
ability to scatter and reflect light in cosmetics and in the same time, they are not
biodegradable which may have toxic effect while polymer nanoparticles are biodegradable
and biocompatible and they are commonly used in drug delivery systems.

In chapter three and four, a range of titania nanoparticles of different crystallite size were
synthesised and characterised in terms of their surface charge and average hydrodynamic
diameter in aqueous solutions. The effect of the TiO2NPs hydrodynamic diameter on their
toxicity for C.reinhardtii microalgae and yeast was studied. The cells were separated from
their growth media to avoid any interferences with the TiO2NPs. The results indicated that
smaller TiO2NPs have a higher toxicity than larger ones, with the anatase form of the
TiO2NPs having a higher impact on the cell viability than the rutile form. It was found that
the bare anatase TiO2NPs were cationic below pH 6.5 which explains their adhesion to the
cell walls of both microalgae and yeast.

Irradiation of the microalgae cells with UV light (peak at 365 nm) had bigger impact on
their viability in the presence of TiO2NPs compared with the same experiments conducted
in dark conditions. Surprisingly, illumination with visible light also made the TiO2NPs
more toxic to the microalgae compared to the ones in dark conditions. The experiment
presented that TiO,NPs at concentrations above 50 pg mL™ noticeably affect the
microalgae viability while nanoparticle concentrations higher than 250 pg mL™ led to
complete loss of viability. The tests also showed a decrease in the chlorophyll content after
prolonged exposure to TiO2NPs in UV and visible light. This indicated that TiO2NPs can
not only disrupt the cell membranes but also can interfere with the cell chloroplasts. The

results with yeast cells showed similar trends but due to the much thicker yeast cells walls
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the nanotoxicity concentration threshold TiO2NPs was about one order of magnitude
higher.

Polyelectrolyte-coated TiO2NPs with up to 4 layers of polyelectrolytes of alternating
charge (PSS and PAH) were also produced using the layer-by-layer technique. Cell
viability tests showed that their nanotoxicity alternated with the particles surface charge
and depended on the last coat of polyelectrolytes. Anionic nanoparticles as TiO2NPs/PSS
and TiO2NPs/PSS/PAH/PSS showed much lower nanotoxicity than the cationic ones,
TiO2NPs/PSS/PAH and bare TiO2NPs, respectively. This was explained by the poor
adhesion of the anionic particles to the cell walls due to their electrostatic repulsion and
the amplification of the particle-cell adhesion in the case of cationic TiO2NPs. These results
were backed by TEM images of sectioned microalgae and yeast cells. The results of this
study contributed to the understanding of the interaction mechanisms of surface modified
TiO2NPs/PSS with living cells and determined the factors which control their nanotoxicity.

In Chapter five and six a polyacrylic acid based microgel (Carbopol Aqua SF1) was
used as a nanocarrier for drug delivery using a swelling/deswelling technique. The
encapsulation includes increase the pH of carbopol microgel to 8 and then the berberine or
chlorhexidine is added to the swelled microgel. The complex formed was adjusted to pH
5.5, centrifuged three times and then dispersed in acetate buffer solution (pH 5.5). The
results indicated that the Carbopol microgel has the ability to encapsulate berberine and
chlorhexidine with 10% and 90% encapsulation efficiency with slow release, respectively.
Carbopol Aqua SF1 was stable with zeta potential +33 mV and was also stable upon
encapsulation with berberine and chlorhexidine and coating with polyelectrolytes (PAH
and PDAC). The Carbopol Agqua SF1 was shown to be non-toxic upon incubation with
algae, yeast and E.coli.

Carbopol microgel with encapsulated berberine and chlorhexidine were tested with algae
and E.coli and it was found that that there were less effect in the antimicrobial actions due
to the slow release of both berberine and chlorhexidine from carbopol microgel even at
different incubation time as well as the repulsion interaction between encapsulated
berberine or chlorhexidine into carbopol and cell membrane. However, there was no
antimicrobial activity of berberine loaded carbopol microgel towards yeast due to the

repulsion forces between the encapsulated berberine into the microgel and the big thickness
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of cell membrane of yeast that prevent the cell membrane to be disrupted. Additionally,
berberine is inactive to kill yeast cells in comparison with the encapsulated chlorhexidine
which appeared also less antimicrobial action towards yeast. However, the antimicrobial
activity for both encapsulated berberine and encapsulated chlorhexidine did increase upon
coating the carbopol microgel with cationic polyelectrolyte (PDAC). The carbopol
microgel was coated with PDAC to form PDAC coated carbopol microgel which played
important role in the dramatic increase the antimicrobial actions upon incubation with algae
and E.coli where they killed within 2 hours incubation time. This is due to the electrostatic
interaction between the cationic PDAC coated berberine or chlorhexidine loaded carbopol
microgel and the cell membranes of algae, yeast and E.coli. This interaction allows
encapsulated berberine or chlorhexidine to diffuse into cell membrane causing cell death
within short periods of time.

In Chapter 7 microfluidics cell based assays were explored in which cells were
trapped in a micro chamber and then exposed to toxins to study the antimicrobial action or
toxicity. Using chemical adhesion as an approach was not successful as the adhesant poly-
I-lysine was not able to immobilize the cells due to the effect of shear stress forces, which
caused them to detach from the surface of micro chamber. Magnetic glass beads and
magnetic yeast cells were also found to be unsuitable for trapping cells in the micro
chamber of the microfluidics chip due to the electrostatic interaction between the cells and
either magnetic glass beads and magnetic yeast cells. An approach in which magnetized
hydrophobic beads were used as gate keepers to trap cells into microfluidic consisting of
glass/PDMS was most successful as these beads did not interact with the cells. The chip
had two layers: the lower layer made of PDMS which accommodated channels with micro
chamber while the upper layer was glass with holes for tubing. The results indicated that
these magnetized gate keepers inside the micro chamber of the chip could be placed in
position using a neodymium magnet, whilst allowing liquid flow without high back

pressures.

357



Chapter Eight Conclusions and Future Works

8.2 Future Works

1. Investigation the toxicity effects of bare and coated titania nanoparticles upon
incubation with E.coli in dark conditions and in the presence of UV light at different
exposure times.

2. Study the toxicity effects of some heavy metals nanoparticles on algae, yeast and
E.coli.

3. In vivo application of PDAC coated encapsulated berberine and encapsulated
chlorhexidine into carbopol microgel.

4. Trapping cells such as algae and yeast into micro chamber of developed
microfluidics chip to study the toxicity of titania nanoparticles and antimicrobial
action of encapsulated berberine or encapsulated chlorhexidine into carbopol

microgel.

358



