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Summary

Polymer Functionalized Nanostructures for Antibacterial Application

Student: PU LU

Supervisor: Associate Professor Duan Hongwei

Research in this thesis is to take advantages of polymer-functionalized
nanostructures for antibacterial applications. Due to dramatically enhanced
surface area to volume ratio of nanomaterials, functionalized nanoparticles not
only show superior antibacterial performance but also possess the ability to
assemble into various structures. On one hand, nanomaterials serve as scaffolds
for grafting abundant and distinct polymers to enlarge localized charge density
of polymers, a critical factor in antibacterial material preparation, or to assemble
into distinct structures for drug loading. On the other hand, intrinsic
characteristics of nanomaterials may be employed into the killing system, such

as hyperthermia effect and magnetic separation ability.

In the first project, polymer poly(4-vinylpyridine) grafted graphene oxide
(GO) were synthesized through atom transfer radical polymerization (ATRP),
which were subsequently quaternized with different alkyl chain lengths to
improve water solubility. The composites displayed excellent antibacterial
activity at low concentrations of 10 pg/ml. Their antibacterial effect varied with
alkyl chain lengths with highest activity for alkyl chain length of four carbon.

The polymer-grafted GO were further made into papers, which demonstrated

XVIII



similar antibacterial effect. Polymer brushes quaternized with butyl chains
demonstrated the highest toxicity up to 99.9% for both E. coli and S. aureus in
paper form. All materials showed better activities against S. aureus (Gram-
positive) than E. coli (Gram-negative). SEM observations confirm that the
materials wrapped and penetrated through the cell membrane. Zeta potential
measurement also proved the importance of higher charge density of materials
for better antibacterial applications.

In the second project, biodegradable cationic polymers were synthesized
by ring opening polymerization and decorated superparamagnetic nanoparticles
MnFe204 through ligand exchange reaction. The material displayed synergistic
antibacterial effect due to membrane destruction by cationic polymers and
hyperthermia effect by the magnetic core. It exhibited antibacterial activity that
was superior to polymers alone at about 1000 times due to higher charge density
for polymers on nanoparticle surfaces. In alternating magnetic field, the
superparamagnetic core leads to a hyperthermia effect to further improve the
antimicrobial activity.

The third project focuses on developing a magnetic vesicle delivery
system that is able to carry antibiotic payloads and release them in response to
specific types of pathogens. More specifically, magnetic nanoparticles are grafted
with mixed polymer brushes of hydrophilic PEG and hydrophobic PCL. The
resultant amphiphilic nanoparticles self-assemble into vesicles with PCL forming
the hydrophobic shell protected by PEG grafts. Thanks to the lipase-specific
degradation of PCL, the magnetic vesicles can de destructed by lipase secreted
by specific bacteria such as S. aureus. As a result, the antibiotic-loaded vesicles

showed selective antibiotic release against lipase-secreting bacteria. In contrast,

XIX



this response is absent in low lipase-secreting bacteria. Moreover, antibody-
conjugated vesicles could rapidly capture targeted specific bacteria and be
collected by external magnetic field, which allowed for further reducing the MIC

of the antibiotics.
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Chapter 1. Introduction

1.1 Backgrounds

1.1.1 World of bacteria

Bacteria are microscopic and single cell organisms that exist everywhere
and affect environment around us. Some strains are beneficial, even essential.
For example, bacteria in the intestine of animals help digest nutrients, produce
vitamins and generate growth factors.>? Others may help with our immunity
system, protecting ourselves from other harmful pathogens.® They also act as a
source in medicine of antibiotics and vaccines.*® However, some bacteria may
cause damages. They accelerate spoilage and decomposition of foods, textiles
and dwelling.6® The harmful strains may also proliferate on or in our body,
causing bacteria related infections, such as pneumonia, meningitis and food

poisoning.®!

Infections may be transmitted to us by contact, through a vehicle and from
the animal and insects as illustrated in Figure 1.1. Diseases can be spread by
direct contact between person-to-person, indirect contact between person and the
utilities used by another person and air transmission such as coughing.*? The food
we eat, the water we drink and the cosmetics we use are also sources of bacterial
infection.®® Additionally, insects and animals are able to bring their diseases to

us as well 1415



Direct
—] Contact
Indirect
— Food
Infection —
— Vehicle Water
— Insect & Animal — Cosmetics

Figure 1.1 Sources of infection.

In developing countries, where water and food are contaminated, waste
are deposed unsanitarily, personal hygiene and sanitary conditions are lacked
behind, and medical assistance are not accessible, infections become the first
cause of mortality there in the occurrence of cholera, dysentery, malaria, etc.!’
On the contrary, morbidity and mortality by antibiotic-resistant pathogens
increase in developed countries. According to Centres for Disease Control and
Prevention (CDC) of USA, there are at least 2, 049,442 antibiotic resistant
infections in 2013, with around 23000 direct deaths.'® The antibiotic-resistant
pathogens migrate easily to form new paths for microorganism to run into human
hosts.1®20 S, aureus is a typical representative of bacteria that has evolved from
penicillin-resistant phenotypes into methicillin-resistant strain (MRSA) and been
the main cause for surgical site infections.?! Hence, it is of particular importance
to develop new generation of antimicrobial agents with improved safety and

efficiency to prevent and treat infections from all aspects.



1.1.2 Gram-positive and Gram-negative Bacteria

Bacteria are classified by Hans Christan Gram into two types based on

their interaction with crystal violet dye: Gram-positive bacteria and Gram-

negative bacteria.?> Gram-positive bacteria retain violet dye after staining due to

thick peptidoglycan layer while Gram-negative bacteria do not retain dye because

of thinner peptidoglycan layer. The comparison of the two types of bacteria are

summarized in Table 1.1.

Table 1.1 Comparison between Gram-negative and Gram-positive bacteria.?

Bacteria Type

Gram-negative

Gram-positive

Peptidoglycan layer

Outer membrane

Resistance to physical

disruption

Resistance to antibiotics

Teichoic acid

Single layer (1-7nm)

Present

High

High

Absent

Multiple layers (20—

80 nm)

Absent

Low

Low

Present

The main differences between Gram-negative bacteria and Gram-positive

bacteria lie in their differences in outer membrane (Figure 1.2).2* The Gram

positive bacterial cell wall is composed of thick peptidoglycan layer between 20

and 40 layers thick, with abundant teichoic acid and lipoteichoic acids. These
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acids are negatively charged due to the presence of phosphate in their structure.
On the other hand, for Gram-negative bacteria, the peptidoglycan layer is thinner
with only one or two layers. However, they possess an additional outer membrane
which is absent in Gram-positive bacteria, contributing to higher resistance to
antibacterial materials, for example, resistance to physical disruption and
antibiotics. Their outer membrane is composed of phospholipids and
lipopolysaccharides, which contribute to a strong negative charge to surface of
Gram negative bacterial cells. Hence, both Gram-negative and Gram-positive

bacteria display net negative charges.
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Figure 1.2 (A) Gram-positive and (B) Gram-negative cell walls.?* Copyright

2005 Nature Publishing Group.



1.1.3 Antimicrobial agent-physical and chemical agents

Antimicrobial agents are classified into different categories in several
ways. According to the bacterial species that affected, antibacterial materials are
classified into broad, intermediate and narrow-spectrum antibacterial, with broad
spectrum active for both Gram-positive and Gram-negative bacteria and narrow
spectrum only against particular species. Based on the effects of bacteria affected,
materials are also classified into bactericidal (kill bacteria) or bacteriostatic
(inhibit or delay bacteria growth) drugs. Based on the intrinsic properties of
materials, antimicrobial agent are classified into physical agents, chemical agents

and antimicrobial drugs as shown in Figure 1.3.%

— Heat
— Radiation
— Physical agent
— Ultrasonic
— Chemical agent
Antimicrobial . .
agent Filtration
Antibiotics
Antimicrobial
drugs Other antibacterial
agent

Figure 1.3 Classification of antimicrobial agent.?



Typically, sterilization utilizes physical agent such as heat, radiation,
pressure and filtration to ensure the materials, including surfaces, medium,
devices, etc., free of all living organisms.?® Disinfection, on the other hand, uses
chemical agents to reduce the level of organisms outside or on the surface of the
human body to prevent the occurrence of infection.?” Antimicrobial drugs use

chemical agents for administration into human body to treat infections.

Among the physical agents, heating, as a simple, effective, cheap and
rapid method, kills bacteria by elevating the temperature and are applicable to
sterilize various objects such as flasks, oils and milk. Bacteria can be inactivated
by dry heat or moisture heat.?” Under dry condition, cells lose enzyme activities
and result in cell death due to oxidation process. Under moisture condition, cell
protein coagulate, DNA strands break and cell membrane integrity will be lost
by heating. The killing efficiency depends on the heating temperature, time and
bacteria types. On the other hand, radiation, in the range of ultraviolet (ultraviolet
radiation) and cathode to X-ray (ionizing radiation), helps to sterilize closed
environment, pharmaceuticals, and medical supplies by damage or destroy
DNA.2 Ultrasound disrupts cells based on its high frequency sound waves.?® The
waves induce the formation of microscopic bubbles in their applied fluid, which
collapse and generate shock waves. These shock waves are strong enough to
disintegrate bacteria. Moreover, filtration method separates microorganism from
the filtrates by appropriate filter with specialized pore size. The method is

typically used in dealing with vaccines, culture mediums, enzymes, etc.*°

Compared to sterilization, disinfection destroy microbes based on active

chemical agents.® They are extensively used in hospital, food, healthcare devices
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and general consumer markets. Disinfectants are commonly active against wide

spectrum of organism by damaging cell envelope and cytoplasmic membrane,

crosslinking of macromolecules, interfering DNA, oxidizing cellular compounds,

etc.3? A short summary of representative antiseptics and disinfectants with their

mechanisms are shown in Table 1.2.2733

Table 1.2 Mechanisms of various antiseptics and disinfectants.

Chemical agent

Target

Glutaraldehyde

Chlorhexidine

Alcohol

Diamines

Anilides

Halogen-releasing agent

Peroxygens

Phenols

Cross-linking of proteins, RNA, DNA.

Destroy membrane integrity;

Intracellular coagulation.

Membrane damage;

Protein denaturation.
Amino acid leakage.

Destroy  semipermeable  property  of

cytoplasmic membrane.

Oxidize thiol groups;

Inhibit DNA synthesis.

Generate hydroxyl radicals and oxidize thiol

groups;

DNA strand breakage.

Intracellular compounds leakage.




1.1.4 Antimicrobial agent-antibiotics

Disinfectants, which inhibit microbial growth by destroying multiple
components of organisms at the same time, are too toxic to be applied for human
uses. Chemotherapy, thus, is introduced to treat infections inside body by
introducing antimicrobial drugs with lower toxicity. Antibiotics, low molecular
weight substances produced by microorganisms that fight against another
microorganism, constitute a major subcategory of chemotherapy agents.3* More
than 2000 years ago, Greece, China, Egypt and Serbia used moldy bread to dress
infections, which nowadays were believed to generate raw antibiotics. In 1928,
Fleming discovered the miracle antibiotic penicillin.®*® However, the antibiotic
was not realized for application until 9 years later when Florey and Chain
achieved large scale production of this first antibiotic. In 1942, the introduction
of penicillin was largely produced by industry to save life. In 1945, Florey and
Chain shared the Nobel Prize for Physiology and Medicine. The success in
penicillin opens the door to the search of various other antibiotics. Figure 1.4
demonstrates the history of discovery and introduction of key antibiotics

afterwards.36:37

The antibiotics act in different modes against bacteria: 1) by affecting
their proteins through denaturizing or alternating their protein structure. This
denaturation can be either permanent or temporary. Permanent denaturation leads
to the mechanism called bactericidal while temporary refers to bacteriostatic,
which means bacteria can restore their state and structure afterwards; 2) by
affecting their cell membrane proteins or membrane lipids. Concerning proteins,

the mode of action consists of denaturalisation whereas lipids are dissolved, for
8



instance by a surfactant, and their cell membrane turns out to be damaged; 3) by
affecting the cell-wall formation through blocking its synthesis; 4) by preventing
replication, transcription and translation of the nucleic acid structure; and 5) by

disturbing the metabolism.38:3°

4 N\ 4 N\ 4 N\
1980-1989 1990-1999
1928 Amoxicillin-clavulanate, Azithromycin,
Penicillin discovered,; Imipinem/cilastin, Quinupristin/dalfopristin
Ciprofloxacin introduced; introduced;
. J . J . J
( ) ( 1970-1979 ) ( )
1930-1939 Tobramycin, Cephamycins 2000 onwards
. - discovered; Linezolid, Cefditoren
Sulfonamides &Gramicidin P -
discovered: Rifamipicin, Minocycline, Daptomycin, Telithromycin,
' Cotrimoxazole, Amikacin Tigecycline introduced
introduced,;
. J J & J
( 1940-1949 ) ( 1960-1969 )
Penicillin introduced; Methicillin, Ampicillin,
Streptomycin, Bacitracin, Cephalosporins,
Cephalosporins, Vancomycin, Doxycycline
Chloramphenicol, introduced; Gentmicin,
Chlortetracycline and Spectinomycin, Clindamycin
\___Neomycin discovered; ) \ discovered; y
( ) ( 1960-1969 )
1950-1959 Methicillin, Ampicillin,
. Cephalosporins,
Oxytetracycline, Vancomycin, Doxycycline
Erythromycin, Vancomyein, introduced; Gentmicin
Kanamycin discovered,; - ) - '
Spectinomycin, Clindamycin
\ ) \ discovered,; )

Figure 1.4 History of antibiotics.*¢3’

The application of antibiotics has been spectacularly successful in the
twentieth century.*® They help to extend human life expectancy tremendously,
especially in developed countries. Upon introduction of sulphadiazine, more than
half of the deaths from Streptococcus pyrogenes related childbed fever were
reduced in England and Wales. In the USA, mortality arising from infectious
disease decreased from 797 to 36 per 100,000 from 1900 to 1980 due to
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development of antibiotics against various diseases such as tuberculosis,
pneumonia, smallpox, etc.*! The life span in USA in 1997 reached 76 years.'® At
that time, the society felt optimum in treating, controlling and preventing
infectious diseases and thought it was time to stop the effort to deal with
infectious disease. During 1980s, pharmaceutical companies even believed that
it was time to reduce the development of new antibiotics as it was enough for
application.*?* However, the story went away from expectation when a series of
new, resurgent and multidrug resistant infections broke out, such as HIV, bovine
spongiform encephalopathy and Ebola virus.** The emerging infections result
from increase in host susceptibility, new disease and increase in disease
transmission, which are the consequences of social and technological variations
such as variations in demographics and behaviour, developments in technology
and industry, breakdown of public health measures, microbial adaptation and
mutation, international travel and commerce and environmental changes. For
example, the fast-food hamburger brought about E. coli O157:H7, which causes

bloody diarrhoea and haemolytic uremic syndrome.

Bacteria are intrinsically resistant to certain antibiotics and can mutant to
acquire resistance.* Bacterial species are made up of less sensitive variants that
are more resistant to antibiotics and more sensitive variants that are easily killed
by the antibiotics.*® The alive bacteria may further develop cellular modifications
to enhance their viability. Hence, the probability of bacteria resistance generally
increases with the usage of antibiotics. Some micrograms resist to only one drug,
but more resist to several drugs, which are called “multidrug resistance”. There

are various mechanisms that bacteria has developed to fight against antibiotics:
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generation of inactivating enzymes so that antibiotics cannot have effect on the
enzyme; receptor modification to prevent binding of antibiotics; changes in cell
membrane by reorganizing structure channels or transport mechanisms;
enhancement of efflux to pump antibiotics out of the cells; overexpression of the
target molecules so that the reduction of the molecules would not be a problem;
and alteration of the target metabolism so that cell function would not be

affected.*’

Besides studying the mechanisms for emerging infections, there are
several aspects that scientists can contribute to control or prevent the outbreak of
infections. Firstly, develop, modify or search new antimicrobial agents, which
bacteria have not developed resistance against or are difficult to develop
resistance against, to treat diseases. Secondly, develop vaccines or
immunomodulators that can reduce host susceptibility. Thirdly, develop new
technologies for surveillance to monitor and control pathogens. Last but not least,
explore appropriate technologies for efficient and safe drug usage to reduce

chances of resistance generation.

1.1.5 Evaluation methods of antibacterial effect

Standard evaluation methods have been developed so that quantitative
data are able to screen antibacterial activities between different materials and
laboratories. The experimental methods include in this thesis are MIC and plate

count methods.
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1.1.5.1 MIC test

The MIC test is used to quantify a specific antimicrobial agent by
determining the minimum concentration needed to prevent the growth of bacteria.
It is widely used in industry and lab to test MIC of various antibiotics and novel
agents.

There are basically two ways to perform MIC: agar dilution and broth
dilution.*® For agar dilution, the material is initially mixed with dry agar power,
which is subsequently wetted by water and poured onto agar plates. Different
concentrations of material is added to the mixture. Bacterial colonies in medium
are then spread onto the plates. After incubation overnight. The plate with no
bacterial growth indicates the MIC of the material. For broth dilution, on the other
hand, bacterial colonies is first mixed with different concentrations of material.
The turbidity of the media before and after incubation is observed to determine
whether bacterial grow since the growth of bacteria will increase the turbidity of
the media. Broth dilution can be classified as micro dilution (media < 500 pL) or
macro dilution (>2 ml). Typically, the test result is in mg/ml, mg/l, or pg/ml.
However, the limitation of MIC test is that it does not distinguish between
biocidal or biostatic materials. For example, the bacterial may regrowth after

removal of the material.

1.1.5.2 Plate count method

Plate count method, also named as viable count method, determines the
density of living cells in a sample. Typically, microbes are incubated in liquid
and diluted to different portions (serial dilutions), which is spread onto agar plates

for counting numbers.*°
12



As shown in Figure 1.5, the serial dilution is performed by transfer known
concentration of samples down a line of dilution blanks, for example, buffer.
Typically, the dilution is at diluted by 1/10 or 1/100 per step. Each dilution is
then spread onto agar plates to generate countable plate, which contains colonies
between 30 and 300. Because if the number is below 30, it is statistically
unreliable while if greater than 300, it is too crowed to be counted. Based on the
colony forming units (CFU: the number of colonies on the plate), sample volume
and dilution degree, the cell density can thus be calculated. *° Plate count method
is generally accurate and count only viable cells. It is accepted as the best
available method to count living cells. However, sampling error generally occurs
during the technique because of uneven distribution of sample on the plate

surface, which is unavoidable due to hand technique.

10! dilution 102 dilution, 103d-lutlon 1“ dilution 10; dilution
—_—

Original Sample

— ——"T—=

Figure 1.5 Scheme of serial dilution in plate count method.
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1.2 Objectives

Hybrid materials combine unique properties of each component and
potentially take advantages of each part for superior functionalities. The overall
objective in this thesis is to develop polymer functionalized nanostructures for

bacteria control.

For cationic polymers, charge density acts as a critical element that
determines antibacterial efficiency. Considering graphene oxide, with high
surface area and abundant functional groups, could be a good substrate and facile
to localize polymers on its surface, the first objective is thus to construct and
investigate the activity of quaternary polymers consisting of N-alkylated poly (4-
vinylpyridine) on the surface of graphene oxide by atom transfer radical
polymerization. The graphene oxide based materials are applicable for various
surfaces by solidifying the material as paper format or coating while other
nanostructures are difficult to apply. Since graphene oxide and cationic polymers
are reported to possess antibacterial properties, we hypothesize that the

synthesized composites display better solubility and higher antibacterial activity.

Biodegradable materials offer unique advantages over other materials
such as environmental friendly and fewer post application requirements.>* Since
quaternized poly(4-vinylpyridine) is not biodegradable, later we attempt to
develop hybrid antimicrobial nanoparticles with cationic biodegradable
polycarbonate polymers grafted on superparamagnetic MnFe.Os nanoparticles
with the high surface to volume ratio. Superparamagnetic nanoparticles have
special magnetic heating effects that other nanoparticles lack. Investigation

14



should be made towards the synergistic effect of membrane destruction by the
cationic polymer shell and hyperthermia heating by the nanoparticles. Here, we
hypothesize that grafting polymers onto nanoparticles enhance materials’
antibacterial activity and nanoparticles may be utilized for magnetic

hyperthermia effect by localized heating.

Besides developing new antimicrobial agents, improved antibiotic
delivery systems not only enhance properties of current drugs but also those that
will be developed in future. Thus, we attempt to develop vesicles made from
biodegradable polymeric nanoparticles to achieve on demand inhibition of
bacteria growth. The vesicles, composed with superparamagnetic nanoparticles
with high magnetic separation efficiency, should be explored to improve
therapeutic efficiency of antibiotics. We hypothesize that the vesicle system acts
as good carrier for antibiotics to achieve selective delivery of drugs. Additionally,
the system, with special magnetic potentials, can be used to enrich the system to

achieve higher antibacterial activity.
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Chapter 2. Literature Review
2.1Nanomaterials

Nanomaterials refer to tiny materials with at least one dimension in the
range of 1-100 nm.>> Among the new antimicrobial agent, novel nanosized
materials in an emerging technological field have been developed for microbial
control applications.>*>* Materials of nanosize differ from bulk materials in
specific physicochemical and biological properties.> With high surface area to
volume ratio, they are typically more reactive and facile to modify with more
polymers on their surfaces.®®>" Small sized materials are also well tolerated by
human beings, promoting it for real applications.>® Nanoparticles depend on
different antibacterial mechanisms from that of antibiotics, potentially avoiding
the problem of antibiotic resistance development.>® The limitations of such
inorganic antimicrobial materials lie on the fact that the accumulation of metals
that damage the environment.®° Besides, they may form insoluble minerals and
become ineffective. The representative nanomaterials that have been synthesized
for antibacterial research include but not limited to silver nanoparticles, zinc

oxide nanoparticles, magnetic nanoparticles, graphene related materials.

2.1.1 Silver nanoparticles

Silver nanoparticles, typically at the size smaller than 100 nm with around
10000 to 15000 atoms in each particle, display unique advantages as antibacterial
agents.51%2 They are highly effective against wide spectrum of microbes at full

inhibition doses as low as a few mg/ml.%% At the effective doses, they possess
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minimal toxicity to human cells. Additionally, their crude material is abundant

and relatively cheap.®

The action modes of silver nanoparticles have not been fully understood.
Various mechanisms have been proposed to explain the result (Figure 2.1).%°
Since silver nanoparticles have been observed to accumulate and form aggregates
at the bacteria membrane, some authors believe the mechanism relied on
destroying membrane integrity.® Meanwhile, a high level of reactive oxygen
species (ROS) has been detected in cells after treatment with Ag NPs.%” Some
researchers treat ROS as the main mode of action, which induces a high oxidative
stress and thus cell death. The ROS are believed to be naturally produced by
oxygenic respiration. The more dominate opinion depends on the release of Ag*
from silver nanoparticles either by oxidative dissolution of Ag nanoparticles or
from chemisorbed Ag*ions on Ag NP surfaces. Silver ions are proved to interact
with thiol groups, phosphates and amines in DNA, proteins and enzymes,
disrupting cell biological functions.®® They also bridge the linkages between
thiols to form irreversible aggregations inside cell. Instead of targeting at only
one group like antibiotics, the ions will absorb whichever part they have the
affinity. It is proposed that the combined effects lead to cell death, which may be

the reason for silver nanoparticles against wide spectrum of micro-organisms.

The bactericidal activity of silver nanoparticles varies with the particle
size, shape and concentration. Smaller sizes nanoparticles have higher surface
area to volume ratio, contributing to a higher degree of interaction than particles
of larger size. It was reported that the silver nanoparticles with a size of 25 nm

demonstrated best antibacterial activity.®® Besides size, bactericidal properties is
17



also shape ratio dependent.®® By comparing silver nanoparticles in the shape of
spherical, rod and triangular against E. coli, nanoparticles with triangular shape
showed highest activity.”® Similar to other materials, the concentration or dosage
of silver nanoparticles is the critical parameter for application. Higher

concentration favors the higher activity.®
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Figure 2.1 Mode of action of silver nanoparticles.”* Copyright 2012 John Wiley

& Sons, Inc.

Besides Gram-negative bacteria, such as Escherichia, Pseudomonas and
Vibrio, and Gram-positive bacteria, such as Staphylococcus, Clostridium and
Enterococcus, silver nanoparticles also significantly inhibit the growth of
antibiotic resistant bacteria such as methicillin- and vancomycin-resistant
Staphylococcus aureus (MRSA and VRSA) and Enterococcus faecium.”? The
effective concentration for 100 nm silver nanoparticles against both MRSA and

S. aureus was evaluated. Similar result was obtained for the minimum inhibitory
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concentration for both MRSA and S. aureus and 1.35 mg/ml was enough to

inhibit both cells.”

Silver, in the form of pure silver nanoparticles or soluble silver salts, have
been introduced into inorganic substrates such as glasses, titania particles, silica
particles, ceramics, inorganic fibres and medical alloys to make them
commercially available. However, the application of silver nanoparticles has an
ecological impact as they can be released upon washing, which may interfere

with other organisms in the environment.

2.1.2 Zinc oxide nanoparticles

ZnO nanoparticles, with high catalytic and photochemical activities, are
facile for diverse applications such as energy harvesting, sensors and electronic
devices.”* Besides, they display better biocompatibility compared to other metal
oxides, high solubility in alkaline condition and polar surface properties

terminated by Zn-O, suitable to be used in biomedical and antiviral areas.”

ZnO nanoparticles are active in UV light absorption and generate
photocatalytic responses.’®’” Exposed to UV, the conductivity of nanoparticles
elevates, which significantly promotes the interaction of nanoparticles with
bacteria and enhances antibacterial activity than in the case without UV
exposure.”® The nanoparticles in suspension produce ROS including superoxide
ions (O%) and hydrogen peroxide (H202) under UV light, inducing phototoxic
effect.”® These active species are able to kill or inhibit bacteria after penetrating
through cell membrane. The generation of ROS is based on intrinsic

semiconductor properties of ZnO, which includes the conduction band (CB) and
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valence band (VB).282 As long as the incident photos have energy higher than
3.3 eV, the electrons in the CB are promoted to VB, leaving a positive hole in the
VB. The positive hole acts as an oxidant to generate hydroxyl radicals, inducing

other free radicals generation as shown in the following equations.®

ZnO0 +hv—-e” +h?* Equation 2.1
h*+ H,0-> ‘OH+ H* Equation 2.2
e"+ 0,—-> 03 Equation 2.3

‘0; + H* - HO, Equation 2.4
HO, + H* + e~ -» H,0, Equation 2.5

Among diverse antibacterial mechanisms proposed, numerous believed
that the ability to generate ROS by ZnO nanoparticles is the main cause for
nanotoxicity against bacteria as ROS leads to autoxidation of NADH
dehydrogenase II of cells’ respiratory system.8* Similar to silver nanoparticles,
others believe that ZnO nanoparticles also release Zn?*, which inhibit active
transport process in cells, affect amino acid metabolism and disrupt enzyme
system.®>® Further suggestions proposed that ZnO nanoparticles are internalized
into the cell and alter membrane permeability, resulting in release of intracellular

contents.®®
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2.1.3 Magnetic nanoparticles

Magnetic nanoparticles, such as Fe3O4 and related spinels with Co, Ni or
Mn, offer distinct possibilities in microbial control.®! Firstly, they are facile to be
modified with distinct targeting agents to interact with different bacteria.
Secondly, they respond to external magnetic fields following Coulomb’s law.
The permeability of magnetic fields offer the possibility to act at a distance. The
nanoparticles can thus transport drugs to targeted areas within the body. Thirdly,
if exposed to alternating magnetic field, the nanoparticles are able to generate

energy and heat up as hyperthermia agents.®2

The applications of nanoparticles depend on the principle of magnetism,
which depends on atomic structure and temperature of materials. If a material is
exposed to a magnetic field with strength H, the magnetization M is related to H

by introducing the volumetric magnetic susceptibility y:

M=yH Equation 2.6%

Where y is dimensionless and M and H are in the units of A/m. For
majority of materials, minimum magnetism is present with the application of a
magnetic field. Among them, paramagnets are classified for y = 10 to 10 while
diamagnets are for y = -10°° to -103.%* On the other hand, some materials have
ordered magnetic states with large y values such as ferromagnet, ferrimagnet and
antiferromagnet. For these ordered materials, M does not have a linear shape with
H but gives a M-H curve with sigmoidal shape and M reaches saturation value at
large H. More specifically, ferromagnetic and ferrimagnet nanoparticles show

hysteresis loop. Open hysteresis loop is the result of pinning of magnetic dolman
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walls and intrinsic magnetic anisotropy of crystalline lattice. The shape of M-H

curve is related to particle size. Larger particles at the size of micron, with multi-

domain ground state, gives narrower loops while for smaller particles in single-

domain ground state, it takes higher field energy to move domain walls and

demonstrate broader loops. When particle size get closer to around tens of

nanometres scale or even less, the magnetic moment can be treated as a whole

one with each atomic moments maintain the same ordered state, resulting in the

single sigmoidal M-H curve without loop as shown.
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Figure 2.2 (A) M-H curves for diamagnetic material. (B) M-H curves for
paramagnetic material. (C) M-H curves for ferromagnetic material. (D) M-H

curves for superparamagnetic material.®® Copyright 2003 10P Publishing.

Magnetic nanoparticles are able to assist in separating of specific entities
from the others by a two-step process: (1) the targeting agent coated nanoparticles
recognise or label desired entities; (2) separating these entities by applying
magnetic separation field in fluid. With high surface to volume ratio and easy
ability to enter cells, these nanoparticles ensure high performance in separation.
Vancomycin attached FePt nanoparticles were reported to effectively capture
Gram-positive strains S. aureus of 8 CFU/ml, S. epidermidis of 10 CFU/ml, and
a coagulase negative staphylococci of 4 CFU/mI via recognition of terminal

peptide D-Ala-D-Ala on Gram-positive cell wall.*®

A

O

Figure 2.3 (A) Nezl rotation: the particle remains fixed while magnetic moment

rotates. (B) Brownian rotation: the particle rotates while the magnetic moment

fixes with respect to the particle axes.%® Copyright 2014 Elsevier B.V.
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In addition, magnetic nanoparticles can be heated remotely under
alternating magnetic field of high frequency.®”-° The magnetic losses depends on
frictional losses, hysteresis loss and Brown and Néel relaxation.®*1% Frictional
losses generate heat by viscous friction between particles and fluid. Hysteresis
loss is produced by shifting in magnetic domain walls and can be calculated based
by integrating the area of hysteresis loop. For Né&l relaxation, it refers to the
magnetic moment changes between parallel and antiparallel orientations
assuming physical orientation is constant. Brown relaxation comes from
reorientation of the whole particle. For superparamagnetic nanoparticles with
single domain, Né&l and Brownian relaxation contributes as a major part of

energy source.

2.1.4 Graphene oxide

Graphene was first isolated in 2004 by scotch tape peeling. It is a two-
dimensional hexagonal arranged carbon atoms in a single sheet form composed
of sp? and sp® carbon atoms.?%1%2 Graphene has been demonstrated to exhibit
outstanding properties, such as high Young’s modulus up to 1TPa, high thermal
conductivity up to 5000 W/mK, high surface areas up to 2630 m?/g and excellent
chemical durability and electron mobility.'®® The precursor for graphene
synthesis: Graphene oxide (GO), has attracted great attention for its chemical and
thermal modification.’® GO is a single layer of graphite oxide. After oxidizing
graphite, it is dispersed and exfoliated in solvents to make it single layer.1%>1%6
As aresult, various oxygen groups are present in the form of hydroxyl and epoxy
groups on the basal plane and carboxylic groups on the edges. These polar groups

improve water solubility of GO, making it available to form films by various
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coating method. Besides, they are main targets for modification and
functionalization of GO. The unique properties attract attention for biomedical
applications such as biosensing, drug delivery, photothermal therapy and
antibacterial materials.’%”11° GO has been demonstrated to possess excellent
antibacterial properties with mild cytotoxicity.1%11112 Comparison of toxicity
toward Escherichia coli (E. coli) between graphite, graphite oxide, GO and
reduced Graphene oxide (rGO) indicates the highest antibacterial activity of GO.
It was proposed that GO killed bacteria by a three step mechanism. Bacteria were
firstly wrapped around by thin layers of GO nanosheets. These nanosheets were
then able to induce both membrane stress by disrupting membrane and
superoxide anion-independent oxidative stress by interfering with bacteria lipids,
proteins and DNA.'*® Additionally, a new material was synthesized by absorbing
tetradecyltriphenylphosphonium bromide (TTP) onto water-soluble brilliant
blue-functionalized rGO by noncovalent n-n interactions. The material combined

advantages of both rGO and TTP, exhibiting excellent bacterial toxicity. 14

Figure 2.4 Structure of GO.%!
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2.2 Antimicrobial polymers with quaternary nitrogen atom

A Polymer is a substance composed of macromolecules, which represents
large molecules of a high molecular weight with repeating units of low molecular
weight. The repeating units derive from monomers through polymerization
processes. Apart from antimicrobial polymers which contain groups themselves
that can kill bacteria, others may be modified by attaching active antimicrobial
groups or mimic protein to reduce toxicity. Polymers are also facile to form
polymer-antibiotic composite or polymer-inorganic composites. This research
field starts with the synthesis of 2-methacryloxytroponones related antimicrobial
polymers in 1965, which exhibit wide spectrum activity.!*® Since then, broad
polymers have been tested to potentially overcome the shortcomings of
conventional antibiotics or strongly biocidal chemicals, simultaneously affording
longer lifetime and less toxicity, combating antibiotic resistance, and incurring

lower production costs.®

Antimicrobial polymers do possess superior properties than conventional

antimicrobial agents.

1. Current agents with low molecular weight are easily leaching out from
the surfaces and diffusing into the environment. As low molecular weight
agent typically possesses higher toxicity, their diffusion may cause
environmental problems. Polymeric materials act as matrix to trap these
small weight agents, enhancing its long term activity and minimizing the

environmental contamination.
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2. Polymers are quite stable, non-volatile and do not permeate through skin.

Hence the antibacterial material is stable for transporting and storage.

3. Polymers, with higher molecular weight, typically have lower toxicity.

4. Their nonleaching properties are more suitable for surface coating,
reducing the leaching out of active substances, which is particularly

suitable for textile field.'t’

5. Polymers, which act to penetrate and destroy membrane physically, aid

the prevention of drug-resistance problems.

Hence, the polymeric materials potentially improve stability, reduce
diffusion, reduce skin irritation, reduce toxicity, possess higher biocompatibility,

corrodes less of metals and plastics and provide longer activity.1®

Most antimicrobial polymers are designed to possess positive charges
since bacteria cell walls are typically negatively charged as introduced in the
background section. Among all the polymers, those with quaternary ammonium
salts (QAS) are probably most extensively studied for antimicrobial
applications.'*® The positively charged polymers attract negatively charged
bacteria membrane through electrostatic interactions, followed by penetrating
through the bacteria membrane, leading to cell lysis. Quaternized polymers
interact with cells to a better extent compared to cationic low molecular weight

monomers due to higher charge density for binding with bacteria membrane.'*°
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2.2.1 Polymers with aromatic or heterocyclic groups

Cationic polymers with aromatic or heterocyclic structures and
quaternary ammonium functional groups can lead to bacteria killing effect. 12912
MIT/Northeastern group demonstrates antibacterial activity of N-alkylated poly
(4-vinylpyridine) groups against both Gram-positive and Gram-negative bacteria,
with N-alkyl chain of six carbon most effective.!?? Li et al. also synthesized
insoluble pyridinium based copolymers with different ratios of 4-vinylpyridine
and styrene and subsequently quaternized by benzyl bromide. The polymers
achieved higher activity with increasing amount of pyridinium groups and killed
both Gram-positive and Gram-negative bacteria. On the other hand, they display
weak toxicity with median lethal dose of 2330 mg/kg.'*® Additionally, the
influence of counterion in the polymers was investigated for activity differences.
By anion exchange of counter anion (CI") in poly(4-vinyl 2-hydroxyethyl
pyridinium) chloride with Br, OH™, SH™, NOs™, BF4+ and CF3COO", strongest
antibacterial ability was obtained with polymers having OH™ as the counterion,

achieving lowest MIC values of 0.065 mg/ml against Bacillus coagulans.1?*

Another family in this category is imidazolium salts by alkylation of
nitrogen atoms of imidazole.?® Unlike imidazole that forms hydrogen bonds with
drugs and proteins, the imidazolium salts mainly interact with biological systems
such as bacteria via electrostatic forces.'?® For example, polysiloxanes were
synthesized to possess pendent imidazolium side groups and quaternized by alkyl

halide, with MIC against E. coli at 10 to 30 pg/ml.1%’
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2.2.2 Biodegradable cationic polycarbonate

Recently, biodegradable polycarbonates polymers have been investigated
against bacteria for multi-drug resistant microbes.}?12° A peptide mimic
structure of block copolymers have been synthesized by ring opening
polymerization to form a cationic secondary structure to interact with microbial
membranes by enhancing local hydrophobicity and charge density as shown in
the Figure 2.5. On the contrary, the toxicity limit is well above its MIC values.
Later, scientists start to optimize the quaternization by varying the quaternizing
agents ranging from trimethylamine to pyridines and imidazoles and by varying
the side chains. Higher hydrophobicity enhances the toxicity against bacteria
since N-heterocycle quaternized polymers are more toxic to bacteria compared

to trimethylamine quaternized ones.**
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Figure 2.5 Synthesis of micelles formed by cationic amphiphilic polycarbonates.
(A) Scheme for polycarbonates synthesis. (B) Simulation of micelle formation
by molecular modelling using Materials Studio Software (red, O; white, H; grey,
C: blue, N). (C) TEM image of polymer 3.3 Copyright 2011 Macmillan

Publishers Limited, part of Springer Nature.

2.2.3 Acrylic or methacrylic polymers

Polymers synthesized based on acrylic or (meth)acrylic monomers are
also facile to obtain quaternary ammonium salts. These activity of polymers
depends on the counterion, charge density and hydrophobicity.'!” Among these
polymers, many are synthesized based on commercially available monomers
such as 2-dimethylaminoethyl methacrylate (DMAEMA) and methyl
methacrylate (MMA).132133 Additionally, polymers based on methacrylate

monomers involving 1,4-diazabicyclo-[2.2.2]-octane with a butyl or a hexyl
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group on one nitrogen atom and methacrylate groups on another nitrogen atom
were synthesized. They moderately killed bacteria at MIC values of 250 pg/ml

for polymers with butyl groups and 62.5 pg/ml for polymers with hexyl groups.!3

Br Br ') 0]

+/\/\/\/\/\/U\
R: -CHz(CH2)2CH3 or -CHz(CH2)4CH3

Figure 2.6 1,4-diazabicyclo-[2.2.2]-octane related methacrylate monomers.*3

Copyright 2004 John Wiley & Sons, Inc.

2.2.4 Polymers with quaternary nitrogen atoms in the main chain

Quaternary nitrogen atoms within the backbone are called ionene
polymers, which are usually synthesized by step-growth polymerization or post

cationic functionalization.13-138

Various ionene polymers has been synthesized for antimicrobial
applications. For example, a series of cationic comb-like ionenes of different
aliphatic side chains were synthesized with high charge density. The comb-like
ionenes demonstrated higher activity against E. coli than linear ionenes.3%40
Moreover, the ionene polymers, with low density polyethylenes, showed
antimicrobial and antistatic properties.*?#'?® Yudovin-Farber and coworkers
synthesized octyl alkylated polyethyleneimine (PEI)-based nanoparticles, which
is prepared by cross-linking of polyethyleneimine, alkylation by octyl halide and
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quaternization by methyl iodide. After embedding the nanoparticles in dental
composite resin at 1% w/w, the material demonstrated superior activity against

Streptococcus mutans, 141142

While similar to other cationic polymers, ionenes are able to destroy cell
membrane, they also form complexes with biological polymers such as DNA and

herpin.}*

Ikeda et al. reported that polyionenes with rigid spacers are able to
cause phase separation in bacteria mixed bilayer membranes and active in
antimicrobial killing. When incorporating flexible spacers coexisting in the

polymers with rigid spacers, the product reduces its ability to cause phase

separation. 44

Mattheis et al. investigated the effects of pendent alkyl chain lengths,
counterions and backbone spacer lengths by comparing various
alkyloxyethylammonium ionenes.* It was reported that antimicrobial activity is
highest for pendent alkyl chains of short methyl or relatively long octyl groups.
The backbone spacer also has an effect and polymers with the short ethyl spacer
give the lowest activity. However, the counterions, such as hydroxide, bromide

and phosphate, did not have a significant effect in biocidal effect by materials.

2.2.5 Hyperbranched and dendritic polymers

Branched polymers, with their three-dimensional structures, are compact,
multi-functional, and highly soluble and active, suitable for novel antimicrobial
material design.!®*" They are typically in star-shape, dendritic or

hyperbranched.
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Chen et al. synthesized the hyperbranched polyester modified with
hexadecyldimethylamine and applied them to silk fabric.1*® The treated fabrics
demonstrated effective antibacterial acitivties against E. coli and S. aureus even
after using 15 times. Worley et al. synthesized NO-releasing and quaternized
ammonium modified poly(amidoamine) (PAMAM) dendrimers for synergetic
antibacterial properties, with longer quaternized ammonium alkyl chains more
effective than shorter chains. The addition of NO release properties in dendrimers
markably enhance antibacterial activity due to synergetic bacteria killing effect,

especially for polymers modified with shorter alkyl chains.4°

2.3 Immobilization of antimicrobial polymers on nanomaterial

surfaces

Immobilizing polymers onto surfaces of nanoparticles such as gold, silica,
carbon nanotubes, etc, not only generates antimicrobial properties of polymers at
nanoscale, but also provides the opportunity to incorporate different functional
properties from the nanomaterials. The chemical linkage between polymer and

nanomaterials prevents release of polymers into environment.'*

Recently, Russell et al. has prepared the quaternized PDMAEMA coated
magnetic nanoparticles by the surface initiated ATRP method. The hybrid
responded to external magnetic field and can be easily separated from
suspensions by magnetic fields after antibacterial applications. They maintained
antibacterial efficiencies of 100% biocidal activity against E.coli after repeated

eight recycles. ™
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Figure 2.7 PDMAEMA coated magnetite nanoparticles.*>! Copyright 2011

American Chemical Society.

Kong et al. synthesized polymer poly[2-(tert-butylamino)ethyl
methacrylate-co-ethylene glycol dimethacrylate] coated TiO2 nanoparticles. The
obtained structures displayed synergistic antibacterial effect under UV light
irradiation due to biocidal ability of both the polymers and light activated TiO>
core. Besides, the composite overcomes the shortcomings of many TiO;
nanoparticles that do not have antibacterial activity in the dark and does exhibit

biocidal activities without light.!>2

Various one-dimensional antimicrobial polymer nanostructures have also
been developed. For example, Joo et al. prepared PDMAEMA functionalized
carbon nanotubes by atom transfer radical reactions with good water and organic
solubility. After quaternization, the material is active against both E. coli and S.
aureus. It was demonstrated that higher polymer content in the structure

contributes to higher material activity with highest antibacterial efficiency at 53.9
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wt% of PDMAEMA. The author suggested the material could be used in

application of EMI shielding or ESD area.'®®

2.4 Nanocarriers to deliver antibiotics on demand

Apart from materials to kill bacteria, appropriate delivery systems have
been developed to improve therapeutic efficiency.'® Polymeric nanoparticles
display better stability and improved drug payload than traditional liposomes.
They are synthesized by coating solid nanoparticles by a polymer matrix or a
polymer shell. The active reagents can be entrapped inside structures or

chemically linked to the polymers.t®®

Apart from natural polymers including gelatine, collagen and chitosan,
which are quite expensive, synthetic polymers, such as poly(lactide), poly(esters)
and poly(amino acids), are used to prepare polymeric nanoparticles to lower the
cost and improve the product purity.'®® Besides, they are typically able to degrade
into biologically safe molecules which can be metabolised and secreted out from
human body. The polymeric nanoparticles are unique in self-assembly into
devices for drug delivery by emulsion polymerization, film rehydration or

nanoprecipitation methods.**’

The drug delivery system, which responds to metabolic states or
physiological conditions, achieves on-demand drug release purposes. For
example, negatively charged liposomes stabilized by positively charged
chitosan-modified gold nanoparticles encapsulate the antibiotic vancomycin and
respond to bacteria secreted toxins. The toxins can penetrate through liposome

membrane and leave holes, resulting in vancomycin leakage and S. aureus Killing
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in reverse.®® Xiong et al. also have reported the development of polymeric triple-
layered nanogel, which encapsulated hydrophilic vancomycin and prevented
premature loss of cargo. The drug release was triggerd by bacteria lipases as a
consequence of PCL degradation, enabling on-demand drug release. The
nanodevice exhibited strong ability to inhibit bacteria growth by its released
antibiotics when active bacteria lipases are secreted.® Apart from substances
secreted by bacteria, pH is also an available factor for drug delivery. Poly(lactide-
co-glycolide)-b-poly(l-histidine)-b-poly(ethylene glycol) based nanoparticles
loaded with vancomycin were synthesized and demonstrated surface charge-
switching properties upon pH changes. At acidic conditions, the positively
charged nanoparticles rapidly bind to bacterial cell walls of both Gram-positive
bacteria (S. aureus) and Gram-negative bacteria (E. coli). After encapsulating
vancomycin in the structure, the drug reduced the loss of its activity in the acidic

environment. 160
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Figure 2.8 (A) Toxin triggered delivery of vancomycin from liposomes made of
chitosan-modified gold nanoparticles (AuChi).**® (B) pH responsive polymeric

nanoparticles loaded with vancomycin.'®° (C) Bacteria lipase triggered delivery
of drug by polymeric triple-layered nanogel.>*!6! Copyright 2014 Elsevier

B.V. and the International Society of Chemotherapy.
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Chapter 3. Tailor antibacterial property of graphene

oxide by quaternized polymer brushes

3.1 Introduction

GO, with oxygen-containing functional groups such as hydroxyls,
epoxides on the basal plane and carboxylic acids at the edges for facile surface
modification, are able to form paper formats to decorate ordinary subjects. 10102
GO was reported to possess antibacterial activity based on membrane destruction
mechanism and superoxide anion-independent oxidative stress as discussed in
the literature review section. On the other hand, cationic polymers with aromatic
or heterocyclic structures also displayed high antibacterial effect based on
membrane destruction mechanism. Based on the fact that charge density played
an important role in cationic polymers for antibacterial applications, in the first
project we developed GO grafted with polymer brushes consisting of N-alkylated
poly (4-vinylpyridine) (Q-PVP) against both Gram-negative bacteria (E. coli)
and Gram-positive bacteria (S. aureus) in both aqueous dispersion and paper
form.1%2 Well-defined polymers are covalently grafted onto GO by atom-transfer
radical polymerization (ATRP), and subsequently quaternized by alkyl chains
with carbon lengths of 2, 4, 6, and 8 respectively. ATRP is a straightforward
method that achieves exceptional uniform molecular weight of polymers to
control surface properties of GO-polymer composites, facilitating real biological
applications.'®® The GO nanosheet not only killed bacteria itself, provided the
platform to locate polymers and enhanced localized charge density of polymers,

they also enabled surface applications in paper formats for distinct surface
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applications. Free-standing paper-like materials are widely used in various areas
such as filters, adhesive layers, molecular storage, electronic or optoelectronic
components, and protective layers. GO related materials typically display
excellent mechanical and electrical properties, high chemical resistance, superior
sealability against temperature and impermeability against fluids.'® The hybrid
combined advantages of GO and polymers with tremendous enhancement of
charge density of polymers and improvement in solubility of GO, displaying

higher antibacterial activity than GO or polymers alone.

3.2 Experimental section

3.2.1 Materials and characterization

Phosphate-buffered saline (PBS) was purchased from BASE and diluted
to the desired concentration before usage. Luria Bertani (LB) broth and Bacto
Agar were purchased from Becton and Dickinson Company. E. coli (ATCC 8739)
and S. aureus (ATCC 6538) were obtained from ATCC and used according to the
protocols. The other chemicals were commercially available from Aldrich and

utilized as received.

FTIR-Digilab FTS3100 FTIR spectrometer was use for FTIR test with
potassium bromide (KBr) pellet. NMR Bruker Avance 300 spectrometer was
used for NMR spectra. FESEM were taken by JEOL JSM-6700F.
Thermogravimetric analysis (TGA) was performed by Perkin Elmer TGA/DTA
equipment in nitrogen atmosphere between 40 to 600 °C at a temperature increase
of 10 °C/min. The M, and PDI of polymers were analyzed by Shimadzu liquid

chromatography system together with a Shimadzu refractive index detector
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(RID-10A) at room temperature with DMF (Dimethylformamide) as an eluent
with 1.0 ml/min flow rate. Zeta potential and hydrodynamic diameter were

recorded with BIC PALS ZetaSizer.

3.2.2 Synthesis of initator

Ditert-butyl dicarbonate (4.84 g, 22.17 mmol) in 80 ml dichloromethane
was slowly added to the stirred solution of ethylenediammine (8 g, 133.1 mmol)
in dichloromethane for 1 h at 0 <C. The solution was stirred at room temperature
for 19 h. The precipitate was filtered off. Excess dicholorometnahe and
ethylenediammine were removed under vacuum. The solution was dissolved in
saturated aqueous sodium carbonate (60 ml) and extracted with dichloromethane
(3>60 ml). Yield: 50.11 %. *H NMR (CDCls, 300MHz)): 1.46[(CHs)sC-], 2.80(-

CH2-NH3), 3.15(-CH2-NH-). (Figure 3.1A)

2-bromoisobutyryl bromide (3.86 g, 16.78 mmol) in 40 ml THF was
added dropwise to the solution of N-Boc-ethylenediamine (1.78 g, 11.12 mmol)
in 40 ml THF (tetrahydrofuran) in the presence of EtsN (1.70 g, 16.78 mmol) at
0 <C. The reaction was stirred for 48 h at room temperature. The precipitate was
filtered off. The solvent was evaporated to leave over a yellow solid, which was
dissolved in methanol and precipitated in saturated aqueous Na>COz solution.
The organic phase was dried with sodium sulfate and the solvent was evaporated
under reduced pressure to form a yellow solid. The solid was washed with hexane
3 times and dried under reduced pressure to give a white solid (I). Yield:
47.84%."H NMR (CDCls, 300 MHz)): 1.45[(CH3)sC-], 1.96[(CH3)2C-], 3.35(-

CH,-NH-COO0-), 3.38(-CH2-NH-CO-).(Figure 3.1B)

40



Hydrogen chloride gas was produced by dropping concentrated H2SO4
into concentrated HCI. The HCI gas was introduced into a solution of (1) (1.64 g,
5.32 mmol) in 40 ml ethyl acetate until solution turned cloudy. The solvent was
evaporated under reduced pressure to form a white solid. The solid was re-
dissolved in water and the white precipitate was filtered off, freeze dried to afford
a white solid (11). Yield: 74.29%. *H NMR (D20, 300 MHz)): 1.82[(CH3)2C-],

3.07 (-CHz-NHy), 3.45(-CHz-NH-CO-). (Figure 3.1C)
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Figure 3.1'H NMR spectra of synthesized intermediates and product for

initiator.
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3.2.3 Preparation of GO-Initiator

GO nanosheets were prepared by oxidizing graphite powder according to
modified Hummer’s Method.!®* GO was diluted to 3 mg/ml with ultrapure water
and ultrasonicated for 40 min. 50 ml GO solution was mixed with 150 mg
initiator and the pH value of the mixture was tuned to 9-10. After ultrasonication
for another 40 min, the solution was deoxygenated by nitrogen purging for 15
min. During the process of reacting at 80 <C for 24 h under nitrogen atmosphere,
the pH was continuously monitored and tuned to maintain the original pH range.
The resulting solid was repeatedly washed with ethanol and water and re-
dispersed in DMF. After centrifugation and ultrasonication, the supernatant was

retained.

3.2.4 Preparation of GO-poly(4-vinylpyridine) (GO-PVP) by ATRP

5 ml GO-Initiator dispersed in DMF was added with a specific amount of
4-vinylpyridine and purged by nitrogen for 20 min. Then CuBr (12 mg) and
PMDETA (45 mg) were added under nitrogen atmosphere. After reaction at
80 <C for 24 h, the obtained solid was repeatedly washed by methanol and
redissolved in DMF. The free polymer PVP, arising from sacrificial initiator, was
dried under vacuum and tested for molecular weight. (M, = 59000, PDI= 2.26).

(Figure A.1)

3.2.5 Preparation of poly(4-vinylpyridine) by ATRP

Similar ATRP process was performed to synthesize poly(4-

vinylpyridine). Initiator instead of GO-Initiator launched ATRP process. The
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molecular weight of the polymer synthesized was based on free polymers

produced in GO-PVP above. (M, = 59900, PDI= 1.7).

3.2.6 Quaternization of GO-poly(4-vinylpyridine)

The poly(4-vinylpyridine) functionalized GO was mixed with 1-
bromoethane, 1-bromobutante, 1-bromohexne and 1-bromooctane and heated at
45 <C for 3 days to obtain GO-C,PVP, GO-C4PVP, GO-CsPVP, and GO-CgPVP
respectively. The solid was recovered and washed 3 times by methanol and re-
dissolved in water. The concentration of the products was obtained by calculating
the dry weight after freeze drying. PVP was also mixed with 1-bromoethane to

heat at 45 <C for 3 days to generate CoPVP.
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Figure 3.2 '"H NMR spectrum for PVP in CDCls (A) and C,PVP in DMSO (B).
3.2.7 Paper Preparation

GO, GO-C,PVP, GO-C4PVP, GO-CsPVP, and GO-CgPVP of the same
concentration were ultrasonicated for 30 min and poured onto Teflon plates and
heated continuously at 40 <C. The papers were peeled off and cut to a

15mm>15mm dimension.

N

Figure 3.3 Photo of GO-C,PVP paper.
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3.2.8 Cell preparation

For both E. coli (ATCC 8739) and S. aureus (ATCC 6538), a single
colony was inoculated in Luria-Bertani (LB) medium at 37 <C overnight in 15
ml tube. The tube was shaken overnight until the bacteria reaching
midexponential growth phase. Cells were centrifuged at 7000 rpm for 5 min and
washed with PBS for 3 times. The bacteria were then redispersed and diluted to
the predesigned concentration. Cell concentration was calculated by plate count

method.

3.2.9 Cell viability test for materials in solution

Cells at concentration of 10° to 10’ CFU/mI was incubated with GO, GO-
PVP, CoPVP, GO-CoPVP, GO-C4PVP, GO-CePVP, and GO-CgPVP dispersions
at 10 pg/ml for E. coli and 10 pug/ml, 1 ug/ml for S. aureus. It is worth noting that
GO dispersion in water was dialyzed to achieve neutral solution. After 1 h, the
loss of viability of cells was evaluated by plate count method. Briefly, a series of
10-fold cell dilutions was spread onto agar plates and grown at 37 <C overnight.
Colonies were counted and compared with control. Pure water without GO based
materials was utilized as control. All experiments were performed in duplicate

and repeated three times.

3.2.10 Cell viability test for materials in paper form

The papers were rinsed in sterilized PBS for 3 days and dried. 20 pl of
each bacteria (108 CFU/mI) was spread onto GO, GO-C,PVP, GO-C4PVP, GO-
CsPVP, and GO-CgPVP papers and incubated for 1 h at 37 <C, with a relative

humidity of not less than 90%. 10 ml of PBS was added to wash paper and
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recover any survivors. The loss of bacterial viability was evaluated by plate count

method as previously mentioned. Glass slides were used as control.

3.2.11 Zone of inhibition test

GO and GO-C,PVP paper was sterilized by ultraviolet lamp for 60 min. Bacteria
were spread on the agar placed. The samples were carefully placed onto the plates.
The plates were incubated at 37 <C for 24 h. The diameter of zone of inhibition

was measured for free circles of the testing samples on the plate.

3.2.12 Cell morphology SEM images

Bacteria (10° to 10" CFU/mI) were mixed with C2PVP solutions for 2 h.
Subsequently, cells were fixed with 2% glutaraldehyde overnight, followed by
dehydration with by 30, 50, 70, 80, 90, 100% ethanol for 30 min and then dried.
The microbes were observed by FE-SEM (JEOL JSM-6700F) for morphology

changes.

3.2.13 Live/Dead assay

Cells (108 CFU/mI) were incubated with CoPVP dispersions for 2 h and
then mixed with LIVE/DEAD BacLight Bacterial Viability kit for 30 min under
dark at room temperature. After washing with PBS, the viability of bacteria was

viewed by Olympus IX71 inverted microscope.

3.2.14 Hemolysis test

Fresh human blood (3.5 ml), donated by a healthy volunteer, was

centrifuged at 700 rpm for 5 min and washed three times. The final concentrated
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erythrocytes was diluted to 5% by PBS. The GO-C4PVP at different
concentrations (500 pl) was mixed with 500 ul erythrocytes stock. The mixture
was shaken at 37 <C for 1 h at a speed of 150 rpm, and was then centrifuged. 500
ul of supernatant was added to 24-well microplate. The hemoglobin release was
determined by measuring absorbance at 576 nm using a microplate reader. Pure
water was used as a positive control and pure PBS served as a negative control.

The hemolysis percentage was calculated using the equation below:

Ap_Ab

t b

Hemolysis (%)= x100% Equation 3.1

Where Ap, At and Ay is the absorbance value for the sample, positive control and

negative control, respectively.
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3.3 Results and Discussion

GO-CnPVP n=2,4,6,8 GO-PVP

Figure 3.4 Stepwise synthesis route for GO-C,PVP.

3.3.1 Synthesis of GO-CnPVP in solution and in paper form

A typical stepwise synthesis route for GO-C,PVP is displayed in Figure
3.3. After prepration of GO by modified Hummer’s method, GO-C,PVP were
prepared taking advantages of oxygen functionalities of GO: (1) Grafting ATRP
initiator onto GO by mixing in alkaline condition, (2) polymerization of 4-
vinylpyridine on the surface of GO by ATRP with well-defined polymer chains
grown in the initiating sites of bromine, and (3) quaternization of polymer

brushes by reacting with 2,4, 6, 8 alkyl bromide to obtain bactericidal GO-C,PVP.
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There are several advantages in the design of our material. Firstly, polymer is
covalently linked to GO surface, which is quite stable. Secondly, Polymerization
is synthesized by “grafting from” method, which does not have a limit on the
chain growth of the polymer and researchers can design the chain length

individually.

The GO, GO-Initiator were characterized by infrared spectroscopy in
Figure 3.5A while the data for GO-CyPVP and their quaternized products were
shown in Figure 3.5B. GO exhibit characteristic FTIR bands: C-O stretching at
1072 cm, C-OH stretching at 1262 cm™, OH bending at 1430 cm™, C=C
stretching at 1602 cm™, C=0 stretching vibrations at 1720 cm® and O-H
stretching at 3430 cm™.1% After grafting inititator, a new peak at 1639 cm™
appears for N-C=0 vibration, confirming successful modification process.'%® The
spectrum at 1599, 1597 and 1415 cm™ in Figure 3.5B originated from pyridine
vibrations of polymer brushes. In addition, the quaternization reaction resulted in
the shifting of spectrum from 1599 cm™ (a) to about 1630 cm™ (b,c,d,e), due to
quaternized ammonium group. The peaks confirmed sucessful polymerization of

4-vinylpyridine on the surface of GO and quaterniation process.
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Figure 3.5 FT-IR characterization of (A) GO, GO-lInitiator, and (B) GO-C,PVP

a-e: n=0,2,4,6,8.

Thermogravimetric analysis was also performed to analyze thermal
stability of the samples as a function of temperature for GO, GO-Initiator and
GO-CyPVP (Figure 3.6). GO is thermally unstable and displayed the weight loss
below 150 <C due to water loss, which is stored in the IT-stacked strucuture.
Between 150 <C and 220 <C, GO experinces the loss of weight for CO, CO; and
steam release from labile functional groups. Above 220 <C, more stable
functional groups were degraded, with a final weight loss of 45%.%671%8 GO
functionalized with initiator displays a totally different thermogram with
improved thermal stability. Its weight loss below 220 <C was significantly less
than that of GO, revealing the reduced amount of oxygen species and thus the
amount of desorped COyx. By burning out initiator and thermally labile oxgen
groups, GO-Initiator has a weight loss of 40% until 600 <C.15%171 After grafting
polymer brushes, TGA curve exhibits a sharp decrease in mass between 300 <C
and 390 <C for GO-PVP due to thermal decomposition of PVP, corresponding to
a weight loss of 60%. GO-C,PVP experiences a even greater extent of
decomposition due to additional akly chains attached to polymer brushes. The
weight losses are 72%, 79%, 77%, and 83% for GO-C.PVP, GO-C4PVP, GO-
CePVP, and GO-CgPVP respectively in the temperature range of 150 <C and

400 <C.
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Figure 3.6 TGA characterization of GO, GO-Initiator, GO-PVP and GO-C,PVP

(n=2,4,6,8).

Zeta potential of various materials were listed in Table 3.1. GO and GO-
PVP displayed negative values due to the presence of negatively charged
functional groups on the surface of GO. The polymer C2PVP alone and GO-

CnPVP possess positive charges, confirming successful quaternization processes.

Table 3.1 { potential of GO-related materials.

Material GO | C.PVP | GO- GO- GO- GO- GO-

PVP | C:PVP | C4PVP | CePVP | CsPVP

{ Potential | -19.17 | 12.26 | -2.99 | 27.36 31.55 16.34 | 15.84

(mV) +281 | #1.26 | 096 | *1.19 | 091 | *1.64 | +0.78
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Both GO and GO-C,PVP dispersions could be easily made into
macroscopic, flexible and free standing papers, convenient and suitable for
practical applications.’®® The formed papers of GO and GO-C,PVP had a
thickness of about 10 um (Figure 3.7A,D). The cross-sectional view of both
papers indicated layered structure. However, the lamination of GO-C2PVP is
more vague than that of GO because attached polymer brushes fill in gaps
between layers as shown in Figure 3.7B,E, forming a continuous network in the
composite. Since quaternized polymer brushes functionalized GO dispersed
more homogeneously than GO solution, the papers obtained after solvent

evaporation thus was more uniform. Hence, the cross section of GO-C,PVP was

extraordinarily packed and the surfaces were smoother.

Figure 3.7 SEM images of the GO-C,PVP paper and GO paper. A-C Cross-
sectional and top view SEM images of GO-C2PVP paper. D-F Cross-sectional

and top view SEM images of GO paper.
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3.3.2 Antibacterial activity of materials in solutions and in paper form

E. coli cells (10° to 10" CFU/mI) were incubated with GO, GO-PVP,
C.PVP and GO-CnPVP (n=2, 4, 6, 8) at the same concentration (10 pg/ml). The
loss of viability of bacterial cells was quantified by plate count method. Aqueous
solution without materials was used as control. S. aureus cells were treated in
the same manner, except that materials of two concentrations (10 ug/ml and 1
ug/ml) were assessed. As shown in Figure 3.8, for materials at 10 ug/ml, GO
dispersions exhibit moderate cytotoxicity with cell death rate at 44.0 £1.5% and
55 +0.6% for E. coli and S. aureus respectively. GO-PVP displays a slightly
higher antibacterial activity at 51.8 +3.6% and 63.8 +1.4% for E. coli and S.
aureus. CoPVP presented stronger toxicity, reaching 80% for both bacteria (82.2
+0.6% for E. coli and 81.2 +0.2% for S. aureus). GO-C,PVP markedly reduced
the number of viable cells, with most effective of GO-C4PVP affording a 97 +
0.4% and 99.8 +0.5% reduction of cells for E. coli and S. aureus. GO-C,PVP
underperformed GO-C4PVP to a small extent, with 93.4 +0.2% for E. coli and
99.8 +0.5% for S. aureus. Beyond four carbon chain length, the antibacterial
activity started to drop a little for GO-CsPVP (E. coli: 90.5 +0.6% and S. aureus:
96.3 £1.2%), but dramatically for GO-CgPVP (E. coli: 45 +1.7% and S. aureus:
76.8 +0.6%). The materials are more effective against S. aureus (Gram positive
bacteria), than E. coli, (Gram negative bacteria). At 1 pg/ml, all GO-C,PVP
materials demonstrated similar trend of antibacterial effect toward S. aureus, but

approached the toxicity of materials of 10 pg/ml against E. coli.
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Figure 3.8 (A) Cell viability measurement after incubation with GO, GO-PVP,
C2oPVP, GO-C2PVP, GO-C4PVP, GO-CsPVP, GO-CgPVP dispersions. Loss of
cell viability rate was obtained by plate count method. (B) Cell viability
measurement after incubation with papers made from GO, GO-C,PVP, GO-
C4PVP, GO-CePVP, GO-CgPVP dispersions. Loss of cell viability rates was

obtained by plate count method.

Having tested the antibacterial activity of GO-C,PVP in solutions, we
explored their toxicity in paper form. GO alone exhibited low activity against E.
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coli (31.3 £1.83%), All the GO-CnPVP papers show outstanding activity, with
92.9 +0.6%, 99.9 £0.1%, 67.0 +0.4%, 66.0 0.4% killing rate for GO-C2PV/P,
GO-C4PVP, GO-CsPVP, GO-CgPVP respectively. The trend is similar to
solution test. However, GO-CgPVP paper enhanced toxicity of GO to a greater
extent compared to their solution form. In contrast, all the papers, including GO,
possess high killing rate toward S. aureus, all reaching more than 95%, with
96.60 +0.26%, 99.92 +0.01%, 99.99 +0.03%, 99.64 +0.02%, 96.70 £0.15%
killing rate for GO, GO-C.PVP, GO-CsPVP, GO-CcPVP, GO-CgPVP

respectively.

Figure 3.9 Zone of inhibition test of GO (A) and GO-C,PVP (B) test against
E.coli; Zone of inhibition test of GO (C) and GO-C,PVP (D) test against

S.aureus.

Similarly, zone of inhibition test was performed to validate the

applicability of materials in paper form against bacteria. Figure 3.9A and C
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demonstrates almost no zone against both E.coli and S.aureus by GO paper alone.
While for GO-C2PVP, the zone of inhibition are 7.5 mm and 8.5 mm for E.coli
and S.aureus respectively. The result is consistent with plate counting method.

The material is applicable to kill bacteria in a paper form.

3.3.3 Membrane integrity observation and Live/Dead bacteria viability

analysis

Figure 3.10 SEM images of (A,C) E. coli and S. aureus after incubation with

PBS, (B,D) E. coli and S. aureus after incubation with GO-C,PVP.

To investigate the mechanism of antibacterial effect of GO-C,PVP, SEM
images were taken to characterize membrane structures during the process.
Figure 3.10B,D shows the images of normal E. coli and S. aureus treated with
GO-C,PVP. Figure 3.10A (E. coli) and Figure 3.10C (S. aureus) demonstrated

smooth and integrated cell membrane of control samples. After treatment with
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GO-C2PVP, cells wrapped around the material and cell membrane was disrupted,

clarifying irreversible damages.

Live/Dead analysis was also performed to qualitatively visualize the
death of bacterial cells. Live/Dead Baclight kit utilizes mixtures of SYTO® 9 and
propidium iodide to stain bacteria. Cells with damaged membranes were stained
with fluorescent red and live cells with fluorescence green. Figure 3.11 shows
both E. coli and S. aureus are alive in control but mostly dead after incubation
with GO-C.PVP, conforming the destruction of cell membrane. The number of

dead cells are significantly improved after incubation with GO-C,PVP compared

to that with GO or C,PVP alone.

-
= F

Figure 3.11 Fluorescence images of (A, E) E. coli and S. aureus after incubation
with PBS, (B, F) E. coli and S. aureus after incubation with GO, (C, G) E. coli
and S. aureus after incubation with GO, and (D, H) E. coli and S. aureus after

incubation with GO-C2PVP. Scale bar = 10 pm.

The hemolysis test was performed to access the material’s toxicity
against red blood cells as shown in Figure 3.12. The material demonstrates 9.8%

hemolysis at 25 pg/ml and 30% hemolysis at 100 pg/ml. It is well above the level of

57



concentration against bacterial (10 pg/ml), facilitating application potentials of such

materials.
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Figure 3.12 Hemolysis test of GO-C4PVP

Both GO sheets and polymer brushes are proposed to synergistically
deactivate and destroy cells. GO sheets interacted with cells by covering cell
surfaces. Since monolayer GO sheets are impermeable membranes for many
molecules. GO-C,PVP is able to isolate cells from outside surface, inhibiting cell
proliferation. CoPVP alone, on the other hand, is able to kill bacterial by attracting
to cell surface, discharge divalent ions away from negatively charged membrane
and penetration through outer membrane and inner membrane for E. coli and
directly penetrating cytoplasmic membrane for S. aureus, leading to cell death.
Functionalized GO sheets take advantages of both GO and polymer brushes.
They are positively charged and attracted to bacterial cells by electrostatic
interaction, followed by wrapping around cells. Surface cationic polymer brushes
on GO surfaces may simultaneously penetrate cell membrane and destruct
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membrane integrity, resulting in cell lysis. GO-PVP is more effective than GO
alone due to the additional hydrophobic interactions between polymer brushes
and cell membrane, accelerating disruption of cells. Functionalized GO-C,PVP
differ in toxicity because of distinct charge densities and solubility. As shown in
Table 3.1, GO-C4PVP has the highest charge density of 31.55 £0.91 mV,
followed by GO-C,PVP (27.36 £1.19 mV), which is higher than that of CoPVP
(12.26 =1.26 mV). The antibacterial activity follow the same trend as zeta
potential since the adsorption of materials onto negatively charged bacteria
surface takes place to a higher degree at higher charge density. Nevertheless, GO-
CePVP and GO-CgPVP exhibits lower antibacterial activity but higher zeta
potential compared to CoPVP. This behavior correlates well with visual
appearance of GO-C,PVP solutions. The solubility of GO-C,PVP decreases with
increasing length of alkyl chains. While GO-C2PVP and GO-C4PVP maintain
good solubility after free standing for 30 days, GO-C¢PVP and GO-CgPVP tend
to aggregate in the solution, which reduces the ability of material to interact with
bacterial cells and toxicity. Last but not least, materials tested own higher
antibacterial activity against S. aureus. S. aureus does not have an outer cell
membrane, but consists of a thick hydrophobic peptidoglycan layer. In contract,
E. coli has an outer membrane with lipopolysaccharides and phospholipids
located outside thinner peptidoglycan layer, protecting cell from foreign attack.
The existence of an extra barrier of E. coli results in differences in interaction

with materials and their toxicity.
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3.4 Conclusion

We have successfully functionalized GO with well-defined poly (4-
vinylpyridine) brushes by ATRP and quaternized it with different alkyl chains.
The composites in solution display excellent antibacterial activity at low
concentrations of 10 ug/ml. Their paper forms demonstrate similar effect and are
suitable for real applications. The paper made from polymer brushes quaternized
with butyl chains demonstrates the highest toxicity up to 99.9% for both E. coli
and S. aureus due to highly concentrated charge density and desirable solubility.
The method is applicable to functionalize other polymers on the surface of GO
and possibly loading of antibiotics or other nanoparticles for antibacterial

applications.
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Chapter 4. Cationic polycarbonate-grafted
superparamagnetic nanoparticles with synergistic

dual-modality antimicrobial activity

4.1 Introduction

In this chapter, a new class of hybrid antimicrobial nanoparticles with
cationic polycarbonate brushes grafted on superparamagnetic MnFe204

nanoparticles were explored for antibacterial applications.

Facilitating by shortage of degradable ability of quaternized poly(4-
vinylpyridine) in the first project, we thought of using polycarbonates, which
emerged as highly valuable biomaterials due to their facile functionalities,
biocompability and biodegradability by enzyme or hydrolysis.”? Biodegradable
materials are ideal for the local treatment of infection because they enable the
degradation into oligomers within a controlled time frame to prevent undesired
long-term toxicity and a second surgical intervention to remove the carrier is
avoided.}’>1"® On the other hand, if biodegradable materials are utilized in our
daily life such as packaging materials, they demonstrate superior advantages for

environmental concerns.'’#

Hedrick and Yang et al. has reported the first antimicrobial cationic
polycarbonate.1?812131 | this study, oganocatalytic ring opening polymerization
(ROP) of functional cyclic carbonate initiated by phosphonate molecules led to
end-functionalized cationic polycarbonates that can be easily grafted onto
magnetic oxide nanoparticle via a ligand exchange reaction.*” A key finding is

that anchoring the cationic polycarbonates on the nanoparticles reduced effective
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antimicrobial concentrations by 3 orders of magnitude in comparison with that
of free polymers, because forming polymer brushes afforded greatly increased

local charge density.

On the other hand, recent developments in colloidal synthesis have
continuously expanded the family of bactericidal inorganic nanostructures,
which are traditionally represented by Ag nanoparticles.t”1"¢-1® Photoactive
nanoparticles that exhibit photothermal conversion or photocatalytic properties
have received increasing attention as emerging antimicrobial materials.t’®-182
However, their applications are significantly limited when light penetration
becomes an issue.!® In this aspect, magnetic nanoparticles that can be remotely
controlled by external magnetic fields show unparalleled advantages.'® The use
of magnetic nanoparicles in magnetic resonance imaging and biosenors is at the
frontier of translation research.®® Of particular interest for therapeutic
applications is that heat is generated when magnetic nanoparticles are placed in
alternating current magnetic fields as discussed in the literature review section.8
The dependence of heat induction efficiency on the structure and composition of
superparamagnetic oxide nanoparticles has been systematically studied for

efficient magnetic hyperthermia of cancer cells.?”%

In our design of hybrid antimicrobial nanoparticles, superparamagentic
MnFe2O4 nanoparticles not only can serve as scaffolds for the cationic
polycarbonate grafts, their structural integration with the "soft" polymer shell
also leads to a synergistic effect of two physical killing mechasisms, namely,
membrane damage by the cationic shell and magnetic hyperthermia by the

nanoparticle core, giving rise to improved bactericidal activities against both
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Gram-positive and Gram-negative bacteria than either of individual modalities.
As illustrated in Figure 4.1, the hybrids are absorbed onto bacteria surface
through electrostatic interaction, which facilitates membrane destruction process
and promote localized heating in alternating magnetic filed. Furthermore, the
well-established biocompatibility and biodegradability of both building blocks of
the hybrid nanoparticles offer unique opportunities for future translation of this

nanoscale platform for practical applications.'®’

\ ‘m

l\
L

Figure 4.1 Schematic illustration of application of core—shell cationic

polycarbonate grafted MnFe2O4 nanoparticles to kill bacteria.

4.2 Experimental Section

4.2.1 Materials

Dimethyl 2-hydroxyethyl phosphonate were purchased from Tokyo
Chemical Industry Co., Ltd. N-(3,5-trifluoromethyl)phenyl-N’-

cyclohexylthiourea (TU) was synthesized according to the previous reference.'®
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1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) was dried with CaH>, distilled, then
stored over molecular sieves. Phosphate-buffered saline (PBS) was purchased
from BASE and diluted to the desired concentration before usage. Luria Bertani
(LB) broth and Bacto Agar were purchased from Becton and Dickinson Company.
E. coli (ATCC 25922) and S. aureus (ATCC 6538) were obtained from ATCC and
used according to the protocols. All other chemicals were commercially available

from Aldrich and used as received.

4.2.2 Characterization

Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker
Avance 300 NMR spectrometer. Zeta potential and hydrodynamic diameter were
obtained with BIC PALS ZetaSizer. Fourier-transform infrared (FTIR) spectra
were performed on a FTIR-Digilab FTS3100 FTIR spectrometer. Transmission
electron microscopy (TEM) images were obtained with JEM 3010 TEM and
Field Emission Scanning Electron Microscopy images (FESEM) were taken by
JEOL JSM-6700F. Magnetic heating was conducted by Magnetic AC
hyperthermia (MACH) system (10 kW Ambrell Easyheat L1). The crystal
structural characterization of the samples were characterized using a Shimadzu
thin film X-ray diffractometer (XRD) with Cu Ka radiation (A =0.15406nm).
Static magnetic properties were measured on a vibrating sample magnetometer
(VSM, ADE Magnetics EV-9). Thermogravimetric analysis (TGA) was carried
out by Perkin Elmer TGA/DTA instrument under nitrogen in the temperature
range of 100 to 550 °C at a heating speed of 20 °C/min. The number-average

molecular weight (M,) and polydispersity (PDI) of polymers were characterized
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by Agilent Infinity-1260 GPC at room temperature with polystyrene as standards

and THF as an eluent at a flow rate of 1.0 ml/min, using RID detector.

4.2.3 Synthesis of MnFe204 nanoparticles!®

The nanoparticle was synthesized according to a method reported by Sun
and coworkers. Generally, Fe(acac); (0.2 mmol), Mn(OAc), (0.1 mmol), oleic
acid (2 ml) and benzyl ether (10 ml) were mixed with oleyamine (6.0 mmol) in a
3-neck bottom flask. The reaction temperature was then raised to 120 °C and low
boiling point compounds were removed under reduced pressure at this
temperature. Next, the temperature was elevated to 290 °C in 20 min under
nitrogen flow. Dark-brown colored product (10 nm) were separated by an

external magnet after the addition of ethanol.

4.2.4 Synthesis of MTC-OCH2CH2CH:2Br (3-bromopropyl 5-methyl-2-oxo-

1,3-dioxane-5-carboxylate)

2, 2-Bis(hydroxymethyl)propionic acid (bis-MPA) (9.00 g) and KOH
(4.45 g) were dissolved in DMF (50 ml) under 100 <C (1 h) until a homogeneous
solution was formed and benzyl bromide (13.80 g) was then added. DMF was
then evaporated under vacuum when the solution was cooled to room temperature
after 16 h stirring at 100 <C. The residues were dissolved in ethyl acetate/hexane,
washed with water twice, dried over MgSOs, filtered and dried under vacuum.
The resulting solid was recrystallized from toluene (1.2 ml/g crude) to give a pure
benzyl-2,2-bis(methylol)propionate white solid. Yield: 9.59 g (64%). *H NMR
(300 MHz, CDCls): & 1.09 (s, -CHs), 3.73 (d, -CH20H), 3.92 (d, -CH,0H), 5.19

(s, -CH2Ar), 7.36 (m, ArH) (Figure 4.2A).
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Triethylamine (26.85 g, 266.00 mmol) was added dropwise to a mixture
of benzyl-2,2-bis(methylol)propionate (9.59 g, 42.77 mmol), ethyl chloroformate
(27.33 g, 251.56 mmol) and tetrahydrofuran (670 ml) at 0 <C in 30 min and the
solution was stirred at room temperature for additional 2 h. Then, triethylamine
hydrochlorides were filtered off and the resulting filtrates were concentrated
under reduced pressure. White crystals (1) were obtained after recrystallizing
from ethyl acetate. Yield: 4.50 g (42%). *H NMR (300 MHz, CDCls): § 1.34 (s,
-CHa), 4.22 (d, -CHaHb-), 4.70 (d, -CHaHp-), 5.22 (s, -CHoAr), 7.35 (m, ArH)

(Figure 4.2B).

Monomer (1) (4.50 g), ethyl acetate (45 ml) and P4/C (296 mg) were
stirred under Hy for 24 h. THF (250 ml) was added after the evacuation of the Hy
and the mixtures were filtered through THF-wetted Celite. MTC-OH was
obtained as a white solid after the evaporation of filtrates. Yield: 2.20 g (79%).
IH NMR (300 MHz, D20): & 1.18 (s, -CHs), 4.61 (d, -CHaHp-), 4.70 (d, -CHaHp-)

(Figure 4.2C).

MTC-OH (2.20 g, 13.75 mmol) was dissolved in a THF (50 ml) with 3
drops of DMF and a solution of oxalyl chloride (3.25 g, 25.00 mmol) in THF (20
ml) was added dropwise to the mixture at 0 <C in 30 min. The reaction was then
kept at 50 <T under nitrogen for another 4 h. Then, the volatiles were removed
under reduced pressure and the residues were re-dissolved in THF (25 ml). An
additional 3-bromopropanol (1.34 g, 9.63 mmol), pyridine (1.2 g, 15.2 mmol)
and THF (50 ml) were added at 0 <C in 30 min. The reaction mixture was stirred
at 0 <C for another 30 min before it was warmed to room temperature and stirred

for 16 h. The precipitate that formed was filtered and volatiles were removed
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under reduced pressure. The crude product was then re-dissolved with CH2Cl»
(160 ml) and washed with water (3 > 120 ml). The combined organic extracts
were dried over MgSOg, filtered and evaporated to give a yellow solid. The crude
product was further purified by column chromatography silica (1:1 = ethyl
acetate/hexanes). *H NMR (300 MHz, CDCls): § 1.34 (s, -CCHs), 2.15 (quin, -
CH2CH,CH>-), 3.62 (t, -CH2Br), 4.23 (d, -CHaHs-), 4.38 (t, -OCH2CH>-), 4.70

(d, -CHaHb-) (Figure 4.2 D).
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Figure 4.2 'H NMR spectra of synthesized intermediates and product for MTC-

OCH2CH2CH>Bt.

4.2.5 Synthesis of poly(MTC-OCH2CH2CHBr)*°

MTC-OCH2CH2CH;Br, dimethyl 2-hydroxyethylphosphonate and N-
(3,5-trifluoromethyl)phenyl-N’-cyclohexylthiourea (TU) were charged to a vial
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with anhydrous methylene chloride (1 ml) at predetermined concentrations. 1,8-
diazabicyclo[5,4,0]lundec-7-ene (DBU) was then added under nitrogen to start
the polymerization and benzoic acid was introduced to quench the reaction after
24 h. The polymer was obtained by precipitation in isopropanol and dried under
vacuum. Polymers with two molecular weight were prepared (M, = 4000, PDI=
1.47; M, = 6600, PDI = 2.20). 'H NMR (300 MHz, CDCl3): § 4.51-4.12 (m, -
OCH5>- and -CH>OCOO-), 3.50-3.38 (m, -CH>Br), 2.26-2.12 (m, -CH>CH2Br),
1.31-1.23 (s, -CH3). *'PNMR (300 MHz, CDCls): & 28.68 ( -PCH,-) (Figure 4.3,

4.4A).
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Figure 4.3 *H NMR spectra of poly(MTC-OCH,CH2CH:Br).

4.2.6 Deprotection of poly(MTC-OCH2CH2CH_2Br)

Trimethylsilylbromide (0.5 g, 3.2 mmol) was added dropwise to a
solution of the polymer (0.45 g) in 20 ml anhydrous dichloromethane under
nitrogen. The volatiles were then evaporated under reduced pressure after 24 h

and methanol (1 ml) was added to the residues after dissolving the polymer with
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DMSO (20 ml). The solution was further stirred for 12 h. Deprotected polymer
was obtained by precipitating in water twice and then dried under vacuum. 3'P

NMR (300 MHz, CDCL): § 23.40 ( -PCH,-) (Figure 4.4B).

55 50 45 40 35 30 25 20 140 120 100 80 60 40 20 0

Figure 4.4 3P NMR spectra for poly(MTC-OCH,CH,CHBr)-
methylphosphonate (A) and poly(MTC-OCH2CH>CH2Br)-phosphonic acid (B)

in CDCls.
4.2.7 Synthesis of quaternized poly(MTC-OCH2CH2CH:2Br) (PrBrT)

N, N, N’, N’-tetramethylethylenediamine (TMEDA, 0.8 ml, 5.4 mmol)
was charged into the vial with the polymer solution (0.4 g polymer, 10 ml DMSO)
under nitrogen. After stirring for 24 h at room temperature, the cationic polymer
PrBrT was precipitated into THF twice and dried under vacuum. '"H NMR (300
MHz, D>0): 4.04-4.33 (m, -CH,OCOO- and -OCH>-), 3.48 (s, br, -CH,N"-),
3.09 (s, br, -N"CHj3), 2.61 (s, br, -NCH>-), 2.15 (s, br, -NCH3), 2.02 (s, br, -

CH,CH, N*-), 1.17 (s, -CH3) (Figure 4.5).
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Figure 4.5 'H NMR spectra of PrBrT.

4.2.8 Synthesis of PrBrT-coated MnFe2O4 nanoparticles

PrBrT (200 mg in 1 ml DMSO) was added dropwise to the solution of
oleic acid-stabilized MnFe>O4 nanoparticles (10 mg in 10 ml chloroform). The
mixture was stirred for 32 h at room temperature and sonicated for 10 min in
every hour of the first 8 h. For the polymer of M, = 6600, a second sample was
prepared by stirring for 6 h only (MnFe,O4@PrBrT-2) to obtain nanoparticles
with lower grafting density. Finally, a permanent magnet was applied to collect
the nanoparticles and the samples were precipitated by a THF/hexane mixture,
and the dispersion/precipitation cycle was repeated 3 times. The obtained

nanoparticles were dried under vacuum for further analysis.

4.2.9 Synthesis of MnFe20s@PEG

4-Dimethylaminopyridine (DMAP) (3.66 mg) was added to the mixture
of CH3O-PEG-carboxylic acid (MPEG-COOH, M, = 5000, 300 mg), dimethyl 2-

hydroxyethyl phosphonate (150 mg, 1 mmol), N,N’-dicyclohexylcarbodiimide
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(61.9 mg) and dichloromethane (20 ml). The mixture was filtered and evaporated
after stirring for two days. The product was precipitated with a co-solvent of
diethyl ether/acetone for three times and dried to give a white solid mPEG-
phosphonate. *H NMR (300 MHz, CDCls): & 3.40 (s, -OCHs), 3.58 (m, -

OCH2CH.-), 3.78 (d, -POCHs) (Figure 4.6A).
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Figure 4.6 'H NMR spectra for mPEG-methylphosphonate (A) and mPEG-

phosphonic acid (B) in CDCls.

The product obtained (0.25 ¢g) was dissolved in anhydrous
dichloromethane (20 ml). Trimethylsilyl bromide (0.5 g, 3.2 mmol) was added
dropwise to the mixture under nitrogen. The solvent was evaporated after the
reaction was maintained at room temperature for 24 h. The residues were re-
dissolved in 5 ml methanol and further stirred for 12 h. A yellow oil mPEG-
phosphonic acid was obtained after the evaporation of the volatiles. *H NMR

(300 MHz, D;0): & 3.38 (s, -OCHs), 3.58 (m, -OCH2CH;-) (Figure 4.6B).

MnFe,O4s@PEG was synthesized in a similar way as that was used to
prepare MnFe;O4@PrBrT by a ligand exchange reaction as shown in Figure 4.7.
A permanent magnet was utilized to collect the magnetite nanoparticles and the

obtained nanoparticles were dried under vacuum for further analysis.
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Figure 4.7 Schematic representation of MnFe.O4@PEG synthesis.
4.2.10 Cell preparation

A single colony of both Escherichia coli and Staphylococcus aureus were
inoculated in Luria-Bertani (LB) medium (T = 37 °C) overnight (shaking at 200
rpm) and harvested in the mid-exponential growth phase. After centrifugation at
6000 rpm for 10 min, cells were washed with PBS solution 3 times and the final
cell pellets were dispersed and diluted to the desired concentration. Cell

concentration was verified by plating dilutions of inoculum onto agar plates.
4.2.11 Cell viability test

200 pl of bacteria (10°-10° CFU/ml) in sterilized PBS were placed into 2
ml tubes. In each tube, 200 pl saline solution of the test materials at different
concentrations was added and PBS buffer was used as a control. Votex (30 min
at 300 rpm) was applied to cells before samples underwent serial dilutions. For
cells to undergo magnetic hyperthermia treatment, after vortex (10 min), the
treatment was conducted for 20 min using an alternating current of 380 A for E.
coli and 410 A for S. aureus, respectively. Finally, 100 ul aliquots from each

dilution were spread onto agar plates and grown overnight at 37 °C for counting
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survivors. To measure the localized temperature exerted on bacteria, a mixture of
120 ug/ml MnFe,O4@PrBrT and bacteria suspension (10° to 10° CFU/ml) were
shaken for 10 min and centrifuged to remove supernatant. The sample
temperature profiles of the mixture in solution form and the sediment under
magnetic heating were recorded by an infrared thermographic camera (FLIR

T420) after the treatment.

4.2.12 Minimum inhibitory concentrations (MICs)

A series of dilution of 100 pl material in LB broth was made on a 96-well
microplate, followed by addition of 100 ul bacteria suspensions (~10° CFU/ml).
The microplate was kept at 37 <C for 48 h. The solution absorbance at 600 nm
was read by a microplate spectrophotometer. The solution without materials was

used as control. Each sample was repeated in triplicate.

4.2.13 Live/Dead assay

Cells (10® CFU/ml) were prepared in a similar way as stated above. The
samples were then stained with LIVE/DEAD BacLight Bacterial Viability kit for
15 min at room temperature and the bacterial viability was assessed by an

Olympus IX71 inverted microscope.

4.2.14 Samples for cell morphology observation

Cells at a concentration of 108 CFU/ml in sterilized PBS were placed into
2 ml tubes and cells suspended in PBS buffer were used as a control. Cells were
homogeneously suspended by vortex (300 rpm, 30 min). In case of cells exposed

to hyperthermia treatment (20 min), vortex (10 min at 300 rpm) was done before
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the treatment. Subsequently, cells were fixed with 2% glutaraldehyde for
overnight. The solution was spread onto glasses and dried. The samples were
dehydrated with sequential treatments by 30, 50, 70, 80, 90, 100% ethanol for 20

min and then dried again.
4.2.15 Hemolysis assay

Fresh human blood (3.5 ml), donated by a healthy volunteer, was
centrifuged at 700 rpm for 5 min and washed three times. The final concentrated
erythrocytes was diluted to 5% by PBS. The MnFe,Os@PrBrT at different
concentrations (100 pl) was mixed with 100 ul erythrocytes stock. The mixture
was shaken at 37 <C for 1 h at a speed of 150 rpm, and was then centrifuged. 100
ul of supernatant was added to 96-well microplate and diluted with 100 ul PBS.
The hemoglobin release was determined by measuring absorbance at 576 nm
using a microplate reader. 0.1% Triton X-100 was used as a positive control and
pure PBS served as a negative control. The hemolysis percentage was calculated

using the equation below:

Ap_Ab

t b

Hemolysis (%)= x100% Equation 4.1

Where Ap, At and Ay is the absorbance value for the sample, positive control and

negative control, respectively.
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4.3 Results and discussion

4.3.1 Synthesis of cationic polycarbonate

The biodegradable polycarbonates were synthesized by ring opening
polymerization (ROP) of MTC-OCH>CH>CH2Br monomer at room temperature
with DBU/TU as the catalyst and dimethyl 2-hydroxyethyl phosphonate as the
initiator (Figure 4.8). We prepared poly(MTC-OCH>CH>CH»Br) with M, of 4000
(PDI= 1.47) and 6600 (PDI = 2.20) g/mol (Figure 4.9A), which correspond to a

repeating unit of 14 and 23, respectively.
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Figure 4.8 Synthesis of cationic polycarbonate PrBrT and MnFe,O.@PrBrT

core—shell nanoparticles.
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Figure 4.9 GPC curves of poly(MTCOCH2CH2CH2Br): (a) M= 4000 Da, PDI
= 1.47; (b) M, = 6600 Da, PDI = 2.20 (A) and the polymer stored for two years

at room temperature (B).

Subsequently, the methyl protective groups of the phosphonate initiator
were removed to obtain the polycarbonate with a phosphoric acid chain end.
Quarternization of poly(MTC-OCH>CH,CH>Br) was conducted using excess
amount of TMEDA, leading to cationic PrBrTy, with m representing the number
of repeating units. "H NMR (Figure 4.5) confirmed that 100% of bromide was

converted into quaternized amine after the reaction.

To test the degradability of the materials, after the material has been

stored for two years at room temperature, the molecular weight was tested as
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shown in Figure 4.9B. The molecular weight of the polymer degraded to about
five different peaks with molecular weight distribution of 2924, 972, 668, 444

and 271 g/mol, confirming the biodegradability of the polymer.

4.3.2 Antimicrobial assessment of cationic polycarbonate

We next tested the antimicrobial activity of the PrBrT polymer. As shown
in Figure 4.10, PrBrT14 does not kill E. coli until the concentration reaching 12.5
mg/ml, and kills 100% of live E. coli at a concentration of 100 mg/ml. The
effective killing of PrBrT against S. aureus is similar to E. coli, starting to

suppress S. aureus at 25 mg/ml.
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Figure 4.10 Dependence of bacteria cell viability on PrBrT14 concentrations on:

E. coli (A) and S. aureus (B).

4.3.3 Synthesis of colloidal MnFe204 nanoparticles

High temperature colloidal synthesis of MnFe>O4 nanoparticles using
Fe(acac); and Mn(OAc), as precursors led to 10 nm nanoparticles capped by
oleic acids (Figure 4.11A).1%1°1 XRD of the synthesized nanoparticles (Figure

4.11B) exhibit eight characteristic peaks, which are consistent with (220), (311),
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(222), (400), (422), (511), (440) and (531) crystal planes of MnFe,O4 (JCPDS
No. 75-0034). Magnetic hysteresis loop (Figure 4.11C) of the nanoparticle at
room temperature shows the absence of coercivity and remanence with saturation

magnetization (Ms) of 53 emu/g, confirming its superparamagnetic nature.
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Figure 4.11 (A) TEM image of MnFe204 nanoparticles capped with oleic acid.
(B) XRD pattern of MnFe2O4 nanoparticles. (C) Hysteresis loop of MnFe204

nanoparticles at room temperature.

4.3.4 Synthesis of MnFe20:@PrBrT and MnFe204@PEG

The phosphoric acid end group of cationic PrBrT polymers has a greater
affinity with metal ions on the nanoparticle surface than that of carboxylic groups
of oleic acid capping ligands, allowing for grafting the polymers on the
nanoparticles by means of ligand exchange.!”>!? A fter the reaction with PrBrT1a,
the 10 nm nanoparticles, which originally were only dispersible in non-polar
solvents such as hexane and chloroform, showed excellent colloidal stability in
aqueous media, indicative of a successful ligand exchange. Zeta potential of
MnFe;04@PrBrTi4 in deionized water is 49.0 + 2.9 mV, indicating a high graft
density of the cationic PrBrT polymer. TEM observation (Figure 4.12A) reveals
individual nanoparticles without large clusters. In line with this observation, DLS

measurement showed that the MnFe,O4@PrBrT14 core-shell nanoparticles have
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a hydrodynamic diameter of 17 nm. The nanoparticles coated with poly(ethylene
glycol) (PEG) (MnFe:O4@PEG), which would be used as a control in
antimicrobial tests, were prepared in a similar way using phosphoric acid-ended

PEG and showed a zeta potential of —1.3 + 1.2 mV.
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Figure 4.12 (A) TEM images of MnFe204s@PrBrT14 nanoparticles. (B) FTIR
spectra and (C) TGA results of oleic acid capped MnFe204 (a), MnFe:O4@PEG
(b), and MnFe>O4@PrBrT14 (c) nanoparticles. (D) TGA curves of oleic acid
capped MnFe204 (a), MnFe,O4@PrBrT23-2 (d), and MnFe>O4@PrBrT23-1 (e)

nanoparticles.

The presence of polymers on the surface of the MnFe O4@PrBrTi4
nanoparticles was verified through FT-IR spectroscopy (Figure 4.12B) and the
amount of grafted polymer was quantified by TGA (Figure 4.12C). In the FT-IR

spectrum of the original nanoparticles (Figure 4.12B curve a), two sharp bands
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at 2920 and 2840 cm™' are attributed to the asymmetric and symmetric CH>
stretch vibration of oleic acid. The peak at 1750 cm™ arising from the C=0 stretch
vibration only appears in the spectrum of MnFeO4@PrBrT, suggesting the
successful functionalization of PrBrT onto MnFe>O4 nanoparticles.® Similarly,
the presence of C-O-C stretch vibration at 1030 ¢cm” for the PEGylated
nanoparticles indicates the successful ligand exchange with phosphoric acid-
ended PEG. More quantitative results were obtained from TGA. Between 120
and 400 °C, the weight loss of oleic acid capped MnFe>O4 nanoparticles is 15%,
while the weight loss increases to 40% for MnFe.O4@PEG and 42% for

MnFe,04@PrBrT grafting of the polymers.

The number of chains of polymers grafted onto nanoparticle surfaces can
be calculated by the following method. Taking MnFe;O4@ PrBrT14 for example,
firstly, the weight of polymer was divided by the molecular weight of the polymer
and multiplied by Avogadro’s number to calculate the number of polymer
molecules lost. Then, the weight of total nanoparticles was divided by weight of
one nanoparticle to obtain the number of MnFe,O4 nanoparticles. The weight of
one nanoparticle can be calculated from the volume and density (5.368 g/cm3.
As one nanoparticle diameter is around 10 nm. The calculated nanoparticle (NP)
weight is around 2.809x1028 g/NP. The average number of polymer grafts can
be calculated by Equation 4.2, where weight fraction of the polymer is 42% and
the rest is nanoparticle core weight fraction. It is thus estimated that on average
213 PrBrTi4 chains were grafted on the nanoparticle at a graft density 0.68

chain/nm?.
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Notably, ligand exchange with PrBrT23 gave rise to MnFe2O4@PrBrT23-
1 nanoparticles with a polymer weight fraction of 29% (Figure 4.12D curve e)
and a graft density of 0.36 chain/nm?. The lower graft density should result from
a combination effect of the lower content of functional ends and more significant
steric hindrance in "grafting to" reactions of the longer polymer chains. To
examine the impact of polymer graft density on the antimicrobial activity of the
nanoparticles, MnFe,O4@PrBrT23-2 nanoparticles with a graft density of 0.25
chain/nm? (Figure 4.12D curve d) were prepared by terminating the ligand
exchange reaction at 6 h. Moreover, measurements show that
MnFe;04@PrBrT23-1 had a zeta potential of 36.1 = 0.9 mV, which further

decreased to 20.8 + 1.0 mV in MnFe>O4@PrBrT2s-2.
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4.3.5 Antimicrobial assessment of the hybrid material with or without

hyperthermia effect
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Figure 4.13 Dependence of bacteria cell viability on MnFe2Os@PrBrT14
concentrations and magnetic hyperthermia treatment: E. coli (A) and S. aureus
(B) exposed (red) or not exposed (black) to magnetic heating. Dependence of
bacteria cell viability on MnFe204@PEG concentrations and magnetic
hyperthermia treatment: E. coli (C) and S. aureus (D) exposed (red) or not

exposed (black) to magnetic heating.

We evaluated the antibacterial effect of MnFe;Os@PrBrTu core-shell
nanoparticles on both Gram-negative bacteria E. coli and Gram-positive bacteria
S. aureus. Figure 4.13 shows that bacteria cell killing efficiency of the hybrid

nanoparticles is dependent on their concentrations. For E. coli bacteria,
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MnFe;04@PrBrT 4 doesn’t kill any cells at a concentration of 8 pg/ml. However,
increasing the concentration from 15 to 120 pg/ml, the killing efficiency
increases from 3 to 97%. Similarly, the S. aureus killing efficiency (from 7 to
98%) also rises with the increasing concentrations of the nanoparticles (from 8
to 120 pg/ml). Notably, the effective concentration of the MnFe,Os@PrBrT4
decreased by 3 orders of magnitude in comparison with that of PrBrT polymer
alone. As summarized in Table 4.1, minimum inhibitory concentrations (MICs)
of the free polymers and the MnFe2O4@PrBrTi4 nanoparticles also showed 3
orders of differences.

Table 4.1 Antimicrobial activities of PrBrT14 and MnFe204@PrBrT14.

Material MIC (pg/ml)

S. aureus E. coli
PrBrT 100,000 >100,000
MnFe.O4s@PrBrT 240 480

Positively charged polymers kill bacteria by means of electrostatic
interaction with net negatively charged bacteria, which leads to cell membrane
disruption, leakage of intracellular components and finally cell death. Therefore,
the charge density of the polymers is a critical element that determines
antibacterial efficiency. Grafting a large number of PrBrT on the same
nanoparticles concentrates the cationic quaternary amine and affords a greater
charge density, which results in a considerably improved antimicrobial activity.
This analysis was further supported by the decreasing bacteria killing efficiency

of MnFe2O4@PrBrT23-1 and MnFe;O4@PrBrT23-2. For example, at 120 pg/ml,
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MnFe>O4@PrBrTa3-1 led to a killing efficiency of 57% for E. coli and 80% for
S. aureus, which dropped to 40% and 72% for MnFe;O4@PrBrT23-2 (Figure
4.14). Importantly, MnFe>O4@PrBrT nanoparticles also caused minimal
hemolysis (<3%) at concentrations up to 1mg/ml (Figure 4.15), indicative of their

excellent biocompatibility and great potential for translation studies.
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Figure 4.14 Dependence of bacteria cell viability on the concentration of
MnFexO4@PrBrTas-1 (red) and MnFe,O4@PrBrT23-2 (black) concentrations for

E. coli (A) and S. aureus (B).
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Figure 4.15 Hemolysis of MnFe.O4@PrBrT14 nanoparticles at different

concentrations.

We next investigated the magnetic hyperthermia effect of
MnFe;04@PrBrT14 nanoparticles on bacteria killing in Figure 4.13. In an
alternating current magnetic field, superparamagnetic nanoparticles generate heat
via Néel and Brownian relaxation. Here, for E. coli, the killing efficiency
experienced a sharp increase from nearly zero to 97% at a concentration of 8
pg/ml, which further reached 100% at 60 pg/ml. The killing efficiency of S.
aureus showed a similar trend in response to magnetic hyperthermia, reaching
94% and 100% at 60 and 120 pg/ml, although the killing efficiency of S. aureus

at lower concentrations is not as significant as that of E. coli.
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Figure 4.16 Temperature profiles of pure PBS (black), MnFe2O4@PrBrT (120
ug/ml) dispersion (red), MnFe>Os@ PrBrT14-bound bacteria (blue) by heating

at 380 A for E. coli (A) and at 410 A for S. aureus (B), respectively.

The dramatic enhancement in bacteria cell killing efficiency of the hybrid
nanoparticles under magnetic heating should result from the localized heating
effect of MnFe>O4 attached on bacteria cell surface, which kills the bacteria in
synergy with cationic polymers.'*> Measurements (Figure 4.16) by an infrared
thermographic camera showed that the temperature of the nanoparticle dispersion
at the concentration of 120 pg/ml had an increase of 8 °C and reached 35 °C after
a treatment at 380 A for 20 min, which is only 2 °C higher than that of PBS
control solution. In contrast, the nanoparticle-bound E. coli separated by
centrifugation had a temperature 45 °C after the treatment and S. aureus treated
at 410 A reached 48 °C which are strong evidence of localized heating. The
collective antimicrobial effect of two physical killing mechanisms imparted by
the MnFe>O4@PrBrT holds great promise in addressing multidrug resistance of
superbugs because these mechanisms are believed to have less susceptibility of
developing resistance. It is also interesting to see that neutrally charged
MnFe;04@PEG nanoparticles did not cause any bacterial death even under

magnetic heating. PEGylation is known to afford non-fouling surfaces.
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Apparently, since these nanoparticle are not able to attach on bacterial surfaces,
the heating is mostly in the medium rather than localized on the bacterial surface.
Thus, when the heat is dissipated, temperature change experienced by the
bacterial is not enough to cause cell death. The results further highlighted the
importance of the synergetic action of cationic charge polymer coating and the

superparamagnetic nanoparticle core.

4.3.6 Live/Dead bacteria viability analysis

+ heating

Figure 4.17 Fluorescence images of bacteria: (A, D) control E. coli and S.

aureus, (B, E) E. coli and S. aureus without exposing to magnetic heating after
incubation with MnFe2O4@PrBrT14, and (C, F) E. coli and S. aureus exposing
to magnetic heating for 20 min after incubation with MnFe>O4@PrBrT14 forl0

min. scale bar =10 um.

Live/Dead analysis was performed to visualize the death of bacterial cells
by staining bacteria with Baclight kit utilizing a mixture of SYTO® 9 and
propidium iodide (PI). Stained dead cells and live cells show red and green

fluorescence, respectively. Figure 4.17A,D shows that both E. coli and S. aureus
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are alive in untreated control samples. A mixture fluorescence of red and green
in Figure 4.17B,E confirms that there are membrane damage generated after the
treatment because the cell-impermeant PI dye stained the cells, indicating that
bacteria cells are partially killed after incubation with MnFe;Os@PrBrT 4.
However, almost all bacteria cells are dead in Figure 4.17C,F after an extra
magnetic heating, which is in line with the antimicrobial results discussed above,
supporting the effectiveness of bacteria killing by the synergistic effect of

MnFe;04@PrBrT nanoparticles.

4.3.7 Bacteria morphology analysis

,v%;i - heating

S. aureus # heating

Figure 4.18 SEM images of bacteria: untreated E. coli (A) and S. aureus (D)

cells, E. coli (B) and S. aureus (E) without exposing to magnetic heating after
incubation with MnFe204@PrBrT14, and E. coli (C) and S. aureus (F) exposed
to magnetic heating for 20 min after incubation with MnFe.Os@PrBrT for 10

min.

We finally examined the morphological changes of bacteria cell after the
antimicrobial treatment. Figure 4.18A,D shows the SEM images of the control
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sample, while Figure 4.18B,E and C,F show E. coli and S. aureus bacteria treated
by MnFe>O4@PrBrTi4 without and with magnetic heating. In contrast to the
smooth surface of the control bacteria, the bacteria treated by MnFe;O4@PrBrT 4
display collapsed cell envelopes, indicative of the physical damage of the cell
membrane and release of intracellular components. No obvious difference was
observed for bacterial undergoing magnetic heating, which is not surprising
because magnetic heating also is expected to cause membrane damage.

The result is consistent with our hypothesis in the objective section.
Localizing cationic polymers onto nanoparticle surfaces achieves a high positive
zeta potential, which facilitates killing of bacteria, with the higher charges the
higher efficiency because higher charges improve the attachment of materials
onto bacteria surface, which is the first step in the killing mechanism of the
cationic materials. As cationic nanoparticles kill bacteria after they attach to
bacteria surface, they also act as heating pots under the magnetic field to generate
local heating and synergistically kill bacteria. The combined effect improves
killing efficiency to a higher level. Besides, here the bacteria destroy cell
membrane based on both mechanical destruction and heating effect. Multi-

mechanism killing further reduces the chance of resistance generation.

4.4 Conclusion

In summary, we have successfully synthesized biodegradable cationic
polycarbonates grafted superparamagnetic nanoparticles. Our results have
demonstrated that structural integration of the "soft" polycarbonate shell and the

"hard" superparamagnetic core in the hybrid nanoparticles core offers the
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possibility of exerting synergistic dual-modality physical killing resulting from
membrane disruption by cationic polymeric shell and magnetic heating by the
nanoparticle core. The hybrid nanoparticles could effectively kill both E. coli and
S. aureus at a much lower concentration and the killing efficiency could increase
to a much higher level. We envision that the development of the new synergetic
antibacterial hybrid nanoparticles could find broad applications in therapy and

medical devices.
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Chapter 5. Lipase-sensitive vesicle for on demand

antibiotic delivery

5.1 Introduction

Besides looking for alternative antimicrobial materials as in previous two
projects, which may not keep effectiveness for a long time since bacteria might
carry on developing resistance, novel drug delivery systems are also explored to
address the challenges related with conventional antibiotics such as over dosage,
limited solubility and stability in physiological conditions and non-specific
targeting towards bacteria.'®*1%7 Despite the application of antibiotics as primary
weapon for bacteria control, their overconsumption and inappropriate usage
create increasing emergency towards bacteria resistance.?%%:3 Bacterial
pathogens find ways to survive in mammalian cells to escape from host defences
and antimicrobial therapy where antibiotics are difficult to penetrate because of
their hydrophilicity or achieve high enough effective concentration due to the
limitation of pH or enzymatic inactivation, resulting in low killing effectiveness
and high drug dose requirement.1%2% The new delivery systems are suitable to
improve therapeutic efficiency for both existing drugs and those that will be

developed in future. 16!

Various kinds of nanocarriers such as liposomes, polymeric nanoparticles,
dendrimers and solid lipid nanoparticles have been developed for efficient
delivery of antibiotics to infection site and accurate control of amount and
frequency, reducing over usage of drugs and related toxicities.*60201205 |n
particular, the use of polymers in the delivery system opens the door for triggered
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drug release by specific physiological conditions or metabolic states such as pH,

toxins and lipases as discussed in the literature review section,>%1°8:160

Vesicle

Amphiphilic Superparamagnetic Nanoparticle

=P Antibody

A2 || = Antibiotic

Figure 5.1 Schematic illustration of superparamagnetic nanoparticles coated
with both PEG and PCL grafts and the antibiotic-loaded vesicle tagged with

anti-S. aureus antibody.

Here we prepared one antibiotic loaded lipase-sensitive vesicles
assembled from manganese iron oxide nanoparticles grafted with hydrophilic
polyethylene glycol and hydrophobic poly(e-caprolactone)
(MnFe2O4@PEG/PCL) and investigated both the selective bacterial growth
inhibition performance by the antibiotic deliver vesicles and their magnetic
enrichment effect on bacteria. MnFe>O4 superparamagnetic nanoparticles coated
with mixed brushes of end functional PEG and PCL were first synthesized by
ligand exchange. Then, the functional vesicles with hydrophobic brushes and
nanoparticles embedded in vesicle shell and the hydrophilic PEG extending into
aqueous solution were prepared by film rehydration method, as illustrated in
Figure 5.1. Active targeting vesicles to bacteria (S. aureus) was achieved by

vesicle surface antibody conjugation.?%
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Figure 5.2 Schematic illustration of the antibiotic release stimulated by lipase

secreting bacteria for antibacterial application using antibiotic-loaded vesicles.

On one hand, the assemblies with a hollow cavity act as antibiotics
carriers to prevent premature antibiotic leakage and achieve antibiotic release for
specific bacteria with PCL degradation induced structure dissociation (Figure
5.2). In this way, the vesicles demonstrated the on-demand antibiotic release and
selective bacteria growth inhibition since bacteria lipases are produced by
specific bacteria species such as S. aureus while absent in other types, such as E.
faecalis.?"?% On the other hand, superparamangentic nanoparticles exhibit

unique benefits, such as response to external magnetic force and high surface to
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volume ratio.*** In our design, MnFe>O4 nanoparticles not only provide platform
for polymer grafts, but also enable easy separation of vesicles. The antibody-
conjugated vesicles show smart S. aureus recognition and enrich themselves
together with the captured bacteria after magnetic separation, elevating the

bacteria killing efficiency up to sixteen times, as presented in Figure 5.3.
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Figure 5.3 Schematic illustration of enrichment process of antibody conjugated

Bacteria Capture

and antibiotic loaded vesicles to enhance bacteria killing efficiency.

5.2 Experimental section

5.2.1 Materials

Dimethyl 2-hydroxyethyl phosphonate were purchased from Tokyo
Chemical Industry Co., Ltd. Phosphate-buffered saline (PBS) was purchased
from BASE and diluted to the desired concentration before usage. Luria Bertani
(LB) broth and Bacto Agar were purchased from Becton and Dickinson Company.
E faecails (ATCC29212) and S. aureus (ATCC 6538) were obtained from ATCC
and used according to the protocols. All other chemicals were commercially

available from Aldrich and utilized as received.
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5.2.2 Characterization

NMR Bruker Avance 300 spectrometer was used for NMR spectra. Zeta
potential were obtained with BIC PALS ZetaSizer (T = 25 °C, pH = 6.6). FTIR-
Digilab FTS3100 spectrometer was used for FTIR test with potassium bromide
(KBr) pellet. TEM images were obtained with JEM 3010 TEM and FESEM were
taken by JEOL JSM-6700F. Probe sonication was performed by SONICS VIBRA
CELL VCX130. Thermogravimetric analysis (TGA) was performed by Perkin
Elmer TGA/DTA equipment in nitrogen atmosphere from 100 to 700 °C at a
temperature increase of 20 °C/min. The M, and PDI of polymers were tested by
GPC Agilent Infinity-1260 at 25 °C using THF as an eluent at 1ml/min flow rate
and polystyrene as standards. The high performance liquid chromatography
(HPLC) system includes quaternary pump, an Agilent 1100 series degasser, auto
sampler, a variable-wavelength detector and Agilent Poreshell 120 column (50 x
4.6 mm i.d.) packed with EC-C18, average particle size 2.7 um. UV absorbance
was set at wavelength 278 nm at 25<C. The sample flow rate was 0.5 ml/min and
the injection volume is 100 uL. The mobile phase consisted of 700 ml of water,
1.9 ml of orthophosphoric acid 85%, 1.4 g of tetrabutylammoniumiodide and 300
ml of methanol. The samples was filtered through membrane filter with 0.2 um

pore size before use.

5.2.3 Synthesis of poly(e-caprolactone)-methylphosphonate (PCL-

methylphosphonate)

PCL-methylphosphonate ~ was  synthesized by  ring-opening
polymerization of e-caprolactone (e-CL) with dimethyl (2-hydroxyethyl)

phosphonate as the initiator and Sn(Oct). as the catalyst. Typically, e-CL (2.2 g,
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19.2 mmol), dimethyl (2-hydroxyethyl) phosphonate (15.41 mg, 0.1 mmol) and
anhydrous toluene (3 ml) were added to a flamed schlenk tube equipped with a
magnetic stir bar in the nitrogen atmosphere. The tube was heated in an oil bath
at 120 <€ and Sn(Oct) was added under nitrogen to begin the polymerization.
The polymerization was then quenched by benzoic acid after 24 h. The product
was washed in the large excess of cold diethyl ether three times and vacuum dried
overnight. M, =19000, PDI =1.36. Yield: 80%. *H-NMR (in CDCls, ppm): 4.03
(t, 2H, -OCH2CH.CH,CH>CH>C(0)-), 3.75 (d, 6H, CHs0-), 3.65 (t, 2H, -
CH,OH), 2.28 (t, 2H, -OCH,CH2CH,CH,CH.C(O)-), 1.63 (m, 4H, -
OCH2CH2CH2CH2CH.C(0O)-), 1.35 (m, 2H, -OCH>CH2CH>CH.CH>C(O)-).

(6.5A)

5.2.4 Preparation of poly(e-caprolactone)-phosphonic acid

PCL-methylphosphonate (1.9 g, 0.1 mmol) and anhydrous methylene
chloride (6 ml) were put into the round bottom flask. 0.1 ml (0.76 mmol) of
bromotrimethylsilane was slowly added into the flask and the mixture was stirred
at room temperature for 12 h. Most of the volatile residues and solvent were
blown away by nitrogen and vacuum was used to further dry the polymer. After
that, anhydrous methylene chloride (6 ml) was used to dissolve the resultant
polymer and the solution was stirred overnight after adding 3 ml methanol.
Poly(e-caprolactone)-phosphonic acid was recovered by precipitation into
diethyl ether and dried under vacuum. Yield: 90%. *H-NMR (in CDCls, ppm):
4.03 (t, 2H, -OCH2CH2CH>CH2CH,C(0)-), 3.65 (t, 2H, -CH20H), 2.28 (t, 2H, -
OCH2CH>CH2CH,CH2C(0)-), 1.63 (m, 4H, -OCH>CH2CH>CH2CH,C(O)-),
1.35 (m, 2H, -OCH2CH2CH.CH.CH2C(0)-) (Figure 5.4B).
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Figure 5.4 '"H NMR spectra of PCL-phosphonate (A) and PCL-phosphonic acid
(B).

5.2.5 Synthesis of Boc-poly(ethylene glycol)-methyl phosphonate

Boc-NH-PEG-C3He-COOH  (0.34g, 0.1 mmol) and dimethyl (2-
hydroxyethyl) phosphonate (0.046g, 0.3 mmol) were dissolved in
dichloromethane (6 ml). DCC (0.041 g, 0.2 mmol) was added to it slowly. After

the solution continued at room temperature for 30 min in the dark, DAMP (0.003
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g, 0.025 mmol) in 0.2 ml dichloromethane was added. The insoluble part was
filtered after the solution was stirred overnight for 24 h in the dark. Then the
polymer was precipitated in diethyl ether, washed with a mixture of diethyl ether
and acetone (v/v = 6:1) and dried under vacuum. Yield: 80%. *H-NMR (in CDCls,
ppm): 3.78 (d, 6H, CH30-), 3.65 (m, 4H, -CH.CH20-), 1.44 (s, 9H, -Boc-)

(Figure 5.5A).

5.2.6 Synthesis of NH2-PEG-phosphonic acid

To the solution of Boc-poly(ethylene glycol)-methyl phosphonate (0.36
g, 0.1 mmol) in dry dichloromethane (4 ml) at 0 <C, trimethyl bromosilane (0.1
ml, 0.76 mmol) was added dropwise. Most of the volatile residues and solvent
were blown away by nitrogen after 24 h room temperature stirring and vacuum
was used to further dry the polymer. The polymer was re-dissolved in 2 ml
dichloromethane. Additional 2 ml methanol was added to the residue and reacted
overnight.?®® The NH»-PEG-phosphonic acid was obtained after precipitating in
diethyl ether and dried. Yield: 83%. *H-NMR (in CDCls, ppm): 3.65 (m, 4H, -

CH2CH,0-) (Figure 5.5B).
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Figure 5.5. "TH NMR spectra of PEG-phosphonate (A) and PEG-phosphonic

acid (B).

5.2.7 Synthesis of MnFe204 nanoparticles coated with PCL and PEG

The MnFe>O4 nanoparticle was synthesized as described in the previous
chapter. The amphiphilic MnFe;O4 nanoparticles with polymer brushes of PCL
and PEG were prepared through “grafting to” reaction. 1 ml solution of PEG (5

mg, 1.47 mmol) and PCL (8 mg, 0.42 mmol) in chloroform was added dropwise
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to MnFe>O4 dispersions and the solution was stirred for 12 h. The nanoparticles
were collected via magnetic force after addition of hexane and the purifying

procedure was repeated three times.

5.2.8 Synthesis of antibody conjugated MnFe:04@PCL/PEG vesicles loaded

with antibiotic

To fabricate norfloxacin-loaded vesicles, 100 pg norfloxacin was
dispersed in chloroform. Subsequently, the clear and homogenous solution of
MnFexO4@PCL/PEG (250 pg) and norfloxacin were dried on a glass vial to form
a flat film under moderate nitrogen flow. Then 2 ml water was added to rehydrate
the film by bath sonication and probe sonication. The vesicles were centrifuged
for three times to remove free antibiotics and then redispersed in borate buffer
(pH=7.4) for later usage. The concentration of norfloxacin was determined by
HPLC (Figure 5.6). The antibiotic loading was calculated based on the difference
between unloaded amount of antibiotic and the total amount of norfloxacin used
for antibiotic loading. The blank vesicle was prepared in similar condition
without antibiotic. To conjugate anti-S. aureus antibody onto the vesicle,
antibody (100 pug) and EDAC (0.15 mg) were mixed with the vesicle dispersion
for 12 h at 4 <T in borate buffer (pH=7.4). The nanoparticles were collected by
magnetic force to remove free antibody and the vesicles were stored at 4 <C in

borate buffer for further usage.

5.2.9 Degradation study of vesicles

To analyse the vesicle degradation process by lipase, antibiotic loaded

vesicle dispersion (250 pg/ml) were incubated with lipase from Pseudomonas
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cepacia with a final concentration at 1 mg/ml at 37 <C in PBS. At predetermined
time intervals, the vesicles were separated by magnetic force for SEM images.

Control experiment was performed without enzyme addition at 48 h.

5.2.10 Cell preparation

A single colony of both E. faecalis and S. aureus were taken and
inoculated in BHI (brain heart infusion) and Luria-Bertani (LB) medium
respectively at T = 37 <C overnight in 15 ml tube. The tube was shaken overnight
until the bacteria reaching midexponential growth phase. Cells were centrifuged
at 7000 rpm for 5 min and washed with PBS for 3 times. The bacteria were then
redispersed and diluted to the predesigned concentration. Cell concentration was

calculated by plate count method.

5.2.11 Antibiotic release

The norfloxacin release from vesicles with lipase was investigated at
37 T in PBS solution. Vesicles at a concentration of 10 pg/ml antibiotic in the
solution in the presence or in the absence of lipase from Pseudomonas cepacia
was centrifuged and the supernatant was filtered through 0.2 pm syringe filters
at predetermined time intervals. The concentration in the medium was

determined by HPLC analysis.

The release profiles of norfloxacin from the vesicle in the presence of
bacteria was investigated at 37 <C in a bacteria cultivation tube. Vesicles in the
medium with bacteria (ODeoo nm = 1) was centrifuged and the supernatant was
filtered through 0.2 um syringe filters at predetermined intervals. The norfloxacin

in the medium was further extracted by chloroform solution. The extracted
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antibiotic was dried and redissolved in water for HPLC analyses. Lipase-
secreting bacteria  Staphylococcus and  low-lipase-secreting  bacteria

Enterococcus faecalis were investigated in the study.

5.2.12 Inhibitory effect of vesicle on bacteria

Norfloxacin, norfloxacin-loaded vesicles and bare vesicles at
predetermined concentration (100 pl) were added into 96 well plates and 100 pl
bacteria suspension at concentration of 10° CFU/ml were added. After 24 h, the
vesicles were separated by magnetic force and the supernatant was used for
recording ODeoo by the microplate reader. For E. faecalis, norfloxacin-loaded
vesicles without lipase and with lipase at Img/ml were investigated for bacteria

inhibition test.

5.2.13 Bacteria capture by antibody conjugated blank vesicles

The blank vesicles were used to test capture efficiency. Vesicles at
predetermined concentration (100 pl) were added to bacteria suspension at
concentration of 10° CFU/ml (100 ul) in PBS for 0.5 h. PBS without vesicles was
used as control. Vesicles, with their captured bacteria, were separated by
magnetic force. Cell concentration in the supernatant was determined by plate
count method. The capture efficiency is calculated based on the difference

between the number of bacterial in control solution and supernatant.

5.2.14 Magnetic enhancement test

Vesicles at predetermined concentration (0.5 ml) were added to bacteria

suspension at concentration of 10° CFU/mI (0.5 ml) for 0.5 h. Vesicles, with their
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captured bacteria, were separated by magnetic force and re-dissolved in 50 pl
growth medium. After 24 h, the vesicles were separated by magnetic force and

the supernatant was remained to test ODsgoo by the microplate reader.

5.3 Results and discussion

5.3.1 Synthesis of amphiphilic MnFe204@PCL/PEG

The lipase-sensitive PCL was synthesized by ring opening
polymerization (ROP) with Sn(Oct): as the catalyst and dimethyl 2-hydroxyethyl
phosphonate as the initiator at 120 <C (Figure 5.4A). The ROP polymerization
offers flexible control over the molecular weight and the polycarbonate has M,
of 19000 and PDI of 1.36. Boc-NH-PEG-(CH3)3-COOH was modified to possess
the phosphonate end group by dimethyl 2-hydroxyethyl phosphonate by
DCC/DMAP catalysed reaction (Figure 5.5A). Then, the protective methyl
groups in both PCL (Figure 5.4B) and PEG (Figure 5.5B) were removed to
provide both polymers with functional phosphonic acid end groups. The
disappearance of peaks at 3.78 ppm indicates the successfully dimethyl removing.
Meanwhile, The Boc protective group in PEG was also removed during the
deprotection process with the disappearance of single peak at 1.44 ppm. 10 nm
MnFe;04 nanoparticles stabilized by oleic acids through carboxyl groups were
synthesized at high temperature. The phosphonic acid end group of PCL and PEG
displays higher affinity with the surfaces of 10 nm MnFe>O4 nanoparticles than
carboxyl groups of original ligand oleic acid. Thus, we proceeded the ligand
exchange reaction by grafting the polymers PCL/PEG onto the MnFe;O4

nanoparticles in chloroform and the diminished solubility of the nanoparticles
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suggested a successful ligand exchange as the original nanoparticles could

dissolve well in hexane.

The presence of polymers on the nanoparticle surface was further verified
by FT-IR spectroscopy and quantified by TGA. Figure 5.6A shows the FTIR of
MnFe;04 nanoparticles with oleic acid, PCL and MnFe;O4@PCL/PEG. The
signal of the band at 1735 cm™! of PCL was attributed to the ester O-C=0 moiety,
which also appears in the spectrum of MnFe>O4@PCL/PEG and does not exist
in the spectrum of MnFe>O4 nanoparticles with oleic acid, confirming
functionalization of PCL onto nanoparticles. In addition, the relatively strong
signal of the C-H stretching at 2900 cm™ and C-O-C stretch bond vibration at
1030 cm™ in MnFe>O4@PCL/PEG spectrum indicate successful ligand exchange
of PEG onto nanoparticles. More quantitative result was obtained from TGA.
Between 100 and 700 °C, the weight loss of MnFe>O4 nanoparticles coated with
oleic acids is 15% and 1t reaches 70% for MnFeO4@PCL/PEG, further

confirming the successful functionalization of PCL/PEG onto nanoparticles.
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Figure 5.6 FTIR curves (A) of MnFe>O4 (a), MnFe2O4@PCL/PEG (b), and PCL

(c). TGA curves (B) of MnFe>O4 (a), MnFe;O4@PCL/PEG (b).
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5.3.2 Synthesis of MnFe204@PCL/PEG vesicle

Figure 5.7 (A) SEM images of vesicles assembled from superparamagnetic

nanoparticles grafted with PEG and lipase-sensitive PCL brushes. Inset: SEM

image at higher magnification. (B) TEM image of vesicle.

The amphiphilic MnFe;O4@PCL/PEG nanoparticles were assembled
into vesicles by film rehydration method as our group previously reported.!
Briefly, the nanoparticles, with or without antibiotic, firstly formed clear
dispersions in chloroform. After evaporation of solvent by a dry nitrogen, the
nanoparticles form a film layer on a vial, with the uniformly distributed polymer
brushes on the nanoparticle surfaces. Then water is added to hydrate the films,
and the films roll up and rearrange to close the nanoparticle membrane with the
help of additional ultrasonication to minimize interfacial energy. The TEM
observation of the vesicles in Figure 5.7B indicate a difference between the inside
and periphery, confirming that the vesicles have hollow structures and large

cavity. The vesicle, with about 10 nm shell thickness and about 300 nm diameter,
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has a monolayer of nanoparticles on the shell, which is consistent with the
hypothesis that the hydrophobic PCL brushes collapse with nanoparticles to form
the shell while hydrophilic PEG brushes spread among the interior and exterior
of the shell. The SEM images, shown in Figure 5.7A further demonstrate the
vesicular structure with a hollow cavity, which could be observed occasionally

from the small holes in the intact vesicle structure.

During the vesicle synthesis, different amplitudes of probe sonication at
25%, 50% and 75% was applied for 30 s to make vesicles more uniform and
unilamilar (Figure 5.8). At 25% amplitude, monolayer structure around 300 nm
is readily formed. At 50% amplitude, the vesicles are more uniform since higher
energy is available to break up multilayer structures into more uniform unilamilar
vesicles. Further increase the amplitude to 75%, however, break up the vesicle

structure with the membrane destroyed.
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Figure 5.8 SEM images (A,C,E) and TEM images (B,D,F) of vesicle structures

at different probe amplitudes for 30 s: (A,B) 25%, (C,D): 50%, (E,F): 75%.

Figure 5.9 SEM images of the lipase-sensitive vesicles assembled without

antibiotic (A), and with ratio of antibiotic: nanoparticle at 1:5 (B) and 2:5 (C).
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It was revealed from SEM images that the size of empty vesicles (around
500 nm, Figure 5.9A) were larger than antibiotic loaded vesicles. During
antibiotic loading process, we also found that the vesicle size decreases with
higher antibiotic/nanoparticle ratio. At ratio of antibiotic:nanoparticle at 1:5 in
Figure 5.9B, the vesicle size was around 400 nm while it reached 300 nm at 2:5
(Figure 5.9C). We believe that antibiotics can be intercalated into the
nanoparticle film layer during hydration, which enhances the cohesion among

apolar portions of the membrane and leads to the reduction in the vesicle size.?!!

5.3.3 Lipase degradation of the amphiphilic vesicles of MnFe204@PCL/PEG

Figure 5.10 SEM images of the vesicles after incubating with lipase at 1 mg/ml

for 5h (A), 15 h (B), 25 h (C) and 48 h (D).
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As PCL is biodegradable, the morphology of the vesicles should be
changed at different time intervals with lipase. 1 mg/ml lipase (from
Pseudomonas cepacia) was used to treat the vesicles as this enzyme
concentration is high enough to degrade PCL quickly.?*® Figure 5.10 shows the
vesicle morphology changes after the degradation of PCL. Small holes came out
in the initially more intact vesicles after treatment with enzyme for 5 h, leading
to hollow cavities exposure. More and more vesicles lost integrity and part of
them lost original vesicle structures as the treatment time increases to 15 and 25
h. All vesicles almost lost their structures and clusters of nanoparticles were
observed after 48 h. The degradation of PCL part changes the
hydrophobic/hydrophilic ratio which is crucial to form vesicles.?*? To confirm
that the structure destruction was caused by lipase degradation, control
experiment was performed at the same condition without lipase addition, the

vesicles retain their structures after 48 h (Figure 5.11).

Figure 5.11 SEM image of vesicles without lipase treatment after 48 h.
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5.3.4 Antibiotic encapsulation
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Figure 5.12 (A) Norfloxacin loading efficiency (black line) and loading content
(red line) encapsulated in the vesicles against the ratio of
antibiotic/nanoparticles. (B) Norfloxacin loading efficiency against ratio of

PCL versus PEG during ligand exchange reaction.

Vesicular structures have been extensively reported to effectively deliver
cancer drugs, protein, peptides and gene.?'® Here we investigated whether our
vesicles could function as a carrier to encapsulate antibiotics for antibacterial
application. Firstly, we encapsulated hydrophobic norfloxacin into the impact
shell layer by mixing antibiotics with nanoparticles before forming the film layer
at the weight ratio of 1.6:1 for PCL and PEG. As demonstrated in Figure 5.12A,
the total loading content of norfloxacin elevates with the antibiotic/nanoparticle
ratio increases and it reaches its maximal value (~10%) at a
antibiotic/nanoparticle ratio of 12/5 based on the total norfloxacin feeding weight
since higher loading content is expected with increasing amount of antibiotic
available for loading. However, the highest antibiotic loading efficiency (11.2%)
appeared at an antibiotic/nanoparticle ratio of 2/5 and the antibiotic loading

content at this antibiotic/nanoparticle ratio was just about 5%. Interestingly, the
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antibiotic loading efficiency decreased when further increasing the
antibiotic/nanoparticle ratio. It is reasonable since non-covalent interaction is the
basis for the nanoparticle antibiotic loading and much higher
antibiotic/nanoparticle ratio decreases the interaction chance for the nanoparticle
and antibiotic molecules, which leads to a lower antibiotic loading efficiency.
Considering the efficiency and practicable, we further investigated the effect of
PCL/PEG weight ratio on antibiotic loading efficiency with fixed
antibiotic/nanoparticle ratio (2/5) as the interaction between hydrophobic PCL
and the antibiotic is crucial for antibiotic loading. The antibiotic encapsulation
efficiency, presented in Figure 5.12B, first increased from 6.3% (1.2:1) to 23.3%
(1.4:1) but dropped to 11.2%, 5.2% and 3.0% at molar ratio 1.6:1, 1.8:1 and 2:1.
PCL functions as a linkage to fill the gap between nanoparticles. Initially,
increasing PCL content favors membrane integrity and enhances antibiotic
loading though non-covalent interaction. However, decreased encapsulation
efficiency for 1.6:1 to 2:1 raised from the further increased rigidity and lower
free space for antibiotic to insert into the membrane at higher PCL content of the

vesicles.2%
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5.3.5 Antibiotic release
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Figure 5.13 (A) Cumulative release of norfloxacin from vesicles without (black
line) lipase or with 0.5 mg/ml (red line) or 1mg/ml lipase (blue line). (B)
Cumulative release of norfloxacin from vesicles with S. aureus or E. faecalis at

ODsoo value of 1.0.

As mentioned above, we think that the shell of the vesicle was composed
by the nanoparticle and PCL. The degradable PCL will be degraded once the
lipase or lipase-secreting bacteria applied leading to the loading antibiotic
leakage. Thus, we investigated the release behaviour of norfloxacin from the
vesicles in the PBS at 37 <C with or without lipase. As illustrated in Figure 5.13A,
the release of norfloxacin was the lowest in the plain PBS buffer without the
presence of lipase at 14.1% release of encapsulated antibiotics after 48 h
incubation. With lipase addition, faster release of antibiotic was demonstrated as
the degradation of PCL disrupted vesicle structures. The release rate also
dependends on the lipase concentration and higher lipase concentration favors
faster and higher antibiotic release. At 1mg/ml lipase concentration, the

cumulative release reached 59.0% of total encapsulated antibiotic while it only

113



arrived at 38.8% at lipase concentration of 0.5 mg/ml at 48 h. The release

behaviour slowed down after 24 h of incubation.

To further understand the bacteria triggered antibiotic release behaviour,
lipase-secreting bacteria S. aureus and control bacteria E. faecalis with low lipase
secreting were selected to incubate with vesicles in appropriate mediums. The
distinct properties in lipase production by different bacteria were accessed by
tributyrin agar test. Tributyrin agar is the differential medium that differentiates
between bacteria that produces lipase and the ones that does not. Since tributyrin
oil, which is not soluble in water, forms opaque suspension in the agar. When the
lipase is produced, the oil breaks down lipids into smaller fragments, such as
glycerol and fatty acids, and a clear halo will appear around the area that produces
lipases. Following this principle, S. aureus, with a clear halo around bacteria as
shown in Figure 5.14A, produces lipases to break down lipids while E. faecalis,

with opaque surroundings as shown in Figure 5.14B, does not secret lipases.

S.aureué \ E.faecalis
W ATCC 653 | @ | ATCC20212

Figure 5.14 Tributyrin agar test of S. aureus (A) and E. faecalis (B).
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Triggered by S. aureus at OD600nm value of 1 (8 <108 CFU/ml), rapid
antibiotic release from vesicles was observed with 53.6% cumulative release of
total encapsulated antibiotic over 10 h as shown in Figure 5.13B. Steady release
rate retains over time and the cumulative release of antibiotic reached 75.1% over
48 h incubation. The release behaviour, unlike for specific lipase concentration
mentioned above, didn’t slow down after 24 h since lipase was continuously
produced by the bacteria instead of at a fixed concentration. To confirm the
vesicle was destroyed by lipase, E. faecalis was used as the control bacteria. As
expected, the cumulative release of antibiotic in the presence of E. faecalis was
much lower than that in the condition of S. aureus (17.0% over 48 h incubation).
This finding leads us to conclude that the controlled antibiotic release from the
vesicles was triggered by lipase-secreting bacteria. Thus, our bio-inspired

vesicles may find some particular application in medical related fields.

115



5.3.6 Bacteria growth inhibition
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Figure 5.15 Growth inhibition of S. aureus at 24 h in the presence of free
antibiotic (A) , antibiotic loaded vesicles (B) and blank vesicles (C). The

antibiotic concentration in vesicle represents the amount of norfloxacin loaded

into the vesicles.
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A related issue concerns if the norfloxacin-loaded vesicles could inhibit
the lipase-secreting bacteria (S. aureus) after confirming that lipase-secreting
bacteria triggered antibiotic release from vesicle. Figure 5.15A and Figure 5.16A
demonstrates the inhibition of S. aureus and E. faecalis of pure antibiotic alone
while Figure 5.15B and Figure 5.16B demonstrates the inhibition of S. aureus
and E. faecalis in the presence of norfloxacin loaded vesicles. From Figure 5.15A,
the norfloxacin inhibits S. aureus growth at 0.32 ug/ml. The result was similar
for norfloxacin-loaded vesicles with equivalent antibiotic concentration (Figure
5.15B) after 24 h incubation. The vesicles started to suppress S. aureus growth at
0.32 pg/ml and almost inhibit their growth at 0.64 pg/ml, indicating that antibiotic
loading vesicles could inhibit the growth of lipase-secreting bacteria. On the
other hand, although norfloxacin suppresses E. faecalis growth from
concentration of 0.32 pg/ml, the norfloxaicn loaded vesicles inhibits E. faecalis
growth from a much higher equivalent antibiotic concentration in vesicles
without lipase addition, which was 1.25 pg/ml (red column in Figure 5.16B). We
further investigated the antibiotic-loaded vesicles against E. faecalis with lipase
addition of 1 mg/ml. The vesicles, in this case, starts to inhibit E. faecalis growth
at a relatively lower concentration of 0.63 ug/ml since more antibiotics are
released with lipase addition. We also examined bacteria growth with the blank
vesicles and it shows no bacteria growth inhibition (Figure 5.15C and Figure
5.16C). These findings confirm that the vesicles are triggered to release
antibiotics by lipase-secreting bacteria and the released antibiotics are capable to

kill the bacteria, achieving the target for on-demand antibiotic release.
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Figure 5.16 Growth inhibition of E. faecalis at 24 h in the presence of free
antibiotic (A), antibiotic loaded vesicles (B) and blank vesicles (C). The

antibiotic concentration in vesicle represents the amount of norfloxacin loaded

into the vesicles.
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Figure 5.17 (A) Bacteria capture efficiency of S. aureus and E. faecalis by
antibody-conjugated blank vesicles at different vesicle concentrations. Inset:
SEM images of bacteria captured by vesicles. (B) Growth inhibition of S.
aureus against antibiotic concentration in vesicle after enrichment process.

Inset: Photo of vesicles solution before and after magnetic separation.

5.3.7 Magnetic enrichment

To selectively recognize and capture S. aureus, the vesicles were
conjugated with anti-S. aureus antibody. As surface properties of vesicles
changed after conjugation with antibody, the surface { potential (pH=6.6) was
characterized by measuring their electrophoretic mobility using DLS. The {
potential of the vesicles without antibody conjugation was 17.2 £ 1.1 mV,
suggesting the presence of amine groups of PEG on the particle surface. After
conjugation reactions, the { potential changes from positive to negative values (-
18.5 £1.3 mV) due to the net negative charges carried by the antibody since the
value of pl for antibody rabbit 1gG was reported to be 6.1 - 6.5.214 The change of
{ potential from positive to negative values indicates successful conjugation of

antibody onto vesicle surfaces.
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Besides, the vesicles demonstrate superparamagnetic properties with fast
response in magnetic separation. After applying magnet for 5 min, the originally
well-dispersed vesicles are mostly separated, as shown in Figure 5.17B. To prove
that antibody conjugated vesicles could act as an effective probe to recognize and
capture S. aureus, the blank vesicles were incubated with bacteria for 0.5 h and
the amount of captured bacteria by vesicles was counted by subtracting free
bacteria in the supernatant after magnetic separation (Figure 5.17A). A gradual
enhancement in capture efficiency of S. aureus was observed with increasing
concentration of anti-S. aureus antibody conjugated blank vesicles, with the
efficiency of 62%, 70%, 79%, 90% and 91% for weight concentration of vesicles
at 15, 32, 64, 125 and 250 pg/ml respectively. On the other hand, for the control
bacteria E. faecalis, only 6%, 9%, 12%, 17% and 25% were lost by the same
vesicle concentration during separation due to nonspecific adhesion of bacteria
onto vesicle surfaces. The results further confirm the specific recognition
properties of antibody conjugated vesicles. We then investigated the capture
properties of antibody conjugated nanoparticles with SEM measurements. The
vesicles, with the size of around 300 nm, come close to the surfaces of S. aureus,

which has the size of around 800 nm.

We finally explored bacteria killing performance of the magnetic
separation vesicles in LB medium with magnetic enrichment (Figure 5.17B). The
antibiotic loaded vesicles with antibody conjugated, at predetermined
concentrations, were shaken with a bacteria suspension containing S. aureus (10°
CFU/ml) for 0.5 h at 37 <C. After magnetic separation and supernatant removal,
the vesicles, with their captured bacteria, were redispersed in medium with 1/20

of original volume. The growth of bacteria were fully inhibited at 0.04 pg/ml
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based on the initial applied antibiotic concentration in vesicles, which is 1/16 of
the concentration (0.64 pg/ml) for vesicles before enrichment, achieving efficient
antibacterial activity. In one word, our antibiotic-loaded nanoparticle shows

excellent antibacterial by the magnetic enrichment.

Up to the stage, the experiment answers our hypothesis. The designed
nanoparticle based vesicular system successfully encapsulated up to 11.2%
weight percentage of drug. The biodegradable polymer in the system supports
lipase responsive degradation of the vesicles, facilitating drug release while it
gives no response without lipase presence. The drug release is also proportional
to the lipase concentration as higher lipase level favors higher percentage of
degradation process. As the fact that bacteria like S.aureus produce lipase while
the other E.faecalis does not, the vesicles only release drugs in the presence of
S.aureus, achieving our target of specific release purposes. This is important as
selectivity killing of bacteria species may be preferred during treatment of disease.
Taking advantage of antibody attached, the magnetic vesicles are able to
collected attached selective bacteria and enriched themselves to reach a higher
level of drug concentration and Kill this special type of bacteria. This enrichment
process reduces drug dosage requirement during treatment process and is

beneficial to reduce drug resistance.

5.4 Conclusion

In summary, we have successfully developed antibody conjugated,
antibiotic loaded and lipase-sensitive polymer based vesicles assembled from
superparamagnetic nanoparticles. The results demonstrated that the vesicular
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system not only delivered the antibiotic on demand to treat targeted bacteria, but
also captured the bacteria and inhibited their growth at lower vesicle amount. The
on-demand antibiotic release was triggered by bacteria lipase after degrading the
PCL inside the vesicle shell while it was not achieved in the presence of low
lipase-secreting bacteria. The extracellular growth of lipase-secreting bacteria
was effectively controlled by the antibiotic released from the vesicle.
Additionally, the vesicles, with antibody conjugated, accurately captured
targeted bacteria and were separated by magnetic force. After enriching them in
one twentieth amount of original medium, the bacteria killing efficiency was

elevated up to sixteen times.
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Chapter 6. Conclusions and future work

6.1 Conclusions

In this thesis, we depended on polymer functionalized nanostuctures to
synthesize new materials or construct appropriate drug carriers for antimicrobial
applications. The nanostructures not only provide platform for polymers due to
their high surface to volume ratio, but also assist bacteria killing process by their

own intrinsic chemical or physical properties such as hyperthermia effect.

Firstly, we prepared poly(4-vinylpyridine) functionalized GO and
quaternized them by different alkyl chains. The nanosheet wrapped around the
cells, where they were able to destroy bacteria cell membrane. The composites
were not only effective in solution, but were facile to modify into paper form to

execute toxicity.

In the second project, instead of using non-degradable poly(4-
vinylpyridine), we synthesized biodegradable cationic polycarbonates and
subsequently grafted them onto superparamagnetic nanoparticles. The materials
display synergetic killing effect. On one hand, cationic polymers interacted with
cell membrane and led to membrane destruction. On the other hand, the
superparamagnetic core generated enough heat to kill bacteria under alternating

magnetic field. The combined effect reached higher activity against bacteria.

Considering polymer based nanoparticles were able to be assembled into
vesicles as antibiotic carriers, which will not only benefit antibiotics that existed

in the market, but also those will be developed in future, we successfully
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synthesized vesicles based on biodegradable polymer grafted superparamagnetic
nanoparticles, encapsulating the antibiotic norfloxacin. The vesicles achieved on-
demand antibiotic release to kill bacteria triggered by bacteria secreting lipase.
Besides, functionalized with targeted antibody, the vesicles were able to capture
the S. aureus and enriched in lower amount of medium, reducing the requirement

of material dosage.

6.2 Future Research

Polymer functionalized nanomaterials have demonstrate their distinct
advantages for loading abundant polymers on nanomaterials with high surface to
volume ratio, incorporating special characteristics of nanomaterials into
antibacterial applications, and assembling ability into drug carriers by polymers
on nanomaterial surface. The strategies here enable us to develop more

composites for effective microbial control.
The future researches may be explored in the following areas:

(1) It was reported that N-heterocycyle quaternized polycarbonates
significantly enhanced antimicrobial activity of cationic polymers.t*
Different quaternization agents may be introduced to the polycarbonate
grafted nanoparticles to investigate the biocidal activity. Additionally,
since triblock copolymer containing two blocks of poly(trimethylene
carbonate) and one block of cationic poly((3-chloropropyl 5-methyl-2-
ox0-1,3-dioxane-5-carboxylate) were synthesized and illustrated efficient
killing ability against bacteria at low doses with low toxicity towards

human beings, copolymer structures instead of single polycarbonate
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could be further explored by being grafted onto nanoparticles.’®* We
believe that incorporating noncharged polycarbonate section may
enhance hydrophobicity of materials, which could elevate the interaction
between material and bacteria membrane. Apart from the biodegradable
polymer we synthesized in the second project, other types of antibacterial
biodegradable polymers, such as chitosan and peptide mimic polymers,
can also be incorporated onto superparamagnetic nanoparticles to display
synergistic antibacterial activity based on membrane destruction by

polymers and hyperthermia mechanism by nanoparticles.?*®

(2) Gold nanorods, with an intense absorption in the near-infrared region,
provide possibilities for photothermal therapy, which is an extensively
studied technology for cancer and infectious organism treatment. Besides,
gold nanorods are also facile for surface functionalization by covalent
bonds such as Au-S bond. The superparamagnetic nanoparticles can thus
be replaced by gold nanorods to generate localized heat for antibacterial

applications.

(3) The vesicles, which may also encapsulate cationic polymers inside the
shell apart from loading antibiotics, can achieve on-demand release of
polymers to kill bacteria, preventing nonspecific binding of polymers
onto mammalian cells or other non-targeted bacteria. Additionally,
instead of using lipase sensitive polymers, pH-responsive or thermo-
responsive polymers may be used to functionalize nanoparticles and

prepare antibiotic-loaded vesicles. These types of vesicles are expected to
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achieve on-demand release of antibiotics and targeted bacteria killing by

varying the surrounding pH or temperature.
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Appendix

Table A. 1 Statistical analysis of Figure 3.8

Two samples p-values
E.coli (10ug/ml)
GO versus GO-PVP 0.0497
GO-PVP versus CoPVP 0.0009
C2PVP versus GO-C,PVP 0.0009
GO versus GO-C,PVP 0.0001
GO-C,PVP versus GO-C4PVP 0.0043
GO-C4PVP versus GO-CsPVP 0.0005
GO-CePVP versus GO-CgPVP 0.0002
S.aureus (1ug/ml)
GO versus GO-PVP 0.0002
GO-PVP versus CoPVP <0.0001
C2PVP versus GO-C,PVP <0.0001
GO versus GO-CoPVP <0.0001
GO-C,PVP versus GO-C4PVP 0.0007
GO-C4PVP versus GO-CsPVP 0.0004
GO-CePVP versus GO-CgPVP <0.0001
Paper Form
E.coli
GO versus GO-C,PVP 0.0003
GO-C,PVP versus GO-C4PVP 0.0023
GO-C4PVP versus GO-CsPVP <0.0001
GO-CsPVP versus GO-CgPVP 0.0376
S.aureus
GO versus GO-CoPVP 0.002
GO-C2PVP versus GO-C4PVP 0.0264
GO-C4PVP versus GO-CsPVP 0.0038
GO-CsPVP versus GO-CgPVP 0.0008
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Table A. 2 Statistical analysis in Figure 4.13

(-heating)vs (+ heating) (Figure Concentration p values
4.13)

A 8 | <0.0001

15 | <0.0001

30| 0.0023

60 | 0.0089

120 | 0.0208

B 8| 0.0018

15| 0.0004

30| 0.0008

60 | 0.0006

120 | 0.16667

C 8| 0.5689

15| 0.9438

30| 0.6572

60 | 0.2184

120 | 0.4266

D 8| 0.1726

15| 0.0643

30| 0.9766

60 | 0.1132

120 | 0.5269
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Table A. 3 Statistical analysis in Figure 4.16

p values
PBS versus material versus bacteria-bound-
material material
380A | 0.0415 0.0003
0.0377 <0.0001
0.0078 0.0003
0.0078 <0.0001
0.0116 <0.0001
410A | 0.0426 <0.0001
0.0444 0.0006
0.0045 <0.0001
0.0045 <0.0001
0.0204 0.0004
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Table A. 4 Statistical analysis of Figure 5.16

two sample t test of +lipase and -lipase for E.faecalis test

antibiotic concentration in the vesicle (png/ml)

0.63

1.25

2.5

p values

0.0042

<0.0001

<0.0001

<0.0001
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Figure A. 1 Molecular weight analysis of free polymer during polymerization

process
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Figure A. 2 Characteristic HPLC curve for norfloxacin.

141



