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Abstract 

 

Nitric Oxide (NO) has been used in many biomedical applications since 1992, and 

known as one of the most important mediators of intra and extracellular processes. 

It is also a major target of the pharmaceutical industry. NO utility is limited by its 

short half-life, instability during storage, and potential toxicity. Polymeric 

nanocarriers are currently being used for NO delivery to overcome these 

limitations. However, in some application its stability and half time to deliver NO 

still become the major issues. The improvement of the stability and capability of 

NO by using nanoparticles will become necessary in the future.  

The objective of this thesis is to explore the reversible addition fragmentation 

chain transfer (RAFT) polymerization technique to synthesis of well-defined, 

biocompatible, and stable polymeric nanocarriers for NO delivery. Core 

Crosslinked Star (CCS) polymeric nanoparticles with different functionality in the 

core had been prepared and used as NO carriers. The potent of NO nanoparticles 

in biomedical application and as an antibacterial agent was observed through NO 

release activity and its stability analyses. The result of this study suggested that 

the core crosslinked star (CCS) polymer nanoparticles have significant potent as 

NO carriers with high concentration of NO release and good stability.  
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Chapter 1. Introduction to the thesis 

 

1.1 Introduction 

Nitric Oxide (NO) known as free-radical gas molecule actively involved in the 

immune system response
1
 and regulate several biological functions in the 

cardiovascular
2
,  respiratory

3
, and nervous system

4
. NO has complex chemistry of 

produce and release mechanism that makes this radical gas can do wide range of 

biological function and shown great potent in multiple therapeutic applications.
5,6

 

It is produced endogenously from L-arginine catalysed by nitric oxide synthase 

(NOS). Thus, NO was proclaimed “Molecule of the Year” by journal Science  in 

1992 and in 1998,  three scientists, Furchgott, Ignarro, and Murad, were awarded 

the Nobel Prize in physiology and medicine for their contribution to elucidating 

the role of nitric oxide in the functions of living organisms. The decrease in 

endogenous production of NO due to aging, inactivity, smoking, high cholesterol, 

fatty diets, and lack of healthy food has been associated with many serious 

medical problems such as  hypertension, diabetes,  liver fibrosis,  cardiovascular 

illness, neurodegenerative diseases  and several cancers.
7
 

Due to its gaseous property, NO is very unstable and difficult to handle during 

storage or delivery. In order to stabilize the radical until such time as its release is 

required, it is reliant on compounds capable of releasing, usually known as NO 

donor. NO donors can be classified into different types based on their chemicals 

natures. In general, it has a low molecular weight and the ability to be able 
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released spontaneously, either in the presence or absence of the catalyst during the 

process.
8
 There are three most commonly NO donors that have been used widely 

in biomedical and therapeutic applications: S-nitrosothiols, diazeniumdiolates 

(NONOates), and nitrates NO donor.
7
  

Despite of the advantages to be used in therapeutic and biomedical area, NO 

donors also has some limitations that make it really difficult to be delivered in 

many applications. There are including its short half-life, instability during 

storage, and also potential toxicity.
9
 In order to overcome these limitations, 

nanoparticles are currently being used as NO carriers (nanocarriers). 

Nanoparticles have the ability to load high amounts of NO, quite stable, and 

shown high efficacy in biological activity.
10,11

 For specific medical application, 

these materials also can be modified and optimized that can enhanced the half-life 

of NO donors.  

The use of polymeric nanoparticles for drug delivery are really promising because 

it can be used to increase the aqueous solubility of drugs and to modulate drug 

activity by passive or active targeting to different tissues.
12

 One of the most 

widely used as drug delivery carriers is star polymer, which has unique structures 

that consist of a three dimensional architecture where linear arms are linked by a 

central core. Star polymer with high-molecular-weight cross-linked cores 

surrounded by many polymeric arms, known as core cross-linked star (CCS) 

polymer and have been proposed recently to use for drug delivery application.
13

 

The CCS polymer is ideally suited for use as a potential drug delivery device 
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because of the large loading capacity of the hydrophobic core, the size of which 

can be easily altered through the use of a ‘spacer monomer’ during the core 

formation step.
14

 Due to its ability to synthesize various architecture of a wide 

variety of polymers with water solubility under mild conditions, RAFT 

polymerization has become the most provable technique to synthesize polymeric 

nanocarriers for drug delivery, including star polymer.
15-17

 

1.2 The aim of this thesis 

The development of new NO delivery system with high efficacy and capability of 

releasing optimal amounts of NO at the right time and the right places will be 

harness to overcome NO limitations. The objective of this thesis is to design new 

biocompatible and stable polymeric nanocarriers that can be used for NO delivery 

with optimal NO loading. In this study, we proposed a core crosslinked star (CCS) 

polymer as a nanocarrier for NO delivery. 

The synthesis star polymeric nanoparticles had been conducted via reversible 

addition fragmentation chain transfer (RAFT) polymerization. Two polymer stars 

with the same polyethylene glycol corona and different functionalities in the core 

have been synthesized using arm-first method. Some work also has been focused 

by preparing two types of NO donors: nitrates and diazeniumdiolates (NONOates) 

for different application area. We prepared star-nitrate nanoparticles for anticancer 

application based on its slow release mechanism. Star-NONOates nanoparticles 

would be used as antibiotics drugs since it can release NO spontaneously and 

faster through hydrolysis reaction. 
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The NO release testing and kinetic study had been done to justify the stability and 

the biocompatibility of NO nanoparticles. Biological and antimicrobial testing 

also has been done to probe the potent of NO nanoparticles in biomedical 

application and as antibacterial agent. Griess Assay method had been used to 

determine NO release concentration and also to observe the stability of NO 

nanoparticles in solution. 

1.3 Publication 

Two papers are in preparation. 
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Chapter 2. Well-defined, biocompatible 

polymeric nanocarriers for NO delivery 

system via RAFT polymerization 

 

2.1   Introduction 

Nitric Oxide (NO) is a free radical gas that is known as a toxic air pollutant from 

industrial processing and automobile exhaust. The identification of NO as an 

endothelium-derived relaxing factor (EDRF) by Furchgott, Ignarro, and Murrad in 

1987 has changed this perspective and become the starting point to begin the 

investigation about the role of this radical gaseous in biological function.
1,2

 This 

biological functions are including the association of NO in cardiovascular
3
, 

vasodilation
4
, immune response

5
, cancer therapy

6-8
, antimicrobial

9
 and wound 

healing
10

. 

The roles of NO in many biomedical applications have been limited by its short 

half-life, instability during storage, and potential toxicity.
11

 To overcome these 

limitations, the development of small molecules that can release optimal NO 

loading has been proposed and known as NO donors. However, there is still some 

shortage of NO distribution and stability from this small molecule. For example, 

most NO donor can be decomposed too rapidly and only have a half-life for few 

minutes or seconds.
12

 The use of polymeric nanoparticles as NO nanocarriers later 

proved can enhance the half-life and improve the biodistribution of NO donors.
13

 

These materials have capability to load high amounts of NO, quite stable, and can 
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deliver a drug directly to a specific target site with multiple mechanism of NO 

release.
1,14,15

 The NO release mechanisms are including spontaneous release of 

NO, chemical reaction and enzymatic oxidation. In addition of these advantages, 

the surfaces can also be chemically modified and optimized by the attachment of 

targeting moeity. 

Polymeric nanocarriers for NO delivery ideally would be multifunctional and has 

specific molecular weight that can improve the stability and therapeutic delivery 

of NO.
12,13

 With the ability to synthesize various architecture of wide variety of 

polymers with defined and pendant functionalities, controlled molecular weights, 

and narrow polydispersities using mild condition (such as aqueous solutions and 

room temperatures), the RAFT technique appears to be one of the most amenable 

techniques to the generation of nanoscale polymeric systems for drug delivery, 

including NO delivery.
16,17

  

The purpose of this chapter is to briefly outline the underlying theories of free-

radical polymerization and living polymerization, particularly on the reversible 

addition-fragmentation chain transfer (RAFT) process, which is demonstrated as a 

versatile and powerful tool to prepare complex polymer nanocarriers structures 

with novel properties for NO delivery. The synthesized of well-defined core 

cross-linked star polymer with different condition and specific functionality will 

be highlighted. In particular, NO delivery system, including NO donor 

compounds, its classification and application as an anti-microbial agent, will be 

discussed in details.  
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2.2 NO and NO delivery systems 

2.2.1 NO and therapeutic opportunities 

Nitric Oxide (NO) known as free-radical gas molecule that in 1992 was awarded 

as ‘Molecule of the Year’.
18

 These small molecules with 30 gram/moles of 

molecular mass have first known as the toxic air pollutant and later as a biological 

messeger in mammals. The identification of multiple biological roles of NO then 

made some studies have been proposed to investigate the potent of NO in 

biomedical and therapeutic applications.
11,19,20

 

NO associated with many diverse physiological processes in human body whereas 

its effects are largely concentration dependent by the regulation of two major 

biochemicals signaling pathways: physiological and immunology signal.
2,20

 It is 

generated biologically by enzyme NO synthase (NOS) through the stepwise 

oxidation of L-arginine via N-hydroxyarginine intermediate into NO, citrulline 

and NADP.
20

 There are three major distinct isoform of NOS : neuronal (nNOS), 

inducible (iNOS) and endothelial (eNOS).
21

 These NO synthase generate NO in 

different level NO concentration for specific functions. Neuronal and endothelial 

NOS produce low nanomolar NO concentration to promote the main biological 

functions of NO including vasodilation and neuro transmission.
22,23

  Meanwhile, 

the micromolar levels of NO produced by inducible NOS.
22

 At this level 

concentration, NO has indirect effect on biomolecules. It involves in the 

inflammatory reaction and host defense pathogens.
22,24
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2.2.2 NO in cardiovascular diseases 

NO has significant role in the cardiovascular system, which is produced from 

vascular endothelial cells and influences the cellular activities of smooth muscle 

cells, platelets, and immune cells.
25

 It is generated to maintain proper blood flow 

and pressure. Figure 2.1 below shows the activity of NO in the vascular 

endothelium and its effects on cellular activities. After converted from L-arginine, 

NO diffuses into vascular smooth muscle cells and reacts with the enzyme soluble 

guanylate cyclase, to stimulate the production cyclic guanosine monophosphate 

(cGMP).
2
 This mechanism then will lead to relaxation of the smooth muscle cells 

and dilation of blood vessels.  

 

 

Figure 2. 1   The role of NO in the vascular endothelium
2
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Endothelial dysfunction can cause several cardiovascular conditions, including 

atherosclerosis, heart failure, diabetes, hypertension, coronary heart disease, and 

stroke.
26

  Delivery of exogenous NO has been proposed as an attractive 

therapeutic option to overcome the cardiovascular diseases.  Glyceryl trinitrate  

(GTN) is the most widely used organic nitrate that been used in the cardiovascular 

therapies, although its therapeutic applicability limited by the induction of 

tolerance.
15

 The capability to deliver therapeutic NO levels to diseased 

cardiovascular tissue become more desirable.  

2.2.3 NO for cancer therapy  

The role of NO in tumor biology was first identified by the observation of nitrite 

and nitrate synthesis through the activation of macrophages, that can cause the 

toxicity of tumor cells.
15

 This anti-tumor activity then will become the foundation 

to develop the function of NO as a potential oncologic agent. 

In cancer biology, NO has dual role that really depends on NO concentration and 

lifetime. The inducible NO synthase (iNOS) will generate NO that can acts as a 

tumor progressor and suppressor.  Large NO concentrations at micromolar level 

produce reactive nitrogen species to react with reactive oxygen species, and 

generate oxidative and nitrosative stress as the result. At this concentration level, 

NO will damage the DNA and lead to cell apoptosis.
27

 Otherwise, NO act as pro-

angiogenic and pro-tumor formation at lower concentrations. In this phenomenon, 

NO may induce p53 gene alterations or mutations which cause tumor cell 
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resistance.
8,15

 The mechanism of NO activity in cancer biology has shown in 

figure 2.2 below.  

 

Figure 2. 2  The mechanism of an NO activity in cancer biology
15

 

 

Delivery of high concentration of NO specifically to the tumor site has become 

the main key for NO application in cancer biology. Due to its dual role as a tumor 

promoter and repressor, there is still vacillation to use NO for cancer treatment. 

As the alternative solution, some researchers have proposed to combine NO-

antitumor therapy with other therapies as the co-administration.  

Some conventional drugs also may be modified to obtain better effect in antitumor 

therapy.  For example, the advantage of combination therapy from NO-releasing 

non-steroidal anti-inflammatory drugs (NSAIDs). The combination of NO release 

with NSAID will enhance the antitumor properties, as well as the serious 

gastrointestinal and renal side effects.
28,29

 Our group also reported the 
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combination of cisplatin delivery with NO using nanocarriers. This study was 

using in vitro experiments on a neuroblastoma BE(2)-C cell line. The 

encapsulation of S-nitrosoglutathione into polymeric nanoparticles substantially 

improves NO stability in aqueous media and its combination with cisplatin 

delivery has shown to enhance the antitumor activity of chemotherapeutic 

agents.
30

 These all alternatives solutions may lead to a better new generation of 

NO drug for cancer treatment application.  

2.2.4 NO for antimicrobial application 

The importance role of NO in immunology was first identify between 1985 and 

1990, defined as product from the activation macrophages by cytokines, microbial 

compounds or both, derived from the amino acid L-arginine by the enzymatic 

activity of iNOS.
5
 It has become the evident that NO exerts its antimicrobial 

effects on a wide range of microorganism such as bacteria, viruses, fungi, and 

yeast.
31

 

Recently, the emergence of bacterial resistance and the lack of new antibacterial 

drugs have made microbial infections increasingly more difficult to treat. The 

bacteria survival mechanism has been appointed caused by the formation of 

biofilms
32-34

. Biofilms are surface-attached bacteria communities that enclosed in 

a self-produced matrix which acts as a barrier and protective membrane.
35

 It 

consists of different bacterial communities held together by an extra-cellular 

polysaccharide (EPS) matrix materials, DNA and proteins. Bacteria embedded in 
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biofilms are up 10 – 1000 fold more resistant to antimicrobial agents than their 

planktonic counterparts.
33

  

Figure 2.3 described the mechanism of biofilm formation, which includes 4 

important steps: contamination, surface attachment, maturation of biofilm and 

surface detachment. Biofilm formation begins with the introduction of cell 

environment, where the bacteria will sense the environmental conditions and start 

contaminating cell surfaces. This first mechanism varies among bacteria. After the 

bacteria fit into the cell surface environment, they start to attract other bacteria to 

make colonies. The cell-cell interactions among these bacteria will lead to the next 

step which is the development of the mature biofilm. Protective membrane will 

then build as a barrier and cause biofilm to be a tenacious clinical problem. 

Another property also been developed, including increased resistance to UV light, 

the rates of genetic exchange and secondary metabolite production.
33

 The last step 

of biofilm formation is the detachment of bacteria colonies and return to the 

planktonic growth mode. The cycle will start again after the free bacteria plankton 

finds another surface and start make new colonies.
36
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Figure 2. 3  Schematic cycle of biofilm formation
36

 

 

High concentration of NO from induced NO synthase (iNOS) has the capability to 

act as biofilm inhibitor. NO will reacts to form reactive nitrogen and oxygen 

intermediates. These reactive compounds are toxic and can binds DNA, proteins 

and lipids thereby inhibiting or killing target pathogens.
9
    

2.2.5 NO donors 

Due to its properties as an unstable radical gas, NO gas is very difficult to handle 

and has a very short half-life in vivo, less than 1 second in the presence of oxygen 

and hemoglobin.
37

 In order to stabilize the radical until such time as its release is 

required, it is reliant on small molecule carriers of NO, usually called as NO 
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donors. Previous studies has proved that NO donors can enhanced NO half-live, 

so it can sustainably release NO gas with a predictable estimated dose.
15

  

NO donors can be classified into several types of NO donors based on the release 

mechanism and the similarity of compound parent structures. Generally, NO 

donors have a low molecular weight and the ability to be able released 

spontaneously, either in the presence or absence of the catalyst during the 

process.
38

 The ability is influenced by chemical properties that owned by NO 

donors naturally. Including NO donors that have a low molecular weight 

compounds are nitrates, nitrites, N-nitroso, C-nitroso, certain heterocycles, metal-

NO complexes, and diazeniumdiolates. Scatena, et.al has been summarized that 

the most important thing due to the development of new NO donor drugs is how 

to release NO at the specific tissue site with an optimal concentration, so as to 

achieve the maximum therapeutic effect and minimize toxic effects at the same 

time.
39

  

Currently, there are three most commonly used NO donor in clinical applications 

based on summarizing decades of NO researches:
11,38,40

  

 Organic nitrates 

Organic nitrates are the most commonly used NO donor drugs with the 

general formula (RONO2).
21

 It usually has four (pentaerythrityl tetranitrate 

[PETN]), three (glyceryl trinitrate [GTN]), two (isosorbide dinitrate [ISDN]), 

or one (isosorbide-5-mononitrate [ISMN]) nitrooxy groups attached to a 
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simple organic carrier molecule.
41

 The structures from this class NO donors 

above have shown in the figure 2.4. 

 

Figure 2. 4  Chemical structure of organic nitrates NO donors
40

 

 

The organic nitrates therapeutically targeted for cardiovascular disorder and 

many other pathologies and diseases. Glyceryl trinitrate (GTN or most known 

as Nitroglycerin) is the best studied nitrate, used mainly in acute relief of pain 

associated with angina. For over decades, GTN has proven to be a safe agent 

in the cardiovascular system, with minimum side effect profile including 

hypotension and headaches.
15

 Meanwhile, the ISMN has been used for the 

treatment of chronic angina due to its slower release preparation. The only 

organic nitrates with poor or free nitrate tolerance, PETN, are considered as 

effective therapy for treatment of heart and circulation diseases.  

Generally the organic nitrates release NO through chemical reaction with 

acid, alkali, metal, and thiols. Classic organic nitrates have been shown to 
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react with thiols at very slow rates and release small amounts of NO. Some 

authors also notified that novel organic nitrates are capable of releasing 

considerably larger amounts of NO in a non-enzymatic reaction with thiols in 

single buffer solution.
42

 The propose mechanism reactions of organic nitrates 

with thiols are shown in figure 2.5 below.  

 

 

Figure 2. 5  Mechanism for the reaction of organic nitrates with thiols
43

 

 

However, there are some organic nitrates compounds can release NO by more 

than one route, e.g. generate NO by enzymatic catalysis process. GTN 

releases one molar equivalent of NO from the terminal position after 

bioactivation by mitochondrial aldehyde dehydrogenase (mtALDH). Through 

these two mechanisms, NO releases for organic nitrates are highly 

independent on a number of factors including enzymes, free thiols and 

lights.
44
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Figure 2. 6  Primary enzymatic NO-release mechanisms for organic nitrates 

 

Recently, there are some interests in the development of new nitrate 

compounds using hybrids and original types of nitrates. New therapeutic 

targets for nitrates also have been explored to make more wide application for 

organic nitrates NO donors. For example, the long transdermal ISDN is 

suggested to be used in preeclamptic women to avoid maternal hypertension 

and foetal distress. The same GTN NO donors can be considered used in the 

treatment of children with anal fissure, inflammatory bowel disorder, and 

Crohn’s diseases without incurring side effects such as headache or 

significant decrease of blood pressure.
11

 

 Diazeniumdiolates (NONOates) 

The diazeniumdiolates are a group of compounds also known as ‘NONOates’ 

with the basic structures: X-[N(O)NO]
-
, in which ‘X’ is typically a secondary 

amine that bond to diolate group via a nitrogen atom.
45

 This class of NO 

donors that have a wide range of half-lives from 2 seconds to 20 hours. 

Diazeniumdiolates compound was first synthesized by Drago, et.al in 1650 
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and being more explored until now particularly by Keefer’s Group at the 

NCI.
46

  

 

Figure 2. 7  Chemical structures of five diazeniumdiolates compounds 

(NONOates)
38

 

 

Diazeniumdiolates become more attractive because they are stable as solids, 

but can be triggered to release NO at controlled rates by simple chemical 

reactions by hydrolysis. It can be decomposed spontaneously in solution at 

physiological pH and temperature. The amount of NO generated can be 

calculated as most of them generated 2 moles of NO per NO donor. The rate 

of decomposition is dependent on the structure of the nucleophile.
47

 Proposed 

NO release mechanism has shown in the figure 2.10. 
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An attractive feature of this class of compounds is that their decomposition is 

not catalyzed by thiols or biological tissue, unless specifically designed to. 

NO release from this type of NO donors follows simple first-order kinetics. 

This process reaction make the release can be predicted accurately. 

 

Figure 2. 8  Proposed NO release mechanism of diazeniumdiolate NO donors
10

 

 

The therapeutic potential of diazeniumdiolates has been intensively studied in 

recent years. Application of diazeniumdiolates is claimed as a method to treat 

pulmonary hypertension, among many other diseases. Several numbers of 

NONOates are being investigated for use as vasodilators or as 

chemotherapeutics.
4
  

At present, NONOates is not much used clinically, although they have been 

tested frequently in experimental models of cardiovascular diseases. This is 

because the parent compound may become toxic when the diazeniumdiolates 

group is converted to be a reactive N-nitroso group. Several different 

NONOates have been shown effective to lower pulmonary vascular 

resistance, with different effects to systemic vascular resistance
48,49

, 

depending on the design of the nucleophile adduct. NONOates may also have 
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a use in the treatment of erectile disfunction by enhancing blood flow to the 

penis.
50

  

Modification of the structure of the nucleophile adduct to protect the terminal 

oxygen of the diolate moiety can stabilize the drug in solution and potentially 

engender a selective NO release in different organs, vascular beds or specific 

cell types.
51

 The use of this modified NONOates has received interest from 

the viewpoint of targeting delivery of high concentrations of NO specifically 

of tumor cells.
52

 

The NONOates groups were also a highly efficient antibacterial agent
9
. 

Diethylenetriamine, a ubiquitous polyamine found in both eukaryotic and 

prokaryotic cells can be used to make the NONOate DETA-NO.
53

 DETA-NO 

is effective to against gram negative and gram positive bacteria.
54,55

 Further 

study then confirm that NONOates, especially those based on established 

medication, are a promising source of NO releasing antimicrobials. 

At present, conjugated NONOates holds a great deal of promise, especially 

for the treatment of certain cancers, although further characterization of these 

drugs is essential before they reach larger clinical trials. The potential for oral 

preparations of NONOates has yet to be fully clarified, although transdermal 

preparations have already been developed.
56

 However, experimentally, the 

NONOates remains an invaluable scientific tool for researching NO 

physiology. 
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 S-Nitrosothiols 

The S-nitrosothiols has a general formula ‘RSNO’, which contains a single 

chemical bond between a thiol (sulphydryl) group (R-SH) and the NO 

moiety. This class of NO donors are typically unstable and its biological 

activity really influenced by the molecular environment of the parent thiol. 

However, there are two relatively stable compounds in this class include: S-

nitroso-N-acetylpenicillamine (SNAP) and S-nitrosoglutathione (GSNO). 

Many reactions have been served by these compounds for the storage, 

transfer, and delivery of NO.
57

 

 

Figure 2. 9  Chemical structures of S-Nitrosothiols : (a) GSNO and (b) SNAP
15

 

 

SNAP is relatively stable tertiary S-nitrosothiols, which functions as an NO 

donor with potent vasodilator activity. The stability of SNAP in solution 

varies from seconds to hours depending on temperature, buffer composition 

and metal content. The half-life of SNAP is approximately six hours at pH of 
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6.0 – 8.0 and temperature of 37 °C, in the presence of transition-metal ion 

chelators.
58

 

The second of the RSNO compounds with relative stability is GSNO. It 

serves as a good source of NO based on the cleavage of the S-NO bond. 

GSNO stability varies from seconds to hours in solution, depending on 

temperature, buffer composition, and metal content. 

Decomposition of RSNO compounds yields NO, NO
+
 and NO

-
. The S-NO  

bond can be disrupted by heat, UV-light, and some metal ions, superoxide, 

and seleno compounds. Metal ions (Cu
++

, Fe
++

, Hg
++

, and Ag
+
), especially 

copper, serve as important catalysts for the decomposition of RSNOs.
59,60

  

 

Figure 2. 10  NO release mechanism from S-Nitrosothiols NO donors
10

 

 

Despite that S-nitrosothiols are not used clinically at present, but it has 

numbers of potential advantages over other classes of NO donor. In some 

application GSNO show tissue selectivity give the result better profile of 

action compare to classical organic nitrates. The ability of   S-nitrosothiols to 

directly transfer NO
+
 species allows biological activity to be passed on 

through a chain of other thiols without the release of free NO. This 
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mechanism of bio-activation may make S-nitrosothiols less susceptible to 

conditions of oxidative stress by effectively protecting the NO moiety from 

attach by oxygen-centered free radicals.
61,62

 

Recently, S-nitrosothiols only used in some number of animal and clinical 

studies, that have demonstrated their advantageous features, especially in the 

cardiovascular system 
57

, preeclampsia treatment and cancer treatment
15

. S-

nitrosothiols have a promising future based on reports from previous studies. 

The incorporation of this class NO donors for cardiovascular system has been 

effectively proved and provided.  

2.2.6 Nanocarriers for NO delivery  

NO donors have some limitations that make it really difficult to be delivered in 

many biomedical applications. There are including its short half-life, instability 

during storage, and also potential toxicity. In order to overcome these limitations, 

nanomaterials are being used as NO carriers. Nanomaterials have the ability to 

load high amounts of NO, quite stable, and shown high efficacy in biological 

activity.
14

 For specific medical application, these materials also can be modified 

and optimized. 

The application of nanomaterials for NO delivery has many advantages in order to 

improve the releasing process. Nanocarriers not only improve the solubility issue 

but also the stability and therapeutic delivery of NO.
13

 The existence of this 

particle can enhance a target of NO, the interaction of NO with blood vessels, 
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through the use of antibody moieties to selectively target drug-delivery vehicles to 

blood vessels.
63

  

Some reports have been published on the delivery of NO using diverse structures 

of polymeric nanoparticles. Oliveira, et.al have developed and characterized 

PLGA nanoparticles containing the NO donor agent (trans-

[RuCl([15]ane)(NO)]2+).
13

 Jain, et.al demonstrated the stabilization of NO pro-

drug and anticancer lead compounds via their incorporation into polymer-

protected nanoparticles composed of polystyrene-b-PEG (PS-b-PEG) and PLA-b-

PEG may enhanced their therapeutic effects.
64

 Yoo, et.al described PLGA 

microparticles containing NO donor that efficiently delivered NO to the vaginal 

mucosa, resulting in improved vaginal blood perfusion which may have 

implications in the treatment of female sexual dysfunction.
65

  

Another potential clinical application of polymeric nanocarriers is in tumor 

therapeutic. Kanayama, et.al reported that PEGylated polymer micelles may be 

capable of delivering exogenous NO to tumor cells in photocontrolled manner, 

resulting in an NO-mediated antitumor effect.
66

 Duan, et.al designed a polymeric 

carrier system to deliver NO into tumorigenic tissues at micromolar 

concentrations. A highly water solubility and biodegradable multiarm polymer 

nanocarrier, sugar poly-(6-O-methacryloyl-ᴅ-galactose), was synthesized using 

MADIX/RAFT polymerization. Using newly synthesized diazeniumdiolate NO 

donors, the result shown that after the injection of NO nanoparticles there were 

50% tumor inhibition and a 7 week extention of the average survival time. This 
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study indicated that polymeric system in NO-based tumor therapy has great 

promising in the future.
67

 

Another study that explored the possibility of polymeric nanoparticles as NO 

carriers has made by Stasko and Schoenfisch, by using dendrimers for NO storage 

or delivery system. The study demonstrated the ability of a dendritic scaffold to 

store NO using N-diazeniumdiolate NO donor.
68

 Followed by Benini, et.al 

reported the use of PAMAM dendrimers with S-nitrosothiols exteriors that shown 

the ability of dendrimers to store high concentration of NO on a single molecular 

framework.
69

 Hydrogel also has interesting delivery system that been widely used 

in biomedical applications. Friedman, et.al reported that the gradual release of NO 

from material arises from a combination of the features of glassy matrices and 

hydrogels.
70

 The results showed that NO-releasing hydrogels/glass hybrid 

nanoparticles may be preferable to other NO releasing compounds because they 

do not depend on chemical decomposition or enzymatic catalysis but rather only 

on the rate of hydration. 

Polymeric nanocarriers for NO delivery system become more interesting compare 

to another type of nanocarriers due to its properties and ability, including lipid-

based and inorganic nanocarriers. In addition to improve the solubility and 

biodistribution matters, some polymers nanocarriers have been made to be able 

degrade into nontoxic monomer inside the body. It also generally highly stable in 

biological fluids and have been approved for therapeutic use and application. 

Based on previous studies, it has been summarized that there are some 

requirements of nanoparticles properties for NO delivery system. These materials 
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has required to be able release NO at a slow rate, sufficiently small (less than 100 

nm) so it can penetrate tissues under mild pressure, and relatively stable.   

2.3 Polymeric Nanocarriers for drug delivery 

The biocompatible nanotechnologies for drug delivery have been grown fast over 

the last half of a century. Nanoparticles applied as drug delivery systems are 

submicron-sized particles (10-100 nm), devices, or systems that can be made 

using a variety of materials including polymers, lipids (liposomes), and 

organometallic compounds. Recently, biodegradable nanoparticles have been used 

as potential drug delivery devices because of their ability to circulate for a 

prolonged period time target a particular organ, as carriers of DNA in gene 

therapy, and their ability to deliver proteins, peptides, and genes.
71

 

The use of polymeric nanocarriers for drug delivery has been really attracted due 

to some specific advantages over another type of drug carriers, such as liposome. 

These system applications in medicine are really promising because it can be used 

to increase the aqueous solubility of drugs and to modulate drug activity by 

passive or active targeting to different tissues. It also may increase the duration of 

drug circulation in the blood, allowing a reduction in the dose required to achieve 

therapeutic levels over an extended period of time. Another advantage from 

nanocarriers drug delivery system is the ability to deliver a drug directly to a 

target site, reducing its toxicity which contributes to a decrease in side effects.
72,73
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In spite of these advantages, there are some limitations from polymeric 

nanocarriers as drug delivery system. Due to their small size and large surfaces, 

the intent to form particles aggregate will make polymeric nanocarriers difficult to 

handle physically in liquid and dry forms. In addition, the limitation of drug 

loading and burst release also become practical problems that have to be 

overcome before polymeric nanocarriers can be used clinically. 

There are three polymeric nanomaterial classes that the most widely used as drug 

delivery vehicles: block copolymer micelles, dendrimers (hyperbranched), and 

star polymer. Each type has been displaying certain advantages and disadvantages 

that can improve or will diminish the stability and capability to distribute the 

drug.
74

 

2.3.1 Micelles 

The potential of micelles to be used as drug delivery devices has grown since the 

late of 1960s, due to its easily controlled properties and good pharmacological 

characteristic.
75

 Micelles are formed when amphiphiles compounds are placed in 

the water. They consist of an inner core of assembled hydrophobic segments 

capable of solubilizing lipophilic substances and an outer hydrophilic corona 

serving as stabilizer interface between the hydrophobic core and the external 

aqueous environment. The size, charge, and surface properties can be select 

simply by adding new ingredients to the mixture of amphiphilic substance. The 

modification can be done before micelle preparation and/ or by variation of the 

preparation method. It depends on the delivery purpose of the micelle 

application.
76
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Amphiphilic diblock copolymers are mainly used for the preparation of polymeric 

micelles, which ease of these copolymers has unique advantages for drug delivery. 

An appropriate polymer can be chosen to achieve critical purposes so as to modify 

the drug release profile, to prolong circulation time or to introduce targeting 

moieties. However, the linear structures of diblock copolymers have issued the 

micelle stability, as the influence of molecular architecture to polymer’s physical 

properties.
77

  

 

 

Figure 2. 11  Model of polymeric micelles compounds. The dark regions 

represent the hydrophobic blocks and lighter regions represent hydrophilic 

blocks
75

 

  

There are some advantages that can be provided by using micelles as drug 

delivery vehicles. The ability of micelles to deliver drug at specific target 

contributed by their higher intrinsic water solubility thus increase the 

bioavailability. Micelle’s small size, unique nanoscopic architecture, good 

stability and the compatibility with the drug of choice are all the advantages of 

micelles to be used for drug delivery system.
78
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One such problem that related to micelle’s stability is a property which known as 

polymer’s critical micelle concentration (CMC). The CMC represents a specific 

concentration above which the formation of micelles is thermodynamically 

favorable. Consequently, when the concentration of the copolymer solution drops 

below the CMC the micelles will disassemble. This is major concern for their 

application as drug carriers in vivo since severe dilution, which occurs upon 

injection into the bloodstream, can alter the micelle structure and size, and 

potentially result in total dissociation. This makes it difficult to control the rate of 

drug release and can even lead to serious toxicity issues if the micelles 

spontaneously dissociate and release high concentration of the drug.
79,80

 

The advantageous biocompability, biostability, and biodistribution of polymeric 

micelles have been attempted many researchers to use it for targeted drug delivery 

as well, in particular with regards to targeting solid tumors, cancer, and any other 

treatment. A poly(ethylene glycol)-b-poly(aspartic acid) (PEG-b-poly(aspartic 

acid)) micelles that carry physically bound doxorubicin (DOX) in their cores has 

progressed into phase II clinical trials at the National Cancer Institute in Japan for 

treatment of pancreatic cancer.
81

 Many other micelles formulations of anticancer 

drug are being tested in the same manner for preferential tumor accumulation such 

as cisplatin
66

, methotrexate, paclitaxel, and camptothecin.
76

 Overall, the use of 

micelles as drug delivery vehicles has been proved to be highly effective. 
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2.3.2 Dendrimers  

Dendrimers are monodisperse macromolecules that have three-dimensional 

structure. These globular macromolecules are highly branched with many arms 

originating from central core.
82

 The first reports of dendrimers studies were about 

two decades ago, which only focused on the synthesis process and dendrimers 

chemical-physical properties. However, the potential of dendrimers in biological 

applications just started to explore in the past decade. This invention led to 

another discovery, that dendrimers are really promising in so many fields of 

bioscience including drug delivery, immunology and antimicrobials 

applications.
83

 

There are two general procedures to synthesis dendrimers that will have different 

branching resulting at the end of the reaction
82

, which are: 

1. The divergent method, where repeat monomers are branched outward from a 

central core 

2. The convergent method developed by Frechet et.al., where the synthesis 

begins at the periphery and grows inward.  

The convergent approach affords better control of the ultimate dendritic 

architecture than the divergent approach does. But compare to the convergent 

method, the divergent method has been shown to be suitable for larger-scale 

production of dendrimers. The stepwise synthesis of dendrimers affords 

molecules with highly regular branching pattern, a unique molecular weight or a 

low polydispersity index, and a well-defined number of peripheral groups.  
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The application of dendrimers in biomedical application have been explored by 

numerous research group and becoming the most attractive research areas. 

Starting in 1993, the first report of the use of PAMAM (polyamidoamine) 

dendrimers for gene transfection had been published by Haensler and Szoka.
84

 

Followed by another research group, that reported the efficient transfer of genetic 

material by using the same type of dendrimers. Recently, dendrimers also have 

been used in Magnetic Resonance Imaging (MRI) as carriers of chelating groups 

for MRI agents.
83

  

 

Figure 2. 12  Description of biocompatible dendrimers for drug delivery.      (a) 

PAMAM dendrimer. (b) Polyaryl ether dendrimer
84

 

 

Due to of the well-defined structure, compact globular shape, size monodispersity 

and controllable functionality, dendrimers are the excellent candidates for drug 

delivery vehicles.
82,83

 It can be used as potential drug delivery carriers in two 

ways:  
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1. Drug molecules can be physically entrapped inside the dendritic structure, 

by using the internal ‘cavity’ of an appropriately designed dendritic 

structure or based on multiple noncovalent and hydrophobic interaction. 

2. Drug molecules can be covalently attached onto surface or other 

functionalities to afford dendrimer-drug conjugate. 

Dendrimers morphology, dendritic unimolecular micelles, has offered other 

advantages as drug delivery vehicles compare with conventional polymeric 

micelles. It can form unimolecular micelles in which the hydrophilic and 

hydrophobic segments are connected covalently. Micelle’s structure also can be 

maintained at every concentration and in a variety of solvents, because it is more 

static rather than dynamic. 

The application of dendrimers as drug delivery vehicles has been started by 

exploits its excellent capability to attach drug molecules into the dendrimers 

periphery. The conjugation of PAMAM dendrimers with cisplatin as a potent 

anticancer drug, the antitumor drug, and any others drugs has demonstrated the 

advantages of dendrimers for drug delivery.
84

 

In every drug-dendrimers conjugation system, it has shown that the water 

solubility and circulation time can be increased, as the opposite of the systemic 

toxicity that will be decrease.  This recent research has shown that dendrimers can 

provide practical solutions to drug delivery issues such as solubility, bio-

distribution and targeting. On the other hand, it is still a challenge to prepare 
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dendrimers that can be eliminated from the body at reasonable rates and to solve 

the tissue localization problems. 

2.3.3 Star Polymer 

Started in 1948, the first star polymer molecules had been synthesized by 

Schaefgen and Flory.
85

 Both researchers used ɛ-caprolactam in the presence of 

either cyclohexanonetetrapropionic or dicyclohexanoneoctacarboxylic and 

obtained tetra- and octachain star shaped polyamides. Followed by Morton and 

coworkers in 1962 that had successfully synthesized four-arm star polystyrene 

(PS) using anionic polymerization method.
85,86

 Furthermore, the study of star 

polymer synthesis has become more interesting using many different systems, 

such as: cationic, group transfer, or living ring-opening metathesis 

polymerization.
87

   

A star polymer has unique properties in terms of the relationship between arm 

number, arm molecular weight and solvent viscosity. It consists of a three-

dimensional architecture where linear arms are linked by a central core. 

Hadjichristidis (1999)  has been explained through his paper that a star polymer 

represent an interesting class of macromolecules because it can has a very high 

molecular weight but still possess the solubility and viscosity which similar with 

linear or branched polymer of relatively low molecular weight.
88

  

Based on the chemical compositions of the arm species, star polymer can be 

classified into two categories: homo-arm (or regular) star polymer or miktoarm (or 
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heteroarm) star copolymers.
86

 Homoarm star polymer consists of a symmetrical 

structure comprising radiating arm with identical chemical composition and 

similar molecular weight. In contrast, a miktoarm star molecule contains two or 

more arm species with different chemical compositions and/or molecular weight 

and/or different periphery functionality.
89

 The differences of homoarm and 

miktoarm star molecus can be seen at the figure 2.13 below. 

 

Figure 2. 13  The structures of homostar and miktoarm polymer
86

 

 

Another way to classify the star polymer is based on the molecule architecture. 

Star polymer can be divided into dendristar and core cross-linked star (CCS) 

polymer, which the preparation also using two different ways. Compared to 
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dendristar, the CCS polymer has become more interesting both in research and 

application area due to their unique three dimensional architecture and 

properties.
87

  

The CCS polymer consists of a highly cross-linked core domain surrounded by a 

number of radiating linear arms, typically ranging from anywhere between 10 and 

100 arms per star, depending on the reaction condition. The architectural make up 

of this type of polymer generates some very interesting rheological properties in 

that CCS polymers have very high molecular weight. However, the solubility and 

viscosity characteristic are similar to linear or branched polymers with relatively 

low molecular weight. Properties such as these have led to a wide range of 

potential applications for CCS polymer particularly in the areas of drug delivery.
90

 

In general, well-defined star polymer can be prepared via controlled 

polymerization techniques using three approaches: arm first approach, core first 

approach, and coupling onto (grafting to) approach.
89

 The arm-first technique 

attaches several linear polymer chains to each other at a single point either by 

using a multifunctional low molecular weight molecule or a crosslinking agent. 

The core-first technique employs a multifunctional initiator, and the numbers of 

arms is directly given by the number of initiating sites on the core. The last 

method can be described as the combination of controlled polymerization and 

coupling reaction. A well-defined polymer using as ‘the arm’, is prepared via 

controlled polymerization and coupled to a multifunctional linking agent that acts 

as ‘the core’. The comparison of all three methods can be seen at the Figure 2.14. 
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Figure 2.14  Schematic drawing of the synthesis of star polymer: comparison of 

the ‘arm-fist’ method, ‘core-first’ method and coupling onto method
90

 

 

The limitation of arms number on the star polymer to the initial functionality of 

the initiator, and typically result in a relatively low-molecular weight with limited 

drug loading capacity, has cause the lack of using ‘core-first’ to synthesis star 

polymer . To overcome this problem the ‘arm-first’ approach can be used as living 
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linear arms capable of further chain extension are initially synthesized. These 

terminally reactive linear polymer chains are subsequently used to initiate the 

polymerization of a class-linkable monomer such that the active arms ends are 

coupled together.  Gao, et.al has described that this technique involves the 

copolymerization of linear macromonomer with cross-linker using low-molar-

mass initiators.
91

 Both these technique result in star polymer with high-molecular-

weight cross-linked cores surrounded by many polymeric arms, known as core 

cross-linked star (CCS) polymer. 

Star polymers are gaining interest because of their characteristic rheological and 

dilute solution properties. The combination of unique rheological properties and 

the ability to employ controlled polymerization techniques to obtain well-defined 

structures makes this class of macromolecule very attractive for use in a variety of 

applications including that of drug delivery. The CCS polymer is ideally suited for 

use as a potential drug delivery device because of the large loading capacity of the 

hydrophobic core, the size of which can be easily altered through the use of a 

‘spacer monomer’ during the core formation step. The ability to independently 

control the length and type of arm relative to the core is also very attractive 

property for pharmaceutical applications.
87,92

 

Star polymers have attracted significant attention due to their potential feature in 

drug delivery system. Duan, et.al has successfully synthesized a multiarm 

poly(acrylic acid) star polymer via macromolecular design, using the interchange 

(MADIX)/reversible addition fragmentation chain transfer (MADIX/RAFT) for 
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polymerization
67

. The drug release result has shown that the star polymer is 

suitable for the multimodal delivery of both hydrophilic (cisplatin) and 

hydrophobic (NO donating prodrug) chemotherapeutic, as either a single-drug 

chemotherapy or a combinational regimen. Some studies that highlighted the use 

of star polymer as drug delivery vehicles also have been done by CAMD 

researchers. The synthesize of very well-defined, narrow polydispersity ‘arm-first’ 

POEGMA-based star polymers composed of aldehyde functional biodegradable 

cores using RAFT polymerization has been reported by Liu, et.al.
93

 Aldehyde 

groups in the star cores were exploited to reversibly attach doxorubicin through 

condensation reaction. In vitro studies (cytotoxicity and cell uptake) confirmed the 

viability of using star polymers as drug carriers.  

Previous study from CAMD team also has exploited the potency of glutathione-

sensitive star polymer for release of drug in cells for the synergetic effect of NO 

and cisplatin, an anticancer drug. In this study, the concentration of glutathione, a 

natural tripeptide buffering the thiol-disulfide balance of cells, can be as high as 

10 nM. Recently, some preliminary studies have been focused on the development 

of degradable CCS polymers with the potential to control the rate of drug release 

relative to the degradation rate.  
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2.4 Synthesis of NO polymeric nanocarriers via RAFT 

polymerization process 

As various nanosystem have been developed, the importance of polymer 

architecture-properties relationship has gradually been realized and emphasized. 

Polymer architecture describes the shape of a single polymer molecule, which 

often determines its physicochemical properties. Including in NO delivery system, 

the structures of nanoparticles that been use as nanocarriers have significantly 

impact the stability and biodistribution along the NO release mechanism.  Due to 

its ability to synthesize various architecture of a wide variety of polymers with 

water solubility under mild conditions, RAFT polymerization has become the 

most approvable technique to new generation of NO polymeric nanocarriers. 

RAFT polymerization was first reported by the Australian CSIRO group in 1998. 

The mechanism of RAFT polymerization as originally proposed operates as 

degenerative chain transfer process. The RAFT process is similar to conventional 

free radical polymerization but incorporates a chain transfer agent (CTA). The 

CTA typically contains a thiocarbonylthio moiety that is reactive towards radicals, 

subsequently facilitating the fragmentation of the resulting intermediate radical 

species. The well-defined complex macromolecules made by RAFT can be used 

to build nanostructures such as micelles, vesicles, and nanoparticles.
16,94

 In 

addition, synthetic polymers can be combines with biomolecules or inorganic 

nanoparticles to address problems in medicine and nanotechnology. Generic 

structure of the RAFT chain transfer agent is shown in the figure 2.15. 
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Figure 2.15  Chemical structures of RAFT chain transfer agent (CTA) or RAFT 

agents
16

 

 

The generally mechanism for RAFT polymerization is shown in Figure 2.16. 

Begins with initiation step as the first step when a radical is generated (step 1), 

followed by the reaction of this radical with RAFT agent (step 2). The initiation 

process in the first step can be triggered by so many different sources, such as heat 

(thermal autoinitiation) and light (direct photochemical by ultraviolet light). In the 

second step, the radical will react with the RAFT agent to generate a new radical 

and the active propagative radical.  



42 
 

Based on previous work, it has been confirmed that this RAFT agent can be all 

consumed in the condition of appropriate choices due to the highly reactive C=S 

bond of the RAFT agent. Polymer chain will be growth in the propagation step 

(step 3) by adding monomer, and the termination reaction (step 4) take place at the 

end via combination or disproportionation mechanism. 

RAFT polymerization has been use as an effective process to design complex 

polymeric architectures, such as block copolymer, graft, star, dendrimers and 

micelle. Variety of copolymer is easily synthesized through this process under 

mild condition. The AB type of block copolymer can be produced by sequential 

addition of monomer “B” to a macro-RAFT agent which produced by the 

polymerization of monomer “A” mediated by the RAFT agent.
95

  

Graft copolymer also can be prepared using RAFT process via the “grafting from” 

technique or the “grafting through” technique. The “grafting from” technique 

involves the functionalization of a polymer backbone or substrate with a RAFT 

agent or with radical initiation. In the other hand, the “grafting through” technique 

involves the polymerization of a polymer chain showing reactive vinyl groups at 

its chain ends.
16
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Figure 2. 16  Generally accepted mechanism of RAFT/MADIX polymerization
16

 

 

Another polymer structure that can achieve via RAFT polymerization is highly 

branched polymers and star polymers. Highly branched polymers can be prepare 

using RAFT agent that bears a polymerizable vinyl group or by polymerizing a 

monofunctional monomer in the presence of difunctional monomer and RAFT 

agent. Star polymer can be synthesized via RAFT using two main mechanisms: 

the core first approach and the arm first approach. The core first approach requires 

the use of multifunctional RAFT agent, where the polymer chains (arms) are grow 

from the core. The arm first approach involves the synthesized of polymeric arms 

of predetermined molecular weight, which are joined together post 

polymerization.
16,96
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Figure 2.17 has shown various types of polymers with complex structures that can 

be achieved by using RAFT polymerization as the method.  

 

Figure 2.17  Complex architectures accessible via the RAFT process
17

 

 

There are not many reports about the preparation of NO nanoparticles using 

RAFT polymerization. Only few studies has been done but generally all the result 

has showed the potent and interesting conclusion about RAFT method to be used 

in NO delivery system.  Jo, et.al have designed block copolymer micelles using 

N-acryloylmorpholine and N-acryoyl-2,5-dimethylpiperazine.
97

 RAFT 
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polymerization was employed to synthesize   well-defined block copolymers and 

then prepared hydrophobic poly(N-diazeniumdiolate)(poly(NONOate)). Other 

polymeric nanoparticles include: matrix of ethylene/vinylacetate and multi arm 

(star) polymer.
67

 All these works have showed good results in which the polymer 

architecture were successfully synthesized and achieved higher concentration of 

NO release. The formation of micelles NO-nanoparticles by Jo and coworkers is 

shown in figure below. 

 

Figure 2. 18  In situ formation of PAM-PAZd•NONOate micelles
97

 

 

The synthesis of NO-functionalized polymer nanoparticles for NO delivery using 

RAFT polymerization also had been reported by our group. A straight forward 

and versatile method was used to conjugate nitrosoglutathione (GSNO) NO donor 

to polymeric nanoparticle.
71
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Figure 2. 19  Synthesis of NO-functionalized polymeric nanoparticles
71

 

 

The result showed that NO-nanoparticles from RAFT process is quite stable and 

could efficiently release NO intracellular.  Another preliminary study to prepare 

NO-nanoparticles via RAFT polymerization also confirmed this conclusion and 

become a platform to continue this work by preparing different polymeric NO-

nanoparticles with higher stability and biodistribution. 

2.5 Conclusions 

Polymeric nanoparticles can be used to improve the stability and bio distribution 

of NO delivery. There are some properties requirements of polymeric 

nanoparticles for NO delivery, which includes: can release NO at slow rate, 

sufficiently small less than 100 nm, and high stability during the penetration or 
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NO release process. These properties may only be held by polymeric 

nanoparticles with specific and complex structure, such as block copolymer, 

micelles, and multi arm (star) polymer. RAFT polymerization has the ability to 

prepare various architectures of wide variety polymers with defined end and 

pendant functionalities. Previous works reported that synthesized of polymeric 

NO-nanoparticles using RAFT polymerization can improve the stability and bio 

distribution issues during NO release.
30

 This conclusion will be used as a platform 

to develop other polymeric nanoparticles with different structures as NO 

nanocarriers. 
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Chapter 3. Instrumental analysis 

 

This chapter will describe all the instruments used in the preparation of 

polymers and star polymers. All these instruments have been used to 

characterize and identified the polymers at the end of reaction, before and after 

purification process.  

3.1   Gel permeation chromatography (GPC) measurements.  

Gel permeation chromatography (GPC) also known as Size Exclusion 

Chromatography, is one of the most widely used analytical techniques for 

determination of molecular weight and molecular weight distribution of natural 

and synthetic polymers. Compare to other techniques, such as ultra-

centrifugation, fractional precipitation and alternative fractional methods, it 

becomes more attractive because easier to obtain a qualitative chromatogram.  

The principle of GPC operation is the separation of molecules based on their 

hydrodynamic radius (Rh) or volume (Vh), not molecular weight. The 

separation process takes place in GPC column which are packed with porous 

material such as polystyrene gel, glass beads, silica gel, etc. During the 

separation process, the larger molecules will elute faster through the porous 

packing materials than the smaller molecules. After the sample elutes from the 

column, it passes through a detector or series of detectors. At the end of the 

process, the output will be analyzed by data processing system (computer).  
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Figure 3. 1  Illustration of GPC separation mechanism
1
 

 

The GPC that been used in this study is a DMAc GPC. Polymers analyzed 

were performed in N,N-dimethylacetamide [DMAc; 0.03% w/v LiBr, 0.05% 2, 

6–di-butyl-4-methylphenol (BHT)] at 50 °C (flow rate = 1 mL.min-1) using a 

Shimadzu modular system comprised of an SIL-10AD auto-injector, a PL 5.0-

mm bead-size guard column (50 × 7.8 mm) followed by four linear PL 

(Styragel) columns (105, 104, 103, and 500Å) and an RID-10A differential 

refractive-index detector. Calibration was achieved with commercial 

polystyrene standards ranging from 500 to 106 g/mol.  
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3.2 Nuclear Magnetic Resonance (NMR) 

Nuclear Magnetic Resonance (NMR) is a technique for determination of 

organic compounds through measurement of the interaction between an 

oscillating radio-frequency electromagnetic field with a collection of nuclei 

immersed in a strong external magnetic field. These nuclei of many elemental 

isotopes have a characteristic spin (I) and it parts of atoms that are assembled 

into molecules.  Some nuclei have integral spins (e.g. I = 1, 2, 3 ....), some have 

fractional spins (e.g. I = 1/2, 3/2, 5/2 ....), and a few have no spin, I = 0 (e.g. 

12C, 16O, 32S). Isotopes of particular interest and use to organic chemists are 

1H, 13C, 19F and 31P with I = 1/2. A spinning charge produces a magnetic 

field, and in an external magnetic field (B0) obtains two states: + ½ aligned 

with the external and -1/2 opposed to the external field. In an energy field, the 

external magnetic field strength is the demarcation between the two spin states, 

but the difference is always very small. In this case, the small energy difference 

(ΔE) as a frequency is usually given ranging from 20 to 900 (106 Hz) 

determined by the magnetic field strength and the specific nucleus. 

If a sample is placed in a magnetic field, and is subjected to radio frequency 

(RF) energy at the appropriate frequency, the energy will be absorbed through 

nuclei in the sample. The frequency of the radiation necessary for absorption of 

energy depends on the characteristic of the type of nucleus (e.g. 1H, or 13C), 

the chemical environment of the nucleus and spatial location in the magnetic 

field.  
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Structures of the synthesized compounds were analyzed by 1H NMR 

spectroscopy. It used a Brucker DPX 300 spectrometer at 300 MHz for 

hydrogen nuclei and 75 MHz for carbon nuclei. In this study, most of the NMR 

spectra were recorded using a Bruker 300 MHz spectrometer at 25 °C. 

Different deuterated solvents including deuterated chloroform (CDCl3), 

deuterated dimethyl sulfoxide (d-DMSO), and deuterated acetonitrile (CD3CN) 

were used to dissolve samples. The use of these solvents and the monomer 

conversion determined by NMR will also be discussed in later chapters.  

3.3 UV-visible spectroscopy  

Ultraviolet-visible spectrophotometry is routinely used in analytical chemistry 

for the quantitative determination of different analyzes. According to the 

absorbance of different solutions and Beer’s Law, concentration determination 

of an unknown solution or simultaneous determination of two different 

unknown solutions can be measured by this technology. The Beer-Lambert 

Law is useful for characterizing many compounds but does not hold as a 

universal relationship for the concentration and absorption of all substances. 

The method is most often used in a quantitative way to determine 

concentrations of an absorbing species in solution, using the Beer-Lambert 

law:  

 

Where A is the measured absorbance, I0 is the intensity of the incident light at a 

given wavelength, I is the transmitted intensity, L is the path length through the 
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sample, and c the concentration of the absorbing species. For each species and 

wavelength, ε is a constant.  

 

Figure 3. 2  Schematic of UV- visible spectrophotometer
2
 

 

In this study, UV-visible spectra were recorded using a CARY 300 

spectrophotometer (Bruker) equipped with a temperature controller. 

3.4 Dynamic light scattering (DLS)  

Dynamic light scattering (DLS), sometimes referred to as Photon Correlation 

Spectroscopy (PCS) or Quasi-Elastic Light Scattering (QELS), is a non-

invasive, well-established technique for measuring the size and size 

distribution of particles including proteins, polymers, micelles, carbohydrates 

and nanoparticles dispersed or dissolved in a liquid. DLS is one of the most 

popularly utilized in measuring the size of particles. When shining a 

monochromatic light beam (such as laser) onto a solution with spherical 
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particles, all the particles in the solution will undergo a Brownian motion 

resulting in a Doppler Shift which depends on the size of particle. Therefore, 

the sample should be prepared by filtration or centrifugation to remove dust 

and artifacts from the solution. If the particles are smaller than the wavelength 

of light (< 250 nm), the intensity of the light will be scatter in all directions 

(Rayleigh scattering). 

 

Figure 3. 3  DLS measurement technique mechanism
3 

 

DLS measurements in this study were performed using a Malvern Zetasizer 

Nano Series running DTS software and using a 4 mW He-Ne laser operating at 

a wavelength of 633 nm and an avalanche photodiode (APD) detector. The 

scattered light was detected at an angle of 1730. The temperature was 

stabilized to +/- 0.1oC of the set temperature. To reduce the influence of larger 

aggregates the number-average hydrodynamic particle size is reported.  
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3.5 Fourier Transform Infrared (FT-IR) spectroscopy 

Fourier Transform Infrared (FT-IR) spectroscopy is an analytical method that 

can be used to detect a range of functional groups and molecular structure. It is 

the preferred method of infrared spectroscopy because can provide information 

on the basis of chemical composition and physical state of the whole sample 

(Cocchi, et.al, 2004). FT-IR can be used to identify unknown materials, 

determine the quality or consistency of a sample, and determine the amount of 

components in a mixture.  

FT-IR spectrometer obtains infrared spectra by first collecting an interferogram 

of a sample signal with an interferometer, which measures all of infrared 

frequencies simultaneously. At first, infrared radiation is passed through a 

sample, then some of the infrared radiation will be absorbed by the sample and 

some of it is passed through (transmitted). The resulting spectrum represents 

the molecular absorption and transmission, creating a characteristic frequency 

of the IR vibration modes such as stretch, contraction, and bend. Infrared 

spectroscopy detects the vibration characteristics of chemical functional groups 

in a sample. Just like a fingerprint, each molecular structure will produce 

different infrared spectrum from the others. The characteristic frequencies of 

IR vibration are influenced strongly on by the slight change in the molecular 

structure resulting in the difficulty in the interpretation of molecular structure 

from the IR data by itself.  
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Figure 3. 4  Sample analysis process using FT-IR
4 

 

In this study, the FTIR measurements were performed using a Bruker IFS66\S 

Fourier transform spectrometer by averaging 64 scans with a resolution of 4 

cm
-1

.  

3.6 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is one of the most powerful and 

versatile microscopy techniques for the characterization of materials at the 

atomic scale. It possesses a higher resolution than most other microscopes 

owing to a small de Broglie wavelength of electrons. The image is formed by 

the interaction with electrons and samples when the electron beam passes 

through the sample. It is widely exploited in physical sciences, material 

science, chemistry, virology and biological research to identify the structure of 

materials and assist in the design and manufacture of them.  
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The maximum resolution of a light microscope has been limited by the large 

wavelength of visible light (around 400–700 nm). Instead of using visible light 

as the probe of measurement, TEM uses an electron which has a wavelength 

given via the equation below.  

 

Here, h is Planck's constant (6.63 ×10−34J·s), m0 is the rest mass of an 

electron and E is the energy of the accelerated electron.  

A typical TEM system consists of an illumination system, sample stage and 

objective lens part and projection system. The illumination system provides the 

electron source. The sample stage and objective lens part is the place for the 

interaction of the electron beam and sample. The projection system magnifies 

the formed image from the stage for capturing and viewing.  

In this thesis, the TEM micrographs were observed using a transmission 

electron microscopy JEOL1400 TEM at an accelerating voltage of 100 kV. The 

samples were dispersed in water (5 mg/mL) and deposited onto 200 meshes, 

holey film, copper grid (ProSciTech). The sample was treated using positive 

staining agent by application of osmium tetroxide vapor. 

3.7 Confocal microscopy 

Confocal microscopy is an optical imaging technique used to increase optical 

resolution and contrast of a micrograph. It was discovered by Marvin Minsky 

at 1957, and has attracted the scientific and industrial community to use in 
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many applications such as clinical application, material sciences and lifetime 

imaging. In this study, the samples were observed with a Leitz Diaplan 

Scientific and Clinical microscope and an Olympus FV1000 Confocal Inverted 

Microscope, and imaged with Leica DFC 480 camera. For bacterial adhesion, 

images from 15 representative areas on each of triplicate samples for each 

surface were taken. Cells that were stained green were considered to be viable, 

those that stained red were considered to be dead as were those that stained 

both green and red. 
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Chapter 4.  Synthesis of core crosslinked 

star (CCS) as macromolecular organic 

nitrate via RAFT polymerization 

 

4.1 Introduction 

Organic nitrates are the most commonly used NO donor drugs with the general 

formula (RONO2). Glyceryl trinitrate (GTN or most known as Nitroglycerin) is 

the best studied nitrate, used mainly in acute relief of pain associated with 

angina and has proven to be a safe agent in the cardiovascular system.
1
 The 

organic nitrates therapeutically targeted for cardiovascular disorder and many 

other pathologies and diseases.
2-4

  

Generally the organic nitrates release NO through chemical reaction with acid, 

alkali, metal, and thiols.
5
 Classic organic nitrates have been shown to react 

with thiols at very slow rates and release small amounts of NO. Some authors 

also notified that novel organic nitrates are capable of releasing considerably 

larger amounts of NO in a non-enzymatic reaction with thiols in single buffer 

solution and generate an S-nitrosothiols.
6
  

Star polymers have attracted significant attention due to their potential feature 

in drug delivery system. Star polymers are gaining interest because of their 

characteristic rheological and dilute solution properties. The combination of 

unique rheological properties and the ability to employ controlled 

polymerization techniques to obtain well-defined structures makes this class of 

macromolecule very attractive for use in a variety of applications including that 
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of drug delivery.
7
 Star polymer with high-molecular-weight cross-linked cores 

surrounded by many polymeric arms, known as core cross-linked star (CCS) 

polymer, have been proposed recently to use for drug delivery application.
8
 

The CCS polymer is ideally suited for use as a potential drug delivery device 

because of the large loading capacity of the hydrophobic core, the size of 

which can be easily altered through the use of a ‘spacer monomer’ during the 

core formation step.
9
 The ability to independently control the length and type 

of arm relative to the core is also very attractive property for pharmaceutical 

applications.
10

  

In this study, we proposed a core crosslinked star (CCS) polymer as a 

nanocarrier for NO delivery. The type of NO donor that been used as the 

sources of NO is organic nitrate. The CCS polymeric nanocarriers had been 

synthesized via RAFT polymerization using arm-first method. The star with 

PEG coronas and vinyl benzyl chloride (VBC) functionality in the cores will 

then be modified using silver nitrate (AgNO3) to form nitrate (-ONO2) star 

polymers. The attachment of nitrate from silver nitrate into polymer scaffold 

was form via substituting chloro- functional group in the star polymer cores. 

The Griess assay method was used to observe the NO release mechanism and 

NO concentration determination.
11

  

4.2 Experimental part 

 

4.2.1 Materials 

Oligo(ethylene glycol) methyl ether acrylate (OEG-A), Mw = 480 g mol
-1

, 

99%, Sigma-Aldrich) and vinylbenzyl chloride (VBC) were deinhibited via a 
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column of activated basic alumina. Deinhibited OEG-A and VBC were both 

stored at -18 °C. The initiator, 2,2’-azobis(isobutyronitrile) (AIBN), was 

crystallized twice from methanol. High-purity N2 (Linde gases) was used for 

reaction solution purging. All the others chemical reactants were purchased 

from Sigma-Aldrich, supplied at the highest purity. 

4.2.2 Characterization methods 

NMR Spectroscopy. 
1
H NMR spectra were recorded using a Bruker Avance 

300 (300 MHz) spectrometer. d3-Acetonitrile and d-Chloroform were used as 

solvents. All chemical shifts are reported in parts per million (ppm) relative to 

tetramethylsilane (TMS), referenced to residual the residual solvent 

frequencies 
1
H NMR: d3-Acetonitrile = 1.94, and d-Chloroform = 7.24 ppm. 

The monomer (i.e. OEGA) conversion was calculated by the following 

equation to give ~90% conversion, where I 
5. 9 ppm 

and I 
4.2 ppm

 correspond to the 

integral of the vinyl signal from the monomer at 5.9 ppm and the ester signal 

from the monomer/polymer at 4.1 ppm, respectively. 

  (                 )   [  
        

        

 

]        

The theoretical molecular weight was calculated by the following equation 

below: 

   (           )  ((
[ ] 
[   ] 

)       )          

[ ]                                
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[   ]                                  

                        

                                

                                         

Size Exclusion Chromatography (SEC). Size exclusion chromatography or Gel 

Permeation Chromatography (GPC) was performed using a Shimadzu modular 

system comprised of a DGU-12A degasser, a LC-10AT pump, a SIL-10AD 

automatic injector, a CTO-10A column oven, a RID-10A refractive index 

detector, and a SPD-10A Shimadzu UV/vis detector. A 50 x 7.8 mm guard 

column and four 300 x 7.8 mm linear columns (500, 10
3
, 10

4
, and 10

5
 Å pore 

size, 5 µm particle size) were used for the analyses. N,N’-dimethylacetamide 

(DMAc, HPLC grade, 0.05% w/v 2,6-dibutyl-4-methylphenol (BHT), 0.03% 

w/v LiBr) with a flow rate of 1mL min
-1

 and a constant temperature of 50 °C 

was used as the eluent with an injection volume of 50 µL. Prior to injection, the 

samples were filtered through 0.45 µm filters. The unit was calibrated using 

commercially available linear poly(methyl methacrylates) standard. 

Chromatograms were processed using Cirrus 2.0 software (Polymer 

Laboratories). The arm incorporation was calculated by the following equation 

below with A
arm 

and A
star

 represent the area of the chromatogram of P(OEGA) 

arm and P(OEGA)-b-P(VBC)star, respectively. 

                  ( )   
     

(          )
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Infrared Spectroscopy. ATR-FTIR spectra of the star polymer samples were 

obtained using a Bruker Spectrum BX FTIR system using diffuse reflectance 

sampling accessories. The spectrophotometer was equipped with a tungsten 

halogen lamp and Si/Ca beam splitter. Spectra were obtained at regular time 

intervals in the MIR region of 4000 – 500 cm
-1

 at a resolution of 4 cm
-1

 (128 

scans) and analysed using OPUS software. 

UV-Vis Spectroscopy. UV-vis measurements were performed on a CARY 300 

spectrophotometer (Bruker) using a quartz cuvette. 

Dynamic Light Scattering (DLS). DLS measurements were carried out on a 

Malvern Zetasizer Nano Series running DTS software (laser, 4mW, λ = 633 

nm; angle 173°). Polymer samples were dissolved in MilliQ grade water 

(1mg/mL) and filtered using 0.45µm syringe filter prior to analysis. The 

samples were transferred to their respective disposable cuvettes for analysis. 

Transmission Electron Microscopy (TEM). The sizes of the star polymers were 

observed using a JEOL 1400 transmission electron microscope. It was operated 

at an acceleration voltage of 80 kV. The samples were prepared by casting the 

polymer solution (1 mg mL
-1

) onto a Formvar-coated copper grid. No staining 

was applied. 

 

 

4.2.3 Synthesis  
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4.2.3.1 Synthesis RAFT agent : 2-propanoic acid butyltrithiocarbonate 

(PABTC) 

Triethylamine was added drop wise to a stirring solution of Butane thiol and 

carbon disulfide in dichloromethane (DCM). The solution was left to stir at 

room temperature for 2 hours and then 2-bromopropionic acid dissolved in 

DCM was added drop wise. The resulting solution was stirred overnight at 

room temperature. All the solution was extracted by 0.1 M hydrochloric acid 5 

times. Subsequently, the solvent was removed by rotary evaporation, and the 

product was purified by column chromatography with mixtures of ethyl 

acetate/petroleum sprite (1/5 v/v). The product was isolated by evaporation of 

the solvents and further dried in a vacuum oven at room temperature overnight 

to form yellow powder.  

1
H NMR (300 MHz, CDCl3) δ 4.90 (q, J = 7.4 Hz, 1H), 3.41 (td, J = 7.4, 1.2 

Hz, 2H), 2.44 – 1.91 (m, 18H), 1.78 – 1.57 (m, 4H), 1.51 – 1.31 (m, 2H), 1.07 

– 0.75 (m, 3H). 

4.2.3.2 Synthesis of Arm Homopolymer : Oligoethylene Glycol-acrylate 

(OEG-A)   

Synthesis of P(OEGA). OEG-A480 (15g, 0.0312 mol), CTA (0.3562g,          

0.0015 mol) and AIBN (0.0244g, 1.4 x 10
-4

 mol) were placed into a round 

bottom flask equipped with a magnetic stirrer. The reactants were dissolved in 

Acetonitrile (54mL) and the reaction mixture was degassed with N2 under ice 

(0°C) for 30 minutes. The reaction mixture was then placed into an oil bath 

preheated to 70°C and the polymerisation was run for 6 h. Upon completion, 
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the reaction was quenched in an ice bath for 15 mins. The polymer was 

purified via 3 repetitions of precipitating with petroleum ether and centrifuging 

(5mins, 8000rpm). The purified polymer was then placed into a vacuum oven 

overnight to remove remaining solvent. In this study, we prepared two 

polymers with different molecular weight: 10,000 and 15,000 g/mol.  

4.2.3.3 Synthesis of VBC star polymer via arm-first methodology 

POEGA homopolymers, and AIBN were introduced into a vial with a magnetic 

stirrer with toluene under the condition of [Polymer] : [Crosslinker] : [AIBN]= 

1.0 : 8.0 : 0.2. Crosslinker (N,N’- Methylene bisacrylamide) and vinyl benzyl 

chloride were added, and the vials were sealed and purged with nitrogen for 20 

minutes in an ice bath. After that, the degassed solution was placed in an oil 

bath at 70°C for 24 hours. Following polymerization, the star polymers were 

sampled for 
1
H NMR, FTIR and GPC analysis. Star polymer was purified by 

precipitation three times using diethyl ether, and analyzed by 
1
H NMR. The 

purification process allows the removal of traces of unreacted cross-linker and 

VBC monomer. In addition, the unreacted arm was removed, and this process 

does not alter the PDI of the star polymer.  

4.2.3.4 Modification of VBC-star into VBC star-nitrate nanoparticles 

VBC star polymer was dissolved in acetonitrile. AgNO3 was then added to the 

solution at a composition of 1:10 (w/w) to VBC star polymer. The reaction 

mixture was covered and stirred in a preheated oil bath at 70 °C for 24 hours. 

Solvent was removed under reduced pressure. The polymer was purified by 

precipitation in chloroform (CHCl3) followed by centrifugation (6500 rpm for 
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5 minutes) to remove unreacted silver nitrate. The resulting polymer was 

characterized using 
1
H NMR, TEM, DLS, and FT-IR.  

4.2.3.5 NO release testing 

VBC star-nitrate was dissolved in DMSO, and then a solution of glutathione 

(GSH) in DMSO (1 mL) was added dropwise into the polymer solution. The 

NO release reactions were carried out in a preheated oil bath at 37 and 60 °C. 

The vials were removed from the oil bath at certain time over a period of 1 and 

24 hours. The reaction mixtures were then dialyzed against distilled water to 

remove DMSO and unreacted glutathione. The polymer was freeze-dried and 

analysed by 
1
H NMR and FTIR.   

4.2.3.6 Determination of NO release using Griess reagent kit 

NO released from the nanoparticles at predetermined time intervals was 

quantified by the standard Griess reagent kit (G7921), which is widely used for 

nitrite determination. VBC star-nitrate was dissolved into 240 µL water and 

then incubated with nitrate reductase compounds for 3 thours, in order to 

reduce nitrate into nitrite. Followed by preparing the Griess reagent, then 

mixed it with 300 μL of the nitrite-containing sample and 2.6 mL of deionized 

water and incubated for 30 minutes at room temperature. Nitrite concentrations 

in the samples should fall within the linear range of the assay (approximately 

1–100 μM). UV-vis absorbance of the resulting solution was determined at 548 

nm, and the total nitrite concentration in the sample solution was calculated 

from a standard curve and converted to cumulative NO release. The reaction 

proposed for Griess reaction described as follow: 
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Figure 4. 1  Schematic of Griess Reaction for NO determination 

 

4.3       Result and discussion 

4.3.1   Polymer characterization 

Well-defined core crosslinked star polymer was synthesized using ‘arm-first’ 

method. As the first step, arm polymers were prepared via RAFT 

polymerization. Two different molecular weight of poly(oligoethylene glycol 

acrylate) arms were prepared in the presence of 2-propanoic acid 

butyltrithiocarbonate (PABTC) as the RAFT agent and AIBN as the initiator. 

The arm polymers solutions were heated at 70 °C in acetonitrile for about 7 

hours to achieve 60 - 70% conversion. This low conversion was intended to 

maintain high end group functionality, and it was determined via 
1
H NMR 

analysis. 
1
H NMR analysis reveals the characteristic signals of OEG-A at 4.2, 

3.6, 3.3, and 1.5-2.0 ppm attributed to CH2O ester, CH2O ether, CH3O, and 

CH=CH2 backbone, respectively (Figure 4.2).  
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The presence of the RAFT end-group was confirmed by UV_vis spectroscopy 

(absorbance peak at 305 nm, data not shown) and by 
1
H NMR analysis, with 

CH adjacent to the trithiocarbonate at 4.4 ppm and at 2.8 ppm (S-CH2 signal). 

Experimental molecular weights assessed by both GPC and NMR analyses 

which are in good agreements with the theoretical values. The molecular 

weight obtained from two different arm polymers after 7 hours reaction are 

10000 and 15000 gram/mol with narrow polydispersity index (PDI) below 1.2 

and high RAFT functionality. Based on previous study, the use of different 

molecular weight will form different arms number and arms incorporation, 

since it will affect the ratio of VBC as the star functionalities
12

. The optimum 

of star structures and VBC composition can be observed by using different 

molecular weight of arm polymer. 

Figure 4. 2  
1
H NMR spectrum of P(OEG-A) homopolymer obtained via RAFT 

polymerization recorded in CdCl3 at 20 °C, Mn (NMR) = 10000 g.mol
-1

 

 

7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

a 
b 

c 
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Table 1. Summary of poly(OEG-A) star synthesized via RAFT polymerization  

Polymers 
Mn 

theoretical
a 

Mn 

NMR
b Mn GPC

c PDI  

(GPC)
c 

RAFT  

functionality
d 

Poly(OEG-A) - 

P1 
10000 10000 10100 1.13 > 95 

Poly(OEG-A) - 

P2 
15000 15000 15300 1.19 > 95 

a)
Theoretical molecular weights calculated by the following equation : Mn = ([M]0/[RAFT]0) x 

αM x MWM + MWRAFT. Where, [M]0, [RAFT]0, αM, MWM, and MWRAFT correspond to initial 

monomer concentration, initial RAFT agent concentration, monomer conversion, molar mass 

of monomer, and RAFT agent, respectively  

 
b)

Molecular weights determined by 
1
H NMR using the aromatic group of RAFT agent as 

reference 

 
c)

Linear homopolymers molecular weight and PDI obtained by DMAc GPC (using polystyrene 

calibration) 

d)
RAFT-functionality was calculated by the following equation : RAFT end functionality 

=(Abs
305

 x Ɩ/Ɛ
305

)/[Polymer]0, where Abs
305

, Ɛ
305

, Ɩ,  and [Polymer]0 correspond to absorbance, 

extinction coefficient at 305 nm (Ɛ
305

 = 15700 mol/cm), cuvette path length and polymer 

concentration.  

 

The star polymers were prepared using the optimum ratio of core crosslinked 

star formation based on previous study in our group.
12

 The linear polymers 

were chain extended in the presence of a cross-linker N,N’- Methylene 

bisacrylamide, AIBN initiator and different concentrations of VBC. The 

objective of this star formation is to obtain at least 10 % composition of VBC, 

so it can achieve optimum nitrate attachment after the modification process. 

Due to initial hypothesis that more composition VBC obtained in the star core, 

there will be higher NO concentration in the VBC star-nitrate nanoparticles 

that can be released. The synthetic scheme of VBC star-nitrate synthesized has 

described in the Figure 4.3.  

 

AIBN, Acetonitrile, 70° C, 

6 h 

OEGA 
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After star formation, the star polymers were analyzed by GPC and 
1
H NMR 

spectroscopy to determine the arm incorporation efficiency and monomer 

conversions. From 
1
H NMR spectroscopy using the signal at 4.6 ppm from –

CH2Cl group has confirmed the presence of VBC units in the polymer (Figure 

4.4 A). The conversion of VBC was calculated by comparing the intensity of 

CH=CH2 peak at 5.5 – 6.5 ppm and CH2Cl peak at 4.6 ppm. Whereas the 

composition can be calculated using the intensity of CH2Cl peak at 4.6 ppm 

from VBC units and the intensity of CH2O peak at 4.2 ppm correspond with 

OEG-A (methyl ester). The highest VBC composition in the star polymer was 

about 16 % (mol).   

 

Figure 4. 3  Schematic reaction for synthesize VBC star-nitrate 
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The molecular weights of star polymers and PDI were determined using GPC 

analysis. The result from SEC showed a shift in the molecular weight giving 

Mn, SEC of 67,000 g/mol with polydispersity index of 1.18 (Figure 4.5 A). 

The ratio between the area of the chromatogram of star polymer and its 

precursor, P(OEGA) arm was calculated to provide an arm incorporation of 

~60%.  DLS analysis used to confirm the formation of nanoparticles with sizes 

ranging from 20 – 30 nm in water which was corroborated by the TEM results 

(Figure 4.5 B & C). 

    

    

  

  
    

    

b c 

a 

c 

a 

b 

Figure 4. 4  
1
H NMR spectra of VBC star polymer before (A) and after 

modification (B) with silver nitrate 

A 

B 
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Figure 4. 5 SEC of P(OEGA)-b-P(VBC) star before and after modification 

with silver nitrate (A), VBC star number-weight particle size distribution by 

DLS (B) and TEM image (C)  

. 

The nitrate nanoparticle was prepared by modified the -chloro functional group 

on VBC star polymer. The VBC star was reacted with silver nitrate in 

Acetonitrile at 70 °C for 24 hours. The successfully substitution of nitrate to -

chloro group was confirmed using 
1
H NMR and FTIR analysis. After nitrate 

modification, the chloro-proton peaks at 4.6 ppm disappear and a proton peak 

appears at 5.5 ppm. The peak shift indicates that the nitrate group has 

successfully attached to the polymer scaffold via replacing chloro-side group 

into nitrate (Figure 4.4 B). The molecular weight distribution of star nitrate  

based on SEC showed a Mn, SEC of 69,000 g/mol with a polydispersity index 

of 1.18 (Figure 4.5 A).  
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FTIR also been applied to confirm the successfully nitrate substitution into 

VBC star polymer. The FTIR result has shown that the reaction successful 

substituted the –chloro side group with nitrate by the disappearance of C-Cl 

peak at 511 cm
-1

. FTIR also used to observe the appearance of NO spectra at 

1250 and 1650 cm
-1

 in VBC star samples after reaction with silver nitrate 

(Figure 4.6 B). This result confirmed the successful attachment of nitrate from 

silver nitrate into star polymer. 
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Figure 4. 6  FTIR spectra of VBC star before (A), after modification (B), and 

after treatment with glutathione (GSH) (C) 

 

4.3.2 NO release mechanism and Griess assay to determine NO 

concentration 

The most important things from the development of new NO donor drug are 

the capability to release NO with optimum amount at the right time. For 

organic nitrate NO donors, the NO release mechanism can be stimulated by 

two different ways: the enzymatic and non-enzymatic. The enzymatic 
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mechanism triggered the NO release through the activation of nitrate by 

enzymatic compounds, such as glutathione S-transferase, cytochrome P450, 

and/or xanthine oxidoreductase, or alternatively through catalytic activity 

mediated by mitochondrial aldehyde dehydrogenase (ALDH-2).
13

 On the other 

hand, the non-enzymatic mechanism proceed by reacted the nitrate with thiols 

(SH) groups. In this study, the NO release mechanism was observed by reacted 

VBC star-nitrate with glutathione (GSH) as reducing agent at 60 °C for 1 hour 

and 24 hours. The release mechanism proposed can be shown at the scheme 

below: 

R-ONO2 + GSH  →  R-OH + NO2
-
 + GS-SG 

Based on the release mechanism, after the reaction with glutathione, it was 

expected that an –OH functional group will be formed and nitrate functional 

groups then will be eliminated. This result will confirm that NO can be 

released when the modified polymer is treated with reducing agent.  

Using 
1
H NMR, the confirmation of NO release has been done by the observed 

disappearance of the –CH2ONO2 signal at 5.5 ppm and the appearance of 

CH2OH signal at 4.6 ppm. After 1 hour reaction with glutathione in 

acetonitrile, the nitrate peak slowly reduced about 50 %, and the -CH2 

functional peak at 4.6 has formed with the same broad of nitrate spectrum. It 

showed by the same peak intensity of   –CH2ONO2 signal at 5.5 ppm and –CH2 

signal at 4.6 ppm. The nitrate peak at 5.5 ppm has completely disappeared after 

24 hours reaction with glutathione, and the –CH2 peak at 4.6 has appeared 

(Figure 4.7).  
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Based on the NO release mechanism scheme  of organic nitrate, we can 

calculate the NO concentration that is released via non-enzymatic reaction 

using glutathione. The NO (nitrite) concentration star nitrate is about 2.316 

mM or 2,316 µM. This NO concentration is really promising because high 

milimolar levels of NO can promote cell apoptosis and act as tumor regression 

for cancer theraphy.
14,15

  Figure 4.8 has described the biological effect of NO 

based on its concentration and duration.  

-CH2-ONO2 

-CH2-OH 

-CH2-ONO2 

-CH2-OH 

A 

B 

Figure 4. 7  1H NMR spectra of VBC star-nitrate after treatment 

with glutathione for 1 hour (A) and 24 hours (B) 
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Figure 4. 8  Duration of NO production
14

 

 

The NO release testing also observed using FTIR analysis, comparing the NO 

spectra before and after treatment with glutathione. The FTIR spectrum in 

Figure 4.6 C has shown the release of NO using reducing agent at 60 °C. 

Compare with FTIR spectra in the previous figure, it shown the disappearance 

of NO spectra at 1250 and 1650 cm
-1

, and the formation of –OH spectra at 

3400 cm
-1

 after the sample treated with glutathione.  

 The release of NO from nitrate star polymer was also determined using Griess 

Assay. The Griess Assay is the most commonly method to determine NO 

concentration.
11

 This method not only can used to determine NO concentration, 

but also can be used to confirm the NO release from nanoparticles by observed 

the decrease in the absorption at 340 nm using UV-vis spectroscopy. The 

Griess reaction performed in this study according to the manufacturer’s 
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protocols. Using Griess Assay method, the times release of NO from VBC star 

nitrate were observed within 2 or 3 different incubation time.  

Briefly, NO star polymer was dissolved in deionized water, followed by the 

incubation with nitrate reductase and its cofactor to reduce the nitric oxide and 

nitrate into nitrite. Following the reaction protocol, the sample was incubated 

for 3 hours to allow a maximum release of nitric oxide and its conversion to 

nitrite in the aqueous medium. Subsequent addition of a Griess reagent to the 

nitrite sample formed a diazenium salt that was converted instantaneously to an 

azo dye, and will presence as UV-Vis absorption at 548 nm. The absorbance of 

this speactra then can be used to calculate NO concentration using calibration 

curve. 

In this study, we observed the NO release using Griess Assay method at 3 

different incubation times: 1, 3, and 12 hours. The results shown that the 

highest NO concentration released achieves 260 µM after 12h incubation time, 

very lower if it compares to NO concentration obtain that released by using 

thiols as the reduction agent. These results have shown that the NO release 

from organic nitrate is highly dependent on number of factors, including free 

thiols, enzymes, and light.
16

 

The non-enzymatic release of NO from an organic nitrate in this study is very 

slow, shown by the 
1
H NMR result that only about 50 % of NO was being 

release at 60 °C after 1 hr reaction with glutathione. It took 24h to be able 

release 100% of NO from star nitrate. Therefore, an enzymatic process must 

play a key role for the therapeutic effect for organic nitrate NO donors.
3,13
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Further studies to optimize the release mechanism of this organic nitrate NO 

donor may overcome this limitation. The application of hyperthermia induced 

by superparamagnetic iron oxide nanoparticles containing nitrate to improve 

the non-enzymatic NO delivery is ongoing research in our group.  

4.4    Conclusions 

The POEGA-based core crosslinked star (CCS) star polymer with VBC 

functional cores, were successfully synthesized using RAFT polymerization. 

This star polymer then modified into VBC star-nitrate to form a new NO 

nanoparticles. The modification process was using silver nitrate to replace the -

chloro side group into nitrate. The result confirm that VBC star nitrate has 

great potent to be used as NO carriers since it can release NO with high 

concentration and long times of release. 
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Chapter 5. Core crosslinked star –NO 

nanoparticles for antimicrobial application 

 

5.1  Introduction 

Despite many advances in the development of antimicrobial agents as well as 

many efforts in elucidating the disease mechanism, infectious disease still has a 

detrimental impact on human health and the global economy. At present, 

infectious diseases are the second leading cause of death, accounting for about 

15 million deaths worldwide each year.
1
  One of the major issues with 

antimicrobial agents is the development of dug resistance and the adverse side 

effects. To date, most strains of bacteria have acquired resistance to at least one 

common antimicrobial.
2
 One major resistance mechanism adopted by bacteria 

is the formation of biofilms. Biofilms are highly-structured and surface-

attached communities of cells enclosed in a self-produced matrix which acts as 

a barrier and protective membrane which makes the most of the biofilm 

associated infectious disease very challenging to treat. 

Biofilms display increased resistance towards conventional antimicrobials and 

cause a range of problems in industrial and clinical settings.
3,4

 Bacteria 

embedded in biofoilms exhibit upwards of 10-1000-fold higher resistance to 

biocides and traditional antimicrobials than their planktonic counterparts, and 

they are less susceptible to host immune defense.
5
  Novel strategies directly 

aiming at inhibition or dispersion of biofilms seems to be a key strategy in 

combating with microbial infectious diseases. One such strategy is to develop  
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novel agents that can induce biofilm dispersal, and subsequently inhibit the 

biofilm formation or promote biofilm cell detachment.
6
 

Recently, the signalling molecule nitric oxide (NO), a diatomic free radical, 

was identified as a key regulator of biofilm dispersal. NO was found to be 

produced endogenously in late developmental stages of mature biofilms to 

induce dispersal events which complete the biofilm life cycle.
6,7

 Molecular 

analyses revealed that NO triggers a signaling pathway involving the conserved 

intracellular second messenger cyclic di-GMP, which in turn activates a range 

of effectors leading to dispersal.
8-10

 Further, add back of NO to established 

biofilms, by using NO donors could induce dispersal in a broad range of 

microbial species and restore sensitivity to a range of antimicrobials and 

antibiotics.
11-14

 Thus the use of low, non-toxic levels of NO represents a 

promising strategy for the control of biofilms in medical and industrial 

contexts. However attempts at using existing NO donors to prevent biofilm 

formation by inducing this signaling pathway in bacteria before they turn on 

biofilm gene expression, have so far proven difficult as NO needs be released 

in a continuous fashion over longer period of times to maintain the signal at an 

appropriate low non-toxic level. The delivery of NO gas is very challenging as 

NO is an extremely reactive molecule that can react with oxygen (and other 

gases) resulting in a short half-life time in the body (less than 5 minutes). To 

improve the administration of NO, a range of small-molecules capable of 

decomposition under specific conditions to release NO have been developed, 

including nitrate, nitroprusside, S-nitrosothiols (RSNOs) and N-

diazeniumdiolates (NONOates).
15

 Unfortunately, these small molecules lack 
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both stability and specificity. For example, NONOate compounds have a half-

life of just a few minutes at 25
o
C. One of the strategies to overcome this 

challenge lies in the development of nanomaterials for the delivery of NO. 

Antimicrobial nanoparticles offer many advantages over the small molecule 

antibiotics in improving the pharmacokinetics and accumulation, reducing 

side-effect, and more importantly overcoming drug resistance. 
16,17

 In recent 

work, NONOate has been successfully conjugated to different polymeric 

systems, including matrix of ethylene/vinylacetate,
18

 star polymers,
19

 and 

micelles.
19-22

 Herein, we report a novel star polymer that is able to prevent the 

formation of the model organism Pseudomonas aeruginosa, and confine 

growth of the bacterial population to the suspended liquid, while keeping the 

surface free of biofilm. 

5.2 Experimental part 

5.2.1 Materials 

The monomer 2-vinyl-4,4-dimethyl-5-oxazolone was synthesized using a 

previously reported method
23

.  

2-(((Butylsulfanyl)carbonothioyl)sulfanyl)propanoic acid was synthesized 

according to Ferguson et al.
24

 Oligo(ethylene glycol) methyl ether acrylate (Mn 

= 480 gmol
-1

) was used as received. Dialysis membranes with a molecular 

weight cut-off (MWCO) of 3500 Da were sourced from Fisher Biotec (Cellu 

Sep·T4, regenerated cellulose-Tubular membrane). Deuterated solvents, 

CDCl3-d3 and DMSO-d6 were obtained from Cambridge Isotope Laboratories, 

Inc. High purity N2 (Linde gases) was used for degassing. Ultrapure deionized 

water (17.8 mΩ cm) was obtained using a MilliQ purification system. All other 
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chemicals were purchased from Sigma-Aldrich. 2,2-azobisisobutylronitrile 

(162 g mol
-1

, AIBN) which was purchased from Sigma-Aldrich was 

recrystallised from methanol before use. For the measurement of nitric oxide 

release, a Nitrate/Nitrite Colorimetric Assay Kit was purchased from Cayman 

Chemicals. A LIVE/DEAD BacLight Bacterial Viability Kit for was purchased 

from Life Technologies for fluorescence microscopy of treated biofilms. 

5.2.2  Characterization methods 

NMR Spectroscopy. 
1
H NMR spectra were recorded using a Bruker Avance 

300 (300 MHz) spectrometer. d3-Acetonitrile and d6-DMSO were used as 

solvents. All chemical shifts are reported in parts per million (ppm) relative to 

tetramethylsilane (TMS), referenced to residual the residual solvent 

frequencies 
1
H NMR: d3-Acetonitrile = 1.94, d6-DMSO = 2.50 and D2O = 4.79 

ppm. The monomer (i.e. OEGA) conversion was calculated by the following 

equation to give ~90% conversion, where I 
5. 9 ppm 

and I 
4.2 ppm

 correspond to the 

integral of the vinyl signal from the monomer at 5.9 ppm and the ester signal 

from the monomer/polymer at 4.1 ppm, respectively. 

  (                 )   [  
        

        

 

]        

The theoretical molecular weight was calculated by the following equation 

below, which resulted in 11,400 g/mol: 

   (           )  ((
[ ] 
[   ] 

)       )          

[ ]                                
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[   ]                                  

                        

                                

                                         

Size Exclusion Chromatography (SEC). Size exclusion chromatography or Gel 

Permeation Chromatography (GPC) was performed using a Shimadzu modular 

system comprised of a DGU-12A degasser, a LC-10AT pump, a SIL-10AD 

automatic injector, a CTO-10A column oven, a RID-10A refractive index 

detector, and a SPD-10A Shimadzu UV/vis detector. A 50 x 7.8 mm guard 

column and four 300 x 7.8 mm linear columns (500, 10
3
, 10

4
, and 10

5
 Å pore 

size, 5 µm particle size) were used for the analyses. N,N’-dimethylacetamide 

(DMAc, HPLC grade, 0.05% w/v 2,6-dibutyl-4-methylphenol (BHT), 0.03% 

w/v LiBr) with a flow rate of 1mL min
-1

 and a constant temperature of 50 °C 

was used as the eluent with an injection volume of 50 µL. Prior to injection, the 

samples were filtered through 0.45 µm filters. The unit was calibrated using 

commercially available linear poly(methyl methacrylates) standard. 

Chromatograms were processed using Cirrus 2.0 software (Polymer 

Laboratories). The arm incorporation was calculated by the following equation 

below with A
arm 

and A
star

 represent the area of the chromatogram of P(OEGA) 

arm and P(OEGA)-b-P(VDM)star, respectively. 

                  ( )   
     

(          )
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Confocal Microscopy. The glass samples with adhered bacterial cells prepared 

as described above were stained with Live/Dead BacLight Bacterial Viability 

Kits L-7007 (Molecular Probes, Inc., Eugene, OR) according to the 

manufacturer’s procedure. Two ml of the two components were mixed 

thoroughly in 1 ml of PBS. Ten ml of this solution were then trapped between 

the sample and the glass microscopy slide and allowed to incubate at room 

temperature in the dark for 15 min. The samples were observed with a Leitz 

Diaplan Scientific and Clinical microscope and an Olympus FV1000 Confocal 

Inverted Microscope, and imaged with Leica DFC 480 camera. For bacterial 

adhesion, images from 15 representative areas on each of triplicate samples for 

each surface were taken. Cells that were stained green were considered to be 

viable, those that stained red were considered to be dead as were those that 

stained both green and red.  

Transmission Electron Microscopy (TEM). The sizes of the star polymers were 

observed using a JEOL 1400 transmission electron microscope. It was operated 

at an acceleration voltage of 80 kV. The samples were prepared by casting the 

polymer solution (1 mg mL
-1

) onto a Formvar-coated copper grid. No staining 

was applied. 

5.2.3 Synthesis  

5.2.3.1 Synthesis RAFT agent : 2-propanoic acid butyltrithiocarbonate 

(PABTC) 

The synthesis of RAFT agent as described in chapter 4 at the experimental part. 

5.2.3.2 Synthesis of core crosslinked star polymers  
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Synthesis of P(OEGA). OEG-A480 (10.033g, 0.021 mol), CTA (0.1909g, 

0.0008 mol) and AIBN (0.0258g, 1.57 x 10
-4

 mol) were placed into a round 

bottom flask equipped with a magnetic stirrer. The reactants were dissolved in 

Toluene (25mL) and the reaction mixture was degassed with N2 under ice 

(0°C) for 30 minutes. The reaction mixture was then placed into an oil bath 

preheated to 70°C and the polymerisation was run for 4h. Upon completion, 

the reaction was quenched in an ice bath for 15mins. The polymer was purified 

via 3 repetitions of precipitating with petroleum ether and centrifuging (5mins, 

8000rpm). The purified polymer was then placed into a vacuum oven overnight 

to remove remaining solvent. 

Synthesis of  star polymer:  P(OEG-A) Mn=12,000g/mol (1.212g, 1 x 10
-4

 mol), 2-

vinyl-4,4-dimethylazlactone (223mg, 1.6 x 10
-3

 mol), N,N-

methylenebisacrylamide (125mg, 8 x 10
-4

 mol) and AIBN (5mg, 3 x 10
-5

 mol) 

was dissolved in Toluene (6mL) and was transferred into a Cospak bottle 

equipped with a magnetic stirrer. The reaction mixture was degassed for 

30mins at 0°C with N2. The above composition resulted in a 

[macroCTA]:[M]:[X-linker]:[I] of 1:16:8:0.3. The reaction was also repeated at 

a composition of 1:16:8:0.3. The degassed and sealed reaction vessels were 

placed into an oil bath preheated to 70°C and the polymerisation was run for 

24h. The reaction was then quenched in an ice bath for 15mins. The 

purification involved precipitation in diethyl ether to remove unreacted 

macroCTA arms and VDM monomer. The precipitation was repeated 3 times 

then the reaction mixture was dissolved and dialysed against methanol for 48h 
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to removed unreacted cross-linker. The purified star polymers were then placed 

in a vacuum oven overnight to remove remaining solvent. 

Synthesis of VDM star-Spermine: 100mg VDM Star polymer was dissolved in 

acetonitrile (5mL). Separate from the star polymer (100 mg, 1.25 x 10
-6

 mol ), 

Spermine (5mg, 2.47 x 10
-5

 mol) was dissolved in 500µL methanol and then 

the 2 solutions were transferred into a Cospak bottle. The reaction mixture was 

then placed into an incubator (25°C, 80rpm) for 24h. After 24h, a 100µL 

aliquot was dried and checked via FTIR to determine conversion of the VDM 

functional groups. The reaction mixture was then returned to the incubator to 

achieve full conversion of the VDM functional groups. The fully reacted star 

polymers were purified by dialysis against water for 48h, with the water being 

changed twice per day. The dialysed polymer was then freeze dried overnight. 

Synthesis of  NO star polymers: A solution of the desired polymer sample in 

acetonitrile and methanol (1:1) mixture was placed in a Parr apparatus and 

clamped. The apparatus was purged and evacuated with nitrogen three times, 

followed by charging with excess nitric oxide gas (25 °C, 5 atm) for 48 h. After 

48 h, the excess NO was vented by purging with nitrogen and the solvent 

removed via evaporation under nitrogen to yield the desired polymer-

diazeniumdiolate sample. 

5.2.3.3 Nitric oxide release and biofilm inhibition study 

Determination of released nitric oxide (NO): Griess Assay. Nitric oxide release 

was determined using the two-step. Diazeniumdiolates readily release nitric 

oxide upon contact with water at physiological pH. Typically, 20mg nitric 
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oxide containing polymer was dissolved in 240 µL of sterile MilliQ water. To 

this, 50 µL each of Nitrate reductase and cofactor were added and the solution 

was left to incubate on the bench top for 3 h. Following the incubation period 

wherein the nitrates were converted into the assayable nitrite, 150 µL of each 

Griess reagent (A & B) were added and the solution left to incubate for a 

further 30 min. Nitrite concentrations were then measured using an UV-vis 

spectrometer; the absorbance at 548 nm was used to calculate the nitric oxide 

content from the assay’s calibration curve.  

Biofilm inhibition study. Pseudomonas aeruginosa (PAO1) was used for 

biofilm inhibition assays. Biofilms were grown from a 1:200 dilution of P. 

aeruginosa overnight culture in LB in 1mL M9 minimal medium in tissue-

culture treated 24-well plates (BD) incubated at 37C with agitation at 80 rpm. 

Prior to incubation, the bacterial medium was inoculated with NO-releasing 

compounds at final concentrations of 100 to 400 ppm, as indicated, whilst 

control wells were left untreated. After 6 h of growth, the planktonic biomass 

was quantified by siphoning off the supernatant and measuring its OD600. The 

remaining  biofilm was washed twice with PBS (1.0 mL), before adding crystal 

violet stain (1.0 mL; 0.2% crystal violet, 1.9% ethanol and 0.08% ammonium 

oxalate in PBS). The plates were then incubated on the bench for 20 min before 

washing the wells twice with PBS (1mL). The amount of remaining crystal 

violet stained biofilm was quantified by adding 100% ethanol (1.0 mL) and 

measuring OD550 of the homogenized suspension. OD measurements of 

control wells where no compound was added were subtracted from all value. 
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5.2.3.4 NO Reporter Bioassays 

Overnight cultures of P. aeruginosa nirS::gfp reporter strain (NSGFP) 
7,10

 were 

diluted to an OD600 of 0.2 in fresh LB medium and grown with shaking at 37 

°C to an OD600 of 0.4. Treatments were added to 3 mL aliquots of the cultures 

in 50 mL Falcon tubes (BD), in duplicate, and the bacteria were incubated 

further for up to 3 h. After compound exposure cells were washed once in 

phosphate-buffered saline (PBS) and resuspended in 0.5 mL PBS. 200 μL 

aliquots were transferred to a microtiter plate for fluorescence measurements 

(excitation, 485 nm; emission, 535 nm; Wallac Victor
2
, Perkin-Elmer). 

5.2.3.5 Biofilm Prevention Assays 

The laboratory strain P. aeruginosa PAO1 was mainly used to characterise the 

effects of NO star polymers on biofilm formation. PAO1 mutant strains 

containing a transposon Tn5-derived insertion element in key genes in 

mediating dispersal in response to NO, dipA (PA5017) and rbdA (PA0861), 

were obtained from the University of Washington P. aeruginosa mutant two-

allele library: strains PW9424 dipA-A01::ISphoA/hah and PW2569 rbdA-

F02::ISlacZ/hah, respectively 
25

. Biofilms were grown as previously described 

11
 with some modifications. Briefly in all assays, overnight cultures in Luria 

Bertani medium were diluted to an OD600 of 0.005 in 1 mL M9 minimal 

medium (containing 48 mM Na2HPO4, 22 mM KH2PO4, 9 mM NaCl, 19 mM 

NH4Cl, 2 mM MgSO4, 20 mM glucose, 100 μM CaCl2, pH 7.0) or Mueller 
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Hinton broth (Oxoid; containing 30% beef extracts, 1.75% casein hydrolysate 

and 0.15% starch) in tissue-culture treated 24-well plates (BD). Various 

treatments were added to the wells, each from a 10 µl aliquot of a stock 

solution at the appropriate concentration previously sterilized by passing 

through a 0.22 µm pore size filter: sodium nitroprusside (Sigma) made fresh in 

deionized water, spermine NONOate (Cayman chemicals) in 10 mM NaOH, or 

compounds VsNO, Vs and V in 10 mM NaOH. The plates were incubated at 

37 °C with shaking at 180 rpm and the biofilms were allowed to grow for up to 

7.5 h. After incubation, the planktonic biomass was quantified by removing the 

supernatant and measuring its OD600. The remaining biofilm was washed once 

with PBS (1 mL), before adding 0.03% crystal violet stain made from a 1:10 

dilution of Gram Crystal Violet (BD) in PBS. The plates were incubated on the 

bench for 20 min before washing the wells twice with PBS. Photographs of the 

stained biofilms were obtained using a digital camera. The amount of 

remaining crystal violet stained biofilm was quantified by adding 1 mL 100% 

ethanol and measuring OD550 of the homogenized suspension. OD 

measurements of control wells where no bacteria were added at the beginning 

of the experiment were subtracted from all values (i.e. OD600 = 0.03, and 

OD550 = 0.10). 

5.3 Result and discussion 

Core cross-linked star polymers were synthesized using an ‘arm-first’ 

approach,
26

 which was previously developed in our group for magnetic 

resonance imaging
27

 and drug delivery
28

 applications. Reversible addition 
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fragmentation transfer (RAFT) polymerization was employed to synthesize 

P(OEGA) arm using chain transfer agent 1 (RAFT 1, n-butyltrithiocarbonate 

isopropionate) and AIBN (2,2’-azobisisobutylonitrile) as radical initiator with 

the ratio of OEGA:RAFT 1:AIBN = 25:1:0.1 in toluene at 70
o
C (Figure 5.1).   

 

Figure 5. 1  Synthesis of P(OEGA)-b-P(VDM) star followed by spermine and 

NO donor conjugation 

 

After 4 hours of reaction, ~90% OEGA conversion was achieved and the 

resultant polymer arm was purified through dialysis. After purification, 

P(OEGA) was then characterized using SEC and 
1
H-NMR. The molecular 

weight distribution based on SEC showed a Mn, SEC of 14,500 g/mol with a 

polydispersity index  of 1.11, which was slightly higher than the theoretical  

molecular weight by 
1
H-NMR (Mn, NMR of 11,500 g/mol). This slight 

difference is due to the difference of hydrodynamic volume in the SEC 

between the P(MMA) calibration and P(OEGA) polymer (Figure 5.2).  
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Figure 5. 2  SEC of P(OEGA) arm and P(OEGA)-b-P(VDM)star                                                                     

before and after spermine conjugation. 

  

Chain extension from P(OEGA) arm was carried out in the presence of 2-vinyl-

4,4-dimethyl-5-oxazolone monomer (VDM) and a cross-linker, 

methylenebisacrylamide.
29

 The molar ratio between the P(OEGA) arm, VDM 

and the cross-linker was set to 1:16:8 followed by the addition of AIBN to this 

mixture in toluene. After the reaction at 70
o
C, the reaction mixture was purified 

by precipitation in diethyl ether to remove the unreacted P(OEGA) arm. The 

result from SEC showed a shift in the molecular weight giving Mn, SEC of 

177,000 g/mol with a polydispersity index of 1.39. The ratio between the area 

of the chromatogram of star polymer and its precursor, P(OEGA) arm was 

calculated to provide an arm incorporation of ~71%.
30

 The incorporation of 

VDM monomer to the P(OEGA) arm was confirmed by 
1
H-NMR via a signal 
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at 1.3 ppm from the VDM and the ester group from OEGA at 4.1 ppm (Figure 

5.3).
31

  

 

Figure 5. 3  1H-NMR of P(OEGA) arm (A), P(OEGA)-b-P(VDM)star (B)                                                           

and P(OEGA)-b-P(Sper)star (C) 

  

In addition, ATR-FTIR has been employed to confirm the presence of 

oxazolone group at 1820 cm
-1

 (Figure 5.6 A).
32

 The peak at 1630 cm
-1

, 1720 

cm
-1 

and 1100 cm
-1 

represents the cross-linking amide, OEGA ester and ether 

groups, respectively, confirming the incorporation of arm to the star polymer.
33

  

When spermine was reacted with VDM star polymer  followed by purification 

by dialysis, the formation of star conjugated with spermine was confirmed by 

the disappearance of the characteristic azlactone peak at  1820 cm
-1

 in the FTIR 

spectra, indicating the oxazolone ring opening via amidation.
34

 A broad peak at 

around 3500 cm
-1

 was observed characteristic to the secondary amines from the 
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conjugated spermine. The formation of the core cross-linked star polymer was 

confirmed by the DLS showing the number-weighted particle size of ~25 nm 

(Figure 5.4), which was corroborated by the TEM results.  

 

Figure 5. 4  Number-weighted particle size distribution by DLS (A) and TEM 

images (B) of P(OEGA)-b-P(VDM)star before and after spermine conjugation 

  

Zeta potential measurement of initial star polymer in water revealed a neutral 

surface charge due to the P(OEGA) hydrophilic layers (Figure 5.5).
35

 After 

conjugation of spermine, the zeta potential of star polymer shifted to +24 mV 

indicative of the presence of quaternary amine (NH3+ or NH2
+
). The effect of 

spermine conjugation  was observed in the UV-Vis spectra through the 

disappearance of a peak at around 310 nm (Figure 5.6B), which is attributed to 

aminolysis of the trithiocarbonate RAFT group.
36
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Figure 5. 5  Zeta potential measurement of P(OEGA)-b-P(VDM)star before 

and after spermine conjugation followed by NO (nitric oxide) conjugation 

 

In order to conjugate nitric oxide to the nanoparticles, spermime conjugated 

star polymers was dissolved in acetonitrile and the solution was transferred to a 

Parr hydrogenation apparatus, purged with nitrogen and then stirred with NO 

gas for 48 h at 80 psi (5 bar)  (Figure 5.1). Nitric oxide was reacted to the 

secondary amine of spermine to yield N-diazeniumdiolate (or NONOate) 

moieties, which was stabilized inside the core of the polymeric nanoparticles.
37

 

This was also confirmed by the decreasing zeta-potential of the resultant NO 

star polymer (+10 mV) due to the formation of the N-diazeniumdiolate. When 

the NO star polymer was dispersed in water, NO gas was released, in 

particularly the release will be accelerated at the pH lower than 7.0.
38

 This was 

characterized by the presence of characteristic signal at around 240 nm 

observed by UV-Vis spectroscopy attributed to NO in water (Figure 5.6B).
39
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Figure 5. 6  A- ATR-FTIR of star polymer before and after spermine 

conjugation. B- UV-Vis absorption of nitric oxide (NO) release from the star 

polymer in water characterized by the absorption of NO at 250 nm and its azo 

dye at 548 nm (after the treatment with Griess agent) 

 

Qualitative and quantitative analysis of the released NO from star polymer was 

performed using Griess assay.
40

 Briefly, NO star polymer dissolved in 

deionized water was incubated with nitrate reductase and its cofactor to reduce 

the nitric oxide and nitrate to nitrite. Following the reaction protocol, the 

sample was incubated for 3 hours that allowed a maximum release of nitric 

oxide and its conversion to nitrite in the aqueous medium.
41

  Subsequent 

addition of a Griess reagent to the nitrite sample formed a diazenium salt that 

was converted instantaneously to an azo dye (Figure 5.6B). This was 

characterized by the presence of pink colour and UV-Vis absorption at 548 nm. 

Based on a calibration curve (Figure 5.7), the concentration of NO released 

from NO star polymer was quantified as 192 μM.   Using the concentration of 

NO in the nanoparticle or star polymer the biological activity of this sample 

was tested on its inhibition of biofilm formation.
42
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Figure 5. 7  Calibration curve (A) and UV-Vis absorption (B) of the azo dye 

generated in the Griess assay at different concentration of nitric oxide 

 

Spermine conjugated star polymer sample was used as a negative control. First 

the ability of NO release from the polymers to induce a response in bacteria 

was assessed by using an engineered bacterial reporter strain that fluoresces in 

the presence of low doses of NO. A transcriptional fusion reporter strain, 

NSGFP, which co-expresses downstream green fluorescent protein (GFP) 

when the NO-responsive anaerobic gene nirS is expressed 
7
  was exposed to 

NO star polymer at 100-400 ppm (based on NO concentration) and the 

spontaneous NO donor sodium nitroprusside (SNP) at 200 µM. Exposure to 

NO star polymer was able to induce a GFP-response and the response 

gradually increased over a 3 h time period (Figure 5.8). In contrast, the 

spontaneous SNP induced a rapid increase in GFP, which did not increase 

further after 2 h exposure. These results suggest that NO star polymer is able to 

induce a sustained release of NO in the presence of bacteria. When using a NO 

specific electrode (Apollo, World Precision Instrument), no release of NO from 
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400 ppm  star polymer in a buffered aqueous solution could be observed, 

suggesting that the release is too slow to accumulate detectable NO (limit ~10 

nM) (data not shown).  

 

 

Figure 5.8  NO star polymer (V-Sp-NO) induces a slow release of NO 

available to bacteria. Cultures of the NO reporter mutant train, NSGFP, which 

express GFP under control of the NO responsive nirS promoter, were exposed 

to NO star polymer, spontaneous NO donor SNP or negative control spermine 

star polymers for up to 3 h before fluorescence measurement. Error bars 

represent standard error (n = 2) 

 

 

The effect of NO star polymer on biofilm formation was assessed. P. 

aeruginosa biofilms grown in minimal M9 medium in the presence of 100 ppm 

and 400 ppm NO star polymer were strongly inhibited over the incubation 

period, with respectively a 90% and 95% reduction in biofilm biomass after 7.5 

h compared to untreated biofilms. Concomitantly, the number of planktonic 

cells increased in culture wells treated with 100 ppm NO star polymer, 

resulting in 32% more suspended biomass after 7.5 h compared to untreated 
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wells (Figure 5.9), a result that is consistent with a non-toxic effect of NO star 

polymer inducing a switch from the biofilm to the planktonic mode of growth 

over sustained periods of time.  

At 400 ppm, NO star polymer induced a slight decrease in planktonic growth 

by 20% compared to untreated wells, suggesting that at this concentration of 

NO star polymer and under these growth conditions, NO may have been 

released at levels showing some toxicity. The spontaneous NO donor SNP was 

also able to reduce biofilm formation in this system, although to a lesser extent 

compared to NO star polymer, by only 35-50% vs. untreated controls, while at 

the same time increasing planktonic growth (Figure 5.9). 
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Figure 5.9  Prevention of biofilm formation in the presence of NO star 

polymer (V-Sp-NO). P. aeruginosa biofilms were grown in multiwell plates for 

up to 7.5 h in the presence or absence of NO star polymers or SNP from the 

beginning of growth. (A) Planktonic biomass was determined by measurement 

of the OD600 of the supernatant, and (B) biofilm biomass by crystal violet 

staining (OD550). Error bars represent standard error (n = 2) 

 

 

When testing a range of NO star polymer concentrations, the star polymer was 

found to be active even at low concentrations, with 57 ppm inducing a 73% 

decrease in biofilm formation compared to untreated controls after 6 h, 

concomitant with a 55% increase in planktonic growth (Figure 5.10). In 
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contrast, spermine conjugated stars (used as a control) were unable to prevent 

formation of P. aeruginosa biofilms.  

A fast NO-releasing NONOate donor, (Z)-1-[N-[3-aminopropyl]-N-[4-(3-

aminopropylammonio) butyl]-amino]diazen-1-ium-1,2-diolate (spermine 

NONOate; t1/2 = 40 min at pH 7.4, 37 ºC) used at 10 µM a concentration that 

store similar amounts of NO compared to NJO star polymer 100 ppm as 

detected by Griess assay, was also unable to inhibit biofilm formation.  

Other NONOate donors with more stable NO release in buffered system 

compared to spermine NONOate, such as (Z)-1-[N-(2-aminoethyl)-N-(2-

ammonioethyl)amino]diazen-1-ium-1,2-diolate (DETA NONOate;                 

t1/2 = 20 h at pH 7.4, 37 ºC) or (Z)-1-[N-(3-aminopropyl)-N-(3-

ammoniopropyl)amino]diazen-1-ium-1,2-diolate (DPTA NONOate; t1/2 = 3 h 

at pH 7.4, 37 ºC) were also tested. At concentrations that were non-toxic to 

bacterial growth none of these compounds showed any sustained biofilm 

prevention effect (data not shown).  
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Figure 5.10  Dose dependent prevention of biofilm formation. (A) P. 

aeruginosa biofilms were grown in multiwell plates in M9 for 6 h in the 

presence or absence of 57-200 ppm (based on NO concentration) NO star 

polymer, or negative controls spermine star polymers, star polymer, or 

spermine before analysing biofilms by crystal violet staining. Treatment with 

fast NO releasing NONOate donor Sp-NO did not prevent biofilm formation 

over this incubation time. Error bars represent standard error (n = 2). (B) 

Stained biofilms treated with the indicated concentrations of NO star polymers 

 

 

NO star polymer was also tested on biofilms grown in complex medium 

Mueller Hinton broth, which showed a strong inhibition effect reducing biofilm 

by 80% at 400 ppm with no reduction in planktonic growth (Figure 5.11). 

Under these growth conditions NO donor SNP was unable to prevent biofilm 

formation over a 6 h incubation period. 
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Figure 5.11  VsNO inhibits P. aeruginosa biofilm grown in complex medium 

Mueller Hinton broth. (A) Biofilms were grown for 6 h in multiwell plates in 

MH broth before measuring biofilm biomass by crystal violet staining. Error 

bars represent standard error (n = 2). (B) Stained biofilms treated or not with 

VsNO and SNP 

 

To better understand the effects of NO star polymer  on biofilms, NO star 

polymers  was tested against biofilms of mutant strains impaired in key 

components of the NO dispersal pathway, namely the phosphodiesterases dipA 

and rbdA that mediate decrease in intracellular levels of 2
nd

 messenger c-di-

GMP in response to NO 
8,10

. dipA mutant biofilms were not affected by NO 

star polymer  , while rbdA mutant biofilms showed only 50% reduction with 

400 ppm NO star polymer  compared to 99% reduction obtained with the wild 

type (Figure 5.12).  
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Figure 5.12  P. aeruginosa mutants affected in the NO-mediated dispersal 

signaling pathway were not affected or only partially inhibited by VsNO. (A) 

Biofilms were grown in multiwell plates for 6 h with or without VsNO, before 

measuring biofilm biomass by crystal violet staining. Error bars represent 

standard error (n = 2). (B) Stained mutant biofilms treated or not with VsNO 

 

These results strongly suggest that NO star polymer inhibits the biofilm switch 

in planktonic cells in contact with a surface by inducing a cellular response that 

continuously stimulates phosphodiesterase activity and maintains low 

intracellular levels of c-di-GMP in the growing bacterial population, thus 

confining growth to an unattached free-swimming mode. 
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Figure 5.13  Representative confocal images showing live bacterial cells 

stained with SYTO 9 Scale bars = 100 μm. Treated versus untreated using NO 

star polymers at 2 h intervals for a 6 h period. Stained biofilms treated with the 

indicated concentrations of NO star polymers 

 

 

Confocal microscopy was used to evaluate the ability of the NO star polymers 

to prevent colonisation and biofilm dispersal of P. aeruginosa. The areas of the 

surfaces covered by bacteria and the relative proportions of live and dead 

bacteria (stained green and red, respectively) for each surface were evaluated 

by image analysis and the results are shown in Figure 5.13.  After treatment 

with NO star polymers, there is a significant reduction in biofilm biovolume 

and increased biofilm dispersal compared to the untreated control.  

 



114 
 

5.4 Conclusions 

In summary, we have developed a novel star polymer with can release nitric 

oxide and demonstrated the great efficacy in decrease in biofilm growth of P. 

aeruginosa while minimizing the NO-mediated toxicity in planktonic growth. 

On-going research approach is to incorporate antibiotics to this NO star 

polymer system, which is expected to achieve the synergistic effects for the 

better efficacy for antimicrobial treatment.  
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Chapter 6. Conclusion and Future 

Directions 

 

6.1  Conclusions 

The overall objective of this thesis is to design a new NO nanocarriers for 

different application, using different type of NO donors, via RAFT 

polymerization. Core Crosslinked Star (CCS) polymer had been choose as the 

polymeric nanocarriers for NO delivery, based on some advantages that have 

been explored through previous studies. 

In chapter 5, we prepared NO nanoparticles using VBC star as the vehicles and 

nitrate NO donors. The star nanoparticle was successfully prepared using 

RAFT polymerization via arm-first method. The well-defined CCS polymers 

with VBC functional core were subsequently cross-linked in the core by chain 

extension with N,N’-methylene bisacrylamide cross-linker. The VBC star 

nanoparticles then been modified with silver nitrate (AgNO3) in order to 

substiture the chloro group in corona with nitrate.  The success of the cross-

linking and modification had been confirmed using series of analytical method, 

including GPC, 1H NMR, UV-vis, and FTIR. We also did the Griess Assay 

analysis to determine NO concentration. The result showed that VBC nitrate 

has a great potent to be used as NO nanocarriers since it can release NO with 

high concentration and long of half-life. 

In chapter 6, the star polymer with VDM functionality in the core had been 

prepared using the same method and cross-linker. The VDM star then used to 
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prepare NONOate nanoparticles for antibiotic application. After the optimum 

characteristic star polymer had been obtained, it then reacted with spermine 

and NO gas to form the NONOate nanoparticles. The same analytical methods 

also had been done to confirm the successfully of cross-linked reaction and NO 

nanoparticles formation. Antibiofilm and toxicity testing then used to confirm 

the potent of VDM star-spermine-NONOate as new antibiotic drug. The result 

showed that the VDM star-spermine-NONOate really promising to be used as 

antibiotic drug, since it can inhibit the formation of biofilm as the cause of 

antibiotic resistance and less toxicity. 

6.2  Further study 

Through this study, we have found that VBC star nitrate has a great potent to 

be used as the anticancer drug. The slow NO release mechanism and its 

dependency on numbers of factor, such thiols, light, and enzymatic still 

become the limitations of this NO nanoparticles. Further studies to improve the 

release mechanism become more necessary to overcome these limitations. 
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