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Abstract 

Background The growing bacterial resistance against antibiotics creates a 

limitation for using traditional antibiotics and requests development of new 

approaches for treatment of bacterial infections. Among the bacterial 

infections that are most difficult to treat, biofilm-associated infections are 

one of the most hazardous. Bacterial biofilms, which can be formed on all 

surfaces, cause serious problems for our society especially in health care. 

Consequently, the prevention of biofilm formation is a very important issue. 

One of the techniques that are widely investigated nowadays for this purpose 

is surface modification by polymer brushes that allows generating 

antifouling antibacterial surfaces. 

Previously, it was reported that salicylidene acylhydrazides (hydrazones) are 

good candidates as antivirulence drugs targeting the type three secretion 

system (T3SS). This secretion system is used by several Gram-negative 

pathogens, including Pseudomonas aeruginosa, to deliver toxins into a host 

cell. P. aeruginosa, an opportunistic pathogen giving rise to a range of 

different infections in humans, is a relevant model organism in this context. 

Furthermore, the chemical structure of these substances allows formation of 

complexes with metal ions, such as Fe3+ and Ga3+. The antibacterial activity 

of Ga3+ is well known and attributed to its similarity to the Fe3+ ion. It has 

also been shown that Ga3+ ions are able to suppress biofilm formation and 

growth in bacteria.   

In this thesis the chemistry of antibacterial and antivirulence Ga3+-

Hydrazone complexes in solution was studied. First, to get insights in the 

solution chemistry, the protonation and the stability constants as well as the 

speciation of the Ga3+-Hydrazone complexes were determined. Additionally, 

a procedure for anchoring one of the hydrazone substances to antifouling 

polymer brushes was optimized, and the resulting surfaces were 

characterized.  
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Methods UV-Vis spectrophotometric titrations followed by theoretical 

modelling were the main approach for determination of equilibrium and 

stability constants between hydrazones and gallium and to investigate the 

speciation of the metal hydrazone complexes.  

The type of brushes that would be antifouling was investigated for further 

modifications by comparisons of different surfaces, namely positively, 

negatively, hydrophilic, hydrophobic and zwitterionic, in identical 

conditions. To be able to anchor the Ga3+-Hydrazone complex to the surface 

via a ring opening reaction, diblock copolymer  brushes were ”grafted from” 

a substrate using surface-initiated atom transfer radical polymerization (SI 

ATRP). The surfaces were characterized with different techniques, such as 

ellipsometry, contact angle goniometry measurements, X-ray photoelectron 

spectroscopy, FTIR spectroscopy and UV-Vis spectroscopy.    

Results Characterization of the solution chemistry showed that hydrazones 

were hydrolyzed under acidic conditions forming their parent compounds. 

However complexation with Ga3+ increased the stability of the hydrazones at 

low pH. Ga3+ ion binds to the hydrazone in the chelating motive through the 

azomethine nitrogen, the carbonyl and one phenolic group, forming both a 

five- and a six-membered strong chelate with a binding strength similar to 

that of the well-known metal complexing agent ethylenediaminetetraacetic 

acid (EDTA). These Ga3+-Hydrazone complexes have interesting biological 

effects and could suppress T3SS in Gram-negative P. aeruginosa, or inhibit 

biofilm formation by this bacterium under low Fe3+ conditions, depending 

on which hydrazone was used in the complex.  

Results from the surface sub-study showed that antifouling zwitterionic 

surfaces could be made with respect to the Gram-negative pathogen P. 

aeruginosa.  Designing surfaces with different characteristics using the SI 

ATRP method enabled comparisons between several types of polymer 

brushes in the same conditions. Negatively charged and zwitterionic surfaces 

strongly reduced biofilm formation and changed the architecture of the 
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biofilms. Thus, these antifouling surfaces were functionalized with the long 

term aim to design multifunctional long-lasting antibiofilm surfaces. 

Functionalization of the antifouling zwitterionic poly-[2-

(methacryloyloxy)ethyl]dimethyl-3-sulfopropyl)-ammonium hydroxide 

(pMEDSAH) brushes were performed by creating a diblock copolymer with a 

thin top poly-glycidylmethacrylate (pGMA) block onto which anchoring of 

bioactive hydrazone molecules via a ring opening reaction was possible. The 

development of this strategy for functionalization of the diblock copolymer 

brush was fairly successful. Surface analysis showed that after anchoring the 

hydrazone to the surface, the polymer brush rearranged to ”fold” the 

hydrazone molecules into the brush due to interaction between the ligand 

and the pMEDSAH block. This consequently minimized interactions 

between the chelating groups on the anchored ligand and Ga3+ ions, since 

none of the chelating sites can be exposed to the solution. This also explained 

the low level of Ga3+ complexation of the functionalized surfaces. 

Conclusions Although, hydrazones undergo hydrolytic cleavage under 

acidic conditions, the complexation with Ga3+ ions stabilizes the ligand and 

increases its solubility. Ga3+ ion binds to the hydrazone molecule forming a 

strong chelate that should be stable under physiological conditions. The 

different biological assays, such as Ga3+ uptake, antivirulence and antibiofilm 

effects, indicated very complex interaction of these complexes with the 

bacterial cell. 

Negatively charged and zwitterionic surfaces strongly reduced protein 

adsorption as well as biofilm formation. Therefore, the antifouling 

zwitterionic pMEDSAH brushes were post-modified and successfully 

functionalized with a bioactive substance via a block-copolymerization 

strategy. However, in order to maintain the availability of the bioactive 

substance after functionalization, the hydrophobic pGMA top block is 

probably better to functionalize with a lipophilic molecules to reduce diblock 

copolymer brush rearrangement. 
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Enkel sammanfattning på svenska 

Strategier för att minska bakteriekolonisering av ytor 

De mest svårbehandlade bakteriella infektionerna är kroniska infektioner 

där bakterier bildat så kallade biofilmer. Bakteriella biofilmer är 

beläggningar som skapas på en yta och som består av tätt packade samhällen 

av bakterier (eller andra mikroorganismer) omgivna av ett lager med ämnen 

som de själva utsöndrat. Ett exempel på sådan biofilm är den slemmiga 

beläggningen som kan bildas i avloppsröret från till exempel ett handfat. 

Denna typ av biofilm kan bildas på alla typer av ytor och kan orsaka stora 

problem i vårt samhälle, särskilt inom hälso- och sjukvården. Det har 

rapporterats att biofilmer är orsaken till ungefär 80 % av infektioner från 

mikroorganismer och ger upphov till 100 000 dödsfall årligen. Därför är det 

viktigt att kunna begränsa bakteries kolonisering av en yta. Bakteriella 

infektioner behandlas oftast med antibiotika, men tyvärr leder den ökande 

antibiotikaresistensen till att våra mediciner blir mer och mer verkningslösa. 

Dessutom är bakterier inuti en biofilm skyddade från antibiotika och 

överlever antibiotikakoncentrationer som är upp mot 1000 gånger starkare 

än vad som annars skulle ta död på dem. På grund av detta är det lättaste 

sättet att bekämpa biofilm att förhindra att bakterier sätter sig fast på en yta 

och börjar bilda en biofilm. Det kan man göra genom att ladda upp en yta 

med antibakteriella substanser eller genom att skapa ytor som förhindrar 

bakteriell vidhäftning. Flera olika strategier har utformats för att förhindra 

bakteriell vidhäftning och en av de mer lovande är modifiering av ytan med 

hjälp av så kallade polymerborstar. Polymerborstar är tunna yt-filmer där 

polymerkedjorna siter fast i ytan i ena änden medan den andra sträcker sig 

ut från ytan, som grässtrån från en gräsmatta. De kallas borstar eftersom 

polymerkedjornas sidogrenar sticker ut åt sidorna som stråna på en 

flaskborste. 

I den här avhandlingen används små molekyler som kallas hydrazoner som 

antibakteriella substanser. Dessa substanser har möjligheten att avväpna 

bakterier utan att döda dem därför anses utvecklandet av resistens mot dessa 
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substanser vara mycket låg. Hydrazonerna kan också binda till metall-joner, 

till exempel galliumjoner. Galliumjoner kan ta död på både enskilda 

bakterier och bakterier i biofilm men behöver binda till andra substanser för 

att vara mer effektiva och för att inte fällas ut som fast material.  

En del av den här avhandlingen handlar om kemiska och biologiska 

egenskaper hos den förening som bildas mellan galliumjoner och 

hydrazoner. Två av de mest biologiskt aktiva föreningarna studerades och 

resultaten visade att de bildar mycket stabila föreningar med galliumjoner. 

Beräkningar visade att föreningarna skulle vara stabila vid fysiologiska 

förhållanden och skulle kunna leverera galliumjoner till bakterier. Dessutom 

hade komplexen intressanta biologiska effekter i att de kunde minska 

bakteriers infektionsförmåga eller förhindra bakteriell biofilm.  

Den andra delen av avhandlingen handlade om ytmodifiering med hjälp av 

olika typer av polymerborstar och undersökning av deras antibakteriella 

egenskaper. För att skapa ytor som förhindrar biofilm under längre tid är det 

mycket viktigt att skapa ytor som har en bortstötande effekt på till exempel 

proteiner. Det gör nämligen att substanser som celler utsöndrar inte fastnar 

på ytan och därefter blockerar den biologiska effekten. Resultaten visar att 

borstar med lika mängd positivt och negativt laddade sidokedjor till stor del 

minskade biofilmsbildning och även vidhäftning av proteiner och bakterier. 

Därefter utvecklades och optimerades en strategi för att länka fast 

hydrazonföreningar på ytan av dessa borstar för att skapa biologiskt aktiva 

ytor. 
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Popular Science Summary in English  

Strategies to decrease bacterial colonization. 

Among the bacterial infections that are most difficult to treat, chronic 

infections associated with bacterial biofilms are one of the most hazardous. 

Bacterial biofilms are densely packed communities of microbial cells 

surrounded with secreted polymers. A common example is the slimy layer 

that can form inside the drains from your sink. These biofilms can be formed 

on all surfaces and cause serious problems for our society especially in health 

care. It was reported, that biofilms are responsible for approximately 80% of 

all microbial infections and cause 100,000 deaths annually. Thus, control of 

bacterial growth and colonization is of critical importance. Antibiotics are 

the usual treatment in case of bacterial infections. However, traditional 

antibiotics are becoming increasingly inefficient due to the development of 

antibiotic resistance in bacteria. Furthermore, by forming biofilms bacteria 

survive under harsh conditions and are up to 1,000 times less susceptible to 

most antibiotics. Thus, the easiest way to combat biofilms is to prevent 

bacterial adhesion and biofilm formation on surfaces. The prevention of 

biofilm formation can be done either by loading surfaces with antibacterial 

compounds, or by fabricating surfaces that inhibit bacterial adhesion. 

Several strategies are being developed to inhibit bacteria adhesion, and one 

of the most promising is the attachment of polymer brushes to form 

antibacterial surfaces. A polymer brush is a layer of polymer chains tethered 

with one end to a surface and stretched away from the substrate resembling 

a forest of bottle brushes with the side chains sticking out as bristles on a 

bottle brush.  

In this thesis, a class of small organic molecules called hydrazones was used 

as antibacterial compounds. These substances are able to disarm bacteria 

without killing them. Since bacteria stay alive, the evolutionary pressure for 

developing resistance can be considered lower than for bactericidal 

compounds. Furthermore, the hydrazones bind metal ions, such as gallium 
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ions. Gallium ions kill both planktonic and biofilm bacteria, but they have to 

be in a complex with other molecules to work most efficiently and not form 

insoluble solid aggregates.   

One part of this thesis is about the chemical and biological properties of 

gallium-hydrazone complexes. Two of the most bioactive ones were studied 

and the results showed that they form very strong complexes with gallium. 

This indicated that these complexes would be stable under physiological 

conditions and would deliver gallium ions to bacterial cells. Moreover, these 

complexes have interesting biological effects and could suppress pathogenic 

actions of bacteria or inhibit biofilm formation. 

The second part of the thesis related to surface modifications with different 

types of polymer brushes and testing of their antibacterial properties. For 

long-lasting antibiofilm surfaces, it is very important to generate surfaces 

that repel for example proteins, in order to reduce the deposition of cell 

debris on the surface and subsequent loss the bioactivity. Results showed 

that the brushes containing equal amounts of positively and negatively 

charged units strongly suppressed biofilm formation, as well as reduced 

attachment of proteins and bacteria. Furthermore, a strategy to anchor the 

bioactive hydrazone molecules to these brushes was developed and 

optimized in order to make biologically active surfaces.  
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“If you want the rainbow, you have to put up with the rain.” 

Dolly Parton



 

1 

1. Introduction 

Bacteria are microscopic single-celled prokaryotes of widespread 

occurrence1, 2, and their proliferation can represent major challenges in 

modern society.  There are many different kinds of bacteria that are 

frequently identified by, for example, their shape (round, rod or corkscrew), 

the makeup of their cell walls (with or without lipopolysaccharide LPS)3, 

color after a Gram stain is applied (Gram-negative and Gram-positive)4, as 

well as their ability to grow in air (aerobic and anaerobic)5. Many bacteria 

are harmless and even beneficial and only a few of them cause bacterial 

infections resulting in mild to life-threatening diseases. Some bacterial 

strains are opportunistic pathogens and cause disease mainly in people 

suffering from immunosuppression6.  Pathogenicity of bacteria is 

determined by virulence factors7, 8. Some of the virulence factors of Gram-

negative bacteria are effector proteins that are synthesized by enzymes and 

injected into host cells using special secretion machinery such as the type 

three secretion system (T3SS)9, 10.  

Infectious bacteria cause a range of problems in many areas and especially in 

healthcare. There are different ways through which bacteria can cause 

diseases. Among them are medical device related infections, which are a type 

of a Hospital-acquired (nosocomial) infections that is an increasing threat to 

patient safety and health11, 12. These infections are encountered in hospitals 

or in health care facilities, and affect more than 2 million patients and were 

estimated to cost $4.5 billion in the United States alone in 1975 and 199513.  

Thus, control of bacterial growth and colonization is of critical importance. 

Antibiotics are the usual treatment in case of bacterial infections14. They are 

grouped into two main categories, bacteriocidal if they kill bacteria or 

bacteriostatic if they just prevent bacterial growth15. However, traditional 

antibiotics are becoming increasingly inefficient. This may be caused either 

by the development of antibiotic resistance in bacteria, or a consequence of 

bacterial biofilm formation16-19. It has been reported that since 1985 the 
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number of resistant bacterial strains grows much faster than the number of 

useable antibiotics are being developed20, 21. Furthermore, microorganisms 

are able to form biofilms in response to many factors, including exposure of 

antibiotics22. The biofilm is made up of colonies of cells attached to each 

other, as well as to the surface, and surrounded by a protective self-produced 

matrix of extracellular polymeric substances (EPS)23, 24. Cells in the biofilm 

(as well as free-swimming cells) are able to communicate via quorum 

sensing by releasing signaling molecules that affect other bacteria. Although, 

the mechanism behind quorum sensing is not fully understood, many 

researchers claim that quorum-sensing molecules are essential in the 

formation of biofilms25, 26.  The biofilm formation generally progresses in a 

defined order, indicated in Fig. 1:  (1) Protein adsorption, (2) Initial 

attachment, (3) Irreversible attachment, (4) Maturation, and (5) 

Dispersion23. Previously it was shown, that the process of protein adsorption 

is of critical importance for the adhesion of bacteria and subsequent 

formation of biofilms27, 28. However, many researchers have also observed 

that reduction of protein adsorption and bacteria adhesion are not always 

correlated29-32.  

 

Figure 1. Five stages of biofilm development: (1) Protein adsorption, (2) Initial 

attachment, (3) Irreversible attachment, (4) Maturation, and (5) Dispersion.  

 

By forming biofilms, bacteria survive under harsh conditions and are up to 

1,000 times less susceptible to most antibiotics28, 33, 34. Therefore, prevention 

of bacterial adhesion and biofilm formation on surfaces of medical devices 

could be a way to inhibit many nosocomial infections. Especially since it was 
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estimated that biofilms are involved in 80% of all infections in the body35-37. 

Moreover, more than 65% of nosocomial infections are caused by 

biofilms34,38.   

Pseudomonas aeruginosa is a common Gram-negative pathogen that can 

cause nosocomial infections. According to Centers for Disease Control’s 

(CDC) National Healthcare Safety Network (USA), an estimated 51,000 

healthcare-associated P. aeruginosa infections occur in the United States 

each year, which is approximately 8% of all healthcare-associated infections. 

More than 6,000 (or 13%) of healthcare-associated infections caused by P. 

aeruginosa are multidrug-resistant, with roughly 400 deaths per year 

attributed to multidrug Pseudomonas infections39, 40. Some strains have 

been found to be resistant to nearly all antibiotics. Therefore, P. aeruginosa 

is often used as a model organism for studying  antibiotic-resistance in 

bacteria, to learn more about the switch from planktonic to biofilm life 

style41, 42, and to understand what role quorum sensing plays in these 

processes25. Biofilms of P. aeruginosa cause chronic opportunistic 

infections, which lead to serious health problems in humans, especially in 

immunocompromised patients and the elderly43, 44. This can give rise to a 

range of different infections in humans, such as infections including eyes, 

airways, urinary tract, bloodstream, surgical sites and burn wounds45, 46, thus 

making it relevant as a model organism.  

 
 
1.1. Antivirulence and Antibiofilm Complexes 

Since antibiotic treatment of bacterial infections is becoming more and more 

inefficient, due to the number of resistant bacterial strains, there is a need 

for alternative ways to combat bacteria47. The emergence of antibiotic 

resistance in bacteria creates a challenge for finding new types of compounds 

with a lower evolutionary pressure for resistance development. One route is 

the development of drugs that target new and alternative pathways in 

bacteria than antibiotics do, such as, T3SS used by several Gram-negative 

pathogens during bacterial infection of host cells, or biofilm formation. By 
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blocking secretion systems used to deliver toxins, it is possible to keep 

bacteria in a less virulent form. As the bacteria are not killed, the 

evolutionary pressure for developing resistance can be diminished, if not 

suppressed48, 49. Another examples of pathways that could be targeted are Fe 

metabolic systems50-52.  

 

As the targeting of virulence blockers has benefits over conventional 

antibiotics, a significant portion of antibiotic research has shifted from 

antibiotic drugs to virulence blockers53. A number of publications describe 

studies of virulence factors, particularly the T3SS and T3SS inhibitors54, 55. In 

a majority of these studies, Yersinia spp. is the model organism due to its 

well-characterized T3SS. However, today more than 15 species of Gram-

negative human pathogens are known to be equipped with the T3SS, 

including P. aeruginosa. Wolf-Watz et al. were one of the earliest groups 

that reported about the T3SS inhibitors56. By screening of a synthetic library 

of 9400 small molecules, three different inhibitors, the 

salicylideneacylhydrazides (hydrazones), the salicylanilides and the 

sulfonylaminobenzailides, were identified. Screening was based on a 

luciferase reporter gene assay and showed that all three classes of 

compounds inhibited the reporter-gene signal (light) expressed from the 

yopE promoter, as well as actual secretion of the effector proteins. Although, 

the exact target was not identified for each inhibitor, it was hypothesized that 

the hydrazones and the sulfonylaminobenzailides target secretion directly, 

while the salicylanilides most likely target T3SS regulation57. The hydrazones 

did not significantly inhibit growth58, and although no exact target was given, 

a suggested mode of action was their efficient Fe3+ chelation59. The other 

inhibitors of synthetic and natural origin will not be discussed here, as this 

thesis only focuses on the hydrazone class of substances. However, the 

interested reader can refer to the Duncan et al. review for more details60.  

 

The pharmacological properties of the Fe3+ antagonist, Ga3+, are well 

known52, 61, 62. Its similarity to Fe3+ in terms of chemical parameters (Table 1) 

allows Ga3+ to displace Fe3+ in target biomolecules, as well as be taken up 
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into bacterial cells63, 64. However, since Ga3+ cannot be reduced under 

physiological conditions, unlike Fe3+, the uptake of Ga3+ perturbs Fe-

dependent redox processes in the bacterial metabolism.  

 

Table 1. Physico-chemical parameters of Ga3+ and Fe3+ ions61. 

 

Parameter Unit Ga 3+ Fe 3+ 

Ionic radius (octahedral)  Å 0.620 0.645 

Ionic radius (tetrahedral) Å 0.47 0.49 

Ionization potential  

(4th ionization potential) 

eV 64 54.8 

Electron affinity  

(3rd ionization potential) 

eV 30.71 30.65 

Electronegativity  Pauling 

units 

1.81 1.83 

Metal-oxygen bond 

dissociation energy 

KJ mol-1 353.5 390.4 

First metal-hydroxide 

formation constant: 

K1=[MOH2-]/[M3+][OH-] 

log K1 11.4 11.81 

 

 
 
1.2. Antibiofilm Surfaces 

As mentioned above, prevention of biofilm formation is expected to be more 

successful than attempting to treat or remove bacterial biofilms, as bacteria 

in biofilms are much less susceptible to antibiotics and therefore difficult to 

eliminate28, 33. Different strategies have been described that prevent biofilm 

formation, and most of them are aimed to reduce the attractive forces 

between bacteria and a surface by optimizing surface physico-chemical 

properties. The topological and chemical characteristics of a surface are 

important for bacterial adhesion. For example: a perfectly smooth surface 

will be less likely colonized than a rough surface, due to a higher surface area 
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and more adhesive forces in the latter case. Hydrophobic surfaces are usually 

more quickly populated than hydrophilic ones27, 65.  

Strategies commonly used to prevent biofilm formation can be divided into 

three main categories: (i) surfaces killing bacteria on contact (e.g. positively 

charged surfaces), (ii) surfaces releasing biocides (antibiotics, silver ions, 

etc.), and (iii) repelling/antifouling surfaces.  There three can be made both 

as polymer brushes and in other ways. Moreover, multifunctional 

antibacterial surfaces can be generated by combination of different 

properties, such as repelling and releasing, contact killing and repelling, 

releasing and contact killing.    

 Prevention of biofilm formation can be done either by loading surfaces with 

antibacterial compounds, or by fabricating surfaces that either inhibit 

bacterial adhesion or kill bacteria on contact66, 67. All these approaches have 

their advantages and disadvantages. The first approach creates a surface that 

ideally gives a slow release of bioactive molecules. Therefore, these surfaces 

eventually become exhausted and only work for a limited period of time, as 

was described above. The second two approaches can give a more stable 

surface with longer periods of efficiency. However, the third approach is 

sensitive for deposition of cell debris etc. on the surface (biofouling), and 

therefore it can also have a limited life span. Furthermore, the third 

approach requires the biological target in bacteria to be present at the 

surface of the cell.  

As most bacteria are negatively charged, positively charged surfaces will 

exhibit attractive electrostatic forces on them causing firm attachment. 

However, due to this very strong electrostatic binding, bacteria are unable to 

grow normally on these surfaces and adherent bacteria are often killed. 

Compounds that, most often, are used for this application are quaternary 

ammonium compounds68. Although such surfaces are very popular in 

scientific research and easy to manufacture in large quantities, their 
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commercial use is still limited since they are not bio-compatible and would 

be more suited for use outside of the human body69.  

Antibiotic-containing surface coatings can, for example, slowly degrade and 

release antibiotics or release the substances by diffusion. This facilitates local 

decimation of bacteria on and around the surface. Such surfaces can 

therefore be more efficient than traditional antibiotic treatment after biofilm 

formation if antibiotics are released at high enough local concentrations.  

Antibiotics can be either directly coated on implants or incorporated into a 

variety of surface-coating materials including, for example, polyurethane, 

polyphosphoester, calcium phosphate, hydroxyapatite, as well as co-

precipitated on titanium surfaces70, 71. Moreover, combinations of antibiotics 

and antiseptics can be applied. The disadvantages of this method are: i) the 

risk for  generating antibiotic resistance in the bacteria, especially if the 

concentration of the drug is not sufficiently high to kill the bacteria; and ii) 

the short life span of the surface, since the concentration of releasing 

antibiotics eventually will drop below the minimal inhibitory concentration.  

The antimicrobial activity of silver ions is known since ancient times and has 

been used in different applications, such as wound dressings, open infected 

wounds, skin ulcers, burn injuries. For example, nano-silver coatings (with 

silver nano particles) have been applied to several medical devices that aim 

at releasing silver ions close to the surface. Many studies have reported that 

silver ions and silver compounds are very efficient against both Gram-

negative and Gram-positive bacteria, but only in systems that do not contain 

substances that can chelate silver ions. For example, the presence of serum 

proteins leads to reduction or complete disappearance of the antibacterial 

effect72.  The results from different studies showed that antibiotic effect of 

silver ion depends on the medical coatings. In coatings for drains and wound 

dressings it had a beneficial effect73, 74, while for example for venous 

catheters reduction of infections was not significant75. However there is some 

doubt on the safety of such particles as they might show nano-toxicity, and 

silver ions are also in themselves cytotoxic to many types of cells. In vitro 
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studies demonstrated that high concentrations of silver nanoparticles have 

damaging effects on cells and can lead to cell death76.  

 Among several strategies that are being developed to modify surfaces, the 

attachment of polymer brushes to form antibacterial surfaces is one of the 

most promising32, 77. There are two main strategies to tether polymer chains 

to surfaces: (i) “grafting to” and (ii) “grafting from”. The “grafting to” 

approach leads to less dense and less stable polymer brushes with lower 

thicknesses compared to the “grafting from” strategy that results in more 

dense and more stable polymer brushes78, 79.   

2. Aim of the Thesis 

The overall objective of this thesis was to study and understand the 

chemistry and biological effects of novel antibacterial and antivirulence Ga3+ 

salicylidene acylhydrazide (hydrazone) complexes in solution, as well as to 

see if these effects could be kept or enhanced if the hydrazone complex was 

attached to a surface. Two substances, ME0163 and ME0329 hydrazones 

that have enhanced antibacterial activity in the presence of Ga3+ were 

selected for this work.  

In more detail, my first sub-study was focused on the solution chemistry of 

Ga3+-Hydrazone complexes, in order to investigate the fate and speciation of 

these bioactive metal complexes. This was done through determination of 

the protonation and stability constants between hydrazones and Ga3+ ions by 

performing spectrophotometric titrations followed by theoretical modelling. 

From the biological perspective, possible synergetic effects of Ga3+ ions and 

hydrazones were investigated with respect to biofilm formation and 

antivirulence.   

The main goal of my second sub-study was to investigate if an antibiofilm 

complex would maintain its biological effect attached to a surface, thereby 

forming an antibiofilm surface coating. This work was started by identifying 

a suitable antifouling polymer brush surface. Thereafter this surface was 
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further functionalized by covalently binding a Ga3+-Hydrazone complex. To 

achieve this goal, I developed a strategy based on the chemical structure of 

the hydrazone. First, I grafted a diblock copolymer brush from the substrate, 

then anchored the hydrazone to the polymer brush and conducted the 

complexation. In order to reach high level of functionalization I also 

optimized the functionalization procedure with respect to hydrazone 

functionalization. 

 

 

3. Materials and Methods  

All chemicals used for these studies were of analytical reagent grade and 

were used as received from the manufacturer unless otherwise stated.  

3.1. Solution Chemistry  

All solutions were prepared from deionised and boiled water at an ionic 

strength of 0.1 M NaCl.  A 30 mM HCl solution in 0.1 M NaCl was made from 

concentrated HCl (37%) and standardized against 

tris(hydroxymethyl)aminomethane (Trizma base). A 10 mM NaOH solution 

in 0.1 mM NaCl (degassed with N2 (g)) was made from a 50 % NaOH 

solution and standardized against the standardized HCl solution. A 10.6 mM 

Ga(NO3)3 solution was prepared from Ga(NO3)3xH2O  in 0.1 M NaCl and 

40.5 mM NaOH, giving gallium in the form of the soluble Ga(OH)4
- (gallate) 

ion.  

 

3.1.1. Atom Absorption Spectrometry (AAS) 

The exact concentration of Ga3+ ions was determined by using Atom 

Absorption Spectrometry (AAS) (Perkin Elmer AAS 3110). AAS is an 

analytical technique that makes use of the wavelength of light specifically 

absorbed by an atom in the gaseous state. Each element absorbs a defined 

amount of energy (i.e. wavelength) to promote the electrons from lower 

energy level to higher energy level.  In general, each wavelength corresponds 
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to only one element, which gives an elemental selectivity to this technique. 

Standards with known concentration were used to establish the relation 

between the measured absorbance and analyte concentration. To construct a 

calibration curve several gallium solutions of known concentrations were run 

under the same conditions as the unknown gallium sample, starting from 

low concentrations and going up. Afterwards, since the absorbed amount of 

light is proportional to the number of atoms in the flame, the amount of light 

absorbed by the sample can be used to calculate the concentration of gallium 

using the calibration curve.  

 

3.1.2. Synthesis of Salicylidene Acylhydrazide 

Salicylidene acylhydrazides (hydrazones) can be synthesized in one step 

from salicylic aldehydes and hydrazides by conventional heating or 

microwave irradiation in ethanol (Scheme 1)58.  

 

 

Scheme 1. General synthesis of hydrazones. 

 

The presence of the carbon-nitrogen double bond makes the hydrazones 

labile to hydrolysis.  The hydrolytic cleavage of carbon-nitrogen double 

bonds is a reversible process and is catalyzed by acid80. However, the 

stability of the molecule depends on the “neighboring” functional groups, 

which contributes to the formation of resonance structures and hence 

electron delocalization phenomena. Major resonance forms of hydrazones 

are shown in Scheme 2.  
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Scheme 2. Major resonance forms of hydrazones. 

 

The  hydrolytic stability of the molecule is increased by the negative-charge 

density on the carbon atom in the resonance form 2, that reduces its 

electrophilicity, as well as the repulsion of the lone pairs of both N atoms80. 

Thereby, acylhydrazones are more stable than other compounds with C=N 

double bonds.   

 

The 2-oxo-2-[N-(2,4,6-trihydroxybenzylidene)-hydrazino]-acetamide  

hydrazone (ME0163), used in this research, was synthesized by refluxing 1.2 

equivalent of oxamic acid hydrazide (1) and one equivalent 

trihydroxybenzaldehyde (2) in absolute ethanol as was described elsewhere58 

(Scheme 3).  

 

 
Scheme 3 . Synthesis of ME0163. 

 

 

The molecular structure of the product was analyzed using NMR 

spectrometry (400MHz,Bruker) at ambient temperature in DMSO-d6. 

 

In order to check the stability of the hydrazone ME0163 at acidic pH, 

hydrazone solutions at pH 1.5-4.0 where prepared and NMR  measurement 

were performed in D2O:H2O (~ 99:1) at ambient temperature. Deuterium 

atoms replaced the hydrogen in hydroxide and amine groups, making them 

invisible in 1H NMR spectra, thereby facilitated the identification of the 

signal from the aldehyde group that appears following hydrolytic cleavage.  
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A similar procedure was used to synthesize the N’-(5-chloro-2-hydroxy-3-

methylbenzylidene)-2,4-dihydroxybenzhydrazide (ME0329) hydrazone that 

was received, already synthesized, from Mikael Elofsson (Department of 

Chemistry, Umeå University). 

 

3.1.3. UV-Vis Spectrophotometric Titration 

Ultraviolet-visible spectroscopy (UV-Vis) is an absorption spectroscopy in 

the ultraviolet-visible region that is caused by electron transitions from their 

ground states to excited states after a substrate absorbs light. This method is 

commonly used for quantitative determination of compound concentrations, 

based on the Beer Lambert law: 

 

A=log 10 I0/I= CL                                                                 (1),  

 

where    

A is the absorption 

I0 is the intensity of the incident radiation 

I is the intensity of the transmitted radiation 

C is the concentration 

L is the path length 

 is the extinction coefficient, which is constant for each substance 

 

UV-Vis spectrophotometry can also be used in the determination of 

equilibrium constants.  Many conjugated organic compounds absorb light 

and their absorption peaks depend on their protonation states, as the value 

of both  and absorption wavelength () are strongly influenced by the 

degree of substitution and conjugation in the substance. Therefore, a 

combination of UV-Vis spectrophotometry with potentiometric titration is a 

good method to study these types of systems and establish their speciation at 

different pH values. In this work, UV-Vis spectrophotometric titrations were 

performed to determine protonation and stability constants of the ME0163 

and ME0329 hydrazones and their Ga3+ complexes (Paper II and IV). 
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The experimental setup for spectrophotometric titrations consisted of a 

capped titration vessel fitted with a combination pH glass electrode 

(Metrohm, 6.0259.100) and a UV-Vis optical probe (QX Hellma 10.00 mm, 1 

cm optical path) connected to a Lambda 750 UV/Vis/NIR 

spectrophotometer (Perkin Elmer) by an optical fiber (Fig. 2).  

 

 

 

Figure 2. Experimental setup for spectrophotometric titration. 

 

The vessel was immersed in a water bath (CB7 Hetotherm) kept at a constant 

temperature of 25.0 ± 0.1 0C. All experiments were conducted at a constant 

ionic medium of 0.1 M NaCl, to avoid variations in activity coefficients of 

aqueous solutions, and under an atmosphere of humidified N2(g) to avoid 

contamination from atmospheric carbon dioxide. All solutions were thus 

extensively purged using humidified N2 (g) (overnight) prior to the onset of 

the titration experiments at which were initiated at pH ~10. This pH was 

chosen to ensure full solubilisation of the hydrazone. Solutions were stirred 

with a magnetic stirrer and the titration was accomplished by automated 

additions (Metrohm, 848 Titrino Plus) of 0.05-0.10 mL of standardized 

30mM HCl every 4 h. During this time UV-Vis spectra were collected every 

30 min in the 200-800 nm range to monitor changes in speciation.  
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Solution pH values (monitored as a voltage, E in mV, over the glass 

membrane) were determined by calibrating the combination pH glass 

electrode with buffer solutions prior and after each experiment (to obtain 

E0). The activity of the free protons aH+ was determined by the Nernst 

equation: 

 

E = E0 + 2.303 RT/F log aH+ + Ej  (2),  

 

where (2.303 RT/F) = 59.158 at 25 oC, E is the emf of the electrode, E0 is its 

standard value and Ej is the liquid junction potential coefficient, Ej = jacaH+ + 

jalk KwaH+
-1

. Literature values for jac,  jalk and  Kw for 0.1 M NaCl were used81 

and the activity coefficient of 0.78 was used to convert –log aH+ (pH) to 

-log[H+], which was needed for the speciation calculations. 

 

Due to the low solubility of hydrazones and the sensitivity range in the UV-

Vis spectrophotometer, very dilute solutions of [L] and [Ga] were used. 

Experiments were done with ratios L:Ga=2-1:1.8-1. The concentration of 

ligand was determined by careful gravimetric measurements of dry 

hydrazone before dissolution into a well-determined volume of ionic 

medium. The concentrations were double checked using a calibration curve 

made by diluting a solution at relatively high concentration and creating a 

calibration curve from UV-Vis spectra. Additionally, the extinction 

coefficient () of the ME0163 hydrazone was calculated using Beer Lambert 

law from this calibration curve.  
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3.1.4. Equilibrium Modelling 

Experimental data obtained from potentiometric titration and UV-Vis 

measurements were used for speciation calculations of the ligands and their 

Ga3+ complexes. Mass action equations were expressed for the L complexes 

as: 

 

rHsL0  pH+ + Hsr-pLr
-p                                                          (3),  

where 

 

Ka  · [HsL0]r  = [H+]p  · [Hsr-pLr
 -p]  

 

and for Ga3+-H4L  with : 

 

pH+ + qGa3+ + rH4L0   [Gaq (H4L)r(H)p] 
3q+p  (4),  

where 

 

 [Gaq (H4L)r(H)p] 
3q+p  = p,q,r · [Ga3+]q · [H4L0]r · [H+]p.   

 

Note that [Gaq(H4L)r(H)p]3q+p is a generic formulation denoting the overall 

stoichiometry of the complex but not the precise emplacement of the 

protons. Thus, a complex with p,q,r=-3,1,1 could be equally written as 

GaHL0, Ga(OH)H2L0, Ga(OH)2H3L0 or Ga(OH)3H4L0. Inspection of the UV-

Vis spectra and knowledge of the aqueous hydrolysis of Ga3+ will be 

instrumental in choosing the most plausible protonation states. 

 

Mass balance equations were: 

[Ga]Tot =                    
     

 
 
 

 
                             (5) 

[L]Tot =                    
     

 
 
 

 
                              (6) 

[H]Tot =                    
            

         
 

 
 

 
   (7) 

where p, q, and r are stoichiometric coefficients, and s is 3, 1 and 4 for 2,4,6-

trihydroxybenzaldehyde (THB), oxamic acid hydrazide (OAH) and ligands 

respectively. 
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Since all experiments were carried out in a constant ionic medium, the 

chloride and sodium ion mass balances were not considered in the 

calculations. 

 Equilibrium modelling was done by relating spectrophotometric data to the 

thermodynamic models using Beer Lambert law expressed in a matrix form: 

 

A = εC                                                                      (8),  

 

where Amxn is absorbance matrix, Cjxn is concentration matrix and εmxj   is the 

matrix of molar adsorption coefficients for m wavelength, n aqueous 

solutions and j aqueous species. This method, used for molar absorption 

coefficients calculation, was described in Boily and Suleimenov82. Briefly, 

Amxn was decomposed into orthogonal components (U) using the singular 

value decomposition (SVD)83 method whereby: 

 

A = USVT                                                                   (9), 

 

where S is a diagonal matrix pertaining to the lengths of the vectors in U 

while the transposed matrix V denotes loading effects. The first k chemically 

relevant components in U were then rotated into a real chemical space using 

a rotation matrix R from a matrix Cjxn generated by solving the chemical 

equilibrium with an assumed set of equilibrium constants, such that: 

 

A = US RR-1 VT= εC                                                 (10) 

 

from which R is solved from 

 

R-1VT= C                                                                     (11) 

 

and values of ε obtained with 

 

USR = ε                                                                      (12) 
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Equilibrium constant values were optimized by minimizing the sum of 

squares of errors, SOS=Σ(Acalc-Aexp)2, of the calculated UV-Vis absorbance 

matrix (Acalc) to the original experimental data (Aexp). 

In the modelling procedure of ME0163 ligand, the molar absorption 

coefficients were first determined for the both building blocks and then 

obtained protonation constants were used to determine the ligand constants. 

For evaluation of the Ga3+ ligand complexes molar absorption coefficients 

and stability constants for the ligand, as well as any possibility of gallium-

oxyhydroxide precipitation, were taken into account. The latter by 

determining the total Ga3+ solubility in the ligand-bearing system.   

 

All calculations were performed in the computational program of 

Matlab2013a (MathWorks84). A speciation diagram was thereafter 

constructed using WinSGW85, 86 using equilibrium constants from this work 

and from literature87, including those of Ga3+ hydroxide formation88, 

adjusted to an ionic strength of 0.1 M.  

 

3.1.5. Partition Coefficient (log P) and Molecular Energy 

Calculations   

Theoretical pKa values, octanol/water partition coefficients (log P), as well as 

lowest energy conformers were estimated by MarvinSketch 6.1.3 software89. 

The plugin for pKa prediction is based on the calculation of partial charge for 

atoms in the molecule. The logP plugin calculates the molecular 

hydrophobicity by the several methods available in the software90, 91. The 

logP of a molecule is composed of the increment values of its atoms, 

including contributions of ionic forms. The effect of hydrogen bonds is 

considered if there is a chance to form a six membered ring between suitable 

donor and acceptor atoms. The calculation of steric hindrance and prediction 

of lowest energy conformers of the input structure were done by the 

Calculation of Conformers plugin. After setting different parameters, such as 

force field, optimization limit and time limit, the characteristic values related 
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to the geometrical structure of a molecule are determined and displayed by 

the software. 

 

In this thesis the log P for both hydrazones were calculated in 0.1 mol/L 

electrolyte concentration and considering tautomerization and resonance. 

Energy calculations were carried out using the Merck Molecular Force Field 

94 (MMFF94) and very strict optimization limits defined by the program. 

Molecular energies were calculated for all possible protonation 

configurations. pKa values were predicted using macro mode and dynamic 

acid/base prefix, considering tautomerization and resonance. 

 

3.1.6. Speciation Diagrams and pGa Calculations  

Speciation diagrams were calculated by the SolGasWater for Windows 

(WinSGW 4.2.11) program85. The requested input data for the modelling was 

equilibrium constants for all possible species existing in the system, their 

composition with respect to main components, and the concentrations of the 

main components. After setting the parameters related to pH and ionic 

strength (0.1M), the distribution diagram was displayed.  

 

The same exercise was repeated to calculate the free Ga3+ ion concentration 

in the presence of ligand (−log[Ga3+] =pGa) at 1 μM Ga3+, 10 μM ligand and 

pH 7.4 to obtain a measure of  the chelation strength of the hydrazones to 

Ga3+ ions. 

 

3.2. Surface/Polymer Chemistry 

A surface can be modified in many ways, including polymer coatings. The 

anchoring of polymer chains to a surface to form polymer brushes is a 

common technique for surface modification79. A polymer brush is a thin 

polymer film where polymer chains are tethered to a surface by one of their 

chain ends. The grafted chains are in the “brush regime” if, in the given 

solvent, the brush height is larger than the end-to-end distance of the same 

non-grafted chains dissolved in the same solvent; and if the distance 
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between grafting point is smaller than the chain end-to-end distance (Fig. 3). 

Outside these conditions the grafted layers are in the “mushroom regime”92.  

 

 

 
 

Figure 3. Schematic illustration of a polymer brush in “brush regime”, “mushroom 

regime”, swollen and collapsed states.   

 

 

The thickness of polymer brushes is linearly proportional to the degree of 

polymerization, however, polymer brushes can respond to their environment 

by a change of their conformation93. For instance, the transition from a 

collapsed to a swollen state (Fig. 3). Thus, hydrophilic brushes swell and 

expand in aqueous environment, and this creates tightly packed highly 

hydrated brushes with increased thickness compared to their dry thickness. 

In dry state, the brushes are collapsed due to the non-hydrated conditions. 

For hydrophilic brushes the thickness can double or more in water 

depending on brush charge and ionic strength92, 94-96. There are two main 

methods to generate polymer brush films: (i) “grafting from” and (ii) 

“grafting to”78. The “grafting to” approach can be accomplished via 

physisorption or chemisorption. The physisorption method forms non-

covalently attached polymer chains that can easily be cleaved off from the 

surface. Unlike physisorption, chemisorption generally leads to covalently 

anchored polymer chains and consequently forms more stable surface 

coatings. The “grafting from” approach is also based on covalent attachment 

and generates very stable polymer films. However, the main  difference 

between these two methods is that in the “grafting from” strategy the 

polymer chains grows from surface-anchored initiator molecules, while in 

the “grafting to” method pre-formed polymer chains are used. Therefore, 

the “grafting from” approach gives more densely packed polymer chains, 
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compared to the “grafting to” strategy, due to differences in  steric 

hindrance78, 79. Furthermore, surface properties of polymer brushes grown 

from the surfaces can more easily be controlled by controlling the thickness, 

composition and architecture of the polymer brushes.  

 

3.2.1. Controlled/Living Radical Polymerization (CRP) 

Controlled/living radical polymerization (CRP) is a technique that allows 

chain-growth polymerization by controlling the architecture, molecular 

weight, polydispersity, functionality and composition of the polymers97, 98. 

This control over the polymerization is due to reversible termination 

phenomena that mediate the radical concentration and reactivity. 

Additionally, it gives halogen-terminated polymer chains that can be re-

activated, therefore termed “living”. CRP can be divided into three 

fundamental techniques: atom transfer radical polymerization (ATRP)99, 

reversible addition/fragmentation chain transfer polymerization (RAFT)100 

and nitroxide-mediated polymerization (NMP)101. All of them are popular 

and used to generate polymers for many different applications. However, in 

the scope of this thesis I will only focus on ATRP, since it was the technique 

that was used for this study. 

 

3.2.1.1. Atom Transfer Radical Polymerization (ATRP) 

Atom transfer radical polymerization (ATRP) is a well-known CRP technique 

that allows polymerization of a wide variety of monomers under mild 

reaction conditions99. ATRP systems are composed of three essential 

components:  initiator (R-X), monomer (M) and catalyst (Cu/L)102. The 

important factors that have to be taken into account when choosing an 

initiator are: (i) the initiation rate should be higher than the propagating 

rate, to make all the chains grow at the same time, (ii) little or no tendency 

for side reactions and (iii) steric, polar and redox properties. Therefore, 

tertiary alkyl halides (R-X), such as bromide or chlorine, are usually used in 

ATRP as initiators and it is desirable to choose an initiator where the R-

group structure is similar to the monomer structure. Typical monomers (M) 
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used for CRP, including ATRP, are various derivatives of vinyl compounds 

that can stabilize a propagating radical. The catalyst is an important part of 

the ATRP system. It generally consist of a transition metal with a suitable 

ligand (e.g. Cu/L). Copper is the most widely used metal due to its relatively 

low cost and conformity to the main requirements of the catalyst, which are: 

(i) ability to exist in two different oxidation states; (ii) high affinity towards a 

halogen but low affinity towards hydrogen or alkyl radicals and, (iii) ability 

to selectively accommodate a ligand. Thus, since in ATRP oxygen sensitive 

copper complexes are used, the polymerization is performed under a 

nitrogen atmosphere. The main role of the ligand (L) is to solubilize the 

transition metal salts and control the reaction selectivity by steric and 

electronic effects.  Usually nitrogen-based ligands are suitable to ligate the 

copper. 

 

The mechanism for ATRP can be presented as an equilibrium equation 

shown in Scheme 4 (modified from99). 

 

 

Scheme 4. Equilibrium equation of the ATRP process (electrical charges have been 

omitted for simplicity). R-X is an initiator, Cu/L is a catalyst, M is a monomer and Y 

can be another ligand or the counterion.  

 

 

The ATRP process starts when the lower oxidation state metal complex 

(Cu(I)-Y/L)  reacts with the initiator (R-X) resulting in a free radical (R•) 

and a higher oxidation state metal complex with a coordinated halide anion 

(X-Cu(II)-Y/L)103. This step is termed the “initiation” and proceeds with the 

rate kact. In the following step, the “propagation” occurs when the radical 

reacts with the monomer and generates the polymer. The last “termination” 

step occurs, with the rate kdeact, when the X-Cu(II)-Y/L metal complex 
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transfers the halogen atom back to the radical, re-generating the lower 

oxidation state metal complex and the alkyl-halide.  The radicals can also 

react with each other and stop the polymerization reaction. However, since 

the equilibrium is shifted to the left side towards the dormant (alkyl-halide) 

species (Scheme 4), the likelihood for two radicals to exist near each other at 

the same time is minimized and this therefore controls unwanted 

termination. The ability to control the termination is one of the benefits of 

the ATRP method. Another important feature of ATRP, especially for 

surface-initiated polymerization, is that since only one radical is formed 

upon activation, polymerization in solution is minimized. The main 

drawback of the classical ATRP is the use of high amounts of catalyst, which 

requires extra purification steps increasing the cost and amount of waste 

generated99, 103.   

 

3.2.1.2. Surface-Initiated Atom Transfer Radical Polymerization 

(SI ATRP) 

In solution ATRP the initiators are intimately mixed with monomers in a 

solution. When chain-growth polymerization is conducted from initiators 

that are tethered to a surface, the process is termed surface-initiated 

polymerization104. Surface-initiated ATRP (SI ATRP) has been demonstrated 

to be a versatile method to prepare polymer brushes grafted from various 

substrates. Using SI ATRP the thickness of the brush layer can be controlled 

by the Cu(I) to Cu(II) ratio as well as the time for the polymerization 

reaction98. Another advantage is that it produces chains with a stable 

halogen-terminated end that can act as an initiator for block 

copolymerization. Schematically SI ATRP can be presented as in Fig. 4.   
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Figure 4. Schematic representation of the SI ATRP method. 

 

 

The polymerization process starts by the attachment of an initiator to a 

surface. For each type of surface an initiator with a specific surface-binding 

group is used. For example, thiols or disulfides are suitable for noble metals 

(e.g. gold) and some oxide-free transition metals (e.g. copper); catechols are 

mostly used for metal oxides, whereas silanes are used in case of silicon and 

glass surfaces. Surfaces bearing organic hydroxyl groups (C-OH), such as 

cellulose and oxidized/activated polymer surfaces, can directly react with 2-

bromoisobutyryl bromide molecules generating initiating sites105-107.  

 

Initiator immobilization consists of two steps: surface cleaning and 

deposition of the initiator monolayer. Depending on the substrate type, 

different cleaning techniques are used. The surfaces used in this thesis were 

glass slides and Si wafers. Consequently, surface cleaning methods were used 

that removed all contaminations and introduced silanol (Si-OH) groups on 

the surface. These groups allowed for reaction with silane initiators, namely 

(3-trimethoxylsilyl)propyl 2-bromo-2-methylpropionate (Fig. 5).  Silicon 

wafers were cleaned with a solution of H2O:H2O2:NH4OH, while glass 

surfaces were cleaned more rigorously, by sequential processing with a 
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piranha solution (H2O2:H2SO4), a H2O:H2O2:NH4OH solution and a 

HCl:H2O solution.   

 

The second step of initiator immobilization is the formation of an initiator 

monolayer using a surface-specific method. To form the initiator monolayer 

on gold or other noble metal surfaces the cleaned surfaces can simply be 

immersed in a solution of the initiator for 16-24 hours at ambient 

temperature108. Formation of initiator monolayer onto cellulose or activated 

polymer surfaces requests deoxygenated and anhydrous conditions, when 

direct interactions between surface hydroxyls or amines with the initiator 

can occur. The same deoxygenated and anhydrous conditions can also be 

suitable for silica surfaces. In this study, however, the formation of the 

initiator monolayer was conducted using a vapor deposition (VP) procedure. 

In more detail, clean substrates were placed in a vacuum desiccator with a 

vial containing 10 drops of initiator in 5 mL of anhydrous hexane. The 

chamber was pumped down and left under vacuum overnight. Then the 

substrates were removed from the desiccator, washed with ethanol and dried 

under a nitrogen stream. This method led to a dense and stable monolayer 

structure. 

 

Initiator-coated substrates were used to prepare polymer brushes via ATRP. 

The polymerization reaction was based on the “grafting from” approach and 

led to formation of stable, densely packed polymer brushes. Various 

monomers, such as positively charged [2-(methacryloyloxy)ethyl]- 

trimethylammonium chloride (METAC), negatively charged 3-

sulfopropylmethacrylate (SPM), zwitterionic [2-(methacryloyloxy)ethyl]-

dimethyl-3-sulfopropyl)ammonium hydroxide (MEDSAH), hydrophilic oligo 

(ethylene glycol)-methacrylates (OEGMA), hydrophobic methyl 

methacrylate (MMA) and glycidyl methacrylate (GMA) (chemical structures 

are presented in Fig. 5), were used in order to generate surfaces with 

different characteristics. 
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Figure 5. Chemical structures of the initiator and monomers used for synthesizing 

polymeric brushes in this thesis. 
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 3.2.2. Polymer Brush Functionalization  

Although surface-initiated radical-based chain polymerizations are 

characterized by a relatively high functional group tolerance, there are still 

various functional groups that cannot be introduced into polymer brushes 

via direct polymerization of the corresponding monomer. However, 

desirable functional groups may be introduced by post-modification of 

polymer brushes, which provides the possibility to tailor their surface 

properties in a controlled fashion. The post-modification procedure can 

involve modification of side-chain functional groups, polymer chain ends or 

a combination of both. One application is introduction of functional groups 

that can act as an anchor for immobilizing biomolecules. This strategy can 

for example be applied for fabrication of antibacterial medical devices. 

 

In this thesis, zwitterionic and antifouling MEDSAH polymer brushes were 

used as starting material for the immobilization of hydrazones, a class of 

substances that have attracted significant attention due to their bioactivity.  

 

3.2.2.1. Click Chemistry 

One class of chemical reactions that are widely used nowadays for polymer 

brush functionalization is the “click chemistry” approach, as it is compatible 

with the requirements of chemical surface functionalization routes, such as 

high yields, high selectivity and mild reaction conditions. In particular, the 

Huisgen 1,3-dipolar cycloaddition reaction of terminal acetylenes and azides 

is known as one of the best working click reactions109, 110.  

 

Thus, functionalization of surfaces bearing acetylene moieties with azide-

terminal hydrazone was initially selected in order to investigate the 

suitability of this method for the work in this thesis. Thereby, it was 

necessary to post-modify the pMEDSAH substrate with acetylene 

functionalities. This end group can react with hydrazone molecules 

containing the azide terminal group under copper (I) catalysis to form 1,4-

disubstituted 1,2,3-triazoles. 
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The post-modification of pMEDSAH brushes started with generation of a 

pGMA second block via SI ATRP method followed by functionalization with 

propargylamine (PA) providing alkyne terminal groups. Surface 

characterization using XPS indicated successful PA functionalization (data 

not shown). The last step was azide terminated hydrazone immobilization. 

The Huisgen 1,3-dipolar cycloaddition reaction could be performed under a 

wide variety of conditions catalyzed by Cu(I) from almost any source110. The 

most common conditions, however, are aqueous conditions employing a 

reducing agent and CuSO4. Although these conditions are often used with 

great success leading to formation of the products with high yields, the 

immobilization of hydrazone molecules following this method failed. The 

reason was precipitation of the hydrazone and catalyst at the surface in 

aquatic conditions. Moreover, any attempts to carry out the reaction in 

organic solvents were not successful. 

 

3.2.2.2. Ring Opening Reaction 

Another way to functionalize pMEDSAH-pGMA diblock copolymer brushes 

is direct immobilization of the biomolecule of interest via a nucleophilic 

ring-opening reaction of the epoxide group in the brush by an amine group 

of the biomolecule. Since the ME0163 hydrazone contains a terminal amino 

group, this approach was investigated. 

 

Nucleophilic opening of the epoxide ring  has previously been proven to be a 

fruitful strategy to functionalize epoxide-containing polymers. This method 

is known for its mild reaction conditions, small amount of catalyst and 

simple work-up procedure111, 112. 

 

Thus, surfaces with MEDSAH polymer brushes were functionalized with 

bioactive Ga3+-Hydrazone complexes following a three step process, which is 

outlined in Fig. 6. First, the substrate was modified by coating with diblock 

copolymer brushes followed by functionalization with a ligand and thereafter 

complex formation with gallium ions was performed. 
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Figure 6. Generalized Ga3+-Hydrazone immobilization onto polymer brush surfaces 

via three steps: 1) block copolymerization, 2) covalent anchoring of ME0163 to the 

surface and 3) complexation with Ga3+ ions. Diamonds represent MEDSAH (black) 

and GMA (green) monomers used for the block copolymerization. Yellow triangles 

and red rectangles represent the silane initiator and ME0163 hydrazone respectively.   

 

 

A set of experiments were carried out for optimization of the 

functionalization procedure. Surface-initiated pGMA brushes were 

immersed into 1 M, 1.5 M and 3 M solutions of ligand and functionalized at 

23 °C (RT) and 40 °C for 24 to 144 hours (Table 5).  The amount of triethyl 

amine (TEA) catalyst was varied from 0 to 85 mol % with respect to 

hydrazone content. By tuning the reaction conditions I was able to optimize 

and obtain high functionalization levels. The high conversion was reached, 

when the surface was functionalized at 40 oC for 144 hours in 1.5M ME0163 

hydrazone solution containing 25 mol % of the TEA with respect to the 

hydrazone (Table 5). 

 

3.2.2.3. Ga3+-Hydrazone Complexation onto the Surfaces 

Complexation with Ga3+ was performed by immersing the functionalized 

surfaces into solutions of (i) gallium-citrate with pH 5.5 and (ii) gallate 

(Ga(OH)4
-1) with pH 8.8 at RT for 4 hours. The pH selection was done based 

on the protonation state of the hydrazone phenolic groups in ortho- 
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positions, one of which is involved in chelate formation (Paper II). Thus, to 

compare differences in complexation with ligand protonation level pH 8.8 

(deprotonated) and pH 5.4 (protonated) were selected. 

 

3.2.3. Characterization of Polymer Brushes  

 

3.2.3.1. X-ray Photoelectron Spectroscopy (XPS) 

The surface chemical composition was analyzed using X-ray Photoelectron 

Spectroscopy (XPS), also known as Electron Spectroscopy for Chemical 

Analysis (ESCA)113.  XPS is a surface-sensitive spectroscopic technique that 

measures kinetic energy and number of electrons escaped from the outer 10 

nm of the material after X-ray irradiation. This process is based on the 

photoemission phenomena and can be described by equation 13: 

 

EB= h-KE-spec                                           (13),  

 

where 

EB is the binding energy of the electron in the atom in eV, 

h is the energy of the X-ray source 

KE is the kinetic energy of the emitted electron in eV 

spec is the spectrometer work function 

 

Depending on the electron configuration of the atom (1s, 2p, 3d, etc.), each 

element produces a set of peaks at specific binding-energy values. The 

number of detected electrons is directly related to the amount of element at 

the surface and is reflected in peak intensity. Atomic percentage for each 

element is determined by measuring the peak area, considering the relative 

sensitivity factors that are different between elements, and correcting for the 

appropriate instrumental factors that are assumed to be constants during 

experiments. The detection limits for most of the elements is approximately 

0.1 atomic %113.  

http://en.wikipedia.org/wiki/Electron_configuration
http://en.wikipedia.org/wiki/Binding_energy
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For this work, XPS was performed on a Kratos Axis Ultra DLD electron 

spectrometer using a monochromatic AlK source operated at 150 W under 

ultrahigh vacuum conditions (10-9 millibar). Because the surfaces were not 

electrically conductive, sample charging during measurements was 

compensated for using the build-in spectrometer charge neutralizing system, 

which floods the surface with low energy electrons (< 20eV).  Moreover, to 

be able to compare data, the C 1s hydrocarbon peak at 285.0 eV was used as 

an external standard for calibration of the binding energy (BE) scale.   

 

In order to identify the main peaks by their binding energies, survey spectra 

were collected from 1200 to 0 eV  Afterwards high-resolution XPS spectra 

were acquired for O 1s, C 1s, N 1s, S 2p, Si 2p and Ga 2p. An analyzer pass 

energy of 160 eV and 20 eV was used for survey spectra and high resolution 

spectra, respectively. 

 

Processing of the spectra was accomplished using the CasaXPS software. 

High resolution spectra were fitted using Gaussian GL (30) line shape on a 

Shirley background. Both S 2p and Si 2p spectra were fitted with doublets in 

a ratio 1:2 due to the spin orbital splitting of 2p 1/2 and 2p 3/2113. Peak 

assignments were performed based on the Handbook of X-ray photoelectron 

spectroscopy114.  

 

3.2.3.2. Ellipsometry 

Ellipsometry is an optical technique that measures a difference in 

polarization as light interacts with a substrate. The incident light beam 

contains electric fields both parallel (p-) and perpendicular (s-) to the plane 

of incidence. Since the polarization change depends on the material 

properties, as well as on the thickness, the absolute values of the layer 

thickness were determined by analyzing the ratio between the reflection 

coefficients for p- and s- polarized light, in terms of Fresnel equation:   
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tan()ei = rp/rs                                                     (14),    

 

where 

rp and rs are the reflection coefficients for p- and s- polarized light 

tan(Ψ) is the amplitude ratio upon reflection 

 eiΔ is the phase shift 

 

Thus, ellipsometry is primarily interested in how p- and s- components 

change upon reflection in relation to each other. As it measures a ratio of two 

values rather than an absolute value, the measurement is robust, accurate, 

and reproducible. Separation between the light reflected from the surface 

and the light that travels through the film increases with increasing film 

thickness (Fig. 7). This causes a phase delay that is related to both the 

thickness of the film and the refraction index of the film.  

 

 

 

Figure 7. Schematic representation of light passing through a sample. 

 

 

 However, since the measured Ψ and Δ cannot be converted directly into the 

optical constants of the sample, a model analysis must be performed. A layer 

model must be constructed for each individual layer of the sample and used 

to calculate the theoretical response from the Fresnel equation. Unknown 

values become fitting parameters for which a prediction is applied. The 

calculated values from the right side of the equation are then compared to 

the experimental data. The unknown parameters are allowed to vary to 
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improve the match between experiment and calculation. The best match 

between the model and the experiment is found when the mean squared 

error (MSE), which quantifies the difference between theoretical values and 

experimental data, reaches a minimum. The technique is applicable to thin 

films with thickness less than a nanometer and up to several micrometers. 

 

The thicknesses of polymer brushes used in this thesis were measured with a 

J.A. Woollam alfa-SE spectroscopic ellipsometer at an incident angle of θ = 

70°, a spectral range from 380 to 900 nm.  In order to suppress incoherent 

backside reflection and avoid the light partial depolarization on glass cover 

slips, a translucent adhesive tape to the back surface was applied.  

 

3.2.3.3. Ultraviolet-visible (UV-Vis) spectroscopy 

In order to determine the concentration of ME0163 hydrazone bound to the 

surface, brush functionalization was carried out onto quartz slides and UV-

Vis spectra were collected using Lambda 750 UV/Vis/NIR 

spectrophotometer (Perkin Elmer) by scanning from 600 to 200 nm at 

ambient temperature. The light absorption was measured at 350 nm 

wavelength where the brush itself does not absorb light. Thereafter the 

concentration of ligand was calculated based on Beer Lambert law:  

 

C= A/εL                                                                         (1),  

 

where  

 A   is the light absorption,  

ε is the extinction coefficient at λ=350 nm(17 302L•mmol-1•cm-1) (Paper 

II),  

L is the polymer brush thicknesses on both sides of the slides. 
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3.2.3.4. Fourier Transform Infrared (FTIR) Spectroscopy  

The analysis of thin polymer films on reflective substrates (Si wafers) was 

done by Fourier Transform Infrared (FTIR) Spectroscopy. FTIR, as well as 

UV-Vis, are absorption spectroscopy techniques that measure the amount of 

light absorbed by a sample. But unlike UV-Vis, FTIR shines an infrared light 

beam containing many frequencies of light at once. The FTIR spectrometer 

contains a Michelson interferometer that is composed of a beamsplitter and 

two perpendicular mirrors, one of which is movable. After the beam enters 

interferometer it splits into two beams by the beamsplitter. Subsequently 

half of the light reflected and strike the stationary mirror and another half of 

the light transmitted and hit the movable mirror. When reflected back by the 

mirrors, two beams of light recombine with each other at the beamsplitter.  

However, as one of the mirrors moves back and forth, two beams will 

interfere depending on the distances between two mirrors and the 

beamsplitter. The resulting interference is defined as an interferogram and is 

converted into an actual spectrum by Fourier transform. In FTIR, absorption 

occurs in the infrared region, which has a longer wavelength and lower 

frequency than visible light. The molecules absorb specific frequencies that 

match the transition energy of bonds or functional groups when they vibrate. 

This give rise to peaks at specific positions corresponding to the functional 

group, and this can be used to identify the structure of the molecule.   

 

FTIR measurements performed for this thesis were made using a Vertex80 

(Bruker) spectrometer equipped with a highly sensitive mercury cadmium 

telluride (MCT) detector collecting grazing angle specular reflectance in the 

presence of a polarizer at 60 deg. All measurements were done under 

vacuum and at 25 oC.   
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4. Results and Discussion 

The results that were obtained during this work were summarized in five 

papers and will be discussed in this section in two main parts: solution 

chemistry and surface chemistry. The first part includes results from papers 

II, III and IV that studied Ga3+-Hydrazone complexes in solution. The 

second part summarizes papers I and V, where polymer brushes and 

polymer brush functionalization with a hydrazone complex were studied. 

Both parts will present results from biological experiments showing the 

antivirulent and antibiofilm activity of the complexes as well as the surfaces 

grafted with different polymer brushes. 

4.1. Solution Chemistry (Papers II, III and IV) 

Two hydrazones (ME0163 and ME0329) that were found especially active 

with respect to Gram-negative pathogens, were selected for further studies of 

protonation and complex formation with Ga3+ ions58. In order to gain insight 

of the solution chemistry for these small molecules, equilibrium constants 

and speciation were determined.  

 

Both hydrazones are well conjugated systems, due to the presence of phenyl 

rings bridged to double bonds as well as lone electron pairs on heteroatoms 

(Fig. 8). Such chemical structures are known to delocalize electrons and 

thereby lower the overall energy of the molecule, making them more stable. 

The UV-Vis spectra of hydrazone molecules  were characterized by strong -

* transitions involving phenyl ring p-orbitals, as well as charge-transfer-to-

solvent (CTTS) transitions of the basic phenolic oxygen lone pairs hydrogen-

bonded to solvent water molecules. By conducting spectrophotometric 

titrations, these peaks were found to gradually decrease and become blue-

shifted with increased acidity.  

 

Potential protonation sites of the hydrazones were first predicted using the 

software Marvin Sketch 6.1.389, to guide the interpretations of experimental 
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data. Both of the ligands had four potential protonation sites related to the 

three OH- groups and one NH-group (Fig. 8).   

 

Figure 8. a) Synthesis of ligand ME0163  from the 2,4,6-trihydroxybenzaldehyde 
(THB) and oxamic acid hydrazide (OAH); b) the chemical structure of ME0329. 
Arrows show theoretical protonation constants obtained from the Marvin Sketch 
software 89 by the VG method90.  

 

 

4.1.1. Protonation of ME0163 Hydrazone 

To experimentally determine the protonation constants for ME0163, the pKa 

values for the THB and OAH parent compounds were first established. Fig. 9 

indicates the changes in UV-Vis spectra of building blocks by protonation. A 
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gradual decrease and blue-shift of the strong peak at 320 nm was observed 

when going from alkaline solution to acidic solution (Fig. 9 a, c). 

 

 
 

Figure 9. a and c) Spectrophotometric titrations of a) THB in 0.1 M NaCl at 25oC in 

the pH 9.3-3.2 range and c) OAH in 0.1 M NaCl at 25oC in the pH 10.0-3.3 range. 

Arrows show changes in spectral intensity with decreasing pH. Red lines show 

deviations of fit of the model to the data (black lines). b and d) Molar adsorption 

coefficients of the four species responsible for the data of a) and c) respectively and 

related with the pKa values of Table 2. 

 

 

In order to describe the variance in the absorbance data and establish which 

were the contributing species, a dimensional analysis based on a singular 

value decomposition (SVD) were carried out.   

 

The THB building block was fitted with 4 linearly-independent components, 

corresponding to the THB3−, THB2−, THB1− and THB0 species, with 

equilibrium constants of pKa1 = 9.6, pKa2 = 7.6, and pKa3 = 5.6 (Fig. 9b and 

Table 2). The resulting molar absorption coefficients showed that 

deprotonation of the molecule led to a red-shift from 290 nm to 320 nm and 
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an increase in peak intensity with increasing CTTS transitions by the charged 

species (Fig. 9b).  

 

Table 2.  Equilibrium constants for starting materials (2,4,6-trihydroxybenzaldehyde 

(THB) and oxamic acid hydrazide (OAH))  describing the protonation in solution at 

25 oC and I=100 mM. 

 

System p,q,r Product 
Log  pKa  

 exp theory 

THB 

1,0,1 H2L1- -5.6 5.6 7.48 

2,0,1 HL2- -13.2 7.6 8.98 

3,0,1 L3- -22.8 9.6 10.3 

OAH 
1,0,1 L1- -10.1 10.1 10.2 

-1,0,1 H2L1+   2.25 

 

 

The lower level of conjugation of the OAH molecule resulted in a less 

complex UV-Vis spectra and contribution of two species were found related 

to the protonation of the basic N group of this molecule (Fig. 9c). By 

extracting the molar absorption coefficients of these species the equilibrium 

constant pKa1= 10.1 was found (Table 2). Thus, the charged OAH− species 

had a strong peak at 275 nm due to CTTS transitions involving the N lone 

pair, which was attenuated in the neutral OAH0 species (Fig. 9d). The 

theoretically predicted protonation step at low pH was not resolved 

experimentally (Fig. 8a). 

 

The protonation of the ME0163 ligand gave rise to spectra that had traits 

comparable to the THB spectra. However, its lowest energy peak was found 

~47 nm lower due to increased electron delocalization in the ME0163 

coupled with its greater charge (Fig. 10a). With protonation the 380 nm peak 

underwent a strong attenuation and blue-shifted by ~47 nm to 333 nm at pH 

5.1.  
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As the compounds contain CH=N bonds, they tend to hydrolyze in acidic 

conditions producing the original parent molecules80. The peak at ~290 nm 

for pH 3.1 is identical to what was observed for THB, indicating hydrolytic 

cleavage of CH=N at low pH.  

 

 

Figure 10. Spectrophotometric titrations of ME0163 in 0.1 M NaCl at 25oC in the a) 

pH 10.3-5.1 and b) pH 5.1-3.2 range. Arrows show changes in spectral intensity with 

decreasing pH. Red lines show deviations of fit of the model to the data (black lines). 

c) Molar adsorption coefficients of the species responsible for the data of a).  

 

 

To confirm the hydrolysis, NMR measurements were carried out of the 

ligand at different pH values (Fig. 11a). The disappearance of the –CH=N- 

double bond (8.36 ppm) and simultaneous appearance of a –CH=O moiety 
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from THB (9.90 ppm) in 1H NMR spectra below pH ~3.7 indicated that the 

ligand did decompose under acidic conditions. Moreover, 

spectrophotometric titrations over a broad range of solution conditions 

showed that this reaction was reversible, and could be described as a proton-

promoted hydrolytic cleavage of ME0163 to the THB0 and the protonated 

form of OAH, as described in Scheme (5). Based on the UV-Vis spectra, it 

was also possible to establish the hydrolysis time frame, which was 2-3 

hours. 

 

ME0163+ H2O +H+   THB0 + HOAH+                 

Scheme 5. Proton-promoted hydrolytic cleavage of ME0163 

 

 

 

 

Figure 11.  1H NMR spectra of ME0163 solutions at pH 2.8, 3.1, 3.7, 4 and Ga3+-

ME0163 solutions at pH 1.7, 2.3, 2.7, 3.3. 
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To extract protonation constants, the spectrophotometric data from the pH 

range: 10.3-3.1 of the ME0163 ligand were used. The dimensionality analysis 

gave five linearly-independent components, where four components 

corresponded to three protonation steps in ME0163, while the last 

component, with a peak at 290 nm, corresponded to THB0. OAH0 was not 

possible to observe given its relatively low intensity. Molar absorption 

coefficients of the parent molecules were used as hard constraints for 

extraction of proton-promoted hydrolytic cleavage and protonation 

constants. 

 

Based on the obtained equilibrium constants, H4L0, H3L1− and H2L2− were 

dominant species in the 3–10 pH range (Fig. 12).  

 

 

Figure 12. Distribution of ME0163 species. 

 

 

4.1.2. Protonation of ME0329 Hydrazone 

The same exercise was repeated for the ME0329 hydrazone (Fig. 8b). The 

higher level of conjugation in this ligand shifted UV-Vis spectra towards 

lower energy values. In this case, in alkaline solution, the absorption bands 

of two aromatic rings overlapped and gave rise to a peak at 388 nm with a 
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shoulder at 339 nm (Fig. 13 a,b). Increasing solution acidity blue-shifted the 

absorption maxima and led to the separation of the absorption bands for two 

phenyl-rings from each other (at 342 nm and 300 nm), as well as from the 

n–π* transition (at 402 nm). 

 

 

 

Figure 13. a)Spectrophotometric titrations of ME0329 in 0.1 M NaCl at 25 oC in the 

pH 10.2-7.3 range. Arrows show changes in spectral intensity with decreasing pH. 

Red lines show deviations of fit of the model to the data (blue lines) b) Molar 

adsorption coefficients of the species responsible for the data of a). 

 

The results of the SVD-based dimensional analysis pointed to contribution of 

four linearly-independent components with three protonation steps in the 

ME0329 ligand (Fig. 13b). The extracted equilibrium constants were pKa1= 

7.4, pKa2=8.9 and pKa3=10.0 (Table 3). 
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Table 3.  Equilibrium constants for Gaq(H)p(H4L)r describing the protonation of 

ligands ME0163 and ME0329 and their gallium complexes in solution at 25 oC and 

I=100mM 

System p,q,r Product 

Log  pKa (exp) LogP (theory) 

ME 

0163 

ME 

0329 

ME 

0163 

ME 

0329 

ME 

0163 

ME 

0329 

Ligand 

1,0,1 H3L- -6.8 -7.4 6.8 7.4 -0.3 4.0 

2,0,1 H2L2- -14.5 -16.3 7.7 8.9   

3,0,1 HL3- -25.1 -26.3 10.6 10.0   

4,0,1 L4-        

Ga3+-

Ligand 

-3,1,1 
[Ga(OH)2H3L]0 32.8      

[Ga(OH)2H3L]0  27.1     

-4,1,1 
[Ga(OH)3H3L]- 29.4      

[Ga(OH)2H2L]-  18.7     

-5,1,1 [Ga(OH)2HL]2-  9.1     

-6,1,1 [Ga(OH)3HL]3- 16.1      

 

In both ME0163 and ME0329 the remaining N-NH bridge protonation 

constants were not extracted from the experimental data as they were 

expected at pH>11, which was outside of the experimental pH range used 

here. 

 

The experimentally determined pKa values for both hydrazones were 

comparable to predicted values and in good agreement with each other (Fig. 

8 and Table 3). Based on the predicted pKa values, as well as similarity with 

the pKa values from parent species,  pKa1 and pKa2 for ME0163 were assigned 

to the deprotonation of ortho-phenolic groups, while the third protonation 

constants related to the phenolic group in para-position (Table 3). In the 

ME0329 ligand, the ortho-position of the ring 2 was the first deprotonated 

site (Fig. 8b). Additionally, molecular energy calculations for both 

hydrazones with different protonation sites and steps supported this 

assignment (data not shown).  

 

The difference in proton affinity between these two hydrazones, as well as to 

similar substances115, is linked to the presence of different substituents. The 
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higher value of pKa2 in ME0239 compared to in ME0163, probably was due 

to the presence of a chlorine atom with positive mesomeric effect and an 

alkyl group with an electron releasing inductive effect, which increased the 

electron density in  ring 1 (Fig. 8b). Contrary to the slightly lower pKa1 and 

pKa3 values in ring 2 of the ME0329 ligand with decreased electron density 

caused by a resonance withdrawing effect of an amide group (Fig. 8b). The 

higher values compare to the Richardson’s substance (hydroxyl pKa = 8.3 

and N-NH bridge pKa = 9.8)115, may arise from a higher level of conjugation 

in our ligands, and the withdrawing electron density from the N base (Fig. 

8). 

In order to shed light on the hydrophobicity of the hydrazones logP were 

calculated for both ligands. These calculations indicated that the ME0329 

hydrazone is lipophilic given its two phenolic rings, while the ME0163 

hydrazone is hydrophilic with its amide group (Table 3). 

 

 

4.1.3. Ga3+-ME0163 Complexation 

Ga3+-Hydrazone complexation was found to have a significant and beneficial 

impact on the hydrazone molecule, for example: (i) in Ga3+-bearing solutions 

the ligand decomposition was shifted to lower pH and took place at pH 

below 3 (Fig. 11b); and (ii) the complexation increased the solubility of both 

the ligand and the Ga3+ (seen experimentally as absence of any turbidity in 

the solutions through the lack of light scattering).   

 

The azomethine nitrogen is one of the chelating sites involved in complex 

formation. Interactions with Ga3+ reduce the electron density at the 

azomethine C-H and N, thus, explaining the downward shift in the 1H NMR 

spectra from 8.36 ppm in ME0163 to 8.87 ppm in Ga3+-ME0163 solutions 

(Fig. 11b). Thus, the complexation with Ga3+ stabilized the ligand against 

hydrolytic cleavage.       

In order to study Ga3+-Hydrazone complexation, UV-Vis spectrophotometric 

titrations of Ga3+-bearing ME0163 (H4L) solutions were also performed. By 
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considering soluble gallium hydroxide complexes and previously identified 

ligand species, a dimensionality analysis of the spectra revealed eight 

orthogonal components that reproduced the experimental absorbance data. 

Three of these corresponded to the complex (Fig. 14). These species were  

[Ga(OH)2H3L]0  (p,q,r = -3,1,1), [Ga(OH)3H3L]- (p,q,r = -4,1,1) and 

[Ga(OH)3HL]3- (p,q,r = -6,1,1) (Paper II). 

 

 

 
 

Figure 14.  a) Spectrophotometric titration of ME0163. Arrows show changes in 

spectral intensity with decreasing pH. Red lines show deviations of fit of the model to 

the data (black lines). b) Molar adsorption coefficients of the three species 

responsible for the data in a) and related with the pKa values of Table 3. Green line 

represents Ga(OH)2H3L0, red line Ga(OH)3H3L- and blue line Ga(OH)3HL3-. Molar 

absorption coefficients of subsystem species are shown with dotted lines for 

comparison.  

 
The assignment was done based on the protonation steps of the pure ligand 

system, as well as the hydrolysis of Ga3+ in the absence of ligand. The best-

fitting was achieved with a 1:1 Ga3+-ME0163 complex of different 
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protonation steps. The ligand in (-3,1,1) and (-4,1,1) species was likely in the 

same protonation state as there was very large similarity of the molar 

absorption coefficients of these two species (Fig. 14b). Therefore, the 

protonation was assigned to OH/H2O coordinating the Ga3+ ion. Two 

deprotonation steps (H3L- to form HL3-) were very close in pH, and could 

therefore not be separated.   

 

The corresponding equilibrium reactions for the formation of these 

complexes were the following: 

 

 -3,1,1             Ga3+ + H4L + 2H2O  [Ga(OH)2H3L]0 + 3H+           (16) 

 -4,1,1             Ga3+ + H4L + 3H2O  [Ga(OH)3H3L]- + 4H+                 (17) 

 -6,1,1             Ga3+ + H4L + 3H2O  [Ga(OH)3HL]3- + 6H+                 (18) 

 
The resulting speciation diagram (Fig. 15) shows that a mixture of anionic 

[Ga(OH)3H3L]- and [Ga(OH)3HL]3- complexes were the predominant 

components of the solution at physiological pH. At high pH the ligand was 

not complexed and Ga3+ was predominantly in the form of gallate   

(Ga(OH)4
-1) (Paper III). 

 

 
 

Figure 15. Speciation diagram calculated from formation constants with Gatot = 0.05 

mM and ME0163= o.o4 mM. 
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4.1.4. Ga3+-ME0329 Complexation  

Ga3+-ME0329 complexation was studied by the above mentioned method 

(Fig. 16). Several similarities were observed in the complexation between 

Ga3+-ME0239 and Ga3+-ME0163, but also some differences.   

 

The experimental data for Ga3+-ME0329 was best-fitted with seven 

orthogonal components, where the Gaq(H4L)r(H)p  complex contributed with 

three species consisting of only 1:1 Ga3+-ME0329 complexes, and the 

protonation of the uncomplexed ligand the remaining four.   

 

Based on the shape of the molar absorption coefficients, protonation steps in 

the pure ligand system as well as the hydrolysis of Ga3+ in the absence of 

ligand, the complexes were assigned as [Ga(OH)2H3L]0  (p,q,r = -3,1,1), 

[Ga(OH)2H2L]- (p,q,r = -4,1,1) and [Ga(OH)2HL]2- (p,q,r = -5,1,1). Unlike the 

ME0163 ligand, the ME0329 ligand was in three different protonation steps 

seen from the shift of all molar absorption coefficients with respect to each 

other (Fig. 16b). 

 The formations of these three complexes were presented by the following 

equilibrium reactions:  

 

 -3,1,1             Ga3+ + H4L + 2H2O  [Ga(OH)2H3L]0 + 3H+         (19) 

 -4,1,1             Ga3+ + H4L + 2H2O  [Ga(OH)2H2L]- + 4H+             (20) 

 -5,1,1             Ga3+ + H4L + 2H2O  [Ga(OH)2HL]2- + 5H+              (21) 

 

The log  values are presented in Table 3.  
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Figure 16. a) Spectrophotometric titrations of Ga3+-ME0329 in 0.1 M NaCl at 25 oC in 

the pH 10.2-7.3 range. Arrows show changes in spectral intensity with decreasing pH. 

Red lines show deviations of fit of the model to the data (blue lines). b) Molar 

adsorption coefficients of the three species responsible for the data in a) and related 

with the pKa values of Table 3. Molar absorption coefficients of subsystem species are 

shown with dotted lines for comparison.  

 

 

The construction of a distribution diagram, using the formation constants, 

showed that a mixture of the (-3,1,1) [Ga(OH)2H3L]0   and  (-4,1,1) 

[Ga(OH)2H2L]- complexes are present at physiological pH (Fig. 17).   
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Figure 17. Distribution of Ligand species for 0.07 mM Ga3+ and 0.04 mM ME0329.  

 

 
4.1.5. EXAFS Analysis and DFT Calculations  

EXAFS and DFT calculations were employed to confirm formation of Ga3+-

Hydrazone complexes for hydrazone ME0163 and characterize the bonding 

environment. EXAFS was performed for samples at pH 10.6, 8.9 and 7.9. For 

DFT calculations the neutrally-charged Ga(OH)2
+ - H3L1- · H2O complex was 

used. The data obtained from DFT were comparable with the EXAFS results 

(Paper III, SupMat) and indicated a direct interaction between Ga3+ and the 

hydrazone, forming inner-sphere complexes, in the lower pH samples. At pH 

10.6 there was no or only minor complex formation and Ga3+ existed as a 

soluble Ga(OH)4
- form. Thus, Ga3+ binds to the hydrazones in the chelating 

motive at the center of the ligand through the azomethine nitrogen, the 

carbonyl and one phenolic group, forming both a 5-, and a 6- membered 

chelate ring. DFT calculations for the Ga3+-ME0329 complex indicated that 

the same coordination was formed for this complex (Fig. 18).  
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Figure 18. Geometry of a representative neutrally-charged Ga3+-ME0329 and Ga3+-

ME0163 complex showing distances from the DFT calculations. 

 

 

4.1.6. Chelation Strength of Ga3+-Hydrazones  

The chelating strength of the two ligands was calculated and compared with 

other relevant ligands. This was done in order to determine the complex 

stability in biological media and predict bioavailability by Ga3+ uptake by 

bacterial siderophores. To do so, the concentration of free gallium ions in the 

presence of ligand was used as an indicator for the chelation strength of 

ligands. Strong complexes give rise to higher pGa (-log[Ga3+]=pGa), i.e. low 

free metal ion concentrations. The concentrations of gallium ions and ligand 

used in calculations at pH 7.4 were 1 µM and 10 µM respectively. The results 

showed that the pGa of ME0329 (22.9) is higher than pGa of hydrazone 

ME0163 (21.3). However, both of the ligands are stronger chelators than 

ethylenediaminetetraacetic acid (EDTA) (21.0) and citrate (19.3), but weaker 

than the bacterial siderophore desferrioxamin B (DFOB) (25.1). However, 

the complexes are stronger than the siderophores Pyochelin (19.6) and 

Pyoverdin PaA (19.6). This indicates that the Ga3+-Hydrazone complexes will 

be stable in biological media, and that Ga3+ ions can be taken up from the 

hydrazones by some siderophores (for example DFOB) and thereafter be 

transferred into the bacterial cells through  Fe3+ uptake systems in low Fe3+ 

conditions. However, in conditions with high Fe3+ content, most of these 

ligands will bind Fe3+ instead of Ga3+ as it binds with a higher affinity than 

Ga3+.    

 

Ga-ME0163 Ga-ME0329 
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4.1.7. Biological Properties of Hydrazones (Papers I and III) 
 

Previously it was reported that hydrazones is a class of substances that 

targets the T3SS in Gram-negative pathogens and that they chelate Fe3+ 

ions58. Following these results we hypothesized that a hydrazone substance 

with effect on ExoS secretion in P. aeruginosa should become further 

enhanced through complexation with Ga3+ and that this effect would be 

correlated to the metal chelation strength of the ligand. To test this 

hypothesis the influence of chelation strength and bacterial uptake of 

gallium hydrazones on biofilm formation and virulence was investigated. As 

a bacteria strain we used the opportunistic pathogen P. aeruginosa, which is 

a well-studied model organism for biofilm formation as well as virulence. 

Ga3+-citrate was used as a reference since it has both antibacterial and 

antibiofilm properties116.  

 

4.1.7.1. Ga3+ Uptake into Bacteria 

To investigate how the complexation with hydrazones influenced gallium 

uptake into P. aeruginosa PAO1, the cellular content of gallium after 

exposure of one of three Ga3+ complexes: Ga3+-ME0163, Ga3+-ME0329 and 

Ga3+-citrate was investigated. Results showed a much higher accumulation 

of Ga3+ intracellularly in the presence of the Ga3+-ME0329 complex 

compared to the other two complexes. The XPS analysis of bacterial cells 

confirmed that this effect was not originating from surface deposition of the 

complexes, as no Ga3+ was detected on the outer layers of bacterial cell 

walls117, 118.   

 

The difference in uptake of Ga3+ from hydrazones might be attributed to the 

physicochemical properties of the Ga3+-Hydrazone complexes. Among the 

three tested complexes, only the complex with ME0329 was neutral at 

physiological pH. Both, Ga3+-citrate and Ga3+-ME0163, were negatively 

charged at pH 7.4. Thus, the Ga3+-ME0329 complex should have a much 

higher possibility to diffuse through cell membranes and enter into the 

bacterial cell as a complete complex119.  
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Another important parameter is lipophilicity. The ME0329 is more 

hydrophobic than ME0163 and consequently we hypothesized that it should 

be able to deliver Ga3+ into the bacterial cell via interaction and diffusion 

through the cell membrane in addition to via the Fe3+ transport systems of 

the bacteria. As Ga3+-citrate and Ga3+-ME0163 probably only can utilize the 

Fe3+ transport systems, in order to deliver Ga3+ ions, they gave rise to lower 

uptake compared to the Ga3+-ME0329 complex.  

 

4.1.7.2. Biofilm Formation and Virulence in the Presence of the 

Complexes 

Biofilm assays showed that the Ga3+-ME0163 complex better inhibited 

biofilm formation than Ga3+-citrate or Ga3+-ME0329 did, particularly at low 

concentrations. Interestingly, at a concentration similar to the uptake 

experiment the antibiofilm effects of Ga3+-ME0329 and Ga3+-citrate were 

similar despite that much more Ga3+ was taken up in the presence of the 

hydrazone. Moreover, the results indicated that in the form of a Ga3+-

ME0163 complex the antibiofilm action of Ga3+ ions was achieved at lower 

concentrations than Ga3+-citrate. This synergistic effect could be explained 

by differences in uptake and/or target of the ME0163 hydrazone and Ga3+ 

that increased the effect.  

 

A synergistic effect between Ga3+ ions and the ME0329 hydrazone was also 

observed with respect to release of the bacterial toxin ExoS. Both expression 

and secretion of the T3SS were reduced. This was shown by investigating the 

secretion of ExoS into the media in presence of hydrazones (ME0163, 

ME0329) and the Ga3+ complexes (Ga3+-ME0163, Ga3+-ME0329 and Ga3+-

citrate). At equal bacterial density, the intensity of the secreted ExoS band in 

the Western blot, as well as total ExoS (expressed and secreted) was lowered 

for all conditions compared to control, but the most pronounced effect was 

seen in the presence of Ga3+-ME0329. Interestingly, the Ga3+-ME0163 and 

Ga3+-citrate complexes here exhibited very similar biological response. These 
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findings suggest that apparently similar gallium complexes can potentially 

induce very different biological responses in bacterial cells. 

 

4.2. Surface Chemistry (Papers I and V) 

Coating surfaces with polymer brushes has become the most commonly used 

method in research for suppressing the attachment of bacteria onto 

biomaterial surfaces77. Although various factors can influence bacterial 

adhesion (e.g. polymer chain length, grafting density, protein adsorption), 

prevention of protein adsorption is often seen as a key determinant to 

prevent bacteria adhesion and subsequent biofilm formation onto the 

surfaces. In order to accomplish this, antifouling surfaces are needed.  It was 

shown that both brushes containing zwitterionic and oligoethylene glycol 

subunits are highly resistant to protein adsorption and therefore could be 

suitable for preparing effective nonfouling surfaces108, 120, 121. Furthermore, 

non-fouling zwitterionic brushes strongly reduce bacterial adhesion and 

biofilm formation (Paper I). Thus, zwitterionic brushes were selected for 

post-modification and functionalization with bioactive substances, in order 

to design multifunctional long-lasting antibiofilm surfaces.  

 

To investigate the bioactivity of Ga3+-Hydrazone complexes at interfaces, 

they were attached to polymer brushes. The anchoring to a surface, in this 

way, was accomplished in two steps. First, surfaces were coated with diblock 

polymer brushes, including an antifouling brush. Thereafter, these polymeric 

surface coatings were functionalized by Ga3+-ME0163 complexes via direct 

covalent coupling to reactive groups on the top block of the brush surface.    

 

4.2.1. Polymer Brush Synthesis  

Various monomers, such as SPM, METAC, OEGMA, MMA and MEDSAH 

were used to prepare polymer brushes following the SI ATRP method. 

Silicon wafers, glass cover slips and quartz slides were used as substrates.    
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The aqueous SI ATRP protocol used in this thesis allowed for rapid growth of 

polymer brushes with dry thicknesses around 10-100 nm. The chemical 

composition of the polymer brushes was confirmed using XPS. Further 

evidence for the successful grafting of the polymers to the surface was 

obtained from changes in the water contact angle and surface zeta potential 

measurements (Table 4).  

 

Table 4. Contact angles and surface zeta potential for polymer brushes 

Sample Water contact angle Surface zeta potential 

 (in PBS) 

pMETAC < 100 +27 mV 

pSPM < 100 -35 mV 

pMEDSAH 390 -16 mV 

pOEGMA 490 -2 mV 

pMMA 760  

 

Previously, it has been reported, that the adhesion of bacteria to a surface is 

highly dependent on the formation of a conditioning layer27, 28. However, the 

ability to reduce protein adsorption at a surface did not always correlate with 

the ability to reduce bacterial adhesion30, 32. Despite this, the adhesion of 

proteins onto surfaces (biofouling) is one of the most important parameters 

that has to be taken into account when designing an antibiofilm surface.  

 

To evaluate the influence of polymer brushes on adsorption of media 

components, the surfaces were exposed to bacterial growth media of 

different composition. Results showed that positively charged pMETAC 

adsorbed the highest amount of substances from the growth media tested, 

especially from the rich tryptic soy broth (TSB). This adsorption was stated 

to be due to electrostatic attraction, since most components and proteins of 

media are negatively charged. On the same principle, negatively charged 

pSPM would adsorb only positively charged proteins. pOEGMA adsorbed 

very low amount of substances and only zwitterionic pMEDSAH did not 

adsorb substances from the media (Paper I).  
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4.2.2. Attachment and Biofilm Formation by P. aeruginosa on 

Different Surfaces  

To investigate the interaction between P. aeruginosa and the model surfaces, 

several different approaches were used. Results from flow chamber 

experiment, where we first studied attachment under shear force condition, 

showed that antifouling pOEGMA and pMEDSAH brushes resulted in the 

lowest  amounts of attached bacteria120. The control untreated glass and the 

positively charged pMETAC attached bacteria most extensively. The 

zwitterionic pMEDSAH and negative pSPM surfaces were the least covered 

by biofilm after 72 hours. Moreover, the architecture of the biofilms was 

different between different surfaces. These differences were possible to 

observe already after 18 h of inoculation and lasted up to the end of the 

experiment (96 h). Two types of biofilms, mushroom and flat, were 

developed on the surfaces. The cells bound to the antifouling pOEGMA, 

cationic pMETAC and hydrophobic pMMA brushes and formed flat biofilms 

covering the whole surface, similar to the untreated glass reference surfaces. 

Only occasionally were mushroom structures developed on these polymers. 

Contrary, pSPM and pMEDSAH contained only biofilm with a mushroom 

structure (Fig. 19). In all experiments the flat biofilm type displayed 

approximately the same thickness and a higher amount of biomass 

compared to the mushroom type biofilms. Thus, negatively charged surfaces 

(or slightly negatively charged), such as pSPM and pMEDSAH strongly 

reduced the biofilm formation as well as inhibited both attachment and 

motility of bacterial cells (Paper 1). 
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Figure 19. A). Confocal microscopy images of P. aeruginosa PAO1 biofilm on 

different polymer surfaces formed after 72 h in the flow cell; although flat biofilms 

are dominating on glass, POEGMA, PMMA and PMETAC, occasional mushroom 

structures are seen; B). Zoomed side view of a mushroom structure formed on PSPM 

and PMEDSAH; C) bacterial biomass of P. aeruginosa PAO1 attached to the surface.  

 

 

For further modifications, non-fouling MEDSAH polymer brushes were 

selected (for paper V), in order to have surfaces that would be less 

susceptible for protein and bacterial adhesion. 
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4.2.3. Post-polymerization Modification (Functionalization) of 

Polymer Brushes 

To immobilize the Ga3+-ME0163 antibiofilm compound onto a surface a 

functionalization procedure was developed and optimized.  As was 

mentioned in the previous section, the zwitterionic MEDSAH polymer 

brushes were selected as good candidates for further modifications, as they 

displayed antifouling properties. In order to maintain antifouling properties 

as well as be able to covalently link the hydrazone molecule, a strategy of 

block-copolymerization was used to functionalize the pMEDSAH brush.  

 

The presence of the amide group in the structure of ME0163 hydrazone (Fig. 

8a) prompted the idea of surface functionalization via  nucleophilic opening 

of an epoxide ring in the brush111, thereby covalently anchoring the ligand to 

the brush. Consequently, GMA monomer was used to form the second block, 

as it contains an epoxide ring. This reaction is well studied and proven to be 

fruitful for oxirane ring containing polymers. Moreover, this method 

provides mild reaction conditions, small amounts of catalyst and simple 

work-up procedures112.   

 

A small top pGMA-block, which was expected not to affect the antifouling 

properties of pMEDSAH122, was easily synthesized using the SI ATRP 

method in presence of GMA monomer. Formation of the pGMA-block loaded 

the surfaces with oxirane rings and enabled functionalization via a ring 

opening reaction (Scheme 6).  
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Scheme 6. Ga3+-ME0163 complex immobilization onto the surface by following: A) 

block copolymerization with GMA monomer, B) ring opening reaction and C) 

complexation. 

 

 

The applicability of this approach was confirmed by functionalization of 

GMA polymers in solution with subsequent NMR  measurements of the 

reaction product (Fig. 20). The covalent linking of the ME0163 hydrazone 

via oxirane ring opening reaction led to the appearance of the resonance 

signals  corresponding to the hydrogens at the 2, 4, 1 and 3 positions of the -

CH2CH(OH)CH2- moiety respectively. 
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Figure 20. 1H NMR spectra of GMA polymer functionalized with ME0163 

hydrazone. 
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4.2.3.1. Optimization of Functionalization Conditions Using 

pGMA Brushes 

To optimize the functionalization procedure three sets of experiments were 

constructed using monoblock pGMA-grafted substrates. The resulting 

surfaces were characterized by XPS spectroscopy where a nitrogen signal in 

XPS spectra (at 400 eV) indicated the presence of ME0163 hydrazone bound 

to the surface, as GMA do not contain nitrogen atoms in its structure (Fig. 

21). Since the functionalization was carried out in basic conditions, the 

possibility of hydrolysis was excluded. 

 

 

 

Figure 21. XPS survey spectra of pGMA before (GMA) and after functionalization 

(GMA-ME0163). 

 

The influence of temperature, the duration of the reaction, hydrazone 

concentration, as well as amount of catalyst were investigated (Table 5). The 

results demonstrated that higher temperature promoted and accelerated the 

ring-opening reaction. Moreover, the functionalization proceeded more 

intensely during the first 48 hours and thereafter decelerated, probably due 

to saturation of the top layer of the brush with hydrazone molecules. 
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Saturation would lower the rate of further functionalization because of 

crowding. The dramatic increase of the nitrogen concentration in XPS 

spectra of the sample kept for  48 hours (Fig. 23a), as well as changes in the 

carbon spectra that decreased in hydrocarbons and increased in carbon 

bound to a heteroatom (Fig. 22) showed evidence for the functionalization.  

 

 

 

Figure 22. C1s XPS spectra of pGMA before functionalization (GMA) and after 

functionalization for 48h (GMA-ME0163(48h)). 

 

This change in C spectra was in line with the theoretical calculations of 

pGMA and pGMA-ME0163 surfaces (Paper V, Table 3). Regarding the 

hydrazone concentration, it was observed that higher concentration of the 

hydrazone lead to more functionalization (Samples №10 and №11, Table 5), 

however it was also noted that after 96 hours the functionalization reaction 

slowed down. Finally, an attempt to determine the optimal amount of the 

TEA catalyst was done. From the experiments № 12-14 (Table 5), it was 

observed that the best results were achieved with 25 mol % of TEA with 

respect to hydrazone (Fig. 23b).  
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Figure 23. pGMA brushes functionalized in 1.5 M solution (N1) at RT and 40 oC (a) 

and in different solutions (N1-5) (b). 

 

 

FTIR spectroscopy was also employed to analyze pGMA and functionalized 

pGMA on Si wafers. Success of the functionalization process was confirmed 

by changes observed in the spectra before and after functionalization. Fig. 24 

shows that functionalization led to two broad peaks at 3405 cm-1 and       

3126 cm-1 corresponding to NH and OH groups respectively, as well as 

absorptions at 1940 cm-1 and at 1297 cm-1 attributed to the substituted 

benzene rings. The absorption signal at 1727 cm-1 originated from the 

stretching vibration of ester group C=O derived from GMA repeat units. The 

broad peak at 1646 cm-1 after functionalization (red spectra, Fig. 24) 

correspond to the stretching of the amide C(=O)NH group overlapped with 

benzene ring due to linking the hydrazone. Multiple peaks at 2957-2800 cm-1 

seen in both spectra, were related to stretching vibrations of hydrocarbon   

C-H. A sharp peak at 1107 cm-1 was caused by asymmetric stretching 

vibrations from C-O-C groups or interstitial oxygen in the silicon substrate.  
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Figure 24. FTIR spectra (after baseline correction) of pGMA brushes before (green) 

and after (red) functionalization. 

 

 

Thus, the optimization procedure revealed that the optimal condition for 

functionalization was a 1.5 M ME0163 hydrazone solution containing           

25 mol % of the TEA, with respect to the hydrazone. The pGMA brush should 

be immersed in this solution and kept at 40 oC for 144 hours (Sample № 12 

and №12a, Table 5).  
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Table 5. Functionalization of pGMA (G-L) and pMEDSAH-pGMA (MG-L) brushes at 

different conditions 

 

Sample 

Initial 

thickness

(nm) 

Solution  
Temp,oC

/Time,h 

Conc. N 

in XPS 

(%)  

G-L 

№ 1 12.8 1M, 25mol % TEA (N1) 40/24 2.1 

№ 2 13.2 1M, 25mol % TEA (N1) 40/48 4.5 

№ 3 11.2 1M, 25mol % TEA (N1) 40/72 5.5 

№ 4 11.2 1M, 25mol % TEA (N1) 40/96 6.5 

№ 5 15.6 1M, 25mol % TEA (N1) 40/144 8.1 

№ 6 12.0 1M, 25mol % TEA (N1) RT/24  

№ 7 11.6 1M, 25mol % TEA (N1) RT/48 1.8 

№ 8 11.9 1M, 25mol % TEA (N1) RT/72 2.0 

№ 9 19.6 1M, 25mol % TEA (N1) RT/96 3.6 

№ 10 11.2 3M, 25mol % TEA (N2) 40/96 9.9 

№ 11 11.2 3M, 25mol % TEA (N2) 40/144 9.6 

№ 12 13.8 1.5M,25mol%TEA (N3) 40/144 12.7 

№ 12a 13.8 1.5M,25mol%TEA (N3) 40/144 9.2 

№ 13 15.1 1.5M,0 mol% TEA (N4) 40/144 0.8 

№ 14 10.2 1M, 85mol % TEA (N5) 40/144 3.3 

MG-Lab 

№ 15 27.8 1.5M,25mol%TEA (N3) 40/48 8.9 

№ 16 27.8 1.5M,25mol%TEA (N3) 40/65 10.5 

№ 17 27.8 1.5M,25mol%TEA (N3) 40/72 7.8 

№ 18 27.8 1.5M,25mol%TEA (N3) 40/144 9.2 

aSamples N15-18 were cut from the same glass slide, therefore the brush has the same 

initial thicknesses bthe N at%  is an average of two measurements  
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4.2.3.2. Functionalization of Diblock Copolymer pMEDSAH-

pGMA Brushes with ME0163 

The next step was to functionalize the pMEDSAH-pGMA diblock surfaces 

using the optimized conditions, described above, but with reaction times of 

48-144 hours (Samples №15-18 Table 5). XPS was employed to characterize 

the chemical composition of the surfaces (Fig. 25). 

 

 

Figure 25. C1s (right) and N1s (left) XPS spectra of pMEDSAH(M), pMEDSAH-

pGMA(MG), pMEDSAH-pGMA-ME0163(MGL) and pMEDSAH-pGMA-ME0163-Ga 

(MGL-Ga) surfaces. 

 

 

pGMA block formation did not lead to any major changes in the C 1s or N 1s 

spectra, except for a small increase of hydrocarbons (black and green 

spectra, Fig. 25). However, the addition of the second block was followed by 

decrease in both total N and S content of the pMEDSAH brush, due to 

increase in carbon content (Table 6). The spectra after hydrazone binding 

displayed more prominent changes, such as:  appearance of a second peak in 

N 1s spectra and an increase of the CO peak (red spectra, Fig. 25). From the 

N content it was observed that some spatial heterogeneities with respect to 

functionalization existed, and also that the functionalization of the 

copolymer brush reached high levels, more than 85% (Table 5).  
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Table 6. Experimental surface compositions from XPS and water contact angle 

(WCA) measurements of different brushes 

 

Name 
Thickness 

(nm) 

Experimental atomic percentage of elements 

obtained from XPS quantification 
WCA,0 

O C N S Si Ga  

G 4.4 42 44   14  63±1 

GL 9.8 34 49 8  9  61±2 

GL-Ga 6.1 35 48 6  11 0.2 61±2 

M 18 26 63 5.0 4.5 1.0  15±1 

MG 22.3 26 66 4.1 3.7 0.7  49±2 

MGL 27.8 26 62 7.9 2.8 0.7  69±2 

MGL-Ga 9.5 34 50 5.6 1.6 8 0.07 23±1 

 

 

 

As was earlier described, the ME0163 hydrazone displays a strong 

absorption in the UV-Vis region (at 350 nm). Therefore, the ring-opening 

reaction was also followed via UV-Vis spectrophotometry (Fig. 26). 

Consequently, the concentration of surface bound-ligand was possible to 

determine using the Beer Lambert law (Eq. 1). The amount of ME0163 

hydrazone bound to the surface was calculated to be between 0.4×10-3 - 

1.2×10-3 µM/cm2 for pMEDSAH-pGMA and 0.7×10-3 µM/cm2 for pGMA 

surfaces in the irradiated brush area (Fig. 26). These data confirmed the 

success of the functionalization procedure, although the surfaces appeared to 

be heterogeneously functionalized. The reason could be the “grouping” of the 

GMA repeat units together, in order to lower the interaction with pMEDSAH 

block122.   
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Figure 26. UV-Vis spectra of pMEDSAH-pGMA (MG), pMEDSAH-pGMA-

ME0163(MGL) and pMEDSAH-pGMA-ME0163-Ga (MGL-Ga) surfaces (solid lines) 

and pGMA (G), pGMA-ME0163 (GL) and pGMA-ME0163-Ga (GL-Ga) surfaces 

(broken lines). 

 

 

 4.2.3.3. Complexation of the Functionalized pGMA and 

pMEDSAH-pGMA Block Copolymer Surfaces 

Functionalized surfaces were exposed to Ga3+ solutions to enable Ga3+-

Hydrazone complexation. Results indicated, that pGMA surfaces gave rise to 

complexation levels of 2-70% with an average of 33% without any correlation 

between amount of ligand bound to the pGMA brush and the level of Ga3+ 

complexation (Table 7). 

 

Ga3+ complexation of MGL surfaces caused the reduction of the intensity of 

the NH and CO peaks, an increase of Si with a decrease of N concentrations 

shown by XPS quantification (Table 6). These results indicated that part of 

the brush was destroyed or torn, during this last step, probably due to 

hydrolysis of the linkage between the initiator molecules to the substrate 

leading to loss of polymer chains. This effect is expected to be more at higher 

pH, as the stability of silane monolayer is lower at high pH due to dissolution 
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of silica123.  Additionally, a relative increase of aliphatic carbon in XPS 

spectra was observed (Fig. 25), which could be a result of reorientation of the 

brush. The destruction of the brush lowers its density and allows for greater 

chain flexibility. This could result in the brush exposing relatively more of 

the polymer backbone at the surface.  

 

Table 7. Calculation of Ga3+ complex formation on GMA-ME0163(GL) and MEDSAH-

GMA-ME0163 (MGL) surfaces, based on XPS data after treatment with Ga3+ solution 

at pH 5.5 (Paper V). 

 

Sample Ga (atomic %) Ga complex, % a 

GL-Ga 

№1A 0.37 42.5 

№2A 0.29 21. 8 

№3A 0.61 31.6 

№4A 0.34 15.5 

№5A 1.82 72.8 

№10A 0.41 14.1 

№11A 1.36 56.7 

№12A 0.08 2.4 

MGL-Ga* 

№15A 0.021 1.2 

№16A 0.04 2.2 

№17A 0.03 2.0 

№18A 0.2 9.1 

* An average of two measurements 

a) Ga complexation was calculated as EAP(Ga) x100%/(EAP(Ntot)/3) for GL-Ga and 
EAP(Ga) x100%/(EAP(Ntot)/4) for MGL-Ga surfaces. Please note that the MEDSAH 
brush also contains N. 

 

From UV-Vis measurements, the concentration of ligand in the surface film 

after complexation was calculated to be 0.2×10-3  - 0.9×10-3 µM/cm2 for 

pMEDSAH-pGMA surfaces and 0.6×10-3 µM/cm2 for pure pGMA brushes. 

The calculations based on the UV-Vis data showed that the complexation 

procedure led to disappearance of 20-40 % and 14% of the brushes from 

MGL and GL surfaces, respectively (Fig. 26). Moreover, the level of 
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complexation on MGL surfaces was very low (Table 7). One explanation 

could be low availability of the chelating groups on ME0163 due to spatial 

rearrangement of the brush chains resulting in that the immobilized 

hydrazone molecules became “folded into” the brush to interact with the 

zwitterionic pMEDSAH during functionalization (Step B Scheme 6). 

Probably the brush remained in this confirmation also when exposed to 

aqueous solution in the last step (Scheme 6) due to the strong interactions 

between the ligand and the pMEDSAH block. Such rearrangement would 

dramatically reduce the number of chelating sites exposed to solution that 

could interact with Ga3+.  

 

This hypothesis was confirmed by theoretical calculations minimizing the 

energy for a few repeat units, as well as by water contact angle  (WCA) 

measurements.  The minimized energy calculations indicated that the brush 

can obtain a lower energy by folding the hydrazone closer to pMEDSAH 

block and forming hydrogen bonds between the ligand and pMEDSAH (Fig. 

27). 

 

 

Figure 27. Energy minimization of a few repeat units of the functionalized block-

copolymer brush, showing folding of the chain to increase ligand interaction with the 

pMEDSAH block and decrease interactions with the pGMA block. Hydrogen bonding 

is shown by blue lines between the ligand and the MEDSAH repeat units, as well as 

intra-molecularly in the ligand. 
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WCA measurements indicated an increase in hydrophobicity after 

functionalization of the ME0163 (Table 6), despite the ligand itself is a fairly 

hydrophilic molecule with an estimated log P =-0.3. This could be explained 

by the more hydrophobic GMA units being exposed on the surface after 

chain rearrangement. The partial destruction of the brush after the last Ga3+ 

complexation step, making it less dense and exposing more of the 

pMEDSAH block and/or Si surface, resulted in a decrease in contact angles 

(Table 6).  

 

Unlike to pMEDSAH-pGMA diblock brushes, the pGMA monoblock brush 

probably did not undergo a structural rearrangement in step B (Scheme 6), 

which explains the fairly constant data from WCA measurements throughout 

the functionalization process (Table 6). Higher level of complexation 

compared to the pMEDSAH-pGMA copolymer brush (Table 7) could be a 

consequence of higher amount of the ligand exposed to solution. The latter 

leads to higher availability of the chelating groups to interact with Ga3+ in the 

complexation step. 

 

Thus, the results suggest that this functionalization strategy is not the best 

for hydrophilic substances, such as ME0163 hydrazone, where there is 

energy to be gained by "folding" the ligand away from the surface to interact 

with the pMEDSAH block instead of being exposed to the solution. 
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Conclusions and Future work 
 

Solution Chemistry The speciation, as well as stability of bioactive Ga3+-

Hydrazone complexes are of great importance to understand their biological 

activity and to be able to predict their stability in different types of solution 

composition. As such, this thesis contributes to future developments of novel 

hydrazone drugs targeting the Fe3+ metabolism in bacteria. It also illustrates 

how several physicochemical parameters of a substance can co-influence its 

resulting biological effect.   

It was shown that hydrazone molecules were exposed to hydrolysis due to 

the presence of carbon-nitrogen double bond. The hydrolytic cleavage was a 

reversible process and was catalyzed by acid. However, the stability, as well 

as solubility of the hydrazone were possible to increase by the complexation 

with Ga3+ ions. Ga3+ was bound to the hydrazones in the chelating motive at 

the center of the ligand through the azomethine nitrogen, the carbonyl and 

one phenolic group, forming both a 5-, and a 6- membered chelate ring. 

Ga3+-Hydrazone 1:1 complexes have a chelation strength closed to that of 

EDTA and only slightly less than the bacterial siderophore DFOB. Formation 

of strong Ga3+-Hydrazone complexes indicated that the complexes would be 

stable under physiological conditions and be able to efficiently deliver Ga3+ 

to the bacterial cells. The latter makes it a very interesting candidate for 

antibacterial drugs that would be active in Fe3+ restricted conditions. 

Surface/Polymer Chemistry Using SI ATRP, brushes with different 

characteristics were synthesized. Comparing the biological response of the 

surfaces, in the same conditions, showed that negatively charged and 

zwitterionic surfaces strongly reduced the biofilm formation and changed the 

architecture of bacterial biofilms. Furthermore, antifouling zwitterionic 

pMEDSAH brushes could be successfully post-modified and functionalized 

with bioactive substances via a block-copolymerization strategy. However, 

the results pointed to that the hydrophobicities of the substrates and 

bioactive substance should be taken into consideration, in order to avoid a 
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spatial rearrangement of the resulting brush. Consequently, hydrophobic 

surfaces appear to be better to functionalize with hydrophobic substances, 

and hydrophilic surfaces with hydrophilic compounds. Otherwise, spatial 

rearrangement may lead to "hiding" of the bioactive molecule, in this thesis a 

ligand with chelating sites, resulting in very low interactions with metal ions. 

Thus, the functionalization with a hydrophobic pGMA top block, used in this 

work, probably would be more suitable for less hydrophilic substances where 

no energy would be gained in the system by ligand interactions with the 

pMEDSAH block.   

Biological activities Using P. aeruginosa as a model bacterium, this work 

showed Ga3+ uptake, antivirulence and antibiofilm activity of Ga3+-

Hydrazone complexes. It was suggested that the biological responses of these 

complexes may result from both the metal chelating capacity of the 

substances, uptake routes, as well as interactions with other biological 

targets. This study also showed synergies between Ga3+ and hydrazones that 

enhanced the targeting of virulence in the form of secretion from the T3SS 

(for Ga3+-ME0329), as well as biofilm formation by P. aeruginosa in low 

Fe3+ conditions (for Ga3+-ME0163). Nevertheless, because of the differences 

observed between the two complexes, it was hypothesised that the 

interaction of Ga3+-Hydrazone complexes with the bacterial cell is complex 

and that the two studied biological effects are not necessarily linked.   

Additionally, attachment and biofilm formation of different polymer surfaces 

were investigated. The results showed that antifouling and antibacterial 

surfaces in the form of brushes with ethylene glycol subunits or cationic 

brushes became covered with biofilm after three days in the same way as a 

glass reference surface. However, on negatively charged or zwitterionic 

surfaces the biofilm formation was strongly reduced. Biofilms on pSPM and 

pMEDSAH consisted of characteristic mushroom structures, but the 

quantity of biofilm was much lower than on other surfaces. Thus, contact 

with negatively charged substrates influenced the development and 

architecture of the biofilm.  
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Future Work UV-Vis spectrophotometric titrations followed by theoretical 

modelling turned out to be a successful approach for determination of 

equilibrium and stability constants of the metal-ligand systems; therefore 

this approach can be used to investigate the speciation of the different 

soluble substances that are able to form complexes with metal ions, such as 

Ga3+ and Fe3+. The long term stability of the complexes in different biological 

solutions can be also experimentally determined. The bioactive Ga3+-

Hydrazone complexes could also be tested against other virulence factors, for 

example: their effect on quorum sensing processes. Additionally, attempt 

could be done to design acid-stable substances resembling hydrazones that 

will be able to chelate Ga3+ ions and inhibit T3SS.  

Although, this work presents a strategy that is attractive for functionalization 

of antifouling pMEDSAH brushes, more work is needed and the procedure 

should be investigated further in order to see if it is possible to optimize and 

increase the level of Ga3+ complexation, as well as to study the effects on 

chain conformation with less hydrophilic substances to show to what extent 

it would be a good approach for forming bioactive antifouling surfaces. 

Furthermore, the thickness of the pGMA block could be varied to investigate 

how it will influence the brush confirmation as well as its resulting 

hydrophobicity and antifouling properties. From the biological perspective it 

would also be interesting to investigate the antibiofilm properties of 

functionalized surfaces, as well as relation between antibiotic resistance and 

biofilm architectures.  

 

 

 

 

 



 

73 

Acknowledgements 

First of all I would like to acknowledge the Department of Chemistry, the 

faculty of science and technology at Umea University and Swedish Research 

Council for giving me the opportunity to perform the work presented in this 

thesis. 

I have never considered myself as a lucky person, until I met my supervisor, 

Madeleine Ramstedt.   

Madeleine, you are an amazing person. I was really lucky to be under your 

supervision. I am sincerely thankful for all your support, encouraging, ideas 

and discussions. Thanks for having the patience to deal with my English 

writing. I have learned a lot from you. I am especially grateful for the 

freedom you offered me to perform my research. 

I am also grateful to my assistant supervisor Jean-François Boily for training 

in modelling and thermodynamic calculations. Frasse, I am very grateful for 

the time we have worked together, for all discussions, advices and help with 

the writing.  

Mikael Elofsson, my second assistant supervisor, we have not worked 

together so much, but thanks for your very useful comments and feedbacks 

regarding to the papers and the thesis as well as for the ligand ME0329.  

My dear friend and colleague, Olena. You are one of the few persons that 

were encouraging and supporting me during the last four years. The results 

from your biological experiments made my thesis more interesting and 

exciting and your presence made my life in cold and dark Umeå warmer and 

lighter. I am really grateful for everything that you have done for me.    

One of the first persons that I met when I just started was Ingegärd. Thanks 

for guiding me through the solutions preparation and titration techniques.  



 

74 

Thanks to Fredrik Almqvist  and Andrey Shchukarev for being my committee 

members and evaluating my study. Andrey, I am also truly grateful for your 

XPS training. 

In addition, I thank Andras for his help with FTIR spectroscopy and being 

around whenever I need.   

I also would like to take the opportunity to thank Julien E. Gautrot from 

Queen Mary University of London, UK, for hosting me in his lab and guiding 

me through the polymer brush functionalization techniques, as well as for 

the opportunity to contribute in very interesting review-paper.   

I would like to express my gratitude to my thesis opponent Prof. Marcus 

Textor and jury Prof. Eva Malmström, Prof. Ute Römling, and Prof. Ulf 

Skyllberg for taking the time to review and evaluate my work. 

Furthermore, I would like to thank all my colleagues/friends from the Umeå 

University for the great time.   

Last, I wish to thank my family for their support and understanding.  

  



 

75 

References  

 

1. Whitman, W. B.; Coleman, D. C.; Wiebe, W. J. Proc Natl Acad 
Sci U S A. 1998, 95, (12), 6578–6583. 

2. Horner-Devine, C.; Carney, K.; Bohannan, B. Proc. R. Soc. 
Lond. B 2004, 271, 113–122. 

3. Cabeen, M. T.; Jacobs-Wagner, C. Nature Reviews 

Microbiology 2005, 3, 601-610. 

4. Beveridge, T. Biotechnic & Histochemistry 2001, 76, (3), 111-
118. 

5. Levinson, W., Review of Medical Microbiology and 
Immunology. 11th, Ed. McGraw-Hill.: 2010; pp 91-93. 

6. Heise, E. R. Environ Health Perspect 1982, 43, 9-19. 

7. Keen, E. C. Front Cell Infect Microbiol 2012, 2, 161-163. 

8. Pallen, M. J.; Wren, B. W. Nature 2007, 449, 835-842. 

9. Gophna, U.; Ron, E. Z.; Graur, D. Gene 2003, 312, 151-163. 

10. Francis, M. S.; Wolf-Watz, H.; Forsberg, Å. Current Opinion 
in Microbiology 2002, 5, (2), 166-172. 

11. Tokarczyk, A.; Greenberg, S.; Jeffery Vender. Crit Care Med 
2009, 37, (7), 2320-2321. 

12. Sampedro, M. F.; Patel, R. Infectious Disease Clinics of North 

America 2007, 21, (3), 785–819. 

13. Weinstein, R. A. Emerg. Infect. Dis 1998, 4, (3), 416-420. 

14. Aminov, R. I. Front Microbiol. 2010, 1, 134-141. 

15. Pankey, G. A.; Sabath, L. D. Clin Infect Dis. 2004, 38, (6), 

864-870. 

16. Ash, C. Trends Microbiol 1996, 4, (10), 371-372. 



 

76 

17. Levy, S. B.; Marshall, B. Nature  Medicine 2004, 10, S122-
129. 

18. Lode, J. M. Clin. Microbiol. Infect. 2009, 15, 212-217. 

19. Lewis, K. Antimicrob. Agents Chemother. 2001, 45, (4), 999-
1007. 

20. Overbye, K. M.; Barrett, J. F. Drug Discovery Today 2005, 
10, (1), 45-52. 

21. Schaberle, T. F.; Hack, I. M. Trends in Microbiology 2014, 

22, (4), 165-167. 

22. Oliver, J. D. FEMS Microbiol Rev 2010, 34, (4), 415-425. 

23. C.D.Nadell; Xavier, J. B.; Foster, K. R. FEMS Microbiol Rev. 
2009, 33, (1), 206-224. 

24. Donlan, R. M. Emerging Infectious Diseases 2002, 8, (9), 

881-890. 

25. Singh, P. K.; Schaefer, A. L.; Parsek, M. R.; Moningerk, T. O.; 
Welsh, M. J.; Greenberg, E. P. Nature 2000, 407, (6805), 762-764  

26. Higgins, D. A.; Pomianek, M. E.; Kraml, C. M.; Taylor, R. K.; 
Semmelhack, M. F.; Bassler, B. L. Nature 2007, 450, (7171), 883-886  

27. Pavithra, D.; Doble, M. Biomedical Materials 2008, 3, (3), 1-

13. 

28. Høiby, N.; Bjarnsholt, T.; Givskov, M.; Molin, S.; Ciofu, O. 
International Journal of Antimicrobial Agents 2010, 35, 322-332. 

29. Wei, J.; Ravn, D. B.; Gram, L.; Kingshott, P. Colloids and 
Surfaces B: Biointerfaces 2003, 32, (4), 275-291. 

30. Ostuni, E.; Chapman, R. G.; Liang, M. N.; Meluleni, G.; Pier, 

G.; Ingber, D. E.; Whitesides, G. M. Langmuir 2001, 17, 6336-6343. 

31. Gon, S.; Kumar, K.-N.; Nüsslein, K.; Santore, M. M. 
Macromolecules 2012, 45, (20), 8373-8381. 

32. Krishnamoorthy, M.; Hakobyan, S.; Ramstedt, M.; Gautrot, J. 
E. Chemical Reviews 2014, 114, (21), 10976–11026. 



 

77 

33. Mah, T.-F.; Pitts, B.; Pellock, B.; Walker, G.; Stewart, P.; 
O'Toole, G. Nature 2003, 426, 306-310. 

34. Donlan, R. M. Emerging Infectious Diseases 2001, 7, (2), 

277-281. 

35. Costerton, J. W.; Stewart, P. S.; Greenberg, E. P. Scinece 
1999, 284, (5418), 1318-1322. 

36. Hall-Stoodley, L.; Costerton, J. W.; Stoodley, P. Nature 
Reviews Microbiology 2004, 2, (2), 95-108. 

37. Donlan, R. M.; Costerton, J. W. Clinical Microbiology 

Reviews 2002, 15, (2), 167–193. 

38. Klevens, R. M.; Edwards, J. R.; Richards, C. L.; Horan, T. C.; 
Gaynes, R. P.; Pollock, D. A.; Cardo, D. M. Public Health Rep. 2007, 122, 
(2), 160–166. 

39. Sievert, D. M.; Ricks, P.; Edwards, J. R.; Schneider, A.; Patel, 
J.; Srinivasan, A.; Kallen, A.; Limbago, B.; Fridkin, S. Infect Control Hosp 
Epidemiol. 2013, 34, (1), 1-14. 

40. Magill, S. S.; Edwards, J. R.; Bamberg, W.; Beldavs, Z.; 

Dumyati, G.; Kainer, M.; Lynfield, R.; Maloney, M.; McAllister-Hollod, L.; 
Nadle, J.; Ray, S. R.; Thompson, D. L.; Wilson, L. E.; Fridkin, S. K., In 
Annual Meeting of the Infectious Disease Society of America,Society for 
Healthcare Epidemiology, Pediatric Infectious Disease Society, and HIV 
Medical Association, San Diego, 2012. 

41. Klausen, M.; Aaes-Jørgensen, A.; Molin, S.; Tolker-Nielsen, T. 
Molecular Microbiology 2003, 50, (1), 61-68. 

42. Blevesa, S.; VéroniqueViarrea; RichardSalachaa; 
GérardP.F.Michela; AlainFilloux; Voulhouxa, R. 
InternationalJournalofMedicalMicrobiology 2010, 300, 534-543. 

43. Sadikot, R. T.; Blackwell, T. S.; Christman, J. W.; Prince, A. S. 

American Journal of Respiratory and Critical Care Medicine 2005, 171, 
(11), 1209-1223. 

44. Schimpff, S. C.; Greene, W. H.; Young, V. M.; Wiernik, P. H. J 
Infect Dis. 1974, 130S, S24-S31. 



 

78 

45. Driscoll, J.; Brody, S. L.; Kollef, M. H. Drugs 2007, 67, (3), 
351-368. 

46. Estahbanati, H. K.; Kashani, P. P.; Ghanaatpisheh, F. Burns 

2002, 28, (4), 340-348. 

47. Stanton, T. B. Trends in Microbiology 2013, 21, (3), 111-113. 

48. Rasko, D.; Sperandio, V. Nature Reviews Drug Discovery 
2010, 9, 117-128. 

49. Baron, C. Curr Opin Microbiol 2010, 13, (1), 100-105. 

50. Freire-Moran, L.; Aronsson, B.; Manz, C.; Gyssens, I. C.; So, 
A. D.; Monnet, D. L.; Cars, O. Drug Resistance Updates 2011, 14, (2), 118-
124. 

51. Fernebro, J. Drug Resistance Updates 2011, 14, (2), 125-139. 

52. Minandri, F.; Bonchi, C.; Frangipani, E.; Imperi, F.; Visca, P. 

Future Microbiol. 2014, 9, (3), 379-397. 

53. Keyser, P.; M.Elofsson; Rosell, E.; Wolf-Watz, H. Journal of 
Internal Medicine 2008, 264, 17-29. 

54. Nordfelth, R.; Kauppi, A. M.; Norberg, H. A.; Wolf-Watz, H.; 
Elofsson, M. Infection and Immunity 2005, 73, (5), 3104–3114. 

55. Bailey, L.; Gylfe, Å.; Sundin, C.; Muschiol, S.; Elofsson, M.; 

Nordström, P.; Henriques-Normark, B.; Lugert, R.; Waldenström, A.; Wolf-
Watz, H.; Bergström, S. FEBS Letters 2007, 581, (4), 587-595. 

56. Kauppi, A. M.; Nordfelth, R.; Uvell, H.; Wolf-Watz, H.; 
Elofsson, M. Chem. Biol. 2003, 10, 241-249. 

57. Kauppi, A. M.; Nordfelth, R.; Hagglund, U.; Wolf-Watz, H.; 
Eloffson, M. Adv Exp Med Biol 2003, 529, 97-100. 

58. Dahlgren, M. K.; Zatterström, C. E.; Gylfe, Å.; Linusson, A.; 

Elofsson, M. Bioorganic and Medicinal Chemistry 2010, 18, 2686-2703. 

59. Layton, A. N.; Hudson, D. L.; Thompson, A.; Hinton, J. C. D.; 
Stevens, J. M.; yov, E. E. G.; Stevens, M. P. FEMS Microbiol Lett 2010, 302, 
114-122. 



 

79 

60. Duncan, M. C.; Linington, R. G.; Auerbuch, V. Antimicrobial 
Agents and Chemoterapy 2012, 56, (11), 5433-5441. 

61. L.R.Bernstein. Pharmacological Reviews 1998, 50, (4), 665-

682. 

62. Bonchi, C.; Imperi, F.; Minandri, F.; Visca, P.; Frangipani, E. 
BioFactors 2014, 40, (3), 303-312. 

63. Kelson, A. B.; Carnevali, M.; Truong-Le, V. Current Opinion 
in Pharmacology 2013, 13, (5), 707-716. 

64. Kaneko, Y.; Thoendel, M.; Olakanmi, O.; Britigan, B. E.; 

Singh, P. K. The Journal of Clinical Investigation 2007, 117, (4), 877-888. 

65. Sousa, C.; Teixeira, P.; Oliveira, R. Int J Biomater 2009, ID 
718017, 9. 

66. Tiller, J. C.; Liao, C.-J.; Lewis, K.; M., K. A. Proc Natl Acad 
Sci 2001, 98/11, 5981-5985. 

67. Siedenbiedel, F.; Tiller, J. C. Polymers 2012, 4, 46-71. 

68. Nohr, R. S.; MacDonald, J. G. Journal of Biomaterials 
Science, Polymer Edition 1994, 5, (6), 607-619. 

69. Hegstad, K.; Langsrud, S.; Lunestad, B. T.; Scheie, A. A.; 
Sunde, M.; Yazdankhah, S. P. Microb. Drug Resist. 2010, 16, (2), 91-104. 

70. Stigter, M.; Bezemer, J.; Groot, K. d.; Layrolle, P. Journal of 

Controlled Release 2004, 99, (1), 127-137. 

71. Darouiche, R. O.; Mansouri, M. D.; Zakarevicz, D.; AlSharif, 
A.; Landon, G. C. J Bone Joint Surg Am 2007, 89, (4), 792-797. 

72. Ramstedt, M.; Ekstrand-Hammarström, B.; Shchukarev, A. 
V.; Bucht, A.; Österlund, L.; Welch, M.; Huck, W. T. S. Biomaterials 2009, 
30, (8), 1524-1531. 

73. Gravante, G.; Caruso, R.; Sorge, R.; Nicoli, F.; Gentile, P.; 

Cervelli, V. Reconstr. Surg. Burns 2009, 63, 201-205. 

74. Gravante, G.; Montone, A. Ann.Rev.Coll.Surg.Engl. 2010, 
92, 118-123. 



 

80 

75. Kalfon, P.; Vaumas, C. d.; Samba, D.; Boulet, E.; Lefrant, J.; 
Eyraud, D.; Lherm, T.; Santoli, F.; Naija, W.; Riou, B. Crit. Care Med. 2007, 
35, 1032-1039. 

76. Knetsch, M. L.; Koole, L. H. Polymers 2011, 3, 340-366. 

77. Chen, M.; Yu, Q.; Sun, H. Int. J. Mol. Sci. 2013, 14, 18488-
18501. 

78. Brittain, W.; Minko, S. Journal of Polymer Science: Part A: 
Polymer Chemistry 2007, 45, 3505-3512. 

79. Zhao, B.; Brittain, W. J. Progress in Polymer Science 2000, 

25, 677-710. 

80. Kalia, J.; Raines, R. T. Angew Chem Int Ed Engl. 2008, 47, 
(39), 7523-7526. 

81. Sjöberg, S.; Hägglund, Y.; Nordin, A.; Ingri, N. Marine 
Chemistry 1883, 13, 35-44. 

82. Boily, J.-F.; Suleimanov, O. M. J. Solution Chem. 2006, 35, 

917-926. 

83. Golub, G. H.; Reinsch, C. Numer.Math. 1970, 14, 403-420. 

84. Math Works Inc, www.mathworks.com. (10th March 2014),  

85. Karlsson, M.; Lindgren, J. Accessed 28th Nov 2013, 

http://www.winsgw.se/Index_eng.htm. 

86. Eriksson, G. Anal. Chim. Acta-Computer Techniques and 
Optimization 1979, 3, 375-383. 

87. Smith, R. M.; Martell, A. E., Critical Stability Constants. 
Plenum Press: New York, 1989. 

88. Persson, P.; Zivkovic, K.; S., S. Langmuir 2006, 22, 2096-

2104. 

89. 2014, ChemAxon Ltd, 
http://www.chemaxon.com/products/marvin/. 

90. Viswanadhan, V. N.; Ghose, A. K.; Reyankar, G. R.; Robins, R. 
K. J. Chem. Inf Comput. Sci. 1989, 29, 163-172. 

http://www.mathworks.com/
http://www.winsgw.se/Index_eng.htm
http://www.chemaxon.com/products/marvin/


 

81 

91. Klopman, G.; Li, J.-Y.; Wang, S.; Dimayuga, M. J. Chem. Inf. 
Comput. Sci. 1995, 34, (4), 752–781. 

92. Minko, S. Journal of Macromolecular Science, Part C: 

Polymer Reviews 2006, 46, 397-420. 

93. Luzinov, I.; Minko, S.; Tsukruk, V. V. Progress in Polymer 
Science 2004, 29, (7), 635-698. 

94. Azzaroni, O.; Moya, S.; Farhan, T.; Brown, A. A.; Huck, W. T. 
S. Macromolecules 2005, 38, (24), 10192-10199. 

95. Gautrot, J. E.; Huck, W. T. S.; Welch, M.; Ramstedt, M. ACS 

Appl. Mater. Interfaces 2010, 2, (1), 193-202. 

96. Azzaroni, O.; Brown, A. A.; Huck, W. T. S. Angewandte 
Chemie International Edition 2006, 45, (11), 1770-1774. 

97. Braunecker, W. A.; Matyjaszewski, K. Progress in Polymer 
Science 2007, 32, (1), 93-146. 

98. Edmondson, S.; Osborne, V.; Huck, W. Chemical Society 

Reviews 2004, 33, 14-22. 

99. Matyjaszewski, K.; Xia, J. Chemical Review 2001, 101, (9), 
2921-2990. 

100. Boyer, C.; Bulmus, V.; Davis, T. P.; Ladmiral, V.; Liu, J.; 
Perrier, S. Chemical Reviews 2009, 109, (11), 5402–5436. 

101. Grubbs, R. B. Polymer Reviews 2011, 51, (2), 104-137. 

102. Wang, J.-S.; Matyjaszewski, K. Macromolecules 1995, 28, 
(23), 7901–7910. 

103. Wang, J.-S.; Matyjaszewski, K. J. Am. Chem. Soc. 1995, 117, 
(20), 5614-5615. 

104. Barbey, R.; Lavanant, L.; Paripovic, D.; Schuwer, N.; Sugnaux, 

C.; Tugulu, S.; Klok, H.-A. Chemical Reviews 2009, 109, 5437-5527. 

105. Carlmark, A.; Malmström, E. J. Am. Chem. Soc. 2002, 124, 
(6), 900–901. 



 

82 

106. Carlmark, A.; Malmström, E. E. Biomacromolecules 2003, 4, 
(6), 1740-1745. 

107. Lindqvist, J.; Malmström, E. Journal of Applied Polymer 

Science 2006, 100, (5), 4155-4162. 

108. Cheng, G.; Li, G.; Xue, H.; Chen, S.; Bryers, J. D.; Jiang, S. 
Biomaterials 2009, 30, (28), 5234-5240. 

109. Rostovtsev, V. V.; Green, L. G.; Fokin, V. V.; Sharpless, K. B. 
Angew. Chem. Int. Ed. 2002, 41, (14), 2596-2599. 

110. Meldal, M.; Tornoe, C. W. Chemical Review 2008, 108, 

2952-3015. 

111. Enikolopiyan, N. S. Pure and Apply Chem 1976, 48, 317-328. 

112. McEwan, K. A.; S.Slavin; Tunnah, E.; Haddleton, D. M. 
Polymer Chemistry 2013, 4, 2608-2614. 

113. Ratner, B. D.; Castner, D. G., Electron Spectroscopy for 

Chemical Analysis. In Surface Analysis -The Principal Techniques, 
Vickerman, J.; Gilmore, I., Eds. 2009. 

114. Moulder, J. F.; W.F.Stickle; Sobol, P. E.; Bomben, K. D., 
Handbook of X-ray Photoelectron Spectroscopy. Physical Electronics,Inc: 
USA, 1995; p 261. 

115. Richardson, D. R. Antimicrob.Agents Chemother. 1997, 41, 
(9), 2061-2063. 

116. Rzhepishevska, O.; Ekstrand-Hammarstrom, B.; Popp, M.; 

Bjorn, E.; Bucht, A.; Sjostedt, A.; Antti, H.; Ramstedt, M. Antimicrobial 
Agents and Chemotherapy 2011, 55, (12), 5568-5580. 

117. Ramstedt, M.; Nakao, R.; Wai, S. N.; Uhlin, B. E.; Boily, J.-F. 
Journal of biological chemistry 2011, 286, (14), 12389-12396. 

118. Ramstedt, M.; Leone, L.; Persson, P.; Shchukarev, A. 
Langmuir 2014, 30, 4367-4374. 

119. Martinez, M. N.; Amidon, G. L. J. Clin.Pharmacol. 2002, 42, 

620-643. 



 

83 

120. Cheng, G.; Zhang, Z.; Chen, S.; Bryers, J. D.; Jiang, S. 
Biomaterials 2007, 28, 4192-4199. 

121. Ladd, J.; Zhang, Z.; Chen, S.; Hower, J. C.; Jiang, S. 

Biomacromolecules 2008, 9, (5), 1357-1361. 

122. Li, X.; Wang, M.; Wang, L.; Shi, X.; Xu, Y.; Song, B.; Chen, H. 
Langmuir 2013, 29, 1122-1128. 

123. Alexander, G. B.; Heston, W. M.; Iler, R. K. J . Phys. Chem. 
1954, 58, (6), 453-455. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

84 

Appendix 

 


	Spikblad.pdf
	nailingpaper

	Omslag.pdf
	Omslag Shoghik Hakobyan 11 5 mm rygg.pdf - Adobe Acrobat Pro


