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Summary 

This chapter reviews recent developments in antibacterial coatings, with a 
focus on quaternary ammonium compounds (quats). Various structures of 
(polymeric) quats, their corresponding coating formulations and options to 
reduce their hemolytic activity are discussed. Furthermore, some generally 
accepted killing mechanisms of antibacterial quats, in solution as well as 
immobilized onto surfaces, are reviewed. Additionally, the applicability of 
poly(2-oxazoline)s, as a biocompatible spacer for quats, is described. Finally, 
the preparation and use of hyperbranched polymers, as promising multi-
functional, (antibacterial) coating formulations are discussed.  
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1.1 Biomaterials associated infection 

The use of biomedical implants and devices, such as vascular catheters, 
urinary catheters, prosthetic heart valves, cardiac pacemakers and prosthetic 
joints has significantly alleviated the treatment of serious medical illnesses. 
However, the use of these devices is accompanied by the ability of bacteria to 
adhere on surfaces. They subsequently colonize surfaces, resulting in 
formation of a biofilm. Within a biofilm, bacteria are encapsulated in a 
selfproduced polymeric matrix and organized into complex communities, 
resembling multicellular organisms.1, 2 In a biofilm, microorganisms are 
protected against antimicrobial agents and the host immune response 
system.3 Costerton et al.1 in the 90s emphasized that bacterial biofilms and 
their resistance to antimicrobial agents are at the root of many persistent and 
chronic bacterial infections. Surface adhered bacterial communities, or 
biofilms, can become 10–1,000 times more resistant to antimicrobial agents 
than their planktonic counterparts.4 

Most biomaterial associated infections are caused by Gram-positive 

Staphylococcus epidermidis and Staphylococcus aureus.5 These infections are 
particularly difficult to treat with current antibiotic therapies because of their 
high-level of natural resistance to antimicrobial compounds.6 These bacteria 
become resistant to the highest deliverable concentrations of antibiotics when 
growing in a biofilm.1, 7, 8 In case antimicrobial treatment has no significant 
effect against biofilm on colonized biomedical implants and devices, surgical 
removal and replacement of the device is often necessary, along with 
prolonged antibiotic therapies. Consequently, bacterial infections are of great 
discomfort for patients and give rise to high healthcare costs. For example, in 
the USA, almost 400,000 total hip and knee replacements are conducted 
annually.9, 10 The infection rate has decreased to less than 1% for hips and less 
than 2% for knee orthopedic implants,11 but the overall number of patients 
with infected prostheses has risen due to the increasing number of 
replacements necessitated.10 Treatment costs are around 5.3-7.2-fold higher 
than the initial operations  for hip or knee prostheses.6 

As the use of biomedical implants and devices is growing, the interest 
for implant coatings that suppress bacterial colonization is therefore rapidly 
increasing as well. The two major approaches to reduce or perhaps even 
eliminate the growth of bacterial colonies on biomedical implants and devices 
are based on either preventing bacteria from adhering or by killing 
them(Figure 1.1).12  
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Figure1.1 Various options to make antibacterial surfaces: 

A) Anti-adhesive coatings. Surfaces coated with e.g. PEG brushes resist 
adhesion of bacteria.  

B) Biocide eluting coatings. Biocides are embedded in the matrix, killing 
bacteria by releasing biocides. 

C) Contact killing coatings. Immobilized antibacterial agents, such as 
polycationics and peptides, kill adhering bacteria on contact.  

D) Dual action coatings due to release and contact killing approaches. 
Adapted with permission.13 Copyright 2006, American Chemical Society. 

 
Here we summarize only strategies for killing bacteria or for reducing 

their adhesion, by surface modifications (coatings). Furthermore, with respect 
to biocidal compounds, we will focus on quaternary ammonium compounds 
(quats), which are perhaps the most promising materials for antibacterial 
coatings. Additionally, the possibility to use poly(2-oxazolines) as a spacer for 
antibacterial compounds will be reviewed. Finally, the potency of 
hyperbranched polymers as a coating platform to tether antibacterial 
compounds will be discussed. 

 

1.2 Antibacterial surfaces  

1.2.1 Anti-adhesive coatings  

The formation of a bacterial biofilm starts with the adhesion of bacteria. Then, 
they encapsulate themselves in a matrix of extracellular polymeric substances 
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(slime layer), which protects them against the immune system and 
administered antibiotics. If this first adhesion step can be prevented or at least 
be suppressed, colonization can be averted. Adhesion of bacteria can be 
suppressed by tethering anti-adhesive polymers, such as polyethylene glycol 
(PEG), on surfaces. Surfaces coated with PEG, and particularly with PEG 
brushes, are known to reduce bacterial and protein adsorption.14, 15  

Hydrophilic PEG chains are flexible and exposed into the aqueous 
environment. Bacteria approaching the surface will encounter repulsion 
forces due to the compression resistance of PEG chains,12, 14 making the 
surface difficult to colonize (Figure 1.1A). This phenomenon is comparable 
with steric stabilization of colloidal particles decorated with PEG chains. 
Despite the fact that anti-adhesive surfaces have demonstrated to have 
promising results in preventing adhesion of bacteria in the short term, they do 
not prevent adhesion in the long term. Moreover, these surfaces do not kill 
bacteria but only repel them. Hence, in the long term it is more efficient to kill 
adhering bacteria.  
 

1.2.2 Biocide eluting coating  

Various water soluble substances, such as silver ions, chlorhexidine and 
antibiotics, have been widely used as biocides. These biocides can be 
embedded in coatings and will be released to actively kill bacteria (Figure 
1.1B). The biocides have first to migrate through the bulk of the carrier 
materials before they can leach into the surrounding tissue. The partition 
coefficients of the biocide in water and the carrier material used in the coating 
will determine the releasing rates of biocides. 

Silver eluting coatings have been used in many biomedical applications, 
such as urinary catheters.16 Silver ions (Ag+) bind strongly to electron 
donating groups such as on nitrogen, oxygen or sulfur atoms (thiols, 
carboxylates, phosphates, hydroxyl, amines, imidazoles, indoles), which are 
present in most biological molecules. Furthermore, silver ions can replace 
some essentials cations, such as Ca2+ and Mg2+.  

Silver ions can be directly deposited on surfaces by using metallic silver 
or by incorporating silver ions or nanoparticles in a polymer matrix.17, 18 Dai 
and Bruening,19 for instance, prepared polyelectrolyte multilayer coatings 
containing silver nanoparticles that exhibited good antibacterial activities. 
Although compounds, such as silver and antibiotics, are highly potent and are 
used in eluting systems, liberated biocides contaminate body fluids which 
increase the risk of toxicity towards human eukaryotic cells. Another 
disadvantage of these systems is that antibacterial effects will only be 
temporary, i.e. until the coating is exhausted. 
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1.2.3 Contact killing coating 

 A more promising approach is to kill bacteria only on contact with biocidal 
surfaces. Attempts to make surfaces antibacterial based on a contact killing 
approach are generally conducted by tethering biocides, such as antibiotics, 
cationic antibacterial compounds (e.g. quats), or peptides, on substrates 
(Figure 1.1C). Coating surfaces with polymers containing cationic moieties is 
perhaps the most promising approach to this end. Polymeric quats, such as 
cationic polyethyleneimine,20-22 poly(vinyl-N-hexylpiridium)23-25 and 
polyacrylates,26 that have been reported to possess very good biocidal 
activities in solution, showed also good efficacies when immobilized on 
surfaces (vide infra). Contact killing coatings have attracted much attention, 
due to the absence of leachables. It is noteworthy that soluble cationic 
compounds that have widely been used for many decades do not show any 
build-up of bacterial resistance. Hence, contact killing surfaces with 
immobilized cationic/polycationic compounds are not expected to develop 
bacterial resistance either.22 
 

1.2.4 Dual action coatings  

Depending on the applications, it might be desirable to combine several of the 
aforementioned approaches to be even more effective in eliminating bacterial 
biofilms and infections. An eluting system can give a burst release, which kills 
bacteria that have nestled themselves on an implant during surgery. Later on, 
when the eluting system is exhausted, the immobilized biocides can take over 
the mode of action. For example, Li et al.13 fabricated dual-action antimicrobial 
materials based on silver ions or silver nanoparticles and immobilized quats. 
Multilayers of poly(allylaminehydrochloride) and poly(acrylamide), 
containing embedded silver ions or nanoparticles were deposited. Silica 
nanoparticles were then incorporated in the top of the multilayers of 
poly(allylaminehydrochloride) and poly(acrylamide). These silica 
nanoparticles had modified surface chemistry, and were used to tether quats 
(Figure 1.1D). This system eliminated bacterial adhesion and growth due to 
release and contact killing approaches.  

Cheng et al.27 reported dual action coatings comprising anti-adhesive 
and contact killing properties. These authors described the grafting of (N,N-
dimethyl-N-(ethoxycarbonylmethyl)-N-[2-(methacryloyloxy)ethyl]ammonium 
bromide) on a surface by using the ATRP polymerization technique, in which 
the initiator was anchored on a substrate. The cationic polymer effectively 
kills bacteria on contact. The polymer was converted into a zwitterionic 
polymer by hydrolysis of the main group through pH changes. The remaining 
zwitterionic polymer prevents attachment of bacteria, irrespective of whether 
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they are dead or alive. The only disadvantage of this well-designed system is 
that it will eventually become exhausted.  

 

1.3 Quaternary ammonium compounds  

Quats cover a wide variety of compounds with many different structural 
features. Quats need to have, beside charged species, hydrophobic 
moieties,too, in order to possess a potent biocidal activity. When meeting 
these two requirements, a large variety of structures and compounds still 
remains conceivable. The use of quats was and still is popular, since they are 
easy to synthesize in large quantities and can conveniently be incorporated in 
coating systems. It has been known for decades that quats have high 
antibacterial properties in solution (planktonic behaviour). Although it is 
proposed (vide infra) that soluble quats are effective because they penetrate 
deeply into the cell membrane, it has been shown that, under well-defined 
conditions, the antibacterial activity is preserved even when the quats are 
immobilized onto surfaces.21, 24 It is important to mention that quats have been 
used since the 1930s for many applications and so far there has been no sign 
of reduction of their effectiveness. There are some reports of bacterial 
resistance towards quats,28 but in most cases only changes in minimal 
inhibitor concentration (MIC) are mentioned, but no changes in the activity at 
use levels.29 The changes in MIC are either associated with the changes in the 
acidic phospholipid content of the membrane30 or mediated by 
hyperexpression of efflux pumps that actively remove quats from the 
membrane and reduce the biocidal effect.31  

In the next section, the antibacterial activity of low molecular and 
polymeric quats and the immobilization of polymeric quats on surfaces are 
discussed. A generally accepted concept on mechanisms of antibacterial action 
of soluble quats will be discussed. 

 
 
 

1.3.1 Low molecular weight quats 

Low molecular weight quats are widely used in many medical as well as in 
industrial applications, particularly as disinfectant.28, 32, 33 The structural 
functionalities of quats that are required for biocidal properties are the 
positive charge in combination with hydrophobic moieties nearby the charges. 
In most cases, the hydrophobic alkyl chains nearby the positively charged ions 
that are in use have lengths of 6 to 18 carbon atoms. Figure 1.2 shows some 
representative examples of low molecular weight quats that are known to 
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possess good biocidal activities and have been used in many consumer 
products for more than 40 years: dodecyl trimethyl ammonium bromide 
(cetrimide), benzalkonium chlorides and chlorhexidine. Among these 
compounds, chlorhexidine is not charged, but it becomes charged 
(protonated) in an aqueous environment because of its high basicity. 
 
 

 

 

 
 

 
Figure 1.2 Various structures of low molecular weight quats:  

a) Dodecyl trimethyl ammonium bromide 
b) Benzalkonium chlorides 
c) Chlorehexidine.  

 
Low molecular weight quats are very effective as antibacterial agents 

in aqueous conditions.34 They dissolve well in water or form micelles. 
However, low molecular weight antibacterial agents suffer from some 
disadvantages, including toxicity to the environment. Particularly for 
biomedical implants and devices, low molecular weight quats are less suitable 
because they contaminate body fluids.  

 

1.3.2 Polymeric quats 

Polymeric quats can provide a very convenient way to overcome problems 
associated with low molecular quats,35, 36 but only if their solubility in water is 
negligibly low or when they are immobilized (vide infra). Nevertheless, 
polymeric quats have some intrinsic advantages. They are nonvolatile, 
chemically stable and do not permeate through the human skin.34 Moreover, 
polymeric quats are often much more effective that the corresponding 
monomers. The main obstacle of polymeric quats in biomedical applications is 
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their hemolytic activity.37-39 Fortunately, the balance between killing 
properties and toxicity can be tuned in the desired direction by changing the 
balance between charge density and hydrophobicity of the repeat units. Some 
papers reported that copolymeric quats with a controlled hydrophobicity 
yielded antibacterial polymers with a low hemolytic activity.40-42 Hence, 
polymeric quats offer the possibility to make antibacterial coatings which are 
promising for biomedical application. Table 1.1 shows some examples of 
polymeric quats that possess high biocidal efficacies. 

Cationic polyacrylates are probably described most frequently in 
literature, due to the general importance of polyacrylates in coatings 
application. Moreover, quats comprising acrylate monomers are commercially 
available and the properties of these polymers can easily be tuned by making 
copolymers. Table 1.1a shows an example of the structure of cationic acrylate 
co-polymers used in coatings, containing (3-methacrylamido alkyl) trimethyl 
ammonium chloride as an antibacterial moiety.  

Poly(vinyl pyridines) and polyethyleneimine (PEI) are particularly 
studied in academia to demonstrate the applicability of polycations in 
antibacterial coatings (Table 1.1 b-c). They are readily accessible via 
alkylation of commercially available poly(vinyl pyridine) or branched PEI, 
resulting in polymeric quats. The antibacterial efficacy of these polymeric 
quats depends on R groups (hydrophobicity) and on the number of 
ammonium units (Table 1.1c). 

In contrast to aforementioned polymers, poly(hexamethylene 
biguanides) (PHMB) (Table 1.1d) are neutral species forming polycations in 
an aqueous environment by protonation of their strongly basic guanidine 
groups. PHMB was recognized as one of the protonated compounds that 
possess a remarkably high biocidal effect, as most of the protonated 
polyamines are only weak biocides. Their biocidal activity depends on the pH 
of the medium. Because of their strong basicity PHMBs maintain their 
polycationic characteristics under physiological conditions.52, 58 

One of the biopolymers that attracted much attention as an antibacterial 
agent is chitosan, produced by partial alkaline deacetylation of the amino 
groups of chitin. Chitin is an abundantly available natural polysaccharide, 
being the main constituent of the shell of crustaceans. It is generally suggested 
that the biocidal nature of chitosan (pKa = 6.3), is caused by the positively 
charged amino groups of the glucosamine moiety.56, 59 Chitosan derivatives can 
possess good antimicrobial efficacies as well. For example, Li et al.54 
demonstrated antibacterial properties of dimethyldecylammonium chitosan-
graft-poly(ethylene glycol) methacrylate hydrogels. This chitosan was highly 
quaternized. They showed that this hydrogel was not only biocidal, but also 
biocompatible (Table 1.1e).  
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Table 1.1 Polymeric quats 

 Polymeric quats Literature 

a Cationic polyacrylates 

 

40, 43, 44 

b Cationic poly(vinyl pyridines) 

 

 

 

 

23, 24, 45, 46 

c Cationic poly(ethylene imines) 

 

20, 22, 47-51 

d Cationic poly(hexamethylene biguanides) 

 

 

52, 53 

e Chitosan and cationic chitosan 

 

R = -CH2-(CH2)x-CH3  

R’= CH3 or H 

R’’= R’ or PEG 

54-57 



Chapter 1 

 

10 

 

1.3.3 Immobilized quats on surfaces 

Soluble antimicrobial quats have been exploited for decades.60 In contrast, 
coatings containing quat moieties are developed more recently and may be an 
excellent alternative approach to obtain sterile surfaces.12, 13, 20, 21, 24-26, 61-63 It 
has been shown that soluble quats added in coating formulations exhibited a 
significant antibacterial activity, which is due to the release of these cationic 
species.13, 64 Such coatings, however, lose their antibacterial activity over time 
as the biocidal compounds are completely released into the environment. In 
the meantime there is a substantial number of reports that show that 
immobilized (polymeric) quats can be bactericidal through a contact killing 
mechanism. Since the functional groups are now covalently attached to the 
surface, they may retain their antibacterial property during use.22 Immobilized 
quats are obviously less accessible to bacteria than their planktonic 
counterparts. The contact killing mechanism requires that bacteria have to 
approach the surface closely. Moreover, it has been shown in these cases that 
the number of accessible quats must surpass a certain threshold to effectively 
kill bacteria. Kugler et al.62 studied immobilized poly(4-vinyl-N-butyl 
pyridinium) bromide and found that the number of immobilized quats on the 
surface should above 1015 quaternary ammonium groups per cm2 to yield 
effective contact killing. Murata et al.26 reported similar values for cationic 
polyacrylates.  

One of the huge advantages of immobilized quats is obviously the lack of 
leachables. This only holds if complete absence of leachables is clearly 
demonstrated. However, to prove this is still a matter of debate, since only 
ppm amounts of leachables can already be enough to kill bacteria. To 
guarantee the absence of any leachable component an intensive washing 
procedure is absolutely necessary, as coatings always contain leachable 
compounds. Only in a very small number of cases, however, such exhaustive 
washing has been reported. Unfortunately, only in rare cases antibacterial 
properties of coatings were preserved.26, 49 

In the next paragraph, an overview of some of the most promising 
concepts of immobilized quats is given. 

 

Cationic siloxanes 
Siloxane derivatives are excellent species for tethering their active functional 
groups onto hydroxyl-functional surfaces. They have already been employed 
extensively for the immobilization of cationic species (Scheme 1.1). To 
immobilize these compounds, the alkoxy silane moiety is hydrolyzed to form 
silanol groups. These silanol groups subsequently react with each other as 
well as with the hydroxyl groups on a surface. These antibacterial compounds 
form a crosslinked coating, which is immobilized by a covalent coupling.65 
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Gottenbos et al.66 employed this concept to coat silicone rubbers. They 
tethered 3-(trimethoxysilyl) N, N’-dimethyl, N-octadecyl propyl ammonium 
chloride onto a substrate. Remarkably, this coating demonstrated even a 
higher efficacy in vivo in rats than in vitro experiments.  

 

 

Scheme 1.1 Immobilized trialkyl aminopropyl trialkoxy silane on silicone rubber 
substrate (R2 and R3 are methyl, R1 is octadecyl). Adapted with 
permission.66 Copyright 2002, Elsevier. 

 
A disadvantage of cationic siloxanes coatings is that siloxane bonds can 

hydrolyze slowly under wet conditions. Hydrolysis can take place during 
antibacterial assays, and therefore it cannot be excluded that some 
leachables/biocides are released into the surrounding tissue. Consequently, 
the antibacterial results could be wrongly interpreted. Nevertheless, 
Brizollara et al.67 showed rather convincingly, under their experimental 
conditions, that no leachables were released, whereas the surfaces displayed 
antibacterial properties.  
 

Cationic polyacrylates  

Cationic polyacrylates have been studied extensively for antibacterial coating 
formulations. The properties of copolymers of quaternary ammonium 
comprising (meth)acrylate monomers with a variety of other acrylate 
monomers can widely be tuned. Antibacterial polyacrylates are often used in 
dispersion coatings, but these systems are not discussed here as immobilized 
polymers are the main interest of this overview. Murata et al.26 polymerized 
acrylates from a grafted initiator on a surface by using the Atom Transfer 
Radical Polymerization technique, as depicted in scheme 1.2. They 
demonstrated that immobilized cationic polyacrylates exhibited excellent 
antibacterial properties if the charge density surpassed a minimum threshold 
(> 1015 N+/cm2). They also studied the effect of chain lengths of grafted 
polymers towards biocidal activity. Importantly, it was found that 
antibacterial properties were preserved even when the polymer chain length 
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was too short (10 nm) to penetrate the peptidoglycan layer of bacteria, 
provided that the charge density was above the aforementioned threshold. 
These results strongly support that length of polymer chains plays no or only a 
minor role in the contact killing mechanism. 
 

 

 
  

 

 
Scheme 1.2 Grafting poly(meth)acrylates comprising quaternary ammonium moieties 

from a hydroxyl functional surface.(R = (CH2)x, with x = 2 or 3). Adapted 
with permission.68 Copyright 2004, American Chemical Society.  

 

 

Cationic poly(vinyl pyridine)  

Tiller et al.24 covalently covered various substrates with poly(vinyl pyridines), 
and obtained immobilized polymeric quats after subsequent alkylation 
(Scheme 1.3).  These authors speculated that the topology of the tethered 
polymer brushes was determined on the one hand by attractive hydrophobic 
interactions between alkyl moieties, and on the other hand by electrostatic 
repulsion between cationic groups. Searching for a balance between these two 
interactions, they optimized the chain length of alkyl groups. It resulted in a 
stable formulation and an optimal bactericidal activity. They found that long 
alkyl chains (C6 to C16) exhibited a high biocidal effect. Lin et al.23 reported that 
surfaces coated with poly(vinyl- N -hexylpyridinium) were also able to kill 
multidrug-resistant bacterial strains. This demonstrates that each particular 
system requires optimization of R groups.  
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Scheme 1.3 Grafting cationic poly(vinyl pirydine)s on a surface. Adapted from24. 

 

Cationic poly(ethylene imines)  

PEIs are attractive polymers for preparing polycations, as they contain a high 
density of primary, secondary and tertiary amino groups. Therefore, 
quaternarization of PEI will result in polymeric quats with a high charge 
density.  Klibanov et al.20-22, 46, 47, 69 pioneered on alkylation of poly(ethylene 
imines), using the same approach as they did with PVP. Some bactericidal 
effect was already obtained after N–alkylation of the amino groups of PEI with 
alkyl halides (R=C6 to C=16). N -alkylation not only resulted in some positive 
charges on the tethered polymer groups, but also stabilized them by 
increasing hydrophobic interactions. A second alkylation step of N-alkylated 
(R=C6 to C16)-PEIs with methyl iodide resulted in a substantially higher charge 
density and biocidal efficacy.21, 47, 69 Due to the small size of the methyl group, 
the degree of quaternization increased substantially, and, as a result, the 
biocidal activity as well. After derivatization of PEIs a highly biocidal activity 
was found against airborne and waterborne Gram-negative and Gram–
positive bacteria.  

Immobilization of the coatings, based on these alkylated PEIs, was 
accomplished via two routes. In one approach an amine functional surface was 
treated with acyl chlorides containing bromine functionality, as depicted in 
scheme 1.4. The immobilization of PEI was conducted by reacting some of the 
amino groups of PEI with the tethered alkylbromides on the surface of glass 
slides. Next, the remaining amino groups were converted into quats according 
to the aforementioned method, yielding highly biocidal coatings.21 Later on, 
the same group discovered a simpler approach in which quaternized PEIs 
were applied as a coating using physical adsorption techniques, i.e. without 
coupling agents and without crosslinking.20, 47, 50 According to the authors, 
these hydrophobic polymeric quats were insoluble in water after alkylation 
and could therefore be considered as non-leachable. It is, however, in that case 
difficult to exclude that some species were released during antibacterial 
assays. An antibacterial polymer does not have to dissolve in water to be 
active, as it can directly be transferred from the coating surface towards 
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adhering, hydrophobic moieties on bacterial cell surfaces. Interestingly, these 
coatings not only display high antibacterial properties, but were also active 
against viruses and fungi.20, 69 Recently, the same group demonstrated that 
orthopedic hardware coated with these quaternized PEIs not only prevented 
colonization of the implant with a biofilm, but even promoted bone healing.47 

 
   

 

 

Scheme 1.4 Functionalization substrates with quaternized poly(ethylene imine) (PEI). 
Adapted from 21. 

 
Weiss and Domb et al.49 prepared non-leachable crosslinked cationic 

poly(ethylene imines) for dental applications. It was found that 1 wt% of 
quaternized crosslinked PEI particles, incorporated in a commercial 
orthodontic matrix, exhibited a high killing efficacy. They applied an extensive 
washing step to guarantee that no leachables were released during 
antibacterial assays. They found that the biocidal activity was not at all 
reduced due to this washing treatment. This is strong evidence to support that 
immobilized non-leachable quats are able to kill bacteria in a contact killing 
mode.  

 

1.3.4 Antibacterial action of quats 

Biocidal action of soluble quats 

Hamilton et al.70 proposed in 1968 that a common feature of antibacterial 
compounds was that they have the ability to cause damage to cell membranes, 
leading to leakage and eventually to cell death. This general concept of the 
biocidal activity also holds for quats, mediated by electrostatic and 
hydrophobic interactions.58, 70 This generic mode of action is well accepted for 
soluble quats.  



General introduction 

 

15 

 

The initial action of soluble quats is to interact by electrostatic and 
hydrophobic interactions with the bacterial cell envelope. The cell envelope of 
Gram-positive bacteria generally consists of a peptidoglycan outer layer (cell 
wall) and a phospholipid inner membrane (cytoplasmic membrane). The cell 
envelope of Gram-negative bacteria comprises more complex compositions, 
consisting of lipopolysaccharide, outer membrane, peptidoglycan and inner 
membrane (Figure 1.3).  

A) 

 

B) 

 
 
Phospholipid: 

 

Figure 1.3  
A) Structure of a bacterial cell.  

(Source: http://micro.magnet.fsu.edu/cells/bacteriacell.html).  
B) Composition of bacterial cell envelope for Gram-positive and Gram-negative cell 

envelopes: CAP = covalently attached protein; IMP= integral membrane protein; 
LP= lipoprotein; LPS=  lipopolysaccharide; LTA= lipoteichoic acid; OMP= outer 
membrane protein; WTA= wall teichoic acid. Adapted from71. 

 

The cell wall of bacteria gives the cell its shape and stability and protects 
the inner layer of the cytoplasmic membrane. The peptidoglycan layer is a 
polysaccharide network, crosslinked by peptides. However, this network is 
permeable, enabling metabolites to cross the cell wall. These meshes also 
allow quats to diffuse into this network. These networks contain negatively 
charged glycerol phosphates (teichoic acids), which are neutralized by 
divalent cations, such as Mg2+ and Ca2+. The phospholipid inner layer or 
cytoplasmic membrane is highly organized, but also dynamic. This membrane 
regulates the metabolic processes, i.e. the flow of materials into and out of the 
cell, by constantly adapting themselves to different conditions. Phospholipids 
in general comprise two long alkyl tails (C18) connected via phosphoric acid. 
The remaining negative charge is neutralized by divalent cations such as Mg2+ 
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and Ca2+. As this phospholipid layer is a dynamic assembly of surfactant types 
of molecules, it is highly susceptible to damage.  

 
A) Membrane penetration 

 

B) Ionic Exchange 

 

Figure 1.4 Antibacterial mechanisms of quats in solution: 
A) Mechanism of action based on penetration of quat molecules through the 

bacterial cell membrane. Reproduced with permission.72 Copyright 2005, John 
Wiley and Sons. 

B) Mechanism of action of quats including exchange of calcium ions leading to lysis 
of the bacterial cell. Reproduced with permission.58 Copyright 2005, John Wiley 
and Sons. 
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Soluble quats can diffuse into the membrane and damage the 
cytoplasmic membrane. As it is difficult to envisage that immobilized quats 
can bridge the peptidoglycan layer (20-80 nm) to damage the cytoplasmic 
membrane, other mechanisms are proposed and will be discussed later (vide 

infra). Soluble quats are only effective if they have, besides a positive charge, 
hydrophobic moieties, too, that are able to interact with the phospholipid 
membrane by hydrophobic and electrostatic interactions. It is considered that 
these unnatural surfactant molecules disturb the integrity of inner 
phospholipid layer, thereby causing leakage of bacterial membranes as shown 
in Figure 1.4A. As a result, bacteria will lose essential compounds, which are 
indispensable for the continuation of life.72-74 

Gilbert et al.58 proposed another mechanism, in which quats penetrate 
into the peptidoglycan layer in the same way as discussed in the first 
mechanism. Destabilization, however, is now caused by the exchange of 
cationic species (Figure 1.4B). The quat-molecules associate with the main 
groups of anionic phospholipids, replacing divalent cations such as Ca2+ ions 
from the cytoplasmic membrane in order to maintain charge neutrality in the 
membrane. Calcium ions are not only the counter ions of the phospholipids to 
neutralize charge, but they are also responsible for the stability and integrity 
of the phospholipid layer due to the ionic interactions. Therefore, the 
replacement of Ca2+ ions by quats destabilizes the intracellular matrix of a 
bacterium.58 Destabilization can take place at a “distance” as calcium ions are 
distributed throughout the peptidoglycan layer. Ionic exchange can take place 
through equilibrium shifts throughout the whole bacterial envelope, finally 
reaching the cytoplasmic membrane. 
 

Contact killing action of immobilized quats  

It has been shown by a number of research groups that the antibacterial 
efficacy of quats can be preserved after immobilization on a surface.22, 24, 63, 75, 

76 The biocidal activity is now only caused through intimate contact of bacteria 
with the biocidal surfaces. A limitation of these contact killing coatings is that 
the contact area between an adhering organism and a coating is generally 
rather small. The effective contact depends mainly on the deformability of the 
bacterial cells and the smoothness of the surface. Quats molecules 
immobilized on a surface only exert contact killing effects successfully when a 
minimum positive charge density is present.26, 62 Some authors24, 50 assume 
that the mechanism for immobilized polymeric quats on a surface is the same 
as quats in solution, i.e. penetration through the outer peptidoglycan layer and 
subsequently disturbance of the phospholipid inner membrane, to cause 
further cell damage. It is unclear yet how such an interaction between the 
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outer or cytoplasmic membrane and tethered quats can lead to bacterial 
killing.  

While quats in solution are highly mobile and may penetrate into the 
cell envelope, immobilized quats on surfaces are constrained by their covalent 
bond and only have the freedom to move for the limited length of the tethered 
chains. The polymer chains can only penetrate the bacterial cell envelope 
(peptidoglycan layer and cytoplasmic membrane) effectively if the length of a 
cationic polymer that sticks out of a surface is at least 20-80 nm. Murata et 

al.26 demonstrated that antibacterial properties of tethered cationic 
polyacrylates on a surface were still obtained even when the length of 
polymer chains were only 10 nm long, which is too short by far to penetrate 
through the peptidoglycan layer. According to these authors, only the charge 
density has to be above the aforementioned threshold (1015N+/cm2). This 
suggests that there must be other mechanisms of action operative for 
immobilized quats than for planktonic ones, but these mechanisms have not 
been elucidated yet. In Chapter 6 of this thesis we will propose a new generic 
mechanism for immobilized polymeric quats.  

Recently, Li et al.54 proposed a new mechanism for their gel-like 
immobilized quats. They coated their substrates with a porous hydrogel of 
dimethyldecylammonium chitosan-graft-poly(ethylene glycol) methacrylate 
and cured it under ultraviolet irradiation. The chitosan had a high degree of 
quaternization. They showed that this hydrogel coating possessed an 
antibacterial activity with log reductions of 2.1-4.2. The biocidal activity 
depended on the charge density and the pore size of the hydrogel coatings. A 
contact-killing mechanism was proposed, in which the anionic cell membrane 
components were pulled out as a result of electrostatic interactions. They 
suggested that parts of the negatively charged bacterial membrane were 
sucked into the pores of the hydrogels on the surface, leading to membrane 
disruption (Figure 1.5A). The composition of the removed anionic membrane 
components, however, was not revealed. The pore structure/size was 
considered to be essential. They also demonstrated that the coatings were 
biocompatible in vitro as well as in vivo. Unfortunately, in this case they did 
not pay much attention to an effective washing procedure to exclude the 
presence of leachables, which is obviously very important if contact-killing is 
the targeted mechanism.  

Bieser et al.77 proposed a similar mechanism of action at the same time 
and independently from Li et al.54 These authors suggested that antibacterial 
mechanism of surfaces coated with N-alkyl-N,N-dimethyldeoxyammonium 
celluloses involves the withdrawal of anionic phospholipids from the bacterial 
cell membrane, causing damage of the cytoplasmic membrane (Figure 1.5B). 
This concept was supported by the fact that all coatings could be deactivated 
by treating them with phospholipid-like surfactants, like sodium dodecyl 
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sulfate (SDS) or negatively charged phospholipids. These compounds have a 
similar structure to the anionic cytoplasmic membrane constituents and will 
therefore reduce the attractive forces between quats and these coatings.  

 

 

 
Figure 1.5 Antibacterial mechanism of action of immobilized quats on a surface, 
involving the removal of anionic membrane components.  
A) Parts of the negatively charged bacterial membrane are ‘suctioned’ into the pores 

of the hydrogel-like immobilized quats. Reproduced with permission.54 Copyright 
2011, Nature Publishing Group. 

B) Removal phospholipids from the bacterial cell membrane during contact with 
immobilized quats. Reproduced with permission.77 Copyright 2011, John Wiley 
and Sons. 
 
 

This new concept of immobilized quats seems plausible as it proposes 
the removal of anionic components from bacterial membranes instead of 
penetration of cationic species into bacterial membranes. This second concept 
corresponds better with the results of immobilized quats with short polymers 
chains. 
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1.4 Poly(2-oxazoline)s 

It seems reasonable to propose that immobilized quats are not able to 
penetrate deep enough into the bacterial cell membrane to disturb the 
cytoplasmic membrane. One option to yet cause bacterial cell membrane 
damage is to create a high charge density as discussed in paragraph 1.3. 
Another option is to use a spacer to bridge the peptidoglycan layer. Poly(2-
oxazoline)s (POX) may be suitable candidates, as they are increasingly 
mentioned in biomedical applications. Moreover, poly(2-methyl-oxazoline)s 
(PMOX) are water soluble and easily assessable polymers and convenient to 
functionalize. Due to their water solubility tethered PMOX will stick out as a 
polymer brush into the aqueous phase, possibly also when equipped with 
quats end groups.  

The properties of POX are well-tunable due to the living character of the 
polymerization and the easy accessibility to a wide range of monomers, as 
well as the great number of available facilitating methods to introduce starting 
and end groups (Scheme 1.5). The cationic ring opening polymerization of 2-
oxazolines has been reported for the first time by four independent groups in 
1966.78-81   

 

Scheme 1.5. Cationic ring opening polymerization of 2-oxazolines monomers.  
X=initial group, Y=terminal group, R= aromatic or aliphatic alkyl chain. 

 
A review of literature shows that the interest in POX has already existed 

for more than forty years. More recently, however, POX have attracted great 
attention in biomedical applications due to the discovery of biocompatibility, 
in combination with the wide range of tunable properties.82, 83 The use of POX 
is proposed as a substitute for poly(ethylene oxide) (PEG), the gold standard 
for biomedical polymers.84, 85 POX not only possess the key beneficial 
properties of PEG, but also have characteristics that are novel and unique for 
many applications. The main advantage of POX over PEG is the easy variation 
of the monomer composition as well as the easy introduction of starting, end 
and side-chain functionalities. POX are non-ionic, stable, and highly soluble in 
water and organic solvents, depending on the R-group.  

The biocompatibility of PMOX was demonstrated in 1989 by Goddard et 

al.84  125 I-labeled PMOX was found to be excreted from mice without significant 
accumulation in organs, although some, probably high molecular weight, 



General introduction 

 

21 

 

polymer was found in skin and muscle tissue. Recently, Jordan et al.85 studied 
the biodistribution and excretion of well-defined radiolabelled PMOX and 
poly(2-ethyl-2-oxazolines) (PEOX) in mice. They demonstrated that no 
accumulation in tissue and rapid clearance from the bloodstream took place.85 

Differences in properties of PEG and POX are summarized in Table 1.2, with 
regard to the use of these polymers in drug delivery applications. 

 

Table 1.2 Differences in properties between PEG and POX. Adapted with permission 86. 
Copyright 2011, American Chemical Society. 

 
PEG POX 

Difficult polymerization process and there 
are limited suppliers of quality raw PEG 
 
Ethylene oxide is highly carcinogenic 
 
Can crystallize 
  

POX easily synthesized with standard 
glassware  
 
 
2-oxazolines are not toxic 
 
Cannot crystallize 

Forms peroxides (need to add antioxidant)  
 

Does not form peroxides 

Stable only at temperatures < 20 °C Stable at room temperature and in water 
 

Diol content of 2-6% No Diol 
 

Highly viscous when in aqueous solutions Low viscosity 
 

Low drug loading High drug loading 
 

Difficult to actively target Active targeting possible with pendent 
polymers 
 

Can accumulate in some organs and form 
vacuoles because of desiccant nature of PEG 

Readily cleared from body  
 

  
 

POXs have been described as potential compounds in biomedical 
applications. Tiller et al.72, 87 reported the synthesis of a series of PMOX and 
PEOX polymers, terminated with quaternary ammonium groups and 
demonstrated an antibacterial activity against S. aureus. Remarkably, the POX 
chain length did not influence the antibacterial activity, whereas the 
functionality at the starting terminus (satellite group) strongly affected the 
antibacterial mechanism. It was proposed that the quaternary ammonium 
moiety and the satellite group aggregate in the core of a unimolecular micelle 
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and subsequent two groups attack the phospholipid membrane, causing 
membrane damage (Figure 1.6).  

 

Figure 1.6 Antibacterial action of a poly(2-oxazoline) comprising quaternary 
ammonium and alkyl terminal groups. Adapted from72, 82 

 

A significant amount of recent literature on poly(2-oxazoline)s, 
particularly in biomedical context applications, clearly shows the importance 
and emergence of this research area.72, 82, 85, 86 Therefore, new developments 
and innovations will undoubtedly appear in the coming years and lead to 
commercial applications. 

 

1.5 Hyperbranched polymers  

Hyperbranched polymers (HBPs) have attracted considerable attention during 
the past decade because of their intrinsic globular structures and unique 
properties, such as low viscosity, high solubility and a high degree of 
functionality, compared to their linear analogues.88-91 Particularly the high 
degree of functionality is important in biomedical applications, as it allows to 
introduce numerous bio-active moieties.  

Hyperbranched polymers can be prepared by chain and step growth 
polymerizations. The most important routes to prepare HBPs are either by 
polymerizing of A2 and Bx monomers or by using ABx monomers. A and B 
represent two different functional groups that are able to react with each 
other, and x is the number of B groups in a monomer. Step growth 
polymerizations are more preferred for making hyperbranched polymers than 
chain growth polymerizations. The common route in chain growth 
polymerizations (radical, anionic) is the use of mono- and di-functional 
monomers (A2 + B4). In chain growth polymerizations high molecular weight 



General introduction 

 

23 

 

polymers are formed fast, due to the high reaction rates per chain and the high 
functionality of the B-group (B4). In step growth polymerizations the build-up 
of the molecular weight is gradual and B3 monomers are abundantly available. 
Therefore the risk of gel formation is less in step growth polymerizations.  

For many commercial applications polycondensation of A2/B3 systems 
(polyesters, polyamides, polyurethanes) is preferred, because of the abundant 
availability of these monomers. The polymer structures obtained via that 
route, however, are not well-defined. In more advanced, e.g. biomedical, 
applications the majority of hyperbranched polymers are prepared by a step-
growth polycondensation reaction employing ABx monomers. The advantages 
of ABx monomers are that no gelation can take place and that all polymer 
chains are provided with reactive B-Groups. Figure 1.7 depicts hyperbranched 
polymer structure obtained by polymerizing AB2 monomers.  

 

Figure 1. 7 Schematic architecture of the hyperbranched polymer obtained from AB2 
monomers.  

 

Flory’s pioneering work92 in 1952 on the molecular weight distribution 
of highly branched polymers, generated by the polycondensation of ABx 
monomers, has inspired many researchers since then. Flory’s mathematical 
expressions for the polycondensation of AB2 monomers, as obtained by 
statistical methods, were  implemented by Kricheldorf and co-workers years 
later (in 1982) in order to synthesize highly branched polyesters.93 In 1988 
the term of “hyperbranched polymers” was coined for the first time by Kim 
and Webster.94, 95 They reported the synthesis of unusually soluble 
hyperbranched polyarylenes by using AB2 type monomers.  
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The highly branched architecture and numerous functional end groups 
of hyperbranched polymers result in the special physical and chemical 
properties of the new sort of materials. Over the past decades, hyperbranched 
polymers have been suggested for a wide variety of applications. 

 

Hyperbranched polymers on surfaces (coatings) 

Hyperbranched polymers (HBPs) are particularly suitable for specialty 
coatings. They allow introduction of a wide variety of (bio-active) 
functionalities, such as biocides, due to the numerous end groups. The 
anchoring of coatings on surfaces can be achieved either by physical 
adsorption or by covalent bonding. Although physical adsorption is a common 
application technique, the coating layers can be removed under harsh 
application conditions. In contrast, covalently attached coating layers can 
withstand harsh conditions better. In the meantime various routes have been 
developed to obtain high interfacial strengths. Scheme 1.6 depicts several 
options, focusing on anchoring hyperbranched polymer coatings on surfaces 
by chemical methods. 
 

 

Scheme 1.6 Various routes of surface coating with hyperbranched polymers. Adapted 
from.96 

 
The surface is often pre-treated with a coupling agent (primer) to 

guarantee that the coatings are chemically tethered on surfaces (chemisorb). 
Route 1 demonstrates a “graft on graft” technique. The A-groups do not react 
directly with the B-groups of the AB2 monomers.  B-groups are first converted 
into a D-moiety before a new AB2 layer is applied. A first generation is 
obtained by the reaction of the A-group of the AB2 monomer with the D moiety 
on the surface. Next the B-groups are converted into D-moieties, after which 
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the A-group of a new dose of AB2 monomers is coupled onto the newly formed 
D-group. This technique is identical to the route as used in the synthesis of 
dendrimers. Route 2 is a “grafting from” approach, in which AB2 or latent AB2 
monomers (ABB’) are polymerized on surface modified with coupling agents. 
Route 3 is “grafting onto” method, in which the hyperbranched polymers are 
first prepared and then tethered onto the coupling agents on the surface.  

 

 
 
Scheme 1.7 The preparation of a hyperbranched PAA surface layer on a gold substrate. 

Reproduced with permission.99 Copyright 2007, John Wiley and Sons. 
 
Most studies demonstrate good coverage of surfaces by covalently 

attached monolayers. However, these nm-thick coating layers are very fragile 
and vulnerable in practical applications. The durability of coatings depends, 
amongst other things, highly on thickness. Some authors have reported 
hyperbranched coatings with thicknesses ranging from a few nm’s up to a few 
hundred nm’s by using a chemisorb method. Huck et al. 97 demonstrated a new 
procedure to synthesize covalently linked hyperbranched polyglycidol 
brushes on Si/SiO2 surfaces via anionic ring opening polymerization of 
glycidol that could reach a thickness of 70 nm of a hyperbranched polymer 



Chapter 1 

 

26 

 

layer. Crooks et al.98, 99 showed that it was possible to obtain grafted 
hyperbranched polymers ranging from 3 to >1300 nm. They employed a graft-
on-graft approach to tether hyperbranched poly(acrylic acid)s (PAA) (Scheme 
1.7). Diamino-terminated poly(tert-butyl acrylate) (NH2-PTBA-NH2) was first 
covalently tethered on surface and then converted into PAA layer by 
hydrolysis of the t-butyl ester groups. The carboxylic acid groups of PAA were 
then activated with ethyl chloroformate by making a mixed anhydride before 
the next grafting reaction with NH2-PTBA-NH2 was carried out.  

Recently, Xiang et al.100, 101 reported that a wide range of thickness (nm 
up to microns) of hyperbranched polyureas can be obtained on the surface. 
They polymerized spin-coated AB2 type monomers on a modified surface to 
yield covalently attached hyperbranched polyureas (vide infra, Chapter 2). 

Tethered hyperbranched polymers on solid substrates are most 
probably the best route to obtain stable coatings under harsh conditions. 
Moreover, hyperbranched polymers seem very promising as they can be 
furnished with a high density of bio-active groups. Covalently attached 
hyperbranched polymer coatings functionalized with immobilized 
compounds, e.g. antibacterial moieties, may have a great potential to generate 
robust antibacterial coatings.  

 

1.6 Aim of this thesis 

The aim of this thesis is to describe the preparation, characterization and 
bacterial contact-killing mechanism of hyperbranched polymer coatings and 
their decoration with quaternary ammonium ion moieties. Covalently 
attached hyperbranched coatings were covered with chemically anchored 
amino-functional compounds, which were subsequently alkylated to obtain a 
high density of quaternary ammonium species. The antibacterial properties of 
these coatings were studied in detail. Furthermore a new action mechanism of 
immobilized quaternary ammonium ions is proposed.  

Chapter 1. In this chapter a general overview of antibacterial surfaces, 
and particularly the antibacterial properties of quaternary ammonium ions, is 
given. The antibacterial action mechanisms of quaternary ammonium ions are 
discussed. An overview of poly(2-oxazoline)s and hyperbranched polymers is 
given as well, with regard to their potential in biomedical coating applications. 

Chapter 2. In this chapter preparation and characterization of 
hyperbranched polymer coatings, based on the polycondensation of AB2 
monomers on pretreated surfaces, are discussed. 
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Chapter 3. This chapter describes the synthesis of poly(2-oxazoline)s 
comprising hydroxyl or amino groups at one terminus and antibacterial 
moiety at another terminus, by using various initiators.  

Chapter 4. Modification of hyperbranched polymer coatings with 
poly(2-oxazoline)s having antibacterial moieties is reported, together with 
antibacterial properties of both resulting coatings and the poly(2-oxazoline)s 
in planktonic assays. 

Chapter 5. The preparation and characterization of immobilized 
hyperbranched polymers, the modification with polyethyleneimines and the 
subsequent alkylation, are discussed.   

Chapter 6. The antibacterial properties of immobilized hyperbranched 
polymers anchored on silicone surfaces and provided with alkylated 
polyethyleneimines, are presented. The antibacterial properties were 
measured with various techniques. Furthermore, a new hypothesis on 
antibacterial action of immobilized quaternary ions based on this coating is 
proposed.  
 

References 
 
1. Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: A common cause of persistent 

infections. Science 1999;284(5418):1318-22. 
2. Hall-Stoodley L, Costerton JW, Stoodley P. Bacterial biofilms: From the natural 

environment to infectious diseases. Nat Rev Microbiol 2004;2(2):95-108. 
3. Ceri H, Olson ME, Stremick C, Read RR, Morck D, Buret A. The calgary biofilm device: New 

technology for rapid determination ofantibiotic susceptibilities of bacterial biofilms. J Clin 
Microbiol 1999;37(6):1771-6. 

4. Mah T-FC, O'Toole GA. Mechanisms of biofilm resistance to antimicrobial agents. Trends in 
Microbiol 2001;9(1):34-9. 

5. Arciola CR, Campoccia D, Speziale P, Montanaro L, Costerton JW. Biofilm formation in 
Staphylococcus implant infections. A review of molecular mechanisms and implications 
for biofilm-resistant materials. Biomaterials 2012;33(26):5967-82. 

6. Uçkay I, Pittet D, Vaudaux P, Sax H, Lew D, Waldvogel F. Foreign body infections due to 
Staphylococcus epidermidis. Ann Med 2009;41(2):109-19. 

7. Isiklar ZU, Darouiche RO, Landon GC, Beck T. Efficacy of antibiotics alone for orthopaedic 
device related infections. Clin Orthop Relat Res 1996(332):184-9. 

8. Raad I, Darouiche R, Hachem R, Sacilowski M, Bodey GP. Antibiotics and prevention of 
microbial colonization of catheters. Antimicrob Agents Chemother 1995;39(11):2397-400. 

9. Darouiche RO. Treatment of infections associated with surgical Implants. N Engl J Med 
2004;350(14):1422-9. 

10. Widmer AF. New developments in diagnosis and treatment of infection in orthopedic 
implants. Clin Infect Dis 2001;33(Supplement 2):S94-S106. 

11. Zimmerli W, Trampuz A, Ochsner PE. Prosthetic-joint infections. N Eng J Med 
2004;351(16):1645-54. 

12. Banerjee I, Pangule RC, Kane RS. Antifouling Coatings: Recent Developments in the Design 
of Surfaces That Prevent Fouling by Proteins, Bacteria, and Marine Organisms. Adv Mater 
2011;23(6):690-718. 



Chapter 1 

 

28 

 

13. Li Z, Lee D, Sheng X, Cohen RE, Rubner MF. Two-level antibacterial coating with both 
release-killing and contact-killing capabilities. Langmuir 2006;22(24):9820-3. 

14. Jeon SI, Lee JH, Andrade JD, De Gennes PG. Protein—surface interactions in the presence of 
polyethylene oxide: I. Simplified theory. J Colloid Interface Sci 1991;142(1):149-58. 

15. Razatos A, Ong Y-L, Boulay F, Elbert DL, Hubbell JA, Sharma MM, Georgiou G. Force 
measurements between bacteria and poly(ethylene glycol)-coated surfaces. Langmuir 
2000;16(24):9155-8. 

16. Saint S, Elmore JG, Sullivan SD, Emerson SS, Koepsell TD. The efficacy of silver alloy-coated 
urinary catheters in preventing urinary tract infection: a meta-analysis. Am J Med 
1998;105(3):236-41. 

17. Bosetti M, Massè A, Tobin E, Cannas M. Silver coated materials for external fixation 
devices: in vitro biocompatibility and genotoxicity. Biomaterials 2002;23(3):887-92. 

18. Li JX, Wang J, Shen LR, Xu ZJ, Li P, Wan GJ, Huang N. The influence of polyethylene 
terephthalate surfaces modified by silver ion implantation on bacterial adhesion behavior. 
Surf Coat Tech 2007;201(19–20):8155-9. 

19. Dai J, Bruening ML. Catalytic Nanoparticles Formed by Reduction of Metal Ions in 
Multilayered Polyelectrolyte Films. Nano Lett 2002;2(5):497-501. 

20. Haldar J, An D, Álvarez de Cienfuegos L, Chen J, Klibanov AM. Polymeric coatings that 
inactivate both influenza virus and pathogenic bacteria. Proc Natl Acad Sci USA 
2006;103(47):17667-71. 

21. Lin J, Qiu S, Lewis K, Klibanov AM. Bactericidal properties of flat surfaces and naoparticles 
derivatized with alkylated polyethylenimines. Biotechnol Progr 2002;18(5):1082-6. 

22. Milović NM, Wang J, Lewis K, Klibanov AM. Immobilized N-alkylated polyethylenimine 
avidly kills bacteria by rupturing cell membranes with no resistance developed. 
Biotechnol Bioeng 2005;90(6):715-22. 

23. Lin J, Tiller JC, Lee SB, Lewis K, Klibanov AM. Insights into bactericidal action of surface-
attached poly(vinyl-N -hexylpyridinium) chains. Biotechnol Lett 2002;24(10):801-5. 

24. Tiller JC, Liao C-J, Lewis K, Klibanov AM. Designing surfaces that kill bacteria on contact. 
Proc Natl Acad Sci USA 2001;98(11):5981-5. 

25. Lin J, Qiu S, Lewis K, Klibanov AM. Mechanism of bactericidal and fungicidal activities of 
textiles covalently modified with alkylated polyethylenimine. Biotechnol Bioeng 
2003;83(2):168-72. 

26. Murata H, Koepsel RR, Matyaszewski K, Russell AJ. Permanent, non-leaching antibacterial 
surfaces-2: How high density cationic surfaces kill bacteria cells. Biomaterials 
2007;28(32):4870-9. 

27. Cheng G, Xue H, Zhang Z, Chen S, Jiang S. A Switchable Biocompatible Polymer Surface with 
Self-Sterilizing and Nonfouling Capabilities. Angew Chem 2008;120(46):8963-6. 

28. Hegstad K, Langsrud S, Lunestad BT, Scheie AA, Sunde M, Yazdankhah SP. Does the wide 
use of quaternary ammonium compounds enhance the selection and spread of 
antimicrobial resistance and thus threaten our health? Microb Drug Resist 2010;16(2):91-
104. 

29. Gilbert P, McBain AJ. Potential impact of increased use of biocides in consumer products 
on prevalence of antibiotic resistance. Clin Microbiol Rev 2003;16(2):189-208. 

30. Wright NE, Gilbert P. Influence of specific growth rate and nutrient limitation upon the 
sensitivity of Escherichia coli towards chlorhexidine diacetate. J App Bacteriol 
1987;62(4):309-14. 

31. Heir E, Sundheim G, Holck AL. The qacG gene on plasmid pST94 confers resistance to 
quaternary ammonium compounds in staphylococci isolated from the food industry. J App 
Microbiol 1999;86(3):378-88. 

32. Wilson LA, Sawant AD, Ahearn DG. Comparative efficacies of soft contact lens disinfectant 
solutions against microbial films in lens cases. Arch Ophthalmol 1991;109(8):1155-7. 



General introduction 

 

29 

 

33. Bonesvoll P, Gjermo P. A comparison between chlorhexidine and some quaternary 
ammonium compounds with regard to retention, salivary concentration and plaque-
inhibiting effect in the human mouth after mouth rinses. Arch Oral Biol 1978;23(4):289-
94. 

34. Kenawy E-R, Worley SD, Broughton R. The chemistry and applications of antimicrobial 
polymers: A state-of-the-art review. Biomacromolecules 2007;8(5):1359-84. 

35. Kenawy ER, Mahmoud YAG. Biologically active polymers. Macromol Biosci 2003;3:107. 
36. Kenawy E-R, Abdel-Hay FI, El-Magd AA, Mahmoud Y. Biologically active polymers: VII. 

Synthesis and antimicrobial activity of some crosslinked copolymers with quaternary 
ammonium and phosphonium groups. React Funct Polym 2006;66(4):419-29. 

37. Moreau E, Domurado M, Chapon P, Vert M, Domurado D. Biocompatibility of polycations: 
In vitro agglutination and lysis of red blood cells and In vivo toxicity. J Drug Target 
2002;10(2):161-73. 

38. Moreau É, Ferrari I, Drochon A, Chapon P, Vert M, Domurado D. Interactions between red 
blood cells and a lethal, partly quaternized tertiary polyamine. J Control Release 
2000;64(1–3):115-28. 

39. Sovadinova I, Palermo EF, Huang R, Thoma LM, Kuroda K. Mechanism of polymer-induced 
hemolysis: Nanosized pore formation and osmotic lysis. Biomacromolecules 
2010;12(1):260-8. 

40. Kuroda K, DeGrado WF. Amphiphilic Polymethacrylate Derivatives as Antimicrobial 
Agents. J Am Chem Soc 2005;127(12):4128-9. 

41. Ilker MF, Nüsslein K, Tew GN, Coughlin EB. Tuning the hemolytic and antibacterial 
activities of amphiphilic polynorbornene derivatives. J Am Chem Soc 
2004;126(48):15870-5. 

42. Gelman MA, Weisblum B, Lynn DM, Gellman SH. Biocidal activity of polystyrenes that are 
cationic by virtue of protonation. Org Lett 2004;6(4):557-60. 

43. Kenawy E-R, Abdel-Hay FI, El-Shanshoury AE-RR, El-Newehy MH. Biologically active 
polymers: synthesis and antimicrobial activity of modified glycidyl methacrylate polymers 
having a quaternary ammonium and phosphonium groups. J Controlled Release 
1998;50(1–3):145-52. 

44. Jaeger W, Bohrisch J, Laschewsky A. Synthetic polymers with quaternary nitrogen atoms—
Synthesis and structure of the most used type of cationic polyelectrolytes. Prog Polym Sci 
2010;35(5):511-77. 

45. Cheng Z, Zhu X, ShiI ZL, Neoh KG, Kang ET. Polymer microspheres with permanent 
antibacterial surfaces from surface-initiated atom transfer radical polymerization of 4-
vinylptridine and quaternization. Surf Rev Lett 2006;13(02n03):313-8. 

46. Lewis K, Klibanov AM. Surpassing nature: rational design of sterile-surface materials. 
Trends Biotechnol 2005;23(7):343-8. 

47. Schaer TP, Stewart S, Hsu BB, Klibanov AM. Hydrophobic polycationic coatings that inhibit 
biofilms and support bone healing during infection. Biomaterials 2012;33(5):1245-54. 

48. Beyth N, Houri-Haddad Y, Baraness-Hadar L, Yudovin-Farber I, Domb AJ, Weiss EI. Surface 
antimicrobial activity and biocompatibility of incorporated polyethylenimine 
nanoparticles. Biomaterials 2008;29(31):4157-63. Epub 2008/08/06. 

49. Beyth N, Yudovin-Farberb I, Perez-Davidia M, Dombb AJ, Weissa EI. Polyethyleneimine 
nanoparticles incorporated into resin composite cause cell death and trigger biofilm stress 
in vivo. Proc Natl Acad Sci USA 2010;107(51):22038–43. 

50. Wong SY, Li Q, Veselinovic J, Kim BS, Klibanov AM, Hammond PT. Bactericidal and 
virucidal ultrathin films assembled layer by layer from polycationic N-alkylated 
polyethylenimines and polyanions. Biomaterials 2010;31(14):4079-87. Epub 
2010/02/19. 



Chapter 1 

 

30 

 

51. Yudovin-Farber I, Beyth N, Weiss EI, Domb AJ. Antibacterial effect of composite resins 
containing quaternary ammonium polyethyleneimine nanoparticles. J Nanopart Res 
2009;12(2):591-603. 

52. Ikeda T, Ledwith A, Bamford CH, Hann RA. Interaction of a polymeric biguanide biocide 
with phospholipid membranes. Biochim Biophys Acta Biomembr 1984;769(1):57-66. 

53. Ikeda T, Tazuke S, Bamford CH, Ledwith A. Spectroscopic studies on the interaction of 
polymeric in-chain biguanide biocide with phospholipid membranes as probed by 8-
anilinonaphthalene-l-sulfonate. Bull Chem Soc Jpn 1985;58(2):705-9. 

54. Li P, Poon YF, Li W, Zhu H-Y, Yeap SH, Cao Y, Qi X, Zhou C, Lamrani M, Beuerman RW, Kang 
E-T, Mu Y, Li CM, Chang MW, Jan Leong SS, Chan-Park MB. A polycationic antimicrobial 
and biocompatible hydrogel with microbe membrane suctioning ability. Nat Mater 
2011;10(2):149-56. 

55. Jia Z, shen D, Xu W. Synthesis and antibacterial activities of quaternary ammonium salt of 
chitosan. Carbohydr Res 2001;333(1):1-6. 

56. Helander IM, Nurmiaho-Lassila EL, Ahvenainen R, Rhoades J, Roller S. Chitosan disrupts 
the barrier properties of the outer membrane of Gram-negative bacteria. Int J Food 
Microbiol 2001;71(2–3):235-44. 

57. Kim C, Choi J, Chun H, Choi K. Synthesis of chitosan derivatives with quaternary 
ammonium salt and their antibacterial activity. Polym Bull 1997;38(4):387-93. 

58. Gilbert P, Moore LE. Cationic antiseptics: diversity of action under a common epithet. J 
Appl Microbiol 2005;99(4):703-15. 

59. Muzzarelli R, Tarsi R, Filippini O, Giovanetti E, Biagini G, Varaldo PE. Antimicrobial 
properties of N-carboxybutyl chitosan. Antimicrob Agents Chemother 1990;34(10):2019-
23. 

60. McDonnell G, Russell AD. Antiseptics and Disinfectants: Activity, Action, and Resistance. 
Clin Microbiol rev 1999;12(1):147-79. 

61. Bouloussa O, Rondelez F, Semetey V. A new, simple approach to confer permanent 
antimicrobial properties to hydroxylated surfaces by surface functionalization. Chem 
Commun 2008(8):951-3. 

62. Kugler R, Bouloussa O, Rondelez F. Evidence of a charge-density threshold for optimum 
efficiency of biocidal cationic surfaces. Microbiology 2005;151(5):1341-8. Epub 
2005/05/05. 

63. Fuchs AD, Tiller JC. Contact-active antimicrobial coatings derived from aqueous 
suspensions. Angew Chem Int 2006;45(40):6759-62. 

64. Mahltig B, Fiedler D, Böttcher H. Antimicrobial Sol–Gel Coatings. J Sol-Gel Sci Tech 
2004;32(1):219-22. 

65. Loontjens JA. Quaternary Ammonium Compounds. In: Moriarty TF, Zaat SAJ, Busscher HJ, 
editors. Biomaterials Associated Infection: Springer New York; 2013. p. 379-404. 

66. Gottenbos B, Van der Mei HC, Klatter F, Nieuwenhuis P, Busscher HJ. In vitro and in vivo 
antimicrobial activity of covalently coupled quaternary ammonium silane coatings on 
silicone rubber. Biomaterials 2002;23(6):1417-23. 

67. Brizzolara RA, Stamper DM. The effect of covalent surface immobilization on the 
bactericidal efficacy of a quaternary ammonium compound. Surf Interface Annal 
2007;39(7):559-66. 

68. Lee SB, Koepsel RR, Morley SW, Matyjaszewski K, Sun Y, Russell AJ. Permanent, 
Nonleaching Antibacterial Surfaces. 1. Synthesis by Atom Transfer Radical Polymerization. 
Biomacromolecules 2004;5(3):877-82. 

69. Haldar J, Weight AK, Klibanov AM. Preparation, application and testing of permanent 
antibacterial and antiviral coatings. Nat Protoc 2007;2(10):2412-7. 

70. Hamilton WA. The mechanism of the bacteriostatic action of tetrachlorosalicylanilide: a 
membrane-active antibacterial compound. J Gen Microbiol 1968;50(3):441-58. 



General introduction 

 

31 

 

71. Silhavy TJ, Kahne D, Walker S. The bacterial cell envelope. Cold Spring Harb Perspect Biol 
2010;2(5). 

72. Waschinski CJ, Herdes V, Schueler F, Tiller JC. Influence of satellite groups on telechelic 
antimicrobial functions of polyoxazolines. Macromol Biosci 2005;5(2):149-56. 

73. Denyer SP, Stewart GSAB. Mechanisms of action of disinfectants. Int Biodeter Biodegr 
1998;41(3–4):261-8. 

74. Marcotte L, Barbeau J, Lafleur M. Permeability and thermodynamics study of quaternary 
ammonium surfactants—phosphocholine vesicle system. J Colloid Interf Sci 
2005;292(1):219-27. 

75. Venkataraman S, Zhang Y, Liu L, Yang Y-Y. Design, syntheses and evaluation of 
hemocompatible pegylated-antimicrobial polymers with well-controlled molecular 
structures. Biomaterials 2010;31(7):1751-6. 

76. Waschinski CJ, Zimmermann J, Salz U, Hutzler R, Sadowski G, Tiller JC. Design of contact-
active antimicrobial acrylate-based materials using biocidal macromers. Adv Mater 
2008;20(1):104-8. 

77. Bieser AM, Tiller JC. Mechanistic considerations on contact-active antimicrobial surfaces 
with controlled functional group densities. Macromol Biosci 2011;11(4):526-34. 

78. Tomalia DA, Sheetz DP. Homopolymerization of 2-alkyl- and 2-aryl-2-oxazolines. J Polym 
Sci, Part A: Polym Chem 1966;4(9):2253-65. 

79. Seeliger W, Aufderhaar E, Diepers W, Feinauer R, Nehring R, Thier W, Hellmann H. Recent 
syntheses and reactions of cyclic imidic esters. Angew Chem Int Ed Engl 1966;5(10):875-
88. 

80. Kagiya T, Narisawa S, Maeda T, Fukui K. Ring-opening polymerization of 2-substituted 2-
oxazolines. J Polym Sci, Part B: Polym Lett 1966;4(7):441-5. 

81. Bassiri TG, Levy A, Litt M. Polymerization of cyclic imino ethers. I. Oxazolines. J Polym Sci, 
Part B: Polym Lett 1967;5(9):871-9. 

82. Hoogenboom R. Poly(2-oxazoline)s: a polymer class with numerous potential applications. 
Angew Chem Int Ed Engl 2009;48(43):7978-94. Epub 2009/09/22. 

83. Adams N, Schubert US. Poly(2-oxazolines) in biological and biomedical application 
contexts. Adv Drug Deliver Rev 2007;59(15):1504-20. 

84. Goddard P, Hutchinson LE, Brown J, Brookman LJ. Soluble polymeric carriers for drug 
delivery. Part 2. Preparation and in vivo behaviour of N-acylethylenimine copolymers. J 
Control Release 1989;10(1):5-16. 

85. Gaertner FC, Luxenhofer R, Blechert B, Jordan R, Essler M. Synthesis, biodistribution and 
excretion of radiolabeled poly(2-alkyl-2-oxazoline)s. J Control Realease 2007;119(3):291-
300. 

86. Viegas TX, Bentley MD, Harris JM, Fang Z, Yoon K, Dizman B, Weimer R, Mero A, Pasut G, 
Veronese FM. Polyoxazoline: chemistry, properties, and applications in drug delivery. 
Bioconjugate Chem 2011;22(5):976-86. 

87. Waschinski CJ, Tiller JC. Poly(oxazoline)s with Telechelic Antimicrobial Functions. 
Biomacromolecules 2005;6(1):235-43. 

88. Yates CR, Hayes W. Synthesis and applications of hyperbranched polymers. Eur Polym J 
2004;40(7):1257-81. 

89. Voit B. Hyperbranched polymers—All problems solved after 15 years of research? J Polym 
Sci, Part A: Polym Chem 2005;43(13):2679-99. 

90. Jikei M, Kakimoto M-a. Hyperbranched polymers: a promising new class of materials. Prog 
Polym sci 2001;26(8):1233-85. 

91. Hutchings L. Hyperbranched polymers. Synthesis, properties, and Applications. Edited by 
Deyue Yan, Chao Gao and Holger Frey. Angew Chem Int Ed 2012;51(11):2543-. 

92. Flory PJ. Molecular size distribution in three dimensional polymers. VI. Branched 
polymers containing A—R—Bf-1 Type Units. J Am Chem Soc 1952;74(11):2718-23. 



Chapter 1 

 

32 

 

93. Kricheldorf HR, Zang Q-Z, Schwarz G. New polymer syntheses: 6. Linear and branched 
poly(3-hydroxy-benzoates). Polymer 1982;23(12):1821-9. 

94. Kim YH, Webster OW. Polym Prepr (Am Chem Soc, Div Polym Chem) 1988;29(2):310. 
95. Kim YH, Webster OW. Water soluble hyperbranched polyphenylene: "a unimolecular 

micelle?". J Am Chem Soc 1990;112(11):4592-3. 
96. Gao C, Yan D. Hyperbranched polymers: from synthesis to applications. Prog Polym sci 

2004;29(3):183-275. 
97. Khan M, Huck WTS. Hyperbranched polyglycidol on Si/SiO2 surfaces via surface-initiated 

polymerization. Macromolecules 2003;36(14):5088-93. 
98. Bruening ML, Zhou Y, Aguilar G, Agee R, Bergbreiter DE, Crooks RM. Synthesis and 

characterization of surface-grafted, hyperbranched polymer films containing fluorescent, 
hydrophobic, ion-binding, biocompatible, and electroactive groups. Langmuir 
1997;13(4):770-8. 

99. Peez RF, Dermody DL, Franchina JG, Jones SJ, Bruening ML, Bergbreiter DE, Crooks RM. 
Aqueous solvation and functionalization of weak-acid polyelectrolyte thin films. Langmuir 
1998;14(15):4232-7. 

100. Xiang F. Facile route for novel hyperbranched polyurea and application thereof: PhD 
thesis University of Groningen, The Netherlands; ISBN 978-90-367-4899-5.4; 2011. 

101. Xiang F, Loontjens T, Geladé E, Vorenkamp J. Preparation of AB2 monomers and the 
corresponding hyperbranched polyureas in a one-pot procedure. Macromol Chem Phys 
2012:1841-50. 

 
 

 
 

 

 



 

   

 

 

Chapter 2 
 

Hyperbranched polyurea coatings  

Coating platform based on polycondensation of AB2 monomers 

Lia A.T.W. Asri, Mihaela Crismaru, Oleksii Ivashenko, Petra Rudolf, 

Henny C. van der Mei, Henk J. Busscher, Ton. J.A. Loontjens 

 

 

 

Summary 

Coated substrates, with covalently attached hyperbranched polyureas, have 
been prepared via the direct polycondensation of AB2 monomers on 
pretreated silicon wafers. The AB2 monomers, comprising a secondary amine 
(A-group) and two blocked isocyanates (B-groups), were synthesized in high 
yields by a highly selective reaction of bishexamethylene triamine with 
carbonyl biscaprolactam. The silicon wafers were pretreated with a blocked-
isocyanate-functional silane coupling agent to obtain surfaces covered with 
chemically bonded blocked isocyanate moieties. On these covalently attached 
hyperbranched polyurea coatings were applied by heating drop-casted AB2 
monomers above the deblocking temperature of the blocked isocyanates. 
Transmission Fourier Transforms Infrared (FT-IR), X-ray Photoelectron 
Spectroscopy (XPS) and Atomic Force Microscopy (AFM) measurements 
showed that, even after exhaustive washing procedures, the immobilized 
hyperbranched polyureas remained perfectly attached on the surfaces. The 
immobilized hyperbranched polyureas still comprised numerous blocked 
isocyanate groups, available for further modifications.  
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2.1 Introduction 
Biomaterials play an important role in modern health care. The importance of 
implants and devices is growing due to an increasing demand of the ageing 
society for a higher quality of life. The major nuisance of implants, sometimes 
even life threatening, is the risk of infection. Application of antimicrobial 
coatings on implants might be very promising as a preventive action towards 
infections. In the last decade numerous studies have reported on antimicrobial 
coatings that eradicate bacteria either by releasing biocides or by a contact 
killing approach.1-3 The disadvantages of releasing biocides are that target 
organisms can build-up microbial resistance, while in addition releasing 
coatings become exhausted. In contrast, a covalently immobilized 
antimicrobial contact killing coating could perform much longer, without the 
risk of microbial resistance.  

Dendritic macromolecules have received much attention of the 
scientific4-6 and industrial world, due to their unique structure and properties. 
Dendrimers have a (nearly) perfect 3D topology,7 but their synthesis is a 
laborious multi-step process. Hyperbranched polymers are less well defined, 
but they still possess most of the unique properties of the dendrimers. More 
importantly, their synthesis is much more convenient. It is therefore not 
surprising that hyperbranched polymers have received much attention, 
particularly of the industrial world. These highly branched materials comprise 
numerous terminal groups, through which the physical and chemical 
properties can be tuned by introducing a wide variety of functionalities.6, 8, 9 
Despite the fact that numerous studies have demonstrated the unique 
behaviour of a broad range of hyperbranched polymers with various chemical 
compositions and architectures, the properties of immobilized/grafted 
hyperbranched polymers on a surface, i.e. coatings, are rarely addressed.4, 10, 11 
Nevertheless, tethered hyperbranched polymers on solid substrates look very 
promising as a wide range of functional groups can be introduced. 
Hyperbranched polymer coatings functionalized with immobilized 
antimicrobial moieties, for instance, may have a great potential towards 
generating robust antimicrobial coatings.  Due to the possibility to introduce 
numerous bio-active groups, hyperbranched polymers, and particularly 
biocompatible polymers such as hyperbranched polyureas, could become one 
of the prominent materials for biomedical coating applications.  

Of all the routes that have been employed to produce hyperbranched 
polyureas, the ones based on A2+By or AB2 monomers are most widely used. 
The former method has the advantage that the monomers are abundantly 
available. For example, Abdelrehim et al. 12 reported the synthesis of 
hyperbranched poly(urea-urethane)s by utilizing diisocyanates (A2 
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monomers) and bishydroxylamines (B2B’ monomers), whereas Unal et al.13 
reported an A2+B3 approach based on linear isocyanate terminated urethane 
prepolymers. Another strategy to synthesize hyperbranched polyureas is by 
employing AB2 monomers. In contrast to A2 + By mixtures, AB2 monomers 
cannot give gels during polymerization, not even at high conversions.  

Hyperbranched polyurea can, in principle, be prepared from AB2 

monomers, in which the A-group is an amine and the B-groups are 
isocyanates. The synthesis, however, of these kinds of AB2 monomers, 
comprising a free amino and free isocyanate groups, is not possible, since they 
would react immediately with each other during the synthesis. The 
preparation of hyperbranched polyureas has been reported either by 
protecting the isocyanate B-groups of the AB2 monomers or by using 
precursor compounds that, upon heating, produce isocyanates.14 Kumar et 

al.15 published the AB2-type azide monomers that generated isocyanates in 
situ, whereas Vanjinathan et al.16 reported 3,5-bis(4-aminophenoxy)phenyl 
phenylcarbamate as an AB2-type blocked isocyanate monomer. Most of the 
AB2 monomers described so far comprised aromatic moieties, yielding 
intractable polymers. Moreover, the syntheses of these AB2 monomers were 
conducted in multi-step syntheses, usually involving hazardous chemicals. As 
aforementioned, AB2 monomers, comprising amino (A) and blocked 
isocyanate (B) groups, cannot be prepared via the common way for preparing 
isocyanates, i.e. from primary amines and phosgene.  
 Blocked isocyanates are widely used in coating applications. Wicks et 

al.17-19 have described in an excellent series of articles the preparation and use 
of blocked isocyanates. All commercial blocked isocyanates are prepared 
starting from isocyanates. In order to circumvent the use of free isocyanates, 
some groups, e.g. Ubaghs et al.,20 Spindler et al.,14 Vanjinathan et al.16 and 
Kothandaraman et al.21 have followed alternative routes towards blocked 
isocyanates.  

 Our group has shown that the reaction of primary amines with carbonyl 
biscaprolactam (CBC) offered a convenient and safe route towards blocked 
isocyanates. CBC is a non-toxic derivative of carbonic acid, comprising two 
substitutable caprolactam groups. The synthesis of CBC was first mentioned 
by Meyer et al. in 1956.22 They tried, unsuccessfully, to make polyureas from 
CBC and diamines. Later, in 1967, Okuda and Mori described a modified 
synthesis of CBC in more details in a patent.23 

 CBC comprises three carbonyl groups, all allowing in principle a 
nucleophilic attack by amines and alcohols. The selectivity and controllability 
of CBC towards those two classes of nucleophiles are influenced by reaction 
conditions such as temperature, reactant and catalyst. Loontjens24 and  Maier 
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et al.25 demonstrated the use of CBC as chain extender for polyester and 
polyamides. The same group later revised the properties of CBC and 
demonstrated the unusual chemo-selectivity of CBC towards amines, 
converting primary amines into N-carbamoyl caprolactam moieties 
(caprolactam blocked isocyanate). Primary amines substituted only one of the 
two caprolactam rings of CBC at temperatures below 100 °C (Scheme 2.1). It 
was also shown that blocked isocyanates could be prepared by reacting CBC 
with alcohols. In that case, due to the lower reactivity of alcohols as compared 
to amines, higher temperatures and catalysts were needed to obtain 
favourable reactions. The possible reactions of CBC with amino or hydroxyl 
comprising compounds are summarized in Scheme 2.1.  

 

 

Scheme 2.1 The preparation of blocked isocyanates (BIs) by the reactions between 
carbonyl biscaprolactam and hydroxyl (X=O) or amino (X=NH) 
functional compounds. Above 100 °C  BIs react with amino or hydroxyl 
groups, forming ureas or urethanes.  Adapted from24 

 

 Remarkably, at 100 °C secondary amines did not react at all with CBC. 
Secondary amines will react only at more elevated temperatures. This 
difference in reactivity offered the possibility to use triamines with primary 
and secondary amines, thereby converting only the primary amines into 
blocked isocyanate groups. Upon heating, above the deblocking temperature 
of N-carbamoyl caprolactam, free isocyanates will be formed, while 
caprolactam will be released. The free isocyanates can react rapidly with 
amines (or alcohols) affording ureas (or urethanes). This concept offered an 
attractive route towards preparing a wide variety of polyurethanes or 
polyureas via an isocyanates-free route. 

 Here we describe the synthesis of hyperbranched polyureas obtained by 
polymerizing AB2 monomers, which were prepared from triamines and 
carbonyl biscaprolactam. Furthermore, the immobilization of hyperbranched 
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polyurea coatings on pretreated silicon wafers (Si-HB coatings) will be 
discussed. The hyperbranched coatings, still comprising numerous blocked 
isocyanate groups, were characterized in detail with various techniques, such 
as Transmission Fourier transforms infrared (FT-IR), X-ray Photoelectron 
Spectroscopy (XPS) and Atomic Force Microscopy (AFM). The blocked 
isocyanate groups of the coating allowed a covalent coupling of a high density 
of bio-active moieties. 

 

2.2 Results and discussion 
 

2.2.1 AB2 monomers 

In spite of the advantage of preparing hyperbranched polymers from AB2 
monomers, it was still a challenge to prepare the monomers in a simple way. 
The current AB2 monomers were prepared via multi-step synthetic routes, 
often from hazardous chemicals. It was even more challenging to prepare 
biocompatible hyperbranched polyurethanes and polyureas from AB2 
monomers, due to the high reactivity of isocyanates. The difficulty was to 
synthesize AB2 monomers with isocyanates as the B-groups, in the presence of 
an amino A-group.  

Xiang et al.26 showed that  the reaction of stoichiometric amounts of 
bishexamethylene triamine (BHTA) and carbonyl biscaprolactam (CBC) 
yielded AB2 monomers (>95% yield) in one step, with only caprolactam as a 
side product (Scheme 2.2). Stoichiometric amounts mean here that one 
molecule of BHTA reacted with two molecules of CBC. Caprolactam was easily 
removed by only an aqueous extraction. We confirmed these results and 
showed that the purity of the AB2 monomers was already >99%, which was 
sufficiently pure to perform most of the polymerizations. Nevertheless we 
purified some monomer batches further by column chromatography to verify 
the influence of their purity on polymerization.  

The reaction as depicted in Scheme 2.2 was based on the high chemo-
selectivity of the reaction between CBC and compounds comprising primary 
and secondary amines. At 80°C CBC reacted in toluene only with the primary 
amino groups, while leaving the secondary amino group totally unaffected. 
Consequently the A-group of the resulting AB2 monomer was a secondary 
amine and the B-groups were blocked isocyanates. The structure was 
confirmed with 1H-NMR (Figure 2.1), demonstrating the presence of the 
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caprolactam ring (e.g. hydrogen signals at 3.25 and 3.96 ppm) and CH2 
moieties of the spacer groups (e.g. signals at 2.67 ppm). The NH groups of 
blocked isocyanates appeared at high chemical shift (9.12 ppm) due to the 
intramolecular hydrogen bonding between NH of the spacer and carbonyl 
group of the caprolactam ring. Additionally the 13C-NMR  (Figure 2.1, insert) 
displayed two types of carbonyl groups of AB2 monomer, one originating from 
the caprolactam rings and the other one from the carbamoyl group (at 179 
and 155 ppm respectively). 

 

 

Scheme 2.2 Synthesis of AB2 monomer from bishexamethylenetriamine and carbonyl 
biscaprolactam. Under mild conditions (80°C), carbonyl biscaprolactam 
reacts selectively with the primary amino groups, while the secondary 
amino group remains intact. (A = secondary amine; B = blocked 
isocyanate). 
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Figure 2.1 1H-NMR spectrum of AB2 monomer obtained from the reaction of CBC and 
bishexamethylenetriamine. Reaction conditions: 80 °C, 20 h, purification 
via column chromatography, yield = 90%. The insert shows the 13C-NMR 
spectrum, demonstrating two different carbonyl groups of blocked 
isocyanates. (s=solvent)  

 

At 80 °C neither substitution of the caprolactam ring of the blocked 
isocyanate group of resulting AB2 monomer was observed, nor indications 
were found that the secondary amino groups had reacted. Due to the ability of 
electrons to withdraw from the two caprolactam groups, the central carbonyl 
group of CBC appeared to be much more reactive than the carbonyl groups of 
the caprolactam rings. Hence after substitution of the first caprolactam ring by 
an amine, the electron density of “central carbonyl carbon” increased and 
lowered the positive charge,24 i.e. the reactivity towards nucleophiles 
decreased. In addition the intra-molecular hydrogen bonding of the AB2 
monomer generated a stable moiety, making the blocked isocyanate even less 
reactive. To substitute the second caprolactam ring higher reaction 
temperatures were needed. At the elevated temperatures, i.e. above the 
deblocking temperature of the blocked isocyanates, the secondary amino 

a b

13 C NMR
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groups of AB2 monomer were able to react with blocked isocyanate. Under 
these conditions, self-polycondensation of AB2 monomers could take place. 

To summarize, due to the highly selective reaction between CBC and 
BHTA a methodology was obtained to prepare AB2 monomers comprising one 
secondary amino group and two blocked isocyanates in one single step and in 
high yields. 

 

2.2.2 Hyperbranched polyurea from AB2 monomers  

Xiang et al. 26, 27 performed an extensive study on polycondensation of these 
types of AB2 monomers. The blocked isocyanates of the AB2 monomers 
dissociated into caprolactam and isocyanates upon heating above the 
deblocking temperature (~125°C). Most probably the elimination of 
caprolactam was activated by the secondary amino group, i.e. it is most likely 
that caprolactam was substituted by the secondary amino group via a SN2 
mechanism. Regardless of the mechanism, the isocyanates moiety 
immediately reacted with the secondary amino groups, yielding 
hyperbranched polymers comprising linear, dendritic and terminal units. The 
resulting hyperbranched polyureas were provided with one secondary amino 
group in the focal point and numerous blocked isocyanates at the end of the 
polymer branches (Scheme 2.3). The amino group in the focal point offered 
the possibility to fix the hyperbranched polyureas covalently on substrates. 
The blocked isocyanates terminal groups were available to react with a wide 
variety of compounds having hydroxyl or amino functional groups.  

The aim of this work was to immobilize the hyperbranched polyureas 
on substrates. However, the analysis of immobilized polymers is difficult. 
Hence we also performed polymerization in solution to obtain an indication of 
the polymerization kinetics, which could be helpful when polymerizing the 
monomers on substrates. To that end the polycondensation of the AB2 
monomers was carried out in DMF, as the monomers as well as the polymers 
were well soluble in DMF. Moreover, DMF has a high boiling point that makes 
it suitable for polymerizations at 145 °C, which appeared to give good results. 
The molecular weight of the polymers can be adjusted by the polymerization 
time. After polymerization the hyperbranched polyureas were isolated by 
precipitation in water, yielding waxy yellow products, well soluble in e.g. 

ethanol, DMF and DMSO. 
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Scheme 2.3 Polycondensation of AB2 monomers resulted in hyperbranched polyurea 
having multiple reactive blocked isocyanates end groups and one amino 
group at the focal point.   

 

The structure of the resulting hyperbranched polyureas was confirmed 
by 1H-NMR, demonstrating the reduction of the NH signals of blocked 
isocyanate moiety (9.12 ppm) and the appearance of NH signal of the ureido 
repeating units (6.06 ppm) (see Figure 2.2). The small peak at 5.70 ppm was 
assigned to the non-hydrogen bonded NH ureido units. The signal at 9.12 
showed that the polymer still comprised numerous blocked isocyanate 
groups, as it should. The repeating units were also visible by the broad signals 
of CH2 next to urea linkages (2.7 ppm) and aliphatic CH2 moieties (1.1-1.75 
ppm).  
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Figure 2.2 1H-NMR spectrum of hyperbranched polyurea recorded in deuterated 
DMSO. Reaction conditions: 145 °C in DMF, 4 h and precipitation in water. 
Yield 76 %. (s = solvent).  

 

The molecular weight of hyperbranched polyureas was determined by 
using Size Exclusion Chromatography (SEC) in DMF (0.01 mol/L LiBr), with 
polymethylmethacrylate (PMMA) as a reference. It was shown that molecular 
weight and the polydispersity index increased with increasing reaction times 
(Table 2.1). The polydispersities were narrow in the first two hours. After that 
the distribution started to broaden, which is in line with theoretical 
predictions. Due to the abundant availability of (blocked) isocyanates in 
growing polymer chains the probability of monomers to react with these 
higher molecular weight polymers is larger than with the monomers of low 
molecular weight polymers; i.e., the largest polymer chains react more often 
than the smaller ones, which should result in an increase of the PDI. 
Nevertheless, as shown in Table 2.1, the polydispersity after a 5 h reaction 
reached the value of 2.13, which is still quite narrow. The larger PDI values of 
polymers with higher molecular weights gave a first indication that 
hyperbranched polyureas were formed. However, Mark-Houwink constants 
are more appropriate for that purpose (Table 2.1).   

3’
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Table 2.1 Molecular weight of hyperbranched polymers at different reaction times. 
The values were determined with SEC using universal calibration in DMF 
(comprising 0.01 mol/L LiBr) with PMMA used as a reference. 
Polymerizations were carried out in DMF at 145 °C with a 10 wt% monomer 
concentration. The polymer samples were obtained without a precipitation 
step.  

Reaction time (h) Mn (Da) Mw (Da) PDI Mark-Houwink 
constant (α) 

1 2,200 2,400 1.11 0.25 

3 4,800 9,500 1.99 0.30 

5 5,500 12,900 2.33 0.30 

 

Hyperbranched polymers have unique solution properties compared to 
linear polymers, i.e. their intrinsic viscosities are lower than that of their linear 
counterpart with the same molecular weight, indicating a denser and 
compacter structure for the former. The Mark-Houwink equation ([η] = kMα) 
gives the correlation between the intrinsic viscosity and the molar mass. The 
Mark-Houwink constant (α) provides insight into the random coil 
conformation or globular structure shape of the polymer chains in a dilute 
solution. Generally, the typical values of α for flexible, linear randomly coiled 
polymers in a good solvent are 0.5 < α < 1. Values of α lower than 0.5 
represent branched polymers. For hyperbranched polymers, α-values 
between 0.3 and 0.5 were found.28, 29 The hyperbranched polyureas showed α-
values in the range of 0.25-0.30 (Table 2.1). The results obtained here 
evidenced that the AB2 monomers polymerized in a nearly ideal way, resulting 
in densely packed three dimensional polymer structures.  

 

2.2.3 Hyperbranched polyurea coatings (Si-HB coatings) 

A general procedure for coating substrates is by using solvent-borne coatings, 
i.e. polymer dissolved in an appropriate solvent. Commonly, polymers with 
molecular weights of a few thousand Da are used. It might be beneficial to 
pretreat substrates to improve either the physical adhesion or to couple the 
coatings covalently. In the latter case the polymers are anchored via a 
grafting-“onto” procedure. After the solvent has evaporated the low molecular 
weight polymer films are crosslinked by chemical reactions induced by 
heating or, at ambient temperature, by e.g. UV light or by atmospheric oxygen. 
The crosslink reactions usually proceed in bulk. It is obvious to use the same 
approach for hyperbranched coatings.  
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It is perhaps not surprising therefore that in all reported 
polycondensation coatings the starting materials are polymer solutions, 
whereas hardly anyone uses monomer solution. Although a grafting “from” 
bulk polycondensation of AB2 monomers on a modified surface seems rather 
simple and obvious, the number of publications are rare. Liu 30 demonstrated 
the modification of silica nanoparticles by a direct grafting of hyperbranched 
aliphatic polyester chains via the polycondensation of AB2 monomers (2,2-
bis(hydroxymethyl)propionic acid), albeit they did it in solution, i.e. not in 
bulk. Most of their polymer remained in solution and was waste. 

“Grafting from” techniques starting with monomers are quite common 
for radical polymerizations. In that case the polymerizations are usually 
carried out via a living polymerization technology, such as ATRP (atom 
transfer radical polymerization), yielding fragile nanometer thick coatings. In 
order to prepare durable coatings, layers of at least a few micrometers 
thickness are necessary.  

 

Scheme 2.4 The “grafting from and onto” bulk polycondensation of AB2 monomers on 
activated surfaces.  

The combination of a “grafting from and grafting onto” bulk 
polycondensation of AB2 monomers may yield micrometer thick coatings, 
covalently attached on substrates, as depicted in Scheme 2.4. The 
polymerization will start on the surface as well as in the bulk. Some of the 
hyperbranched polymers obtained from the polymerization of AB2 monomers 
will start from the coupling agent on the surface and will be anchored 
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immediately. The polymers produced in bulk can, at a certain stage during the 
polycondensation, tether onto the growing already grafted coating layer. As 
long as there are monomers or polymers present that have not reacted, the 
thickness of covalently anchored coating layers will increase. The number of 
active B-groups is always more than sufficient to couple a next polymer layer 
on top of the previous one. Hence, as long as there are compounds present or 
added with free A-groups, the anchoring on the template will continue.   

An advantage of this technology is not only that thick coatings can be 
made, but also that the final coatings will still contain numerous B-end-groups 
that could be utilized to attach e.g. bio-active compounds. Moreover, no pre-
polymers have to be made. The simplicity of the coupling reaction will depend 
on the type of B-groups that are available. Thus, covering surfaces with 
hyperbranched polyureas from our AB2 monomers, with blocked isocyanates 
as B-groups, could offer a versatile platform for thick coatings having 
accessible blocked isocyanates located at (and beneath) the surface. As 
blocked isocyanates are hydrolytically and thermally stable up to 100 °C, the 
coated substrates could conveniently be stored without special precautions. In 
consecutive steps the blocked isocyanates allowed, upon heating, fixation of a 
variety of compounds comprising amino or hydroxyl groups. For example, as 
depicted in Figure 2.3, functionalization with cationic antimicrobial agents, 
RGD moieties, and hydrophobic and/or hydrophilic compounds seems feasible 
(more details are described in chapter 4 and 5).  

 

Figure 2.3 Preparation of substrates coated with hyperbranched polyureas (Si-HB) 
and modification thereof with various functional moieties. 
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Scheme 2.5 General route for covalent attachment of hyperbranched polyurea on 
siloxane modified, BIs comprising surfaces. The resulting Si-HB coatings 
comprised ureido repeating units and numerous reactive blocked 
isocyanates terminal groups. 

 

Our hyperbranched polymers comprised a secondary amine at the focal 
point, which could be used to anchor the polymers onto substrates. For that, 
silicon wafers were pretreated with a coupling agent, comprising a blocked 
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isocyanate and a siloxane moiety (Scheme. 2.5). This siloxane coupling agent 
was prepared by reacting the primary amino group of (3-
aminopropyl)triethoxysilane with CBC, yielding a blocked isocyanate 
functional siloxane. This coupling agent was covalently tethered onto the 
silanol groups of the silicon wafers. As a result the surfaces were covered with 
the coupling agent, while exposing the blocked isocyanates groups to the air 
side.  

The secondary amino groups of the AB2 monomers were expected to 
react with the blocked isocyanate groups of the siloxane coupling agent during 
polymerization. The indispensability of the coupling agent was demonstrated 
by the easy removal of the coatings in the absence of the coupling agent during 
sonication in ethanol. This demonstrated that the physically adsorbed 
hyperbranched coatings on silicon wafers were not durable under harsh 
conditions.  

The chemically fixed hyperbranched coatings (Si-HB) were prepared by 
drop-casting a solution of AB2 monomers in ethanol onto siloxane pre-treated 
silicon wafers. After the solvent had evaporated, the samples were heated to 
145 °C, the same temperature as was used in the DMF solution polymerization 
(Scheme 2.5). During the polymerization the side-product, caprolactam, was 
automatically removed by evaporation. As a result, the final coating hardly 
contained any free caprolactam. This procedure is common practice in e.g. 

powder coatings comprising blocked isocyanates as crosslinkers.  

In order to avoid any leachables and to demonstrate the strength of the 
covalent coupling, the coatings were exhaustively washed by sonication in 
ethanol (20 min at RT), extraction at 115 °C in DMF overnight and again 
sonication in ethanol (20 min at RT). Even during these exhaustive washing 
procedures the coatings were not removed, indicating the success of the 
immobilization step. As aforementioned, similar coatings without the use of 
coupling agents were heavily damaged by these procedures.  

 

Coating equipment 

The polymerizations of the AB2 monomers were carried out  in bulk at 145 °C. 
To prevent oxidation, the reactions were carried out in a nitrogen atmosphere. 
Initially, the polymerizations were performed by heating the silicon wafers, 
covered with AB2 monomers, in a glass flask, equipped with a nitrogen in and 
outlet. Later on, in order to guarantee a more homogeneous heat transfer, the 
polymerizations were performed on a heated metal plate, covered with a 
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beaker glass, which was flushed with nitrogen to obtain an inert atmosphere. 
But in that case, it appeared to be difficult to exclude traces of oxygen. Finally, 
the equipment was further improved by using an on-purpose-prepared 
aluminium exicator, provided with a glass cover, to obtain good control of the 
temperature and nitrogen atmosphere (Figure 2.4). The exicator cover was 
equipped with a tap to switch from nitrogen to vacuum and vice versa to 
remove all oxygen. After the metal plate had been preheated to 100 °C, the 
silicon wafers, covered with AB2 monomers, were placed on the heater. The 
system was then evacuated three times and refilled with nitrogen after which 
the polymerization was carried out for 2 h under nitrogen at 145 °C.  

 

 

Figure 2.4 Equipment used in polycondensation of AB2 monomers on substrates. The 
system was provided with an in- and outlet that was connected to a 
nitrogen and a vacuum line. 

 

Transmission FT-IR  

Transmission FT-IR appeared to be a suitable technique to monitor the change 
in the coating composition, after each reaction step. A hydrophilic silicon 
wafer that was used as reference showed absorptions in the region of 950-
1280 cm-1, originating from Si-O stretching vibrations. After applying the 
coupling agent, the presence of a thin layer on the surface was established 
with FT-IR, as indicated by weak absorption bands, due to vibrations of the 
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carbonyl and carbamoyl groups of the blocked isocyanates. After applying the 
hyperbranched coatings (Si-HB), followed by an intensive washing procedure, 
the presence of the coatings was clearly visible in the strong absorption bands 
of the terminal blocked isocyanates groups and the ureido repeating units of 
hyperbranched polyureas (Figure 2.5). The carbonyl vibration of caprolactam 
exhibited an absorption peak at 1701 cm-1. The presence of ureido groups was 
shown by carbonyl vibration at 1652 cm-1 (amide I band) and  also by the C-N 
and N-H bending at 1535 cm-1 (amide II band), as depicted in Figure 2.5 and 
Table 2.2. The carbonyl from carbamoyl groups partially overlapped with the 
peak of the carbonyl from the ureido unit, in the area of about 1630-1650 cm-1. 

 

 

 

Figure 2.5 Transmission FT-IR spectrum of Si-HB coating on silicon wafer substrate. 
The insert figure depicts effect of hydrogen bonding of carbonyl from 
ureido moieties of Si-HB coating (region 1630-1650 cm-1). 

 

The N-H stretching of ureido units appeared as two overlapping peaks 
due to the free and H-bonded N-H vibrations. The free N-H vibration was 
found at 3347 cm-1 and H-bonded at 3290 cm-1. The carbonyl stretching of 
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ureido units displayed double peaks as well, corresponding to partially H-
bonded ureido units. The free carbonyl vibrates at 1652 cm-1 and H-bonded 
showed absorption at 1631 cm-1 (Figure 2.5, insert).  

Table 2.2 Assignments peaks of transmission FT-IR spectrum of Si-HB coating on 
silicon wafer surface.  

Absorption peak  (cm-1) Assignment 

3347 N-H stretching (ureido units, free)  

3290 N-H stretching (ureido units, H-bonded) 

2930 CH2 anti-symmetric stretching 

2860 CH2 symmetric stretching 

1701 C=O (caprolactam) 

1652 C=O (ureido units and carbamoyl groups) 

1631 C=O (ureido units, H-bonded) 

1535 C-N and N-H bending  (ureido units) 

1400 CCH, NCH, C-N (caprolactam) 

950-1280 Si-O stretch 

 

Summarizing transmission FT-IR revealed the presence of substantial 
amounts of hyperbranched polyurea coatings on the silicon wafer surfaces, 
even after extensive washing procedures. Importantly, it was demonstrated 
that these immobilized Si-HB coating layers still comprised numerous active 
caprolactam blocked isocyanates groups that were available for further 
elaborations. 

 

Washing procedure monitored by FT-IR 

It should be emphasized that an intensive washing procedure is mandatory to 
reliably state that the antimicrobial efficacy of immobilized functional coatings 
is only due to surface properties and not caused by leachables. Hence, 
extensive washing procedures were performed not only to demonstrate that 
the Si-HB coatings were fixed firmly on the substrate, but particularly to 
prevent that substances could elute from the final coatings and influence our 
antimicrobial assays. In one approach, transmission FT-IR measurements 
were performed to monitor the preservation of the coating by measuring the 
absorption, which reflected the thickness of the coating.  
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Initially, the coated samples were sonicated in ethanol for 20 min at RT, 
followed by an extraction in refluxing ethanol for 2 days. Ethanol was chosen, 
because it is a good solvent for the AB2 monomers and hyperbranched 
polyureas. Transmission FT-IR spectra before and after ethanol extraction 
showed a small reduction of Si-HB peaks, suggesting that a small amount of 
leachables was removed from the surface (Figure 2.6). 

 

 

Figure 2.6 Transmission FT-IR spectra of silicon wafers coated with hyperbranched 
polyureas that were extensively washed. The insert figure depicts the 
decrease of Si-HB coating absorption at 1000-2000 cm-1. The procedure 
involved sonication in ethanol 20 min and subsequently immersing the 
samples in DMF at 115 °C overnight and again sonication in ethanol for 20 
min.  

 

As the hyperbranched polymers were very well soluble in DMF, in a next 
series of experiments the washing procedure was carried out with ethanol and 
DMF. The Si-HB coating was first sonicated in ethanol for 20 min at RT, which 
removed already some extractables, as mentioned before (Figure 2.6). The 
subsequent washing step in DMF was done at a higher temperature (115 °C, 
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overnight), but still below the deblocking temperature of blocked isocyanates. 
After that, the samples were sonicated in ethanol for 20 min at RT, to remove 
traces of DMF from the coatings. Transmission FT-IR demonstrated some 
decrease of the peaks of the carbonyl groups of caprolactam blocked 
isocyanates and ureido units. Due to the more extensive washing of the 
samples the reduction of the peaks was somewhat larger than with ethanol, 
but still small. This demonstrated that the DMF extraction removed some 
additional amount of non-covalently attached compounds from the Si-HB 
coatings (Figure 2.6). Nevertheless, the coating was not damaged and 
remained undamaged on the surface. Seeing the conditions (115 °C, in DMF, 
overnight) and the excellent solubility of the hyperbranched polymers in DMF, 
it was considered that this washing procedure was a guarantee that all soluble 
products were removed. According to this, it can be concluded that the coating 
was not removable by a washing procedure in hot DMF and that hot DMF was 
more suitable than ethanol to remove all unattached compounds. Hence, this 
extensive washing procedure in ethanol, hot DMF and again in ethanol was 
applied in all our antimicrobial assays (chapter 6).  

It is noteworthy that our μm-thick hydrophobic hyperbranched 
polyurea coatings were hydrolytically stable. In contrast, the nm-thick layers 
of the siloxane coupling agent were quite moisture sensitive, although the 
contact angles of freshly prepared samples were similar to the ones of the Si-
HB coatings (vide infra). After storing the silicon wafers covered with the 
coupling agent for 3 days in air in the fume hood, the coupling agent became 
ineffective. The coupling with the hyperbranched polymers became 
insufficient. This illustrates the importance of the thickness and hydrophobic 
character of the hyperbranched coating. 

 

XPS analysis  

XPS measurements were performed to generate additional evidence for the 
presence of the coatings and to measure the composition of compounds on 
silicon wafers. It was especially important to measure changes of the 
interfaces during the various processing steps. This technique in particular is 
very suitable for measuring the surface changes of the top layer of the 
coatings, during functionalization steps (chapter 5). XPS only measures the 
composition of about five to ten nm-thick top layers and is therefore, par 
excellence, suited to measure changes at a surface.   

Analysis of the top layer of exhaustive washed Si-HB coatings with XPS 
showed that the C 1s core level region comprised four components, of which 
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the major one was attributed to C-C aliphatic carbon atoms at 285.0 eV. The 
three other contributions were assigned to carbon bonded to nitrogen or 
nitrogen and oxygen. The component at 286.0 eV corresponded to carbon next 
to nitrogen (C-N). The higher binding energies, at 287.1 eV and 288.9 eV, were 
attributed to O=C-N (caprolactam ring) and N-(O=)C-N from ureido units 
(Figure 2.7).31, 32 All the carbon atoms accounted for 74.5 at% of the 
composition of the surface layer. The N 1s core level region of Si-HB coating 
was fitted to one nitrogen peak (Figure 2.7) at a binding energy of 399.7 eV 
(FWHM = 1.7eV). It accounted for 7.9 at%, originating from nitrogen of the 
caprolactam ring and the ureido units.33, 34 

 

Figure 2.7 The C 1s and N 1s photo emission region of Si-HB coating. The carbon 
spectrum was fitted with aliphatic carbon component and carbon bonded 
to N and O. The insert depicts the wide-scan XPS spectrum of Si-HB 
coating. 

 

The ratio of normalized photo emission C to O amounted to 5.6, which is 
in the range of theoretical values (IC/IO=5.0-6.5). The ratio of C to N (IC/IN = 
9.5) was higher than expected (IC/IN= 4.7-5.0), meaning that a lower amount of 
nitrogen was found in the top layer of the coating (Table 2.3). This might be 
caused by some thermo-oxidative degradation that could result in the release 
of nitrogen comprising moieties. Nevertheless, according to transmission FT-
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IR, caprolactam blocked isocyanates were still abundantly present, which is 
important for the consecutive reactions. This was furthermore proven 
(Chapters 4 and 5) by a successful reaction of the Si-HB coatings with amine 
comprising compounds. 

Table 2.3 Summary of the XPS data for the top layer of Si-HB coating and the 
normalized photo emission ratio (C to N and O) compared to theoretical 
values.  

  
Surface 

composition 

Si-HB 

Experimental value Theoretical value  

% Composition N 1s 7.9 13.9-15.3 

 

C 1s 74.9 71.4-73.9 

  O 1s 13.4 11.3-14.2 

Ratio C/N 9.5 4.7-5.0 

  C/O 5.6 5.0-6.5 

 

Taken together, the XPS and the transmission FT-IR results of samples 
that were washed exhaustively, yield the conclusion that hyperbranched 
polyureas were successfully immobilized on silicon wafers and that the 
blocked isocyanate groups remain intact.  

 

Water contact angle 

Besides XPS, also contact angles are very useful to demonstrate changes at a 
surface. As the aim of this work was to functionalize the coated surfaces, we 
measured the contact angles of silicon wafers modified with the coupling 
agent and with hyperbranched polymers to establish the success of the 
modifications. Before performing contact angle measurements, all the samples 
were washed thoroughly after each reaction step to remove all possible 
leachable compounds.  

Due to the treatment of silicon wafers with a piranha solution the 
surface was covered with hydrophilic silanol groups. This resulted in very low 
contact angles (θ = 0-10°). After the reaction of these silanol groups with the 
coupling agent the water contact angle increased strongly (θ = 67.9°), 
suggesting that the fixation of the coupling agent was successfully 
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accomplished. The coupling agent comprised propyl alkyl chains and 
caprolactam blocked isocyanates, which made the surface hydrophobic. 

 

Table 2.4. Water contact angles of variously modified surfaces. The values represent 
averages of measurements on three different spots on one surface. 

Sample Contact angle (o) 

Oxidized silicon wafer 0-10 

Si-coupling agent 68 ± 2 

Si-HB coating 74 ± 1 

 

The contact angles of the silicon wafer covered with hyperbranched 
polymers (θ = 74°) were quite similar to those covered with the coupling 
agent (Table 2.4). This was to be expected, because both coatings consisted of 
the same blocked isocyanates end groups, having similar hydrophobic 
properties. This similarity proved, in addition, that the coverage of the surface 
with the coupling agent was high. It suggested furthermore that the blocked 
isocyanate groups were exposed to the outside, which was necessary for 
anchoring the hyperbranched polymers in the next step. However, since the 
contact angles did not change significantly, it was not possible with this 
technique to prove the anchoring of the hyperbranched polymers.   

 

Atomic force microscopy 

AFM measurements were performed to study the surface morphologies and 
the (increase of the) thickness of the coatings after each modification step. The 
surface of the silicon wafers was, according to the contact angle 
measurements, completely covered with the coupling agent. The roughness of 
the silicon wafer covered with the coupling agent was only about 0.6 nm,27 
demonstrating a smooth and flat surface. The AFM images (Figure 2.8) 
demonstrated the presence of some small bright spots, indicating formation of 
lumps (aggregates). However, the size of these lumps was small as evidenced 
by the smoothness of the surface. The presence of lumps is a common feature 
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of siloxane coupling agents.35 The siloxane groups of the coupling agent react 
not only with silanol groups on the silicon surface, but also with themselves. 
For our purpose, it was necessary to cover the whole surface with the coupling 
agent, but not necessarily as a monolayer. The most important feature was 
that the surface was completely covered with the coupling agent, while 
exposing the blocked isocyanate groups, as was indicated by contact angle 
measurements. 

The morphology of the surface showed no significant change after 
polymerization of AB2 monomers. The roughness of the Si-HB coating 
increased to 1.5 nm (Figure 2.9A), indicating that the Si-HB coating still 
displayed a flat and hard surface, but slightly less smooth than the surface 
with coupling agent.  

In order to determine the thickness of the Si-HB coating, the layer was 
scratched and the scratch edges were imaged (Figure 2.9B). Coatings that 
were prepared from 20wt% drop-casted solution of AB2 monomer formed 
layers with a thickness of one to two μm. In the example depicted in Figure 
2.9, the thickness was 1.37 μm. 

As aforementioned, for a grafting-from polycondensation mechanism, 
remarkably thick coatings in the μm range could be expected. Most probably, a 
dual polycondensation mechanism was operative, in which AB2 monomers 
and hyperbranched polymers, were grafted “onto” the already immobilized 
hyperbranched polymers (Scheme 2.4). Although this polycondensation may 
yield rather thick coatings, some crosslink side reactions could not be 
excluded. Zhou et al.36 showed as well that it was possible to obtain grafted 
hyperbranched polymers up to 1.3 μm thick. However, they employed a 
laborious graft-on-graft approach. For that α-ω-terminated-diamino-poly(tert-
butyl acrylate) (NH2-PTBA-NH2) was first covalently tethered on the surface 
and then converted into a poly(acrylic acid) (PAA) layer by hydrolysis of the t-
butyl ester groups. The carboxylic acid groups of PAA were then activated 
with ethyl chloroformate by making a mixed anhydride before the next 
grafting reaction with NH2-PTBA-NH2 was carried out.  

In our case, the thickness of hyperbranched polyureas can be increased 
further by adding the next layer of AB2 monomers or hyperbranched 
polyureas. Every coating layer will contain an abundant amount of blocked 
isocyanates to anchor a new layer again and again. 
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Figure 2.8  2 μm x 2 μm  AFM images of a silicon wafer surface covered with the 
coupling agent.  

 

Figure 2.9 AFM Images: 

(A) AFM image of Si-HB coating on a 3 μm x 3 μm silicon wafer surface. The diagram 
depicts the roughness of the coating; the value is about 1.5 nm. 

(B) Thickness measurement of Si-HB coating on silicon wafer surface.  
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2.3. Conclusion 

The high selectivity of carbonyl biscaprolactam (CBC), to react only with 
primary and not with secondary amino groups, offered a convenient 
methodology to prepare AB2 monomers in high yields. The reaction of CBC 
with bishexamethylene triamine afforded AB2 monomers, in which the A-
group was a secondary amino group and the B-groups were blocked 
isocyanates. Polycondensation of these AB2 monomers in solution resulted in 
hyperbranched polyureas having one secondary amino group in the focal 
point and numerous blocked isocyanates located at the end of the polymer 
branches.  

 The hyperbranched polyureas were successfully immobilized onto 
silicon wafers by the polymerization of drop-casted AB2 monomers on pre-
treated siloxane surfaces. The covalently attached coatings were firmly 
coupled onto the substrates. They survived extensive washing by sonication in 
ethanol, a subsequent extraction by DMF overnight at 115 °C and again 
sonication in ethanol. The pre-treatment of the silicon wafers with a coupling 
agent appeared to be essential for obtaining a firm coupling on silicon wafers. 
Transmission FT-IR and XPS analysis revealed the presence of repeating 
ureido units and caprolactam blocked isocyanates, demonstrating the 
presence of hyperbranched coatings. The thickness of the Si-HB layer is 
remarkable high. Although polycondensation of AB2 monomers may yield 
rather thick coatings, due to the combination of “grafting from and grafting 
onto”, the possibility of crosslink side reactions could not be excluded. 
Important for this work was that these hyperbranched coatings were firmly 
fixed on the substrate and that they still contained many accessible actively 
blocked isocyanate groups, which opened a wide window for further 
functionalization.   

 

2.4. Materials and methods 
2.4.1 Materials 

Double side polished silicon wafers (thickness = 1000 µm, Type/dopant = 
N/Ph) were purchased from TOPSIL (Frederikssund, Denmark). 
Bishexamethylene triamine, calcium chloride dihydrate and (3-aminopropyl) 
triethoxysilane (all Sigma-Aldrich), dimethylformamide (Across organic), 
ethanol, sulfuric acid and hydrogen peroxide (all Merck), methanol and 
toluene (all Lab-Scan) were used as received. Carbonyl biscaprolactam, 
ALLINCO, was kindly provided by DSM innovation centre, the Netherlands 
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(>99% pure, according to HPLC). Silica gel (SiliaFlash®P60, 40-63 µm, 230-400 

mesh) was obtained from SiliCycle Inc. (Quebec City, Canada).  

2.4.2 Characterizations 

1H- and 13C-NMR. Spectra were recorded using a 400 MHz Varian VXR NMR. 
Deuterated chloroform or DMSO-d6 was used as solvents. Chemical shift 
values were reported in ppm with the solvent resonance as the internal 
standard (CHCl3: δ 7.26 for 1H, δ 77.0 for 13C; DMSO-d6: δ 3.3 and 2.5 for 1H, δ 
39.5 and 40.5 for 13C). Spectra data were reported as follows: chemical shifts, 
multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br = broad, m = 
multiplet). 

Size exclusion chromatography. Molecular weight and distribution 
were determined by SEC. SEC measurements were performed in DMF with 
0.01 mol/L LiBr on a Viscotex GPCmax equipped with 302 TDA detectors 
using column PI-gel 5 µ 30 cm mixed-C from Polymer Laboratories. PMMA 
was used as a standard for molecular weight calibrations.  

Transmission Fourier transforms infrared. Transmission FT-IR 
measurements were performed under vacuum on a Bruker V/S FT-IR 
spectrometer with a MIR DTGS detector. A sample shuttle measurement was 
performed for interleaved sample and background scans. The spectra were 
measured at a resolution of 4 cm-1 with 120 scans and the averages of 1-5 
cycles for thick layer coating and 20 cycles for thin layer coating. Samples 
measured were prepared on selected double side polished silicon wafers (HPS 
materials, orientation 1-0-0, with type/dopant N/Ph, and thickness of 1000 
µm). This type of wafer allows to perform transmission IR measurement. A 
clean hydrophilic silicon wafer was used as reference. 

Contact angle. Water contact angles on functionalized silicon wafers 
were measured with Dataphysics OCA30. The measurements were performed 
with distilled water and the values were reported as an average of three 
different spots on the surface. The measurements were carried out at RT by 
using a custom built microscope-goniometer system. One μL drops of distilled 
water were placed on a coating with a Hamilton microsyringe and the contact 
angle was measured after 60 s. The measurements involve fitting a drop 
circumference with home-built software. 

X-ray photoelectron spectroscopy. XPS measurements were 
performed by using a Surface Science SSX-100 ESCA instrument with a 
monochromatic Al Kα X-ray source (hν  = 1486.6 eV). Samples were prepared 
on silicon wafers. The base pressure in the measurement chamber was below 
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10-10 mbar. The electron take-off angle was 37o. The resolution energy was set 
at 1.26 eV. The binding energies were referenced to aliphatic C 1s signals at 
283 eV.32 Deconvolution of the spectra included a Shirley37 background 
subtraction and were taken as a convolution of Gaussian and Lorentzian 
functions. 

Atomic force microscopy. AFM measurements were performed on a 
Digital Instruments EnviroScope AFM equipped with a nanoscope III a 
controller in tapping mode using Veeco RTESPW silicon cantilevers. AFM 
scans were carried out on several spots on the surface to observe the surface 
uniformity.  

2.4.3 Syntheses 

a. Synthesis of AB2 monomer  

A three necked flask equipped with an inlet and outlet was flushed with 
nitrogen. Carbonyl biscaprolactam (23.22 g, 92 mmol) and bishexamethylene 
triamine (9.98 g, 46 mmol) were dissolved in 40 mL toluene and stirred at 80 
°C for 20 h in a nitrogen atmosphere. After reaction, a slightly yellow solution 
was obtained. The toluene solution was cooled down to room temperature 
(RT) and extracted five times with an aqueous solution containing 5 wt% 
CaCl2. After the aqueous layer had been removed, the organic layer was 
concentrated to half its volume using a rotary evaporator. Optionally, the 
monomers were purified by using a chromatography column, filled with silica 
gel. Toluene was used first as eluent and then ethanol was used to obtain the 
final product. The ethanol was removed under reduced pressure and the 
product was dried in a vacuum oven at 40 °C for several days, yielding a 
slightly yellow solid product (Yield 80%). 

1H-NMR of AB2 monomer (400 MHz, CDCl3): δ 1.33-1.47 (m, 16H, 
CH2(CH2)4CH2, 1.70 (m, 12H, CH2(CH2)3CH2, ring), 2.56 (m, 4H, CH2NH), 2.67 
(m, 4H, NCOCH2, ring), 3.25 (q, 4H, CONHCH2), 3.96 (t, 4H, CH2N, ring), 9.23 
(br, 2H, CONH).  

13C-NMR of AB2 monomer (400 MHz, CDCl3):  δ 23.67 (NCOCH2CH2, ring), 
27.11 (CONHCH2CH2CH2), 27.24 (NHCH2CH2CH2), 28.52-30.23 (CH2), 40.70 
(CONHCH2), 50.17 (CONCH2 and NHCH2 ), 155.00 (CONH), 179.55 (NCOCH2). 

b. Synthesis of hyperbranched polyureas in solution  

A three necked flask equipped with an inlet and outlet was flushed with 
nitrogen. The AB2 monomers (3.068 g, 6.22 mmol) were dissolved in 15 mL 
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DMF. It resulted in slightly yellow solution. The solution was subsequently 
heated and stirred at 145 °C for 3 h under nitrogen. Afterwards, the solution 
was concentrated to half of its volume using a rotary evaporator, followed by 
precipitation in 300 mL of water. The product was isolated by filtration, then 
dried and stored in vacuum oven at 40 °C for several days. A slightly yellow 
waxy product was obtained (yield 76%) 

 1H-NMR of hyperbranched polyureas (400 MHz, d6-DMSO): δ 1.21-1.52 
(m, CH2(CH2)4CH2), 1.62 (CH2(CH2)3CH2, ring), 2.66 (m, NCOCH2), 2.87-3.12 (m, 
CON(CH2)2 and CONHCH2), 3.89 (m, CH2NCO, ring), 6.05 (s, CH2NHCON(CH2)2), 
9.12 (br, CONH). 

c. Synthesis of 2-oxo-N(3-triethoxysilyl)propyl)azepane-1-

carboxamide (Coupling agent)  

A three necked flask equipped with an inlet and outlet was flushed with 
nitrogen. Carbonyl biscaprolactam (11.343 g, 45 mmol) and (3-
aminopropyl)triethoxysilane (9.952 g, 45 mmol) were dissolved in 40 mL of 
toluene. The resulting solution was colourless. The reaction was carried out 
under nitrogen at 80 °C overnight. Toluene was removed at reduced pressure. 
The colourless liquid product mixture contained the coupling agent and 
caprolactam. This liquid product was stored under nitrogen. The conversion 
was more than 98%, according to the 1H-NMR spectrum. It was decided not to 
remove caprolactam, as it would not affect the coupling reaction on surface, 
due to its inertness. 

1H-NMR of coupling agent (400 MHz, CDCl3): δ 0.60 (m, 2H, SiCH2), 1.19 
(m, 9H, CH3CH2OSi), 1.65-1.74 (m, 8H, SiCH2CH2 and CH2(CH2)3CH2, ring), 2.67 
(t, 2H, NCOCH2, ring), 3.28 (q, 2H, CH2NH), 3.79 (q, 6H, SiOCH2), 3.97 (m, 2H, 
CH2NCO, ring), 9.27 (br, 1H, CONH). 

 

2.4.4 Hyperbranched polymer coating (Si-HB coating)  

a. Cleaning silicon wafers 

Silicon wafers were washed in dichloromethane and methanol for 10 min by 
sonication at RT for each solvent. The clean silicon wafers were then placed in 
hot piranha solution (H2SO4:H2O2=7:3) for 2 h at 100-110 °C. Afterwards the 
silicon wafers were sonicated in water for 3 x 15 min and another 15 min in 
methanol at RT. Resulting hydrophilic silicon wafers were dried under 
nitrogen and used within a day.   
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b. Coating on silicon wafers   

The coupling agent solution with concentration of 3% (v/v) was prepared by 
dissolving 1.5 mL of coupling agent in  50 mL of HPLC grade ethanol (<0.03% 
v/v H2O) at RT. The solution, which was filtered using 0.2 µm PTFE filter, was 
colourless. Freshly cleaned (see 2.4.4a) silicon wafers (dimension 1.2 cm x 1.2 
cm) were immersed in the 3% (v/v) solution of the coupling agent in HPLC 
grade ethanol for 10 min and then placed in a vacuum oven. The reaction 
between the silanol groups and the coupling agent was carried out at 110 °C 
for 2 h under vacuum. Removal of the unreacted coupling agent was done by 
washing the silicon wafers in 50 mL of ethanol for 20 min in a sonic bath after 
which the samples were dried under nitrogen. 

A solution of AB2 monomers (20 wt% in ethanol, 20 μL) was spin-coated 
(2,000 rpm, 60 s) on silicon wafers and. Polymerization was carried out on a 
heated metal plate at 145 °C for 2 h under nitrogen flow. Afterwards, the 
coated silicon wafers were sonicated in 50 mL of ethanol for 20 min at RT and 
dried under nitrogen, followed by extraction in DMF at 115 °C overnight and 
sonicated again in 50 mL ethanol for 20 min at RT. The samples were then 
dried and stored under nitrogen.  

Transmission FT-IR signals of silicon wafer surface covered with 
coupling agent (wavenumber, cm-1): 3300 (NH stretch), 2925 (CH2 

antisymmetric stretch), 2860 (CH2 stretch), 1700 (C=O, caprolactam), 1650 
(C=O ureido units), 1530 (C-N and N-H), 1400 (CCH, NCH, C-N caprolactam), 
950-1280 (Si-O stretch). 

Transmission FT-IR signals of Si-HB coatings on silicon wafer surface 

(wavenumber, cm-1): 3345 (NH), 2930 (CH2 antisymmetric stretch), 2860 (CH2 
stretch), 1701 (C=O, caprolactam), 1650 (C=O ureido units), 1534 (C-N and N-
H), 1400 (CCH, NCH, C-N caprolactam), 950-1280 (Si-O stretch). 

List of abbreviations 

BHTA = Bishexamethylene triamine 

CBC = Carbonyl biscaprolactam 

PMMA = Polymethylmethacrylate 

SEC = Size exclusion chromatography 

Si-HB = Hyperbranched polyurea coating on a silicon wafer 
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Summary  

Poly(2-oxazoline)s (POXs) with various molecular weights, containing a 
hydroxyl or amino anchoring group at the α-position and an antibacterial 
quaternary ammonium moiety (quats) at the ω-position, were prepared. 
Among the hydroxyl- or amino-functional initiators for the living 
polymerization of oxazolines that were studied, such as haloalcohols and Boc-
protected amino alkyl sulfonates, the Boc protected compounds performed 
best. Quat end groups were obtained by terminating the living POXs with 
tertiary amines. After removal of the Boc protecting group, under acid 
conditions, the primary α-amino group at the α-position became available for 
anchoring purposes. The biocidal properties of the POXs, provided with quats, 
were studied for Gram-positive and Gram-negative bacteria and one yeast 
strain under planktonic conditions (in solutions). In the tested range of 
polymer concentration (≤0.227 mmol/L, ≤998.8 µg/mL), POXs showed 
biocidal properties against Gram-positive bacteria and one fungal strain. 
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3.1  Introduction 

Poly(2-oxazoline)s (POXs) are well-tunable polymers due to the living 
character of the polymerization and the easy accessibility of a wide range of 
monomers, starting from carboxylic acids or nitriles and ethanol amine. The 
cationic ring-opening polymerization of 2-oxazolines has been reported for 
the first time by four independent groups in 1966.1-4 The α- and ω-end groups 
of these polymers can be controlled by selecting the appropriate initiation and 
termination compounds. Moreover, the properties of POXs backbone can be 
tuned by varying the alkyl chains of the 2-oxazolines monomers.  

A number of excellent reviews5-8 on the synthesis and on the 
polymerization mechanism of a wide variety of 2-oxazolines and initiators has 
been reported. Two propagation mechanisms for the ring opening 
polymerization of 2-oxazolines have been established, involving either ionic or 
covalent species, depending on the nature of the initiator (Scheme 3.1).  

 

 

Scheme 3.1. Cationic ring opening polymerization of 2-oxazolines monomers. 
R’=initial group, R=alkyl chain group. Depending on the nucleophilicity 
of X-, the living polymer can either be in the ionic stage (A) or in the 
covalent stage (B).  

The use of POXs has become, in recent years, popular in biomedical 
applications.9, 10 Some studies demonstrated that the biocompatibility of POXs 
was equal to poly(ethylene oxide), the golden standard.10-13 The discovery that 
POXs provided with quaternary ammonium moieties (quats) were biocidal, 
has opened another important application area in the biomedical field.14 
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Planktonic bacterial studies, as reported by Waschinski et al.,14, 15 showed that 
POXs comprising one quat group at the ω-position displayed a high 
antibacterial activity. Interestingly, the group at the α-position influenced the 
biocidal activity of the moiety at the ω-position. 

When the POXs were immobilized on a surface, it has been observed 
that the quats at the ω-position are most effective in killing bacteria when they 
are able to move a certain distance away from the surface,16-19 i.e. attached at 
the end of a flexible (adjustable) spacer.16 The use of POXs as spacers, to 
bridge the gap between the surface and covalently attached antibacterial 
moieties (e.g. quats), is becoming an interesting research objective in order to 
eradicate bacterial infection associated with biomedical implants. 

 The aim of this study was to prepare biocidal POXs with amino or 
hydroxyl groups at the α-position of the polymer chain. The amino or hydroxyl 
groups were necessary to tether these (biocidal) polymers onto our 
hyperbranched polyurea coatings. A number of synthetic methods is reported 
to prepare POXs with an NH2 or –OH functionality at the α-position and a quat 
group at the ω-position, by using different types of initiators.  

 

3.2 Results and discussion 

 

3.2.1  2-iodoethanol initiator 

Suitable initiators for the living cationic polymerization of 2-oxazolines always 
comprise a good anionic leaving group. Activated alkyl halides, and 
particularly iodides, are suitable and readily available initiators. In order to 
synthesize POXs, with an α-hydroxyl group, commercially available 2-
iodoethanol was used. The polymerizations of 2-methyl-2-oxazolines (MOX) 
using a 2-iodoethanol initiator were carried out in acetonitrile under reflux 
condition, resulting in polymers with α-hydroxyl groups and living 
oxazolinium groups at the ω-position. The positive charges of oxazoliniums 
were neutralized by iodide counter ions. Quats were introduced by 
terminating the living polymer with a tertiary amine (e.g. triethylamine, TEA), 
yielding poly(2-methyl-2-oxazoline)s (PMOX) with hydroxyl groups at the α-
position and quats at the ω-position (HO-PMOX-TEA+I-). The polymer 
composition was confirmed by 1H-NMR (Figure 3.1). Complete conversions of 
the MOX were reached within 24 h for a degree of polymerization (DP) of 20 
and 48 h for a DP of 50.  
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Figure 3.1 1H-NMR spectrum of HO-PMOX-TEA+I- in CDCl3 obtained from 
polymerization of MOX by using 2-iodoethanol as initiator. Reaction 
condition: 80 °C in acetonitrile for 48 h, the living polymers were 
terminated with triethylamine. (DP (degree of polymerization) = 50, yield 
94%) 

 

The molecular weight of the HO-PMOX-TEA+I- was determined by size 
exclusion chromatography (SEC). The DP of HO-PMOX-TEA+I- was in 
agreement with theoretical value ([MOX]/[initiator]), and the polydispersity 
index (PDI) was between 1.4-1.5 (Table 3.1). However, a second distinct peak, 
corresponding to a lower molecular weight compound, was observed in SEC 
chromatogram (Figure 3.2). The origin of this small fraction was unclear, 
whereas the larger peak was assigned to the expected polymer. In a control 
experiment PMOX was prepared by using methyl triflate (CF3SO3CH3, MeOTf), 
a commonly applied initiator. Here the SEC chromatogram showed a single 
peak, with a well-defined narrow molecular distribution (PDI = 1.09, Table 
3.1).  

9

4,
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Table 3.1 SEC data of PMOXs obtained from polymerization using two different 
initiators. Molecular weights were determined with SEC using 
conventional calibration with PMMA as reference. DPcal (degree of 
polymerization calculated) was obtained from the monomer to initiator 
ratio and the DP was measured from SEC.  

DPcal  
([MOX]/[Initiator]) 

Initiator 
Reaction time  

(h) 

Mn 
DP PDI 

(Da) 

50 2-iodoethanol 48 4,900 54 1.41 

60 2-iodoethanol 48 5,900 66 1.53 

50 MeOTf 48 4,500 50 1.09 

 

 

Figure 3.2  SEC chromatogram of various polymers: Red= PMMA, blue= HO-PMOX-
TEA+ -OTf (triflate initiator), green= HO-PMOX-TEA+ I- (2-iodoethanol 
initiator). The shoulder in the PMOX chromatogram (arrow) corresponds 
to lower molecular side products.   

It was expected that the low molecular weight product was a cyclic 
polymer, resulting from cyclization reactions of the living ω-chain ends and 
the α-hydroxyl groups. Cyclic polymers are not able to be anchored onto our 
hyperbranched polyurea coatings. Although the amount of cyclic polymer 
chains was rather small, for this study. It was undesirable to continue with 
polymers containing non-functionalized side products. To avoid any 
cyclization reaction it seemed that the reactive α-group (hydroxyl or amine) 
had to be protected during polymerization.   
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3.2.2 Preparation of Boc protected aminohexyl functional 

initiators  

Our next approach was to synthesize POXs comprising amino groups at the α-
position and quats at the ω-position by using a t-butyloxycarbonyl (Boc) 
protected amino functional initiator. Two different initiators were studied. 
The initiators comprised a Boc-protected amino group at the α-position and 
either a 4-toluenesulfonate (tosylate) or a 4-nitrobenzenesulfonate (nosylate) 
group at the ω-position.  

 The tosylate and nosylate initiators were synthesized according to the 
procedures as depicted in Scheme 3.2. The primary amine of 6-amino hexanol 
was first protected with a Boc group. The protection reaction was carried out 
by using di(t-butyl dicarbonate), a commonly used reagent in peptide 
chemistry. Only the primary amines reacted with di(t-butyl dicarbonate), 
whereas the free hydroxyl groups were preserved. The Boc protected 6-amino 
hexanol was obtained, with only t-butanol as a side product. After removal of 
t-butanol the hydroxyl groups of Boc-protected 6-amino hexanol were 
converted into the corresponding sulfonate by using the commercially 
available sulfonyl chlorides. The successful synthesis of the initiators was 
confirmed by 1H-NMR spectra (Figure 3.3). 

 

 

 

Scheme 3.2. Preparation of the Boc-protected amino functional initiator. tBuOH was 
removed by an aqueous extraction.  
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Figure 3.3 1H-NMR spectra of two types of Boc protected amino initiators in CDCl3 

(s=solvent):  
(A) 6-(tert-butoxycarbonyl)aminohexyl 4-toluenesulfonate (tosylate 

initiator) 
(B) 6-(tert-butoxycarbonyl)aminohexyl 4-nitrobenzenesulfonate 

(nosylate initiator)  

A)

B)
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3.2.3 Polymerization of 2-methyl-2-oxazolines using tosylate 

initiator  

Polymerization of MOX using tosylate initiator was performed in chloroform 
under reflux condition. Chloroform and actetonitril are common solvents for 
the polymerization of oxazolines. Here chloroform was used as a solvent 
because it dissolved well not only MOX, but also the terminating agent N,N’-
dimethyldodecylamine (DDA). DDA was selected as the termination agent 
because it was shown that the resulting polymer quats were highly 
biocidal.15,16  The termination reaction was carried out by adding a 10-fold 
excess of DDA to assure a 100% completion, yielding quats groups at the ω-
position (Boc-PMOX-DDA+CH3ArSO3-, Scheme 3.3). After the polymerization 
the polymer was precipitated in diethyl ether to remove the excess of DDA and 
the unconsumed initiator and monomers.  
 

 

 

Scheme 3.3 Synthetic route of amino functionalized poly(2-substituted-2-oxazoline)s 
using an initiator comprising a Boc protected amino group. X= CH3 
(tosylate), X= NO2 (nosylate).  
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Figure 3.4 Boc-PMOX-DDA+CH3ArSO3-, obtained from the polymerization of MOX in 

CHCl3 at 63 °C, terminated with DDA and precipitated in diethyl ether. 
(1) Measured in CDCl3, 
(2) Measured in CDCl3 in addition of small amount of D2O. (Mn calculated = 

2200 Da, DPNMR=19). 
 

Figure 3.4 shows the 1H-NMR spectra of Boc-PMOX-DDA+CH3ArSO3- 

recorded in chloroform. It can be seen that the Boc protecting group survived 
under the polymerization and termination reaction conditions. The presence 
of the DDA terminal quat group was clearly observable by signals of the CH3 
group attached to the positively charged nitrogen atoms (3.20 ppm). The 
tosylate counter ion was visible by the shift of CH3 and CH aromatic signals 
with respect to the initiator. The spectrum was in full agreement with the 
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expected polymer structure. 1H-NMR spectrum was also recorded in the 
presence of a small amount of D2O to confirm that a peak at 1.6 ppm did not 
belong to the polymer. As a result, this peak indeed vanished (arrow in Figure 
3.4), while a new peak appeared at 4.7 ppm, originating from hydrogen of 
water. It demonstrated that the peak at 1.6 ppm belongs to water (moisture). 
  

Table 3.2 Molecular weights of Boc protected and deprotected amino functionalized 
poly(2-oxazoline)s, obtained from the polymerization using the tosylate 
initiator. All polymerizations except one (*) were carried out in CHCl3 at 
70 °C. The de-protection of Boc groups was conducted in a mixture of 
trifluoroacetic acid (TFA) and CHCl3 for 1 h at RT. 

Polymer 
t 

(h) 

[MOX]/ 
[Initiator] 

 

DP 
NMR 

Mn 
NMR 

(Da) 

Mn 
conv1 
(Da) 

DP 
conv 

 

Mn 
univ2 
(Da) 

DP 
univ 

 

PDI 
 
 

Boc-PMOX-
DDA+CH3ArSO3
- 
 

48 10 24 2,600 - - - - - 

NH2-PMOX-
DDA+CH3ArSO3
- 
 

1 10 20 2,400 - - - - - 

Boc-PMOX-
DDA+CH3ArSO3
- 

 

24 10 23 2,500 - - - - - 

NH2-PMOX-
DDA+CH3ArSO3
- 

 

1 10 26 2,800 - - - - - 

Boc-PMOX-
DDA+CH3ArSO3
- 
 

48 50 69 6,400 11,700 131 12,700 142 1.62 

Boc-PMOX-
DDA+CH3ArSO3
- 
 

72 100 108 9,800 12,600 141 8,000 88 1.47 

*Boc-PMOX-
DDA+CH3ArSO
3- 
 

24 10 32 3,300 - - - - - 

 
 
1Molecular weight was determined by using SEC conventional calibration, PMMA used 
as a reference.  
2Molecular weight was determined by using SEC universal calibration. 
* The polymerization was carried out in acetonitrile at 82 °C. 
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The molecular weights of PMOXs were determined by 1H-NMR and SEC. 
Importantly, in the SEC spectra no sign of a low molecular weight peak was 
visible, an indication that no (cyclic) side products were formed. To calculate 
the molecular weights from the 1H-NMR spectra, the ratios between CH3 of the 

tosylate group (2.32 ppm) and CH2-CH2 of the backbone (3.28-3.6 ppm) were 
used, and confirmed by using the CH3 signals of the backbone (2.0-2.2 ppm). It 
was supposed that no anion exchange took place. Since the ratio between CH3 
of the tosylate group and CH3 of the DDA terminal group appeared to be 1:1, it 
could be concluded that the termination reaction was complete. The molecular 
weights of Boc-PMOX-DDA+CH3ArSO3- are summarized in Table 3.2. 

The DP of Boc-PMOX-DDA+CH3ArSO3- obtained from 1H-NMR was almost 
two times higher than theoretically expected for the [MOX]/[initiator] ratio of 
10. The Mn of Boc-PMOX-DDA+CH3ArSO3- ([MOX]/[initiator] ratio of 50) 
determined by SEC was also two times higher than expected. It suggests that 
the initiation rate was substantially lower than the rate of propagation. The Mn 
of Boc-PMOX-DDA+CH3ArSO3-, obtained by polymerizing with 
[MOX]/[initiator] ratio of 100, gave numbers quite close to the theoretical 
values, as measured by 1H-NMR as well as by SEC. It is conceivable that after 
longer polymerization times, as in this case, more initiator molecules became 
active. The quite large polydispersities of the polymers support the conclusion 
that the initiation rate was rather slow. To increase the initiation rate some 
polymerizations were also carried out at higher temperature in acetonitrile at 
its higher boiling point (82 °C). The terminating agent DDA was dissolved in a 
mixture of acetonitrile and CHCl3, due to its low solubility in acetonitrile. 
However, in these experiments even a higher DP was obtained than in 
chloroform (Table 3.2). 

The higher molecular weights of the obtained polymers can be 
explained by the fact that the initiation efficiency was less than 100%. The 
conversion of tosylate initiator could be followed during the polymerization 
by 1H-NMR. By measuring the samples, without precipitation in diethyl ether, 
the pristine and used initiators were both detectable. The shifts of the CH3 
signal of the tosylate group from 2.32 (neutral species) to 2.48 ppm (ionic 
species) and of aromatic hydrogen atoms made it suitable to monitor the 
reaction progress. After a polymerization for 48 h in chloroform all monomers 
were consumed ([MOX]/[initiator] = 10), while signals of the unreacted 
initiator were still visible. The initiator efficiency in refluxing chloroform was 
less than 50% after a 48 h reaction (Figure 3.5). The polymers appeared to be 
completely functionalized with a Boc group at the α-position and a quats 
moiety ω-positions, in spite of the higher molecular weights due to the low 
efficiency of the initiator. 



Chapter 3 

 

76 

 

 

 

Figure 3.5 1H-NMR spectra of the tosylate initiator (bottom) and of the polymer 
mixture after polymerization of MOX for 48 h in refluxing CHCl3 at 63 °C 
(top), measured in CDCl3. Arrows point to the signals of unreacted 
initiator. 

De-protection of the amino groups at the α-position was needed to 
enable the immobilization of PMOXs onto the substrates. The Boc protecting 
group of Boc-PMOX-DDA+CH3ArSO3- was removed by a treatment with a 
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solution of trifluoro acetic acid (TFA) in chloroform (1:1).15 After precipitation 
in diethyl ether the polymer still contained TFA, present as a salt with the 
amino end groups. The precipitate was dissolved in chloroform and treated 
with a solid base, such as K2CO3 to remove TFA. After filtration to remove the 
salts, NH2-PMOX-DDA+CH3ArSO3- was obtained (Scheme 3.3). 1H NMR 
confirmed the removal of the Boc protecting groups (Figure 3.6). The Mn of 
Boc-PMOX-DDA+CH3ArSO3- and NH2-PMOX-DDA+CH3ArSO3- were within the 
same range (Table 3.3), meaning that no degradation of the polymer took 
place during the de-protection step.  

 

 

Figure 3.6 1H-NMR Spectra in CDCl3 of amino functionalized poly(2-methyl-2-
oxazoline)s, using the tosylate initiator, having a DDA end group (NH2-
PMOX-DDA+CH3ArSO3-). The removal of the Boc protecting group is 
visible by the absence of CH3 signal at 1.36 ppm (arrow). (s denotes 
“solvent”). 
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Summarizing, the living polymerization and a complete termination 
reaction were successful, whereas no side products were formed. The tosylate 
initiator can be used to synthesize amino functionalized poly(2-methyl-2-
oxazoline)s. However, because of the slow initiation, the obtained molecular 
weights will always be higher than the theoretical ones.  

 

3.2.4 Polymerization of 2-oxazolines using a 4-nitrobenzene 

sulfonate (nosylate) initiator 

In order to speed up initiation, the more reactive nosylate initiator was 
employed. Since the 4-nitrobenzene sulfonate group is a better leaving group 
than 4-methylbenzene sulfonate a much faster initiation was expected.  The 
successful fast initiation step was indeed demonstrated by 1H-NMR. During 
polymerization the nosylate initiator reached  completion in less than 60 min. 
After that period only the hydrogen atoms of the ionic aromatic species of the 
initiator were visible. According to the 1H NMR spectra all the living polymer 
chains were quaternized by the termination reaction with DDA. Hence, the 
nosylate initiator performed very well. The removal of the Boc group went 
well, too, and could easily be followed by the disappearance of the sharp 
methyl peak (1.40 ppm) and the shift of CH2 peak next to the amino group 
from 3.0 to 2.80 ppm (Figure 3.7).  

The molecular weights of PMOX were calculated from the integrated 
signals of the CH from the aromatic group, the CH2-CH2 of the backbone (3.27-
3.60 ppm) and the CH3 of the backbone (2.07-2.14 ppm). The results were 
confirmed by calculating the integrated signals of the CH3 groups of DDA 
(100% termination) (Table 3.3). According to 1H-NMR data, the average DPs 
of Boc-PMOX-DDA+NO2ArSO3- and NH2-PMOX-DDA+NO2ArSO3- were lower 
than the theoretical value of 10. The molecular weight distributions obtained 
from SEC were between 1.47-1.67. No shoulder or low molecular peaks 
appeared in SEC chromatograms, demonstrating that no side products were 
formed as found in HO-PMOX-TEA+I- samples. 

When immobilizing the functionalized POXs onto a surface, it can be 
anticipated that the exposure of antibacterial moieties will be influenced by 
various parameters, such as the number of quats groups per polymer chain, 
the length and polarity of polymers. Varying the length of the polymer chains 
was feasible, due to the livingness of the 2-oxazoline polymerization process.  
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Figure 3.7 1H NMR of DDA-functionalized poly(2-methyl-2-oxazoline)s with (peak 1) 
(top) and without the Boc protecting group (bottom) in CDCl3. MOX 
polymerization was carried out in refluxing CHCl3 at 63 °C.  

 

Another option to improve the exposure of the quats is to vary the 
polarity of the spacers. The hydrophobic/hydrophilic balance of POXs can be 
tuned by the preparation of random copolymers of MOX (R=CH3) and 2-ethyl-
2-oxazolines (EOX, R=CH2CH3). A number of copolymers having quat end 
groups (Boc-poly(MOX-co-EOX)-DDA+ NO2ArSO3-)) was synthesized by using 
the nosylate initiator (Table 3.3). The ratio of the monomers in the polymer 
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was calculated based on the integrals of the CH3 groups of MOX (0.95 - 1.16 
ppm) and EOX (1.95 - 2.05 ppm) signals and appeared to be equal to the 
monomer ratio (Table 3.3). 

 

Table 3.3. Molecular weights of Boc protected and deprotected amino functionalized 
poly(2-oxazoline)s and copolymer of MOX and 2-ethyl2-oxazoline (EOX). 
Mn was calculated based on 1H NMR and SEC (universal calibration) 
results.  

Sample 
DP calculated 
([MOX]/[I]) 

NMR  SEC 
DP 

 
Mn 

(Da) 
DP 

 
Mn 

(Da) 
Mw 

(Da) 
PDI 

 
Boc-PMOX- 
DDA+NO2ArSO3- 

10 5 1,000 7 1,000 1,400 1.48 

 
NH2-PMOX-
DDA+NO2ArSO3- 

10 8 1,200 10 1,300 2,200 1.67 

 
Boc-PMOX-
DDA+NO2ArSO3- 

10 6 1,100 6 1,000 1,400 1.47 

 
NH2-PMOX-
DDA+NO2ArSO3- 

10 10 1,400 8 1,100 1,800 1.67 

 
(Boc-poly(MOX-
co-EOX)-DDA+ 

NO2ArSO3-) 
(1:1)* 

10 10 1,500 - - - - 

 
(Boc-poly(MOX-
co-EOX)-DDA+ 

NO2ArSO3-) 
(2:1)* 

10 8 1,400 - - - - 

 
(Boc-poly(MOX-
co-EOX)-DDA+ 

NO2ArSO3-) (1:1) 

* 

30 25 2,900 26 3,000 4,500 1.53 

*Copolymer with ratio MOX to EOX  

Figure 3.8 depicts 1H-NMR spectrum of Boc-poly(MOX-co-EOX)-DDA+ 

NO2ArSO3- obtained from 1:1 monomer mixture of MOX and EOX to initiator 
ratio of 30. The nosylate initiator as well as the monomers were fully 
consumed after a 24 h polymerization, indicating that the copolymerization 
was successful.  
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Figure 3.8 1H-NMR of a poly(MOX-co-EOX)DDA+ NO2ArSO3- in CDCl3. Polymerization 
was carried out in acetonitrile at 80°C, 24 h, with theoretical DP 30 
([monomers]/[initiator]), MOX:EOX = 1:1, DPNMR = 25. 

Summarizing, the nosylate initiator was a fast initiator, which was 
completely consumed during the polymerization of MOX or mixtures of MOX 
and EOX, i.e. that each initiator molecule was able to start a polymer chain. 
Moreover, the molecular weight distribution exhibited a single peak. The Boc 
protecting group was removed under acidic conditions, without degrading the 
polymer backbone. Furthermore, copolymers of methyl and ethyl oxazolines 
with α-amino groups were feasible, too.  

 

3.3 Antibacterial activity of PMOX on planktonic 

bacteria  

It has been reported that quats require, besides positive charges, also 
hydrophobic moieties to become an effective biocide.15, 20, 21 The steps of the 
lethal mechanism of cationic biocides in solution may be summarized as 
follows:22, 23 
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1.  adsorption onto the bacterial cell surface,  
2.  diffusion through the cell wall,  
3.  absorption into the cytoplasmic membrane,  
4.  disruption of the cytoplasmic membrane,  
5.  leakage of the cytoplasmic constituents,  
6.  final result: cell death.  
 

The biocidal activity of polyoxazoline quats depends on the composition 
of the polymer backbone as well as on the end groups.24 To study the 
antibacterial activity of our PMOXs, the polymers were evaluated on bacteria 
in suspension (planktonic). Various clinically-isolated bacterial strains (Gram-
positive and Gram-negative) and one fungal strain were selected, originating 
from different infection sites. The bacterial strains tested differ in the 
composition of their cell envelopes. The cell envelope of Gram-positive 
bacteria generally consists of a peptidoglycan outer layer (cell wall) and a 
phospholipid inner membrane (cytoplasmic membrane). The cell envelope of 
Gram-negative bacteria is more complex, consisting of a lipopolysaccharide 
outer membrane, a peptidoglycan and a cytoplasmic inner membrane.25 The 
outer structure of Gram-negative bacteria causes an additional barrier for 
foreign molecules. The outer layer of Candida albicans (fungal strain) consists 
of polysaccharides and proteins (cell wall) and inside the cellular wall there is 
a membrane composed of lipoproteins.  

In our study, PMOXs provided with Boc protecting group and quats 
comprising C12-alkyl moiety (Boc-PMOX-DDA+CH3ArSO3-), were evaluated. To 
remove the impurities that could influence the planktonic antibacterial assay, 
the polymers were purified by dialysis in water (molecular cut-off 500 Da). 
Antibacterial activities of these polymers were evaluated by determining the 
minimal inhibitory concentration (MIC). The MIC is defined as the lowest 
concentration of an antimicrobial that will inhibit the visible growth of a 
microorganism after overnight incubation. 

Two sets of Boc protected polymers (Boc-PMOX-DDA+CH3ArSO3-) with 
Mn of 4400 Da and 9800 Da were selected to study the influence of the 
molecular weight. Gram-positive Staphylococcus epidermidis 3058 and 
Staphylococcus aureus 7232 and Gram-negative Escherichia coli AE 8392 and 
one fungal strain C. albicans MB1 were used. Figure 3.9A demonstrates that in 
the range of polymer concentrations evaluated (≤ 0.227 mmol/L, ≤998.8 
µg/mL), Boc-PMOX-DDA+CH3ArSO3- with Mn of 4400 Da inhibited the growth 
of all strains, except for E. coli. Similar experiments were performed with Mn 
of 9800 Da (Figure 3.9B). The killing efficacy, on molar basis, was very similar 
for both, the low and high molecular weight polymers. The MIC results are 
listed in Table 3.4.    
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Figure 3.9 Biocidal activities of two series of Boc-PMOX-DDA+CH3ArSO3- against 
various strains of bacteria and one fungal strain. (Note the difference of 
the scale of the x-axis).  
A) Mn 4400 Da 
B) Mn 9800 Da  

 
 
 The biocidal activities of the PMOXs towards Gram positive S. 

epidermidis and S. aureus were molecular weight independent. It was in line 
with the results from Waschinski et al.14, 15 They demonstrated as well that the 
antibacterial activities of this type of their polymers did not depend on the 
molecular weights, within a range of 2,000-12,000 Da. Meaning that the spacer 
length was not of any importance for the inhibition of bacterial growth under 
planktonic conditions. 
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Table 3.4  MIC values of Boc-PMOX-DDA+CH3ArSO3-. 

Strain 
Mn = 4400 Da  Mn = 9800 Da 

MIC 
(mmol/L) 

MIC 
(µg/mL) 

MIC 
(mmol/L) 

MIC 
(µg/mL) 

S. epidermidis 3058 0.091 400.40 0.082 803.60 

S. aureus 7232 0.091 400.40 0.092 901.60 

E. coli AE 8392 > 0.227 >998.80 > 0.102 >999.60 

C. albicans MB1 0.135 594.40 0.102 999.60 

 

In the case of E. coli AE 8392, higher molar concentrations of polymers 
seem to be needed in order to determine the MIC. This strain was less 
sensitive towards Boc-PMOX-DDA+CH3ArSO3- than the Gram positive S. 

epidermidis and S. aureus. This might be due to the more complex composition 
of the cell membrane of E. coli.  

 It is noteworthy to emphasize that the Boc-PMOX-DDA+CH3ArSO3- also 
showed fungicidal activity. The MIC for C. albicans was only slightly higher 
than for S. epidermidis and S. aureus (Table 3.4). Shirai et al.26 proposed that 
fungicidal action of quats is not through cell wall destruction and protein 
leakage, but rather by penetrating the cell and disrupting the membranes of 
organelles. Nevertheless, these organisms can be combatted with quats as 
well.  

 

3.4 Conclusions 

To enable immobilization of biocidal polymers, POXs with hydroxyl or amino 
groups at the α-position and quats at the ω-position, have been prepared with 
2-iodoethanol and Boc-protected amino tosylate and nosylate as initiators. 
The polymers obtained with 2-iodoethanol comprised small amounts of a low 
molecular weight compound, which was probably a cyclic side-product.  

Boc protected amino tosylates or nosylates initiators were successfully 
prepared from Boc-protected 6-amino hexanol and the corresponding sulfonyl 
chlorides. During polymerization of MOX, the tosylate initiator displayed an 
initiation efficiency of less than 50%, whereas nosylate initiator performed 
well with 100% efficiency. The living polymers were successfully terminated 
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with DDA, yielding quats at the ω-position. Deprotection of the Boc-amino 
group was successfully carried out in a mixture of TFA and chloroform. The 
resulting polyoxazolines comprised amino groups at the α-position and 
quaternary ammonium moieties at the ω-position. Although the tosylate 
initiator showed slow initiation rate, it can still be used to synthesize fully α-
ω-functionalized POXs. The only disadvantage is that the obtained molecular 
weights will always be higher than the theoretical ones. 

Polyoxazolines having Boc moieties at the α-position and quat end 
groups showed biocidal properties in planktonic assay against Gram positive 
bacteria and one fungal strain, in the tested range of polymer concentration 
(≤0.227 mmol/L, ≤998.8 µg/mL). The antibacterial activities of these 
polyoxazolines on the molar base of the quats were not affected by the 
molecular weight of the polymers, suggesting that the spacer length was not of 
any importance for the growth of bacteria under planktonic conditions. 
Furthermore, these polymers will be used to study the effect of immobilization 
of quats on its antibacterial efficacy (Chapter 4). 

 

3.5 Materials and Methods  
3.5.1 Materials 

2-methyl-2-oxazoline, 2-ethyl-2-oxazoline, 2-iodoethanol, trifluoro acetic acid, 
4-nitrobenzenesulfonyl chloride, and 6-(Boc-amino)-1-hexanol were 
purchased from Sigma-Aldrich. 4-toluenesulfonyl chloride, N-N-
dimethyldodecylamine (all from Fluka), diethyl ether, chloroform, 
dichloromethane, pyridine (all from Lab-Scan), dimethyl formamide (Across 
organic), triethylamine, benzonitrile (from Merck) were used as received.  
Acetonitrile and 2-methyl-2-oxazoline were distilled from CaH2 before use and 
chloroform was distilled from molecular sieve.  

 

3.5.2 Characterization 

1H-NMR. Spectra were recorded using a 300 and 400 MHz Varian VXR 
apparatus. Deuterated chloroform and D2O were used as solvents. Chemical 
shift values were reported in ppm with the solvent resonance as the internal 
standard (CHCl3: δ 7.26 for 1H, δ 77.0 for 13C; D2O: 4.79 for 1H). Spectra data 
were reported as follows: chemical shifts, multiplicity (s = singlet, d = doublet, 
t = triplet, q = quartet, br = broad, m = multiplet). 
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Size Exclusion Chromatography. Molecular weight and distribution 
were determined by Size Exclusion Chromatography (SEC). SEC 
measurements were performed in DMF with 0.01 mol/L LiBr on a Viscotex 
GPCmax equipped with 302 TDA detectors using column PI-gel 5 µ 30 cm 
mixed-C from Polymer Laboratories. Polymethylmethacrylate (PMMA) was 
used as a standard for molecular weight calibrations.  

Fourier Transform Infra-Red Spectroscopy. FTIR was performed as 
Attenuated Total Reflectance (ATR-FTIR) on a Bruker IFS88 FTIR 
spectrometer equipped with MTC-A detector at a resolution of 4 cm-1. The 
sample was measured with an average of 50 scans.  

 

3.5.3 Syntheses 

a. Synthesis of HO-PMOX-TEA
+
 I

-
 using 2-iodoethanol 

A three necked flask equipped with an inlet and outlet was flushed with 
nitrogen. MOX (3.03 g, 35.60 mmol) and 2-iodoethanol (12.24 mg, 0.71 mmol) 
were dissolved in 15 mL of acetonitrile at RT (expected DPPMOX= [MOX]/[2-
iodoethanol]= 50). The reaction mixture was stirred in a nitrogen atmosphere 
at 80 °C for 48 h.  Afterwards, the polymerization was terminated by adding 2 
mL of TEA, the reaction mixture was stirred for another day at the same 
temperature. The solution was cooled down and subsequently precipitated in 
200 mL of diethyl ether and filtered. The residue was dried overnight at 40 °C 
under vacuum, yielding slightly yellow powder (Yield 94%). 

1H-NMR (300 MHz, CDCl3): δ 1.20 (t, 9H, N+(CH2CH3)3), 3.20-3.60 (6H, 
PMOXN+(CH2CH3)3). δ 2.02-2.20 (br,  CH3 acetic amide side groups), 3.20-3.70 
br, -N(CH2)2- polymer backbone). 

b. Synthesis of Boc-(6-amino)-1-hexanol 

In a three necked flask equipped with inlet and outlet which was flushed with 
nitrogen, 6-amino-1-hexanol (3.006 g, 25 mmol) was dissolved in 50 mL of 
chloroform. Di-tert-butyl dicarbonate (5.181 g, 26 mmol) was dissolved in 10 
mL of chloroform and was added drop-wise to a solution of 6-amino-1-
hexanol. Reaction was carried out for 2 h at RT in a nitrogen atmosphere. The 
solution was washed five times using 25 mL of water. Afterwards, the organic 
layer was washed two times with 20 mL of phosphate buffer and 20 mL of 
brine (10% NaCl solution). Afterwards, Na2SO4 was added to dry the organic 
layer and then the solution was filtered to remove Na2SO4. Chloroform was 
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removed using a rotary evaporator. The product was dried in a vacuum oven 
at 40 °C overnight, yielding a white powder product (yield 74%). 

1H-NMR (CDCl3, 400 MHz): δ 1.24-1.60 (m, 8H, (CH2)4), 1.45 (s, 9H, 
OC(CH3)3), 3.05 (m, 2H, NHCH2), 3.45 (m, 2H, CH2OH), 4.50 (br, NH). 

c. Synthesis of Boc-(6-amino)hexyl-p-toluenesulfonate (tosylate initiator) 

A three necked flask equipped with an inlet and outlet was flushed with 
nitrogen. Boc-(6-amino)-1-hexanol (2.54 g, 12 mmol) was dissolved in 50 mL 
of dichloromethane in a nitrogen atmosphere. P-toluenesulfonyl chloride 
(2.25 g, 12 mmol) and triethylamine (1.8 mL, 13.2 mmol) were added drop 
wise into this solution. The reaction mixture was stirred at RT for 24 h. 
Solution was washed five times with 20 mL of water, three times with 20 mL 
of citric acid (5 wt%), and two times with 20 mL of brine. Afterwards, Na2SO4 
was added to dry the organic layer and filtered to remove Na2SO4. Half of the 
dichloromethane was removed using a rotary evaporator and subsequently 50 
mL of pentane was added. The mixture was stirred at RT and a white solid 
product was formed. Subsequently, the tosylate initiator was filtered and 
dried at 40 °C in a vacuum oven overnight (yield 40%).   

1H-NMR (CDCl3, 400 MHz): δ 1.23-1.27 (m, 8H, (CH2)4), 1.29 (s, 9H, 
OC(CH3)3), 2.45(s, 3H, ArCH3), 3.09 (m, 2H, NHCH2), 4.03 (m, 2H, OCH2), 4.5 
(br, NH), 7.53 (d, 2H, CH3CCH, aromatic), 7.77 (d, 2H, CCH, aromatic).  

d. Synthesis of Boc-PMOX-DDA
+ 

CH3ArSO3
-
 by using tosylate initiator 

A three necked flask equipped with an inlet and outlet was flushed with 
nitrogen. Boc-(3-amino)hexyl-p-toluenesulfonate (0.501 g, 1.35 mmol) was 
dissolved in 15 mL of chloroform, followed by addition of MOX (1.21 g, 14.22 
mmol) (expected DPPMOX=10). The reaction mixture was stirred under 
nitrogen atmosphere at 70 °C for 24 h. Living polymer was terminated with 
DDA (3.7 mL, 2.85 g, 13.37 mmol) and the reaction was carried out for 24 h at 
70 °C under nitrogen atmosphere.  Polymer then was precipitated in 200 mL 
of diethyl ether and isolated by filtration, yielding a slightly yellow polymer. 
Afterwards the polymer was dried under vacuum at 40 °C overnight (yield 
60%). 

1H-NMR (CDCl3, 400 MHz):  δ 0.87-0.89 (t, 3H, N+(CH2)11CH3), 1.22-1.40 
(m, 18H, N+(CH2)2(CH2)9CH3), 1.45 (s, 9H, OC(CH3)3), 1.70-1.80 (m, 
NCH2CH2N+), 3.05-3.16 (m, 2H, NHCH2), 3.27 (s, 6H, PMOXN+(CH3)2), 3.60-3.70 
(m, 2H, NCH2CH2N+). δ 2.07-2.2.14 (br, CH3 acetic amide side group), 3.27-3.60 
(br, polymer backbone-(N(CH2)2-). δ 2.36 (s, 3H, ArCH3), 7.16 (d, 2H, CH3CCH 
aromatic), 7.74 (d, 2H, SCCH aromatic).  
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e. Deprotection of amino groups of the polymer prepared with the 

tosylate initiator (NH2-PMOX-DDA
+
CH3ArSO3

-
) 

A three necked flask equipped with an inlet and outlet was flushed with 
nitrogen. Boc-PMOX-DDA+CH3ArSO3- (0.50 g, 0.27 mmol) was dissolved in the 
mixture of chloroform and TFA (1.5 mL + 1.5 mL) and stirred under nitrogen 
atmosphere. Reaction was carried out at RT for 1 h. Polymer was precipitated 
two times in diethyl ether and isolated by filtration. After the residue had been 
dissolved in 10 mL of chloroform, CaHCO3 was added. The mixture was stirred 
overnight and filtered. The solution was then precipitated in 200 mL of ether 
and filtered, yielding a yellowish polymer. The polymer was dried at 40 °C 
under vacuum (Yield 87%). 

1H NMR (CDCl3, 400 MHz):  δ 0.87-0.89 (t, 3H, N+(CH2)11CH3), 1.22-1.40 
(m, 18H, (CH2)2(CH2)9CH3), 1.70-1.80 (m, 2H, PMOXN+CH2CH2), 2.90 (m, 2H, 
CH2NH2), 3.27 (s, 6H, PMOXN+(CH3)2), 3.60-3.70 (m, 2H, PMOXN+CH2). δ 2.07-
2.14 (br, CH3 acetamide side groups), 3.27-3.60 (br, -N(CH2)2- backbone). δ 
2.36 (s, 3H, ArCH3), 7.16 (d, 2H CH3CCH aromatic), 7.74 (d, 2H SCCH aromatic).  

f. Synthesis of 6-((tert-butoxycarbonyl)amino)hexyl-4-

nitrobenzenesulfonate (nosylate initiator) 

A three necked flask equipped with an inlet and outlet was flushed with 
nitrogen. 6-(Boc-amino)-1-hexanol (4.050 g, 18.64 mmol) was dissolved in 40 
mL of dichloromethane. 4-nitrobenzenesulfonyl chloride (4.688 g, 24.34 
mmol) was added drop wise into this solution at 0 °C followed by an addition 
of 3.9 mL of TEA (2.81 g, 27.72 mmol) to the reaction mixture. The reaction 
was carried out at 0 °C for 2 h and another 2 h at RT. The obtained solution 
was washed 2-3 times with 15 mL of water, 15 mL of 5% citric acid and 15 mL 
of 10% sodium chloride. The final organic solution was dried under reduced 
pressure, yielding a slightly brown solid product (yield 56%). 

1H-NMR (CDCl3, 400 MHz): δ 1.29-1.36 (b, 12H, CH2(CH2)6CH3), 1.4 (s, 
9H, OC(CH3)3), 3.07 (t, 2H, NHCH2) 4.12 (t, 2H, OCH2), 4.45 (br, NH)  8.12 (d, 
2H, NO2CCH aromatic), 8.40 (d, 2H, SCCH aromatic). 

g. Synthesis of Boc-PMOX-DDA
+
NO2ArSO3

-
  using nosylate initiator 

A three necked flask equipped with an inlet and outlet was flushed with 
nitrogen. 6-(tert-butoxycarbonyl amino)hexyl 4-nitrobenzenesulfonate (0.623 
g, 1.55 mmol) was dissolved in 6.5 mL acetonitrile. Then MOX (1.3 mL, 15.35 
mmol) was added to this solution (expected DPPMOX=10). The reaction mixture 
was stirred at 80 °C for 24 h. Living polymer was terminated using 10 times 
fold of N,N’-dimethyldodecylamine (4.3 mL, 3.31 g, 15.54 mmol), while the 
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stirring was continued overnight at the same temperature. A yellowish 
polymer was precipitated in 200 mL of diethyl ether, and isolated by filtration. 
Afterwards, the polymer was dried under vacuum at 40 °C overnight (Yield 
84%). 

1H-NMR (CDCl3, 400 MHz):  δ 0.84-0.89 (t, 3H, N+(CH2)11CH3), 1.24-1.33 
(m, 18H, (CH2)2(CH2)9CH3), 1.36 ppm (s, 9H, OC(CH3)3), 1.70-1.80 ppm (m, 2H, 
PMOXN+CH2CH2), 2.94 ppm (s, 6H, PMOXN+(CH3)2), 3.0-3.18 (m, 2H, 
CONHCH2), 3.3-3.5 (m, PMOXN+CH2). δ 2.07-2.14 ppm (br, CH3 acetamide side 
groups), 3.27-3.60 ppm (br, (-N(CH2)2- polymer backbone). δ 7.91-7.94 ppm 
(d, 2H, NO2CCH aromatic), 8.12-8.14 ppm (d, 2H, SCCH aromatic). 

h. Deprotection of Boc group (Synthesis of NH2-PMOX-DDA
+
 NO2ArSO3

-
)  

A three necked flask equipped with an inlet and outlet was flushed with 
nitrogen. Boc-PMOX-DDA+NO2ArSO3- (1.02 g) was dissolved in a mixture of 
chloroform and TFA acid (3 mL + 3 mL). The reaction was carried out at RT for 
1 h. The chloroform phase then was separated. TFA was washed several times 
with chloroform to isolate the product. The organic phase (chloroform) was 
collected, and then precipitated in 100 mL of diethyl ether, yielding a white 
residue. The solid product was filtered and dried overnight under vacuum at 
40 °C (Yield 50%). 

The obtained residue still contained protonated amino groups. To 
remove remaining acid, 0.10 g of the polymer was dissolved in 10 mL of 
chloroform. Subsequently, 0.11 g of K2CO3 was added into the polymer 
solution, stirred overnight and filtered. The solution was precipitated in 100 
mL of diethyl ether and the polymer was isolated by filtration, yielding a white 
polymer. The product was dried under vacuum at 40 °C overnight.  

1H NMR (CDCl3, 400 MHz): δ 0.84-0.89 (t, 3H, N+(CH2)11CH3), 1.24-1.33 
(m, 18H (CH2)2(CH2)9CH3), 1.70-1.80 ppm (PMOXN+CH2CH2), 2.80 (m, 
NH2CH2), 2.94 ppm (s, 6H, PMOXN+(CH3)2), 3.3-3.5 (m, PMOXN+CH2). δ 2.07-
2.14 ppm (br, CH3 acetamide side group), 3.27-3.60 ppm (br, -N(CH2)2- 
polymer backbone). δ 7.91-7.94 ppm (d, 2H, NO2CCH aromatic), 8.12-8.14 ppm 
(d, 2H, SCCH aromatic).  

i.  Synthesis of Boc-poly(MOX-co-EOX)DDA
+
NO2ArSO3

-
 

A three necked flask equipped with an inlet and outlet was flushed with 
nitrogen. MOX to EOX of 1:1. Nosylate initiator (0.22 g, 0.54 mmol) was 
dissolved in 6.5 ml of acetonitrile under a nitrogen atmosphere. MOX (0.66 g, 
7.75 mmol) and EOX (0.77 g, 7.80 mmol) were added and the mixture was 
heated to 80 °C for 24 h. After the reaction time, the polymerization was 
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terminated with a 10-fold excess of DDA (1.16 g, 5.43 mmol) and the mixture 
was allowed to stir for an additional 24 h at the same temperature. Finally, the 
obtained product was precipitated two times in 100 mL of diethyl ether and 
dried in a vacuum oven at 40 °C, which yielded Boc-poly(MOX-co-
EOX)DDA+NO2ArSO3- as a yellow powder (yield 57%).  

1H-NMR (300 MHz, CDCl3): δ 0.85 (t, 3H, N+(CH2)11CH3), 1.11 
(NCOCH2CH3), 1.42 (s, 9H, OCCH3), 2.07-2.14 (t, 3H, NCOCH3), 2.29-2.40 (m, 
2H, NCOCH2CH3), 3.23-3.60 (b,  CH2CH2 backbone), 8.01 (d, 2H, NO2CCH), 8.22 
(d, 2H, SCCH) 

 

3.5.4 Antimicrobial assay 

a. Sample preparation 

In order to remove the impurities that could influence the planktonic 
antibacterial assay, PMOXs were purified by twofold precipitation in diethyl 
ether, followed by dialysis in water (molecular cut-off 500 Da). The products 
were freeze dried overnight, yielding slightly yellow polymers. PMOXs were 
then dissolved in tryptone soya broth (TSB, Oxoid), growth medium, at a 
concentration range of 0 - 1 mg/mL. 

b. Microbial strains 

Strains used in this assay were clinically isolated from different infection sites. 

Gram-positive:  S. epidermidis 3058 and S.aureus 7232. 
Gram-negative: E. coli AE 8392  
Fungi : C. albicans MB1 
 
 All bacterial strains were first grown on a blood agar plate. A single 
colony was inoculated in 10 mL TSB and incubated at 37 °C for 24 h. This 
culture was used to inoculate a main culture, which was incubated for 16 h. 
The bacteria were harvested by centrifugation for 5 min at 5000 g and 10 °C. 
The pellet was resuspended in phosphate buffered saline (PBS), pH 7.5. The 
optical density (OD) was measured at 600 nm. The bacterial suspension was 
diluted to an OD of 0.1 in PBS, at a pH of 7.5. 
 
c. Minimal inhibitory concentration (MIC) 

Five μL of bacterial suspension in PBS was used to inoculate 195 μL of PMOX 
in TSB, in a 96 wells plate and then incubated at 37 °C for 24 h, while shaking 
(60 rpm). After incubation, the OD was measured at 600 nm to determine MIC 
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of quats compounds. The well containing the lowest concentration of PMOX 
that completely inhibited visual bacterial growth was taken as the MIC. 

 

List of abbreviations 

Boc-PMOX-TEA+I-  = poly(2-methyl-2-oxazoline) having Boc group at α position and quat 
(triethylamine) at ω position with iodide as counter ion. 

Boc-PMOX-DDA+XArSO3- = poly(2-methyl-2-oxazoline) having Boc group at α position and quat 
(DDA) ω position, whereas X=CH3 or NO2 

Boc-poly(MOX-co-EOX)DDA+NO2ArSO3- = copolymer MOX and EOX, having Boc group at the α 
position and quat (DDA) ω positions  

DDA = N,N’ dimethyldodecylamine 

EOX = 2-ethyl-2-oxazoline 

HO-PMOX-TEA+  = poly(2-methyl-2-oxazoline) having hydroxyl group at the α position 
and quat (triethylamine) at the ω position 

MOX = 2-methyl-2-oxazoline 

NH2-PMOX-DDA+XArSO3- = poly(2-methyl-2-oxazoline) having amino group at the α position 
and the quat (DDA) ω position, whereas X=CH3 or NO2 

PMOX = poly(2-methyl-2-oxazoline) 

POX = poly(2-oxazoline) 

Quat = quaternary ammonium ion 

TEA = triethylamine 
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compounds on hyperbranched polyureas 

coated surfaces 
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Henk J. Busscher, Ton. J.A. Loontjens 

 

Summary  

Polymers, comprising an antibacterial quaternary ammonium moiety (quat), 
were covalently tethered by means of their α-amino or α-hydroxyl groups 
onto substrates covered with hyperbranched polyurea coatings (Si-HB). The 
Si-HB coatings were applied by heating drop-casted AB2 monomers on 
activated silicon substrates. The end-groups (B-groups) of each polymer chain 
of the hyperbranched polyureas were blocked isocyanates, which enabled the 
reaction with hydroxyl or amino functional compounds. This feature 
permitted to couple -OH or –NH2 functional quats, such as mono-quat-
functional poly(2-methyl-2-oxazoline)s and commercial available ethoquad 
C/25 and (quaternized) linear polyethyleneimines, onto the hyperbranched 
coatings. The antibacterial properties of resulting coatings were studied using 
the Petrifilm Aerobic Count plate assay. It showed that all polymeric biocides 
lost their antibacterial properties after immobilization, demonstrating that the 
killing ability of immobilized quats and quats in solution were different. 
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4.1 Introduction 

Biomedical implants and devices can give rise to bacterial infection in humans. 
Once bacteria adhere on a surface, they will start growing into a biofilm. 
Within such a biofilm, bacteria are encapsulated in a self-produced polymeric 
matrix, protecting them against the immune system and antibiotics.1, 2 It is 
proposed that the threat of infections could beneficially be averted by 
antibacterial coatings. Coatings provided with leachable biocides are 
commercially available, although their efficacy is still a matter of debate.3 
Worrisome is that leachable biocides often demonstrate a burst release and 
contaminate the body fluids. Immobilization of biocides would be a much 
more preferred alternative. Although in the most recent decade a number of 
studies have been conducted to eradicate bacteria by contact killing, mediated 
by immobilized biocides, it has so far not lead to practical applications. 
Immobilization is generally attempted by tethering biocides, such as 
antibiotics, cationic antibacterial compounds, (e.g. quaternary ammonium 
compounds (quats)) or peptides, on substrates.4-7 In spite of all the attempts, 
no convincing evidence was put forward to clearly demonstrate the efficacy in 

vivo.   

Covalent immobilization of quats is perhaps the most promising 
approach to provide contact killing surfaces. Quats are potent biocides, 
chemically readily accessible and easy to be incorporated into coating 
formulations. Quats in solution are highly mobile and can penetrate into the 
bacterial cell wall,8-10 while immobilized quats have a much lesser mobility. As 
the thickness of the peptidoglycan layer of bacteria is 20 to 80 nm, it has been 
discussed whether immobilized quats would be able to penetrate through the 
bacterial cell wall to disturb the cytoplasmic inner membrane.11, 12  

A potential option to enhance the efficacy of contact killing is by fixing 
quats at the end of a flexible spacer to bridge the bacterial cell wall, allowing 
the cationic species to reach and disturb the cytoplasmic membrane. Here, we 
investigated the antibacterial activities of quats which were immobilized via 
various polymeric spacers on hyperbranched polyurea coatings.  

 

4.2 Results and discussion 

As described previously (Chapter 2), our hyperbranched polyurea coatings 
(Si-HB) comprised active blocked isocyanate at the end of the polymer chains 
that allowed fixation of a variety of amine- or hydroxyl-comprising 
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compounds.13 Here, in this chapter, various active biocides (quats) attached at 
the end of a polymer chain have been tethered on Si-HB coating. For that 
purpose we used: A) poly(2-methyl-2-oxazoline)s (PMOX) provided with 
amino groups at the α-position and quats groups at the ω-position (NH2-
PMOX-DDA+, degree of polymerization=10 and 30), B) ethoquad C/25 
(Cocoalkyl methyl (polyoxyethylene) ammonium chloride)) and C) 
quaternized linear polyethyleneimine (Linear PEI, Mn of 25 kDa) (Figure 4.1).  
 
 

A) 

 

  

B) 

 
 

 
C) 

 
 

Figure 4.1 Structure of A) Poly(2-methyl-2-oxazoline) having an α-amino and an ω-
quats end group. B) Commercial ethoquad C/25. C) Quaternized linear 
poly(ethyleneimine).   

 
NH2-PMOX-DDA+ polymers comprised one quat moiety per chain. The 

NH2-PMOX-DDA+ were synthesized by taking the advantage of the living 
cationic polymerization mechanism, as described earlier (Chapter 3). In short, 
the tert-butoxycarbonyl- (Boc) protected 6-amino hexyl nosylate or tosylate 
initiators were used to polymerize 2-methyl-2-oxazoline monomers. The 
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living PMOX chains were terminated with N,N’-dimethyldodecylamine (DDA), 
yielding polymers comprising a Boc protected amino group at the α-position 
and quats at the ω-position (Boc-PMOX-DDA+). According to Waschinski et al., 
POXs provided with this DDA quat terminal group afforded high antibacterial 
properties.10 Surprisingly, they found that the group at the α-position had a 
substantial influence on the antibacterial properties as well. Our polymers 
(NH2-PMOX-DDA+) were provided with a free amino group on the α-position, 
which were obtained by removing the Boc group  with trifluoro acetic acid. We 
showed that these polymeric quats in solution exhibited antibacterial 
properties as well.10, 14, 15 The molar antibacterial activities were not affected 
by the molecular weight of polymers, suggesting that polymers could 
successfully diffuse through the cell wall of bacteria, causing cell leakage.  

The two others polymeric quats compounds, ethoquad C/25 and linear 
PEIs, were commercially available. Ethoquad C/25 consists of a quaternary 
nitrogen, provided with one methyl group, one C13-alkyl group and two 
poly(ethylene glycol) spacers per molecule. Earlier we have reported that 
ethoquad C/25 displayed antibacterial activities towards various Gram-
positive bacteria in planktonic state.16 Linear PEIs with a Mn of 25 kDa were 
selected to investigate the biocidal properties of immobilized polyquats. 
According to literature, quaternized PEIs in solution possess high biocidal 
properties.17  

 
 

4.2.1 Immobilization of quats comprising compounds 

Immobilization of antibacterial quats may reduce or even prohibit their 
biocidal activity as they become constrained by their covalent bonds, limiting 
their freedom to move. The introduction of spacers to allow the quats to move 
over larger distances, could improve the accessibility of the biocides. Other 
obstacles in an effective contact-killing mechanism could be the morphology 
of bacteria (spherical, rod-like or spiral shapes) and the rigidity of the 
bacterial cell wall. The contact-area between smooth coated surfaces and 
bacteria could be too small to be effective. The contact area depends on the 
deformability of the bacterial cell wall and the spacer length, but also on the 
topology and flexibility of the coating on the surface. It was reasonable to 
expect that immobilization of quats on our flexible hyperbranched polyurea 
could increase the contact-area with bacteria. The contact area between the 
negatively charged bacteria and the cationic surface may further be enhanced 
due to the electrostatic forces. 

The use of PMOX as a spacer is attractive because of their excellent 
biocompatibility, which make them suitable for designing biomedical 
coatings.18-20 PMOX is water soluble, and will therefore move the surface into 
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the aqueous phase as a polymer brush, possibly supporting the exposure of 
the positively charged DDA end groups. Therefore, it was conceivable that the 
PMOX spacer could help to bridge the peptidoglycan layer of the bacterial cell 
wall.   

 

Figure 4.2 Hyperbranched polyurea coatings covalently immobilized on silicon 
substrate, modified with polyoxazolines having quat terminal groups. 

 

NH2-PMOX-DDA+ polymers were applied on Si-HB coatings by spin-
coating of polymer solutions in ethanol (10 or 20 wt%). The coupling reaction 
between the NH2-PMOX-DDA+ polymers and the hyperbranched polyureas 
was accomplished by heating the samples at 125°C. The strong nucleophilic 
primary amino groups of NH2-PMOX-DDA+ was able to substitute the 
caprolactam of the blocked isocyanates, without catalyst, while forming new 
urea linkages (Figure 4.2). After the coupling reaction the coated glass slides 
were sonicated in ethanol to remove the leachables. 
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Ethoquad C/25 is a quat provided with two hydroxyl functional 
poly(ethylene oxide) chains, a methyl group, a long alkyl chain (C13H27) and 
chloride as a counter ion. The hydroxyl-functional groups were used to anchor 
ethoquad C/25 onto the blocked isocyanates of the Si-HB coating (Figure 4.3). 
Ethoquad C/25 was also applied by spin coating from a 10 or 20 wt% solution 
in ethanol on the Si-HB coating. In this case the coupling reaction was carried 
out by heating the samples at 125°C, in the presence of a tin catalyst, due to 
the lower reactivity of hydroxyl groups. After the coupling reaction the coated 
glass slides were sonicated in ethanol to remove the leachables. 

 

Figure 4.3 Coating of hyperbranched polyureas modified with ethoquad C/25 
comprising quats groups, covalently immobilized on silicon substrate. 

 

It has been reported that, besides hydrophobicity, a high charge density 
was needed to make effective contact killing coatings.21, 22 Beforehand it was 
not possible to predict whether the number of quats on the surface of the 
coatings, obtained by using the mono-quat-functional polyoxazolines and 
ethoquad C/25 would be sufficient. Therefore, we also studied immobilized 
quaternized linear PEIs, to make coatings with high charge densities.  



Immobilization of quaternary ammonium compounds  

 

99 

 

 

Figure 4.4 Hyperbranched polyurea coatings modified with quaternized linear PEI. 

Modification of the coatings with linear PEIs (Si-HB-(lin)PEI) was 
carried out by the same procedure as with NH2-PMOX-DDA+. Linear PEIs were 
dissolved in methanol instead of ethanol due to the better solubility of linear 
PEIs in methanol (concentrations 10 wt% or 20 wt%).  The linear PEIs 
solutions were spin-coated on surfaces covered with hyperbranched 
polyureas. During heating the solid linear PEIs melted, while forming a smooth 
film. The amino groups of linear PEIs were able to react with the blocked 
isocyanates from Si-HB coating. It cannot be excluded that more than one 
amino group per PEI chain would react with the blocked isocyanates, which 
could prevent formation of a polymer brush topology (Figure 4.4). 

To convert the anchored PEIs into polyquats, the amino groups were 
alkylated in a two-step procedure. First the Si-HB-(lin)PEI was alkylated with 
hexyl bromide. According to literature the hexyl chain demonstrated very 
good biocidal results,6 although longer chains were successfully used as well. 
Due to the steric hindrance, conversion of tertiary amines into quats is more 
difficult with hexyl bromide. The second alkylation step was therefore carried 
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out with a small size alkylation agent (methyl iodide) in order to maximize the 
number of tetra alkylated quats on surfaces.  

 

Transmission FT-IR  

The immobilization of quat compounds on the Si-HB coating was monitored 
by using transmission FT-IR. The Si-HB coatings showed a characteristic peak 
at 1701 cm-1, originating from carbonyl moiety of the blocked isocyanates. The 
presence of ureido groups (-HNCON-) of the polymer backbone was shown by 
carbonyl vibration at 1652 cm-1 (amide I band) and  also by C-N and N-H 
bending at 1534 cm-1 (amide II band), as depicted in Figure 4.5. The carbonyl 
moiety of the carbamoyl groups overlapped partially with the peak of the 
carbonyl group from ureido unit, in spectrum between 1630-1650 cm-1.  

Immobilization of NH2-PMOX-DDA+, ethoquad C/25 and linear PEI 
resulted in all cases in a decrease of the carbonyl peak of blocked isocyanates 
at 1701 cm-1, demonstrating removal of caprolactam rings. The new ureido 
linkage of immobilized NH2-PMOX-DDA+ on Si-HB layer (Si-HB–PMOX-DDA+) 
overlapped with carbonyl groups of the PMOX backbone and also with the 
carbonyl groups of the amide I band at 1650 cm-1 (Figure 4.5A). The Si-HB–
PMOX-DDA+ coating displayed a higher absorption in the area of 1419 cm-1, 
originating from C-N and NCH of the PMOX backbone. In the case of 
immobilized ethoquad C/25 (Si-HB- ethoquad C/25), only a small reduction of 
the carbonyl group of the blocked isocyanates was observed (Figure 4.5B). It 
demonstrates that fewer blocked isocyanates have reacted, and thus the 
amount of immobilized ethoquad C/25 was less as well. Nevertheless, some 
amount of ethoquad was coupled, as proven by the increase of the absorption 
band at 1116 cm, originating from C-O vibrations of polyethyleneoxide 
backbone.  

Figure 4.5C depicts the transmission FT-IR of Si-HB-(lin)PEI+. It is 
shown that the absorption peak of carbonyl moiety of caprolactam (at 1701 
cm-1) of the Si-HB coating disappeared completely, demonstrating the 
successful coupling reaction. A large absorption band of the carbonyl moiety 
of the ureido units (-HNCON-) was found at 1666 cm-1. This peak increased 
during the coupling reaction, showing that new ureido linkages were formed. 
The C-N absorptions of linear PEIs were found in the 1000-1300 cm-1 range. 
The N-H-vibrations of the remaining bonded N-H group of linear PEI at 3319 
cm-1 overlapped with the bonded N-H peak of the Si-HB coating layer. The C-H 
stretching appeared at the same position for Si-HB and Si-HB-(lin)PEI+ at 2800 
and 2931 cm-1.  
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Figure 4.5 FT-IR spectra of: 

A) Si-HB-PMOX-DDA+ (black) and Si-HB (blue) coatings.  
B) Si-HB- ethoquad C/25 (black) and Si-HB (blue) coatings. 
C) Si-HB-(lin)PEI+ coating. 

The red arrow depicts the location of blocked isocyanates absorption band.  
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The FT-IR spectra gave a clear indication that immobilization of the quat 
compounds on Si-HB layer was successful, as demonstrated by the decrease of 
caprolactam carbonyl peak.It is noteworthy that in all cases no free isocyanate 
peak (at about 2200 cm-1) was visible. Hence, the reduction of the caprolactam 
carbonyl group in the FT-IR spectra cannot be described as a dissociation of 
blocked isocyanates.  

 

 

Qualitative analysis of the presence of quats by using Ponceau 

S staining 

In order to examine qualitatively the presence of quats on the surface a 
colorimetric method, using Ponceau S as a staining agent, was employed. 
Ponceau S gives a strong and fast indication of the presence of quats on the 
surface.23 Ponceau S is an anionic dye agent, which contains four sulfonate 

groups that are strongly bonded to quats, replacing the counter ions on 
surfaces and giving a red color. The staining was performed by dipping the 

samples into a 0.2 wt% solution of the red dye dissolved in a 1 M acetic acid 

solution.  

Figure 4.6 depicts various surfaces after stained with Ponceau S. Si-HB 
coatings showed no discoloration after staining. The Si-HB-PMOX-DDA+ 
coating yielded a red colour, confirming the presence of quats groups. Stained 
Si-HB-ethoquad C/25 coating resulted in a less intense red colour than the Si-
HB-PMOX-DDA+ coating, but was still well noticeable. This was in line with the 
FT-IR results that showed a smaller amount of blocked isocyanates had 
reacted with ethoquad C/25.  Longer reaction times or higher reaction 
temperatures are probably needed to attach more ethoquad C/25 onto the 
hyperbranched coatings.  
 



Immobilization of quaternary ammonium compounds  

 

103 

 

 

Figure 4.6 Samples stained with Ponceau S solution. Glass slide coated with Si-HB-
PMOX-DDA+ and Si-HB-ethoquad C/25 show reddish color after staining, 
whereas Si-HB coating displays no colour change. 

 

4.2.2 Contact-killing of immobilized quats 

It was reasonable to expect that immobilization of quats would seriously 
hamper the mobility of the anchored compounds and therefore being less 
active than free quats. It was, however, not predictable to what extent the 
immobilized active species would lose their activity.  

The contact killing efficacy of the coatings was evaluated towards the 
Gram positive Staphylococcus epidermidis ATCC 12228. The Petrifilm aerobic 
count plate assay was performed because of its reliability and simplicity. This 
method is based on culturing microorganisms while being in contact with 
coatings.  

Figure 4.7 depicts various samples tested with the Petrifilm assay after 
incubation with a bacterial challenge of 102 bacteria/sample. Bacteria grew on 
the blank Petrifilm and on Si-HB coatings. On the Si-HB-PMOX-DDA+ coating, 
however, a substantial amount of bacteria grew as well. There might be a 
slight reduction, but the efficacy is insufficient to be useful. The numbers of 
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CFUs for the higher bacterial challenge were too many to count. The cationic 
species at the end of a polyoxazoline chain, which were biocidal under 
planktonic conditions, were, once immobilized, apparently not capable to kill 
bacteria by contact-killing. Similar results were found with immobilized 
ethoquad C/25 and even with the quaternized linear PEIs.  

 

 

Figure 4.7 Petrifilm result on various samples with bacterial challenge of 102 bacteria 
per sample 

A) Blank petrifilm 
B) Glass slide coated with hyperbranched polyureas 
C) Glass slide coated with hyperbranched polyureas modified with 

polyoxazolines having one quat per polymer chain. 
 
The absence of contact-killing properties was of course disappointing, 

but rationalizing these results could pave the way towards a really effective 
antibacterial, contact-killing coating (Chapter 6).  

It has been reported that the charge density of immobilized quats 
should be very high and must surpass 1015 positive charges per cm2.7, 24 By 
using NH2-PMOX-DDA+ and ethoquad C/25 the number of positive charges on 
the surface was probably too low to effectively kill bacteria.  So, higher charge 
densities are most probably indispensable.  

The number of charges with quaternized linear PEI was higher, but still 
no biocidal activity was noticed. However, in this case the flexibility of the 
charged surface might have decreased considerably due to multiple reactions 
with the surface blocked isocyanates. Note the high degree of substitution of 
caprolactam (Figure 4.5C), which indicates a (too) firm coupling of linear PEIs 
onto the coating. High concentrations of branched PEIs could compensate, at 
least partially, for this loss of flexibility (Chapter 6). To this end, we proposed 
that beside hydrophobic properties a high charge density and flexibility of 
immobilized quats may play an important role to prepare effective contact 
killing coatings (Chapter 6).   
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4.3 Conclusions 

Various potent antibacterial quats, NH2-PMOX-DDA+, ethoquad C/25 and 
linear PEI, were immobilized on surfaces coated with hyperbranched 
polyureas. NH2-PMOX-DDA+ and ethoquad C/25 comprise one quat moiety per 
polymer chain, whereas quaternized linear PEI consist of many quats per 
polymer chain. All these quats comprising compounds exhibited good 
antibacterial activities in solution.  

 Transmission FT-IR showed that PMOX, with one amino anchoring group 
substituted most of the caprolactam groups of the blocked isocyanates, 
indicating a successful attachment. Ethoquad C/25, with two hydroxyl 
anchoring groups, substituted only a part of the caprolactam groups of the 
blocked isocyanate groups, indicating that the coupling was successful, but to 
a less extent. In contrast, linear PEI substituted all measurable caprolactam 
groups, which demonstrated a firm coupling onto the hyperbranched coating. 
In all cases the polymers were covalently fixed onto the hyperbranched 
coatings. All the polymeric biocides tested lost their antibacterial properties 
after immobilization. The results suggested that, besides hydrophobicity and 
charge density, also the flexibility of immobilized quats may play an important 
role in contact killing. 

 

4.4 Materials and Methods 

4.4.1 Materials 

Double-sided polished silicon wafers were obtained from TOPSIL® 
(Frederikssund, Denmark). Glass slides were obtained from Waldemar 
Knittel® (Braunschweg, Germany). Linear PEI (Mn 25 kDa) was purchased 
from Polysciences Inc., ethoquad C/25 from AKZONobel. Sulfuric acid, 
hydrogen peroxide and ethanol (HPLC grade) were obtained from Merck, 
dimethylformamide from Across Organic, ditertbutyl pyridine and dibutyl tin 
dilaurate from Aldrich. AB2 monomers and NH2-PMOX-DDA+ were prepared 
according to the procedure described in Chapter 2 and Chapter 3.  

4.4.2 Characterizations 

 Transmission FT-IR. FT-IR measurements were performed under 
vacuum on a Bruker V/S FT-IR spectrometer with a MIR DTGS detector. A 
sample shuttle measurement was performed for interleaved sample and 
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background scan. The spectra were measured at a resolution of 4 cm-1 with 
120 scans. 

 Ponceau S staining. Staining solution was prepared by dissolving 
Ponceau S into acetic acid (0.2% w/w in 0.1 M acetic acid), yielding a red 
solution. Samples were dipped in the staining solution for 30 s. Afterwards the 
samples were taken out. Surface comprising positive charge will adsorb the 
dye and will give a red color.  

 

4.4.3 Syntheses 

Coating preparation 

a. Hyperbranched polyureas coating 

Si-HB coating on modified silicon wafers and glass slides were prepared as 
described in Chapter 2 using a 20 wt% solution of AB2 monomer. For 
transmission FT-IR, coatings were prepared on double sided silicon wafers 
with a dimension of 1 cm x 1 cm, whereas for antibacterial assay coatings 
were prepared on glass slides with dimension of 2.5 cm x 2.5 cm. 

b. Immobilization of polyoxazoline  

NH2-PMOX-DDA+ (degree of polymerization=10 or 30) was dissolved in 
ethanol with a concentration of 10-20 wt%, resulting in a slightly yellow 
solution. Di-tert butyl pyridine was added (1 v/v% with respect to the 
solution) into a solution of NH2-PMOX-DDA+. Twenty µL of NH2-PMOX-DDA+ 
solutions were spin-coated on 1 cm x 1 cm silicon wafers covered with Si-HB 
coatings (2000 rpm, 60 s). The coupling reaction was then carried out at 125 
°C for 48 h under nitrogen. After the coupling reaction slightly yellow coatings 
were obtained. Unreacted polymers were removed by washing two times in 
200 mL ethanol using an ultrasonic bath for 15 min. The samples were dried 
and stored under nitrogen.   

c. Immobilization of ethoquad C/25  

Ethoquad C/25 was dissolved in ethanol in a concentration of 10-20 wt%, 
resulting in a colorless solution.  Dibutyl tin dilaurate catalyst (0.5-1 wt% with 
respect to the solution) was added into a solution of ethoquad C/25. Twenty 
µL of  ethoquad C/25 solution was spin-coated on 1 cm x 1 cm silicon wafers 
covered with Si-HB coatings (2000 rpm, 60 s). The coupling reaction was then 
carried out at 125 °C for 48 h under nitrogen. After the coupling reaction 
slightly brown coatings were obtained. Unreacted polymers were removed by 
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washing two times in 200 mL ethanol using an ultrasonic bath for 15 min. The 
samples were dried at room temperature (RT) and stored under nitrogen, 
yielded Si-HB- ethoquad C/25 brown coatings.  

d.  Immobilization of linear (quaternized) polyethyleneimine  

Two colorless solutions with 10 wt% and 20 wt% of linear PEIs (25 kDa) in 
methanol were prepared. 90 µL of a linear PEI solution was drop-casted on 2.5 
cm x 2.5 cm glass slides, coated with Si-HB (2,000 rpm, 60 s). The anchoring 
reaction was carried out at 125°C for 48 h under nitrogen. Unreacted linear 
PEI was removed with methanol in an ultrasonic bath for 20 min at RT, 
followed by extraction in refluxing methanol at 65°C overnight, and again 
sonication in methanol for 20 min at RT, followed by drying under nitrogen. It 
resulted in yellow-brown Si-HB-(lin)PEI coatings.  

In a round bottom flask provided with a reflux condenser, substrates 
coated with Si-HB comprising tethered linear PEI were immersed in 50 mL of 
1-bromohexane and heated under nitrogen at 90°C overnight. Next, a grinded 
potassium hydroxide suspension (0.2 g in 50 mL of tert-amyl alcohol) was 
added and the reaction was continued for another 3 h at 90°C. Afterwards, the 
coatings were sonicated two times in 100 mL methanol for 20 min at RT and 
dried under nitrogen. 

The second alkylation step was done in a closed round bottom flask. The 
samples were immersed in a solution of 15 mL of iodomethane in 100 mL of 2-
methyl-2-butanol. Reaction was carried out at 42°C overnight; yellow-brown 
coatings were obtained.  The samples were sonicated in 100 mL of methanol 
for 20 min at RT,followed by washing in refluxing methanol at 65°C for 24 h 
and another sonication in methanol for 20 min at RT, which yielded yellow-
brown Si-HB-(lin)PEI+ coatings. The Si-HB-(lin)PEI+ coated samples were then 
dried and stored under nitrogen.   

 

 

4.4.4 Antibacterial assays 

Petrifilm assay 

S. epidermidis ATCC 12228, originating from blood of a patient with an 
intravascular catheter infection was used in this study. The strain was first 
streaked on a blood agar plate from a frozen stock solution (7 v/v% DMSO) 
and grown overnight at 37°C on a blood agar plate. One colony was inoculated 
in 10 mL of tryptone soya broth (TSB, Oxoid, Basingstoke, UK) and incubated 
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at 37°C for 24 h. This culture was used to inoculate a main culture of 200 mL 
of TSB, which was incubated for 16 h at 37°C. Bacteria were harvested by 
centrifugation for 5 min at 5000 g at 10°C and subsequently washed two times 
with 10 mM potassium phosphate buffer, pH 7.0. A bacterial density of 106, 
105 and 104 bacteria/mL were used to evaluate the contact killing of the 
coatings 
 

 

Figure 4.8 Petrifilm aerobic count plate assay. 
 
 
 

 

Figure 4.9 Petrifilm assay procedure. 

Ten µL of bacterial suspensions with the different concentrations were 
placed on a bare glass slide, and Si-HB, Si-HB-PMOX-DDA+, Si-HB-ethoquad 
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C/25 and Si-HB-(lin)PEI+ coated samples. The Petrifilm aerobic count plates 
(3M Microbiology, St. Paul, MN, USA) are ready-made culture medium systems 
that can be used for counting aerobic bacteria. They consist of two films, a 
bottom film containing standard nutrients, a cold-water gelling agent and an 
indicator dye that facilitates colony counting and a top film enclosing the 
sample within the Petrifilm system (Figure 4.8). The indicator dye contains 
triphenyl tetrazolium chloride that colours bacterial colonies red. The bottom 
film is provided with a grid that facilitates colony enumeration.  

The Petrifilm assay procedure is depicted in Figure 4.9. The bottom film, 
containing the gelling-agent, was first swelled with 1 mL of sterile 
demineralized water for 40 min and then transferred to the transparent top 
film before usage (Figure 4.9, steps 3 and 4). A coated sample was 
subsequently placed on the bottom sheet of Petrifilm with the coated side up. 
A bacterial suspension was then dropped on the coated sample and it was 
covered with the top lid (Figure 4.9, step 5). Three different bacterial 
challenges were used: 102, 103 and 104 bacteria per sample. The bacterial 
suspension is spread over the sample. Inoculated Petrifilms were incubated at 
37°C for 48 h after which the numbers of colonies were counted. As a control, 
10 µL of the bacterial suspension was inoculated on a Petrifilm without a 
sample. 
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Summary 

Covalently anchored coatings, comprising immobilized antibacterial 
compounds that kill bacteria upon contact, were obtained by covering 
substrates with our hyperbranched polyureas, provided with quaternized 
polyethyleneimines. The hyperbranched polyurea coatings (Si-HB coatings) 
were fabricated by heating drop-casted AB2 monomers on activated silicon 
substrates (glass slides and silicon wafers). The B-groups were blocked 
isocyanates, which resulted in Si-HB coatings comprising numerous blocked 
isocyanates. Polyethyleneimines (PEI) were coupled onto the Si-HB coatings 
by reacting some of the amino groups of PEI with the blocked isocyanates of 
the coatings. The remaining amino groups of the tethered PEI were converted 
into quaternary ammonium ions, by a two-step alkylation process, which 
resulted in immobilized hydrophobic polycationic coatings (Si-HB-PEI+). The 
charge densities of the Si-HB-PEI+ coatings were above a threshold necessary 
to get antibacterial properties by contact-killing. Transmission Fourier 
transforms infrared, contact angle measurements, charge density 
measurements and X-ray photoelectron spectroscopy revealed the coating 
compositions and confirmed the presence of a high concentration of 
quaternary ammonium species.  
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5.1 Introduction 

Microbial contamination is one of the great concerns in many areas such as 
biomedical implants and devices,1 food industry,2 water treatment.3 One of the 
most promising approaches to prevent microbial contamination associated 
with biomedical implants and devices is by applying antimicrobial coatings. 
Numerous studies have reported on antimicrobial coatings that eradicate 
bacteria either by eluting biocides or by contact-killing.4-6 A disadvantage of 
eluting biocides, such as silver,7 copper,8 iodine,9 quaternary ammonium 
compounds (quats),10 triclosan 11 and antibiotics,12 is that they are toxic and 
can be harmful when spread through the human body. Moreover, releasing 
biocides often demonstrate a burst release after which a release below the 
minimal inhibitory concentration of the target pathogens arises that 
stimulates the build-up of antimicrobial resistance. In addition, eluting 
systems are obviously only temporarily active.  

Covalently anchored coatings comprising immobilized antibacterial 
compounds that kill bacteria upon contact, preventing growth and embedding 
in their self-produced protective extracellular matrices, constitute an 
attractive alternative for eluting antimicrobial coatings. Particularly coatings 
with immobilized polymeric quats are very promising. They can be obtained 
by either sparingly adsorbing water-soluble quats,13, 14 by electrostatic 
coupling of quats or by covalently tethering monomolecular quats layers.4, 15, 16 
They have been shown to exhibit antimicrobial properties against both Gram-
positive and Gram-negative bacteria, including even some viruses and fungi.14, 

15, 17-21 Although the molecular mechanism is still a matter of debate, 
immobilized quats are described to disrupt the bacterial membrane.15, 17, 20 A 
special feature of immobilized quats is that, due to their positive charges, they 
“collect” bacteria by attracting them due to their negative charge on the cell 
surface and subsequently kill them.  

N-alkylated polyethyleneimines (N-alkylated PEI) have been reported 
to possess an excellent antibacterial activity, due to the combination of high 
densities of quats and hydrophobic behavior.14, 22, 23 Alkylation of PEI, with 
various linear alkyl bromides, followed by methylation with methyl iodide, 
resulted in high bactericidal efficiencies. It appeared that a two-stage process, 
alkylation with hexylbromide or dodecylbromide and subsequent 
quaternization with methyliodide, resulted in the best performance. 
Quaternization with methyl iodide was most efficient for introducing the 
positive charge, due to the small size of the methyl group. The killing 
efficiencies were in the range of 70-100% for both Gram-positive and Gram-
negative bacteria, such as Staphylococcus epidermidis, Staphylococcus aureus, 

Pseudomonas aeruginosa and Escherichia coli.14, 24 Immobilized quaternized 
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PEI also exhibited, beside biocidal, potent virucidal properties.14, 18, 25-27 A 
study on the growth inhibition of E. coli and Bacillus subtilis on thin films of 
cross-linked quaternized PEI on glass slides showed killing efficiencies of 
almost 99%.18 Recently, Schaer et al.28 demonstrated that orthopedic 
hardware coated with quaternized PEI not only prevented the implant 
colonization with biofilm, but even promoted bone healing. So far, only 
substrates provided with fragile monomolecular antibacterial coating layers 
have been studied.  

Here, an enabling technology for the preparation of micrometer thick 
and more robust antimicrobial coatings is described. We anchored our 
hyperbranched coatings covalently onto activated silicon substrates (Si-HB 
coatings). As these Si-HB coatings comprised many blocked isocyanates, they 
allowed functionalizing with PEI, which were subsequently quaternized. The 
detailed analyses of these coatings are reported.  

 

5.2 Results and discussion 

5.2.1 Synthesis of hyperbranched polyurea provided with 

quaternized polyethyleneimines, immobilized on silicon 

substrates   

The preparation of hyperbranched polyurea coatings (Si-HB coatings) was 
described in chapter 2. In short, after having applied a coupling agent 
(primer), provided with blocked isocyanate groups, on glass slides or silicon 
wafers, the polymerization of spin-casted AB2 monomers was conducted by 
heating the samples at 145 °C for 2 h.  One of the advantages of our Si-HB 
coatings was the presence of numerous actively blocked isocyanate groups at 
the periphery of the hyperbranched polyurea. Although these coated 
substrates were storage-stable under ambient conditions, they were still able 
to react at enhanced temperatures with amino or hydroxyl groups. This 
allowed fixation of a variety of amine-comprising compounds. When 
polyamines with an excess of amino groups were used, the remaining amino 
groups could subsequently be converted into antimicrobial quats by alkyl 
halides. Another advantage of our Si-HB coatings was that the thickness of the 
coating could be controlled by the amount of monomers applied on the 
substrate. To maximize the number of amino groups, branched PEI were 
selected as amine-comprising compounds (Figure 5.1).  
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Figure 5.1 Schematic representations of branched polyethyleneimines.  

 

The reaction with branched PEI offered an interesting additional 
opportunity to crosslink these coatings in order to control the mechanical 
properties. The crosslink density could be varied by varying the amounts of 
PEI and the reaction times, which offered an option to control the hardness of 
the coatings (Scheme 5.1). To study this and to vary the charge density, two 
series of experiments were carried out, in which solutions with 10 wt% and 
20 wt% PEI in ethanol were drop-casted on the Si-HB coatings and heated, 
after evaporation of ethanol, at 125 °C to tether the PEI covalently (Si-HB-PEI 
coatings). The heating was continued for two days, to secure high conversions. 

Due to the large excess of PEI most of the amino groups are still 
available for alkylation reactions. The conversion of primary and secondary 
amines into tertiary amines of Si-HB-PEI coatings can be carried out with 
different alkyl bromides or iodides, covering a broad range of alkyl chain 
lengths. According to literature the hexyl chain would give very good 
antibacterial results,17, 29, 30 although longer chains have been successfully used 
as well. Here we selected hexyl bromide as alkylation compound. Due to steric 
hindrance the conversion of tertiary amines into quaternary compounds is 
rather hard with long chain alkylhalides. In contrast, due to the small size of 
the methyl group, methyl iodide appeared to be an excellent quaternization 
reagent, and was used in this study. The attachment of PEI onto the tethered 
hyperbranched polyureas and the subsequent quaternization thereof (Si-HB-
PEI+ coatings) is schematically depicted in Scheme 5.1. 
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Scheme 5.1  Schematic representation of the covalent attachment of 
polyethyleneimines on hyperbranched polyureas and the quaternization 
thereof in a two-step alkylation process. 

The coated samples were washed extensively after each 
functionalization step, in order to guarantee that on the surface only 
covalently coupled compounds were present, and to exclude that traces of 
antibacterial compounds would leach out in the bacteria contact-killing 
assays. Due to the very intensive washing procedure it is assumed that all 
compounds, which were not covalently attached to the surface, were 
completely removed.  

 

5.2.2 Analysis of coatings 

Adhesion performance by visual inspection  

Quaternized PEI coatings, which were non-covalently sprayed on substrates,14, 

28 were reported not to be very stable. We found that exhaustively washed 
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samples, with and without the use of a coupling agent for the hyperbranched 
polyurea, showed a huge difference in adhesion properties (Figure 5.2). After 
sonication in methanol for 20 min most of the non-covalently attached PEI 
coating on a glass slide was removed (Figure 5.2A). The hyperbranched 
polyurea coating, covalently coupled onto a glass slide, decorated with 
tethered PEI that was subsequently alkylated, remained on the glass surface 
after extensive washing procedures (Figure 5.2B). This clearly demonstrates 
how important it is to covalently attach all coating components on substrates, 
in order to make the coatings durable and to prevent leachables. 

 

Figure 5.2  

(A) Non-covalent coating of PEI on glass slide after sonication in methanol.  

(B) Covalently attached Si-HB-PEI+ coating on a glass slide, after exhaustive washing 
in refluxing methanol and sonicated in methanol. 

 

Transmission Fourier Transform Infrared (Transmission FT-IR) 

The analyses of the attached coupling agent on silicon wafers and the 
hyperbranched polyureas are described in chapter 2. The progress of the 
surface reactions between Si-HB coatings and PEI was followed by 
transmission FT-IR (Figure 5.3).  

The absorption band of the carbonyl group of caprolactam (-NCOCH2-) 
of the Si-HB coating was found at 1701 cm-1. This peak decreased during the 
coupling reaction with PEI. The absorption band of the carbonyl moiety of the 
ureido units (-HNCON-) was found at 1668 cm-1. This peak increased during 
the coupling reactions, indicating formation of new urea linkages. The C-N 
absorptions of PEI were found in the  1000-1300 cm-1 range. The N-H bending 
vibrations of the primary or secondary amines of PEI appeared as a shoulder 
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at 1690-1700 cm-1 and overlapped with the C-N and N-H vibrations from 
ureido absorptions of Si-HB coating (Figure 5.3). The N-H-vibrations of the H-
bonded N-H group of PEI at 3315 cm-1 overlapped with H-bonded N-H of the 
Si-HB coating. The C-H stretching appeared at the same position for Si-HB and 
Si-HB-PEI coatings at 2800 and 2931 cm-1. These data demonstrated that the 
caprolactam moieties of the blocked isocyanates of Si-HB coatings were 
indeed substituted by PEI, resulting in Si-HB-PEI coatings. 

 

Figure 5.3 Transmission FT-IR spectra of Si-HB, Si-HB-PEI and Si-HB-PEI+ coatings on 
silicon wafers. The arrow in the Si-HB spectrum points to the wave 
number where the carbonyl of caprolactam was before substitution. 
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Next, the polycationic Si-HB-PEI+ coatings were obtained via a two-step 
alkylation process of Si-HB-PEI. The first alkylation step was done with hexyl 
bromide, in the presence of potassium hydroxide as the acid scavenger. The 
second alkylation step was carried out with methyl iodide. Due to its small 
size, quaternization of tertiary amines with a methyl halide is much more 
efficient than with halides with longer alkyl chains. The FT-IR spectra 
demonstrated some reduction of N-H bending vibration of PEI after two 
alkylation steps, indicating the conversion of primary and secondary amino 
groups, and supporting the expected formation of tertiary and quaternary 
amino groups. Quats can normally be seen in the finger print area at 965 cm-

1.27 However, in this case a peak at 960 cm-1 was found in the non-alkylated 
coatings as well. The absence of IR evidence for the presence of quaternary 
moieties might also be caused by the relative small fraction of all the amino 
groups of PEI that were quaternized (vide infra). The accessibility to alkylate 
the amino groups of PEI is probably limited to the top layer, due to highly 
dense packing of PEI on the surface and the stiffness due to the crosslinking 
reaction. Moreover, the number of charges on a surface will be limited, due to 
electrostatic repulsion. Since the transmission FT-IR spectra were not 
conclusive to demonstrate the presence of quaternized PEI, X-ray 
Photoelectron Spectroscopy (XPS) measurements were conducted.  

 

XPS measurements 

XPS only measures the composition of a 5-10 nm thick top layer, which is the 
most relevant part of a coating in a contact-killing process. XPS measurements 
were conducted after each functionalization step to measure the changes of 
the surface composition due to the coating processing steps. The N 1s core 
level region of Si-HB coating contained one nitrogen peak at a binding energy 
of 399.7 eV (FWHM = 1.7eV), originating from nitrogen of caprolactam (-
NCOCH2-) and the ureido units (-HNCON),31, 32 accounted for 7.9 at% of all 
surface atoms (Figure 5.4 (N 1s)). The C 1s core level region comprised four 
components, of which the major one was attributed to aliphatic carbon atoms 
at 285.0 eV. The three other contributions were assigned to carbon bonded to 
nitrogen and/or oxygen: C-N (amine), O=C-N (amide) and N-(O=)C-N (ureido) 
at 286.0 eV, 287.1 eV and 288.9 eV, respectively 33, 34 (Figure 5.4 (C 1s), Si-HB 
coating). 

After modification of the Si-HB coating with PEI, the N 1s photoemission 
peak became broader (FWHM of 2.2 eV), confirming the presence of another 
type of nitrogen comprising compound (PEI). The peak shifted to higher 
binding energies, but that was due to small uncompensated charging of the 



Si-HB coatings functionalized with quaternized polyethyleneimines 

 

119 

 

thicker film. After the coupling step the ratio between normalized 
photoemission intensities, corresponding to the C/N at% ratio, amounted to 
IC/IN = 6.1 (Table 5.1). This observation is also consistent with the 
deconvolution of the C 1s peak, where the intensity of the C-N (amine) 
component at 286.0 eV was found to have increased almost twice upon 
coupling of PEI (Figure 5.3 (C 1s)).  

 

 

Figure 5.4 XPS spectra of the N 1s and C 1s XPS regions of Si-HB, Si-HB-PEI, Si-HB-
PEI+. The nitrogen spectrum of Si-HB-PEI+ was deconvoluted into a neutral 
and a cationic species. The carbon spectrum was deconvoluted into an 
aliphatic carbon component and three carbons bond to N and to N and/or 
O.  

 

After the two alkylation steps the N 1s core level region of Si-HB-PEI+ 
coating was deconvoluted in two components. The main component at 400.3 
eV corresponded to tertiary nitrogen of the PEI backbone. A shoulder at a 
higher binding energy was found at 402.2 eV, originating from quaternary 
nitrogen ions, which accounted for 11% of the N 1s photoelectron peak, 
corresponding with 1 at% of the surface composition of the coating. After the 
alkylation steps the ratio between normalized photoemission intensities 
(IC/IN) increased from 6.1 to 8.7 (Table 5.1). This increase was attributed to 
the presence of the alkyl groups of hexyl bromide and methyl iodide, as 
manifested by an increase of the aliphatic carbon component at 285.0 eV in 
the C 1s core level region (Figure 5.4). 
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Table 5.1 Summary of XPS data of various coatings on silicon wafer substrates 

Peak 
Surface concentrations (at%) and elemental ratios 

Si-HB Si-HB-PEI Si-HB-PEI+ 

N 1s 7.9 10.1 8.7 

C 1s 74.9 62 75.4 

O 1s 13.4 22.4 13.7 

I 3d 0 0 0.8 

Al 2p 0 2.4 0.9 

Si 2p 3.8 3.1 0.5 

N/I - - 11.2 

C/I - - 97.6 

C/N 9.5 6.1 8.7 

 

 

Figure 5.5 Wide-scan XPS spectra of Si-HB, Si-HB-PEI and of Si-HB-PEI+ showing the 
presence of iodide counter ion. The insert depicts the iodide peak area. 

During alkylation with hexylbromide HBr was formed, which was 
removed by a base (KOH). In contrast, during the quaternization of the 
tertiary amines with methyl iodide, iodide remained in the coating as the 
counter ion of the quats, in order to guarantee electrical neutrality. Hence, the 
presence of the iodide peak supported the success of the methylation step, 
yielding quaternary ammonium species. The iodide 3d5/2 peak was found at 
618.3 eV, confirming an electron rich iodide state as described in literature.34 
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The iodide peak was obviously not found in Si-HB and Si-HB-PEI XPS spectra 
(Figure 5.5). 

The relative amounts of cationic nitrogen (1 at%) and anionic iodide 
(0.8 at%), deduced from XPS, were reasonably close to unity, as expected. 
Calculations based on these N+ and I- values revealed that about 11 % of the 
nitrogen in the~ 10 nm thick top layer of the coating was found to be in the 
cationic state. 

 

Contact angle measurements 

The surface of a coating dictates the interacting properties and determines the 
antibacterial behaviour of coatings provided with immobilized biocides. In 
order to kill bacteria in the contact-killing mode, they have to approach the 
surface closely. Normally, bacteria are inclined to nest themselves 
preferentially on surfaces. However, when surfaces are very hydrophilic, they 
absorb a lot of water and, as a result, bacteria do not notice this anymore as a 
surface. In consequence they do not settle on the surface and contact killing 
becomes impossible. In order to enable contact killing of bacteria, modestly 
hydrophobic surfaces are needed to engage intimate contact. 

Table 5. 2.  Water contact angles (θ) of various coatings on glass slides.  

Sample θ (°) 

Hydrophilic glass slide (Si-OH) 0-10 

Glass slide-coupling agent (Si-CA) 65±2 

Si-HB 66±1 

Si-HB-PEI+ (20 wt%) 51±1 

 

The water contact angles of glass slides cleaned with piranha solution 
and washed with water were ≈ 0-10°. After coverage with the coupling agent, 
the contact angle increased to 65° and, after subsequent attachment of the Si-
HB coatings to 66°. The resulting coatings were modestly hydrophobic. As 
expected, the values with only the coupling agent and after application of the 
hyperbranched coatings were similar, since the structures were nearly 
identical. The quaternization of Si-HB-PEI coatings (θ= 51°) caused only a 
relatively small reduction of the water contact angles compared to the Si-HB 
coating (Table 5.2).  
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The decrease in hydrophobicity was due to the presence of charged 
groups. Nonetheless, despite the charges the coatings were not in the 
hydrophilic regime due to the shielding effect of hydrophobic alkyl chains 
(hexyl and methyl) surrounding the positively charged nitrogen atoms. 
According to Lin et al.,22 the combination of a modestly hydrophobic surface 
with a high positive charge density is mandatory to create good contact killing 
properties.  

 

Charge density measurements 

As aforementioned, XPS results clearly demonstrated the presence of a 
substantial amount of quats on the surface of the coatings (Si-HB-PEI+), 
though the accessible surface charge density of the coatings was not yet 
determined. It has been reported that the accessible charge density on 
surfaces could be determined by using a UV (colorimetric) method based on 
complex formation of fluorescein (Figure 5.6) and quats.35 In the meantime a 
number of independent research groups has used this technology to 
determine the charge densities. Some of them have established the relation 
between biocidal behavior and charge density. They stated that the charge 
density on a surface should be above a threshold (>1015 N+/cm2) to cause 
efficient contact killing of adhering bacteria.19, 20 These charge densities were 
calculated on the basis of the assumption that a 1:1 complex between quat and 
fluorescein was formed.  

 

 

Fluorescein di-Na salt Cetyltrimethyl ammonium chloride 

Figure 5.6 Structures of fluorescein dye and cetyltrimethyl ammonium chloride. 

After the complexation of fluorescein with the quats of the coating the 
coating was washed with cetyltrimethyl ammonium chloride to detach 
complexed fluorescein from the surface (Figure 5.6). Cetyltrimethyl 
ammonium chloride is a quat as well, but also a surfactant and is able to 
detach fluorescein and keep it in a dissolved state. This allowed to determine 
the amount of recovered fluorescein by UV spectroscopy. Although fluorescein 
has a strong affinity towards quats on the surface, desorption took place in the 
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presence of an excess of cetyltrimetylammonium chloride. The charge 
densities on the Si-HB-PEI+ coating were above 1015/cm2, which was, 
according to literature,19, 20 in the range for displaying good contact killing 
(Table 5.3). 

 

Table 5.3 Charge densities on various surfaces. The values are determined on the basis 
of a 1:1 ratio complexation between quat and fluorescein dye. *The wt% 
between brackets refers to the concentration of PEI in methanol during the 
preparation of Si-HB-PEI. 

Coating sample 
Charge density 

(N+/cm2) 

Glass slide 0 

Si-HB 0 

Si-HB-PEI+ (20 wt%)* 4 x 1015 

Si-HB-PEI+ (10 wt%)* 6 x 1015  

  

 To study the influence of the amount of grafted PEI on the surface 
properties two series of Si-HB-PEI+ coatings were prepared. Si-HB-PEI+ 

coatings were prepared by heating Si-HB coatings prepared by spin-coating 
with an ethanol solution comprising 10wt% and 20wt% of PEI. The charge 
densities of both samples Si-HB-PEI+ were quite comparable, which suggests 
that 10wt% is enough to cover the whole surface with PEI (Table 5.3). 
However, the topology of both samples was different, probably due to 
different modes of attachment. It is noteworthy here that in spite of the same 
charge density the antibacterial properties were different, as will be shown in 
chapter 6.  

 

AFM measurements of coatings 

Our aim was to prepare more robust coatings of a thickness of a few μm, in 
contrast to the commonly applied nm thick monomolecular coatings, which 
are very fragile. The thickness of the coatings depended on the amount of the 
AB2 monomers and of PEI drop casted on the substrates. The concentrations 
of the monomers as well as of PEI were selected in such a way that the final 
coatings are about a few µm thick. Atomic Force Microscope (AFM) 
measurements were performed on coatings, after scratches were made in the 
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coatings. The scratch edge was imaged with an AFM tip in order to measure 
the thickness, see Figure 5.7 for an example.  

 

Figure 5.7. AFM measurement of the thickness of Si-HB-PEI+ on a glass slide surface.  

In this experiment a coating with a total thickness of 1.97 μm remained 
on the surface, even after the extensive washing procedure. This thickness 
might be created by PEI that also reacted with a hyperbranched polyureas 
backbone, resulting in a mixed crosslinked system. It was noticed that a too 
intensive treatment with a drop-casting PEI solution on the surface coated 
with Si-HB could eventually lead to partial removal of the coating from the 
surface. Although the hyperbranched coatings could not be removed by 
dimethylformamide (DMF) at 115 °C overnight, in the presence of 20 wt% PEI 
in DMF most of the coating dissolved upon heating. This indicated that, at least 
in the presence of DMF, PEI reacted not only with the caprolactam blocked 
isocyanates, but also with the hyperbranched polymer backbone. The urea 
moiety in the hyperbranched polymer comprised at one end a primary amino 
group and at the other end of the carbonyl group a secondary amino group. A 
secondary amino group is splitting off as well, although the dissociation is less 
than caprolactam. Therefore tethering PEI on a Si-HB layer is dependent on 
the concentration of PEI, because the amino groups were not only able to react 
with the blocked isocyanates groups but possibly also with a hyperbranched 
polyureas backbone.  

 

5.3  Conclusions  

We have developed an enabling technology to prepare micrometer thick 
coating layers with high cationic charge densities, potentially suited for 
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antibacterial applications. Polymerization of AB2 monomers on activated 
silicon surfaces resulted in covalently fixed Si-HB coatings. The end groups of 
the hyperbranched polymers were blocked isocyanates on which PEI was 
covalently fixed, which was  confirmed by a reduction of the carbonyl peak of 
blocked isocyanates in FT-IR spectra. Alkylation of the remaining amino 
groups of the tethered PEI with hexyl bromide and subsequently with methyl 
iodide yielded surfaces comprising quats. In order to guarantee that the 
antibacterial properties would come solely from immobilized quats, i.e. in the 
contact killing mode, the coatings were thoroughly washed. Coatings of PEI via 
adsorption on glass slides were easily damaged by washing (sonication), 
whereas covalent attachment of alkylated PEI remained on glass slides even 
after extensive washing. The presence of quats on the surfaces was revealed 
by using XPS, showing about 1% of nitrogen in the top layer of Si-HB-PEI+ 

coating in the cationic state. The charge density measurement demonstrated 
that the number of surface quats of the coatings was above 1015 N+/cm2, which 
is considered a threshold to get antibacterial properties.  

 

5.4 Materials and methods  

5.4.1. Materials 

Double-sided polished silicon wafers were obtained from TOPSIL® 
(Frederikssund, Denmark). Glass slides were obtained from Waldemar 
Knittel® (Braunschweig, Germany). Bishexamethylene triamine, (3-
aminopropyl) triethoxysilane, polyethyleneimine (750 kDa, 50 wt% in water), 
iodomethane, 2-methyl-2-butanol, fluorescein disodium salt, 1-bromohexane 
and cetyltrimethylammonium chloride were all purchased from Sigma-
Aldrich. Potassium hydroxide and dimethylformamide were purchased from 
Acros organic. Sulfuric acid, hydrogen peroxide and ethanol were obtained 
from Merck. Methanol and toluene were obtained from Lab-Scan. Carbonyl 
biscaprolactam (>99% pure according to HPLC) was kindly provided by DSM 
innovation center, ALLINCO® (The Netherlands). All chemicals were used as 
received. 
 

5.4.2 Materials characterizations 

Transmission Fourier Transform Infrared Spectroscopy. Transmission 
FT-IR measurements were performed under vacuum on a Bruker V/S FT-IR 
spectrometer with a MIR DTGS detector. A sample shuttle measurement was 
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performed for interleaved sample and background scan. The spectra were 
measured at a resolution of 4 cm-1 with 120 scans and the averages of 2-5 
cycles. A hydrophilic double-side polished silicon wafer was used as reference.   

X-ray Photoelectron Spectroscopy. XPS measurements were 
performed using a Surface Science SSX-100 ESCA instrument with a 
monochromatic Al Kα X-ray source (hν = 1486.6 eV). Samples measured were 
prepared on silicon wafers. The base pressure in the measurement chamber 
was below 10-10 mbar. The electron take off angle was 37°. The energy 
resolution was set to 1.26 eV. The binding energies were referenced to 
aliphatic C 1s signals at 283 eV 34. Deconvolution of the spectra included a 
Shirley 36 background subtraction and was taken as a convolution of Gaussian 
and Lorentzian functions.  

Contact angle. Water contact angles of functionalized glass slides and 
silicon wafers were measured with Dataphysics OCA30. The measurements 
were performed with distilled water and the values were reported as an 
average over three different spots on the surface. The measurements were 
carried out at room temperature by using a custom built microscope-
goniometer system. One μL drop of the distilled water was placed on a sample 
with a Hamilton microsyringe and the contact angle was measured after 60 s. 
The measurements involved fitting a drop image with home-built software. 

UV/VIS spectroscopy. UV/VIS measurements were carried out on a 
PYE UNICAM SP8-200 UV/VIS spectrophotometer. The solution of fluorescein 
was measured at λ 501 nm with coefficient extinction value of 77 mM-1 cm-1. 
The cuvettes had a light path of 1 cm. 

Atomic Force Microscope. The coating thickness was measured on a 
BioScope™ Catalyst™ Atomic Force Microscope (AFM, Bruker), operating in 
contact mode. A region of the Si-HB-PEI+ coating was scratched and the edge 
was imaged afterwards with AFM in order to evaluate the thickness of the 
coating.  

 

5.4.3 Coatings preparation 

a. Hyperbranched polymer coatings (Si-HB)  

Glass slides (dimension 2.5 cm x 2.5 cm) were cleaned in dichloromethane and 
in methanol for 10 min at RT in a sonic bath. Subsequently, they were placed 
in hot piranha solution (H2SO4:H2O2=7:3) for 2 h at 100-110 °C. Next, the glass 
slides were sonicated three times in water for 15 min, then another 15 min in 
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methanol at room temperature (RT) and dried under nitrogen. Thus obtained, 
hydrophilic glass slides were immersed in 3 v/v% solution of coupling agent 
(2-oxo-N(3-triethoxysilyl)propyl)azepane-1-carboxamide; synthesis is 
described in Chapter 2) in ethanol for 10 min at RT, placed in a vacuum oven 
and heated at 110 °C for 2 h under vacuum. The unreacted coupling agent was 
removed by washing the glass slides in 100 mL of ethanol for 20 min in a sonic 
bath and again was washed for another 10 min in 50 mL of ethanol at RT. 
Next, the glass slides were dried under nitrogen.  

A solution of AB2 monomers (20 wt% in ethanol, 90 μL) was spincoated 
onto glass slides (2,000 rpm, 60 s). After ethanol had evaporated, the 
polymerization of AB2 monomers on the surface was carried out at 145 °C for 
2 h under nitrogen (for the preparation of AB2 monomers, see Chapter 2). 
Unreacted compounds were removed by sonication in 100 mL of ethanol for 
20 min at RT and dried under nitrogen, followed by extraction in DMF at 115 
°C overnight and sonication again in 100 mL of ethanol for 20 min at RT. The 
coated glass slides were dried and stored under nitrogen.  

Transmission Fourier transform infrared (FT-IR) signals of Si-HB on a 
silicon wafer surface were detected at 3345 cm-1 (NH), 2930 cm-1 (CH2 

antisymmetric stretch), 2860 cm-1 (CH2 stretch), 1701 cm-1 (C=O, caprolactam 
ring), 1650 cm-1 (C=O from ureido units), 1534 cm-1 (C-N and N-H from ureido 
units), 1400 cm-1 (C-CH, N-CH, C-N from caprolactam ring), 950-1280 cm-1 (Si-
O stretch). 
b. Decoration  of hyperbranched coatings with polyethyleneimine (Si-

HB-PEI)  

A solution of PEI in water (50 wt%) was freeze-dried overnight (Mw=750 kDa) 
to remove the water and the residue was dissolved in methanol.  Two 
colorless solutions with 10 wt% and 20 wt% PEI were prepared. 90 µL of a 
PEI solution was spincoated on Si-HB (2,000 rpm, 60 s). The anchoring 
reactions were carried out at 125 °C for 52 h under nitrogen. Unreacted PEI 
was removed through methanol in a sonic bath for 20 min at RT, followed by 
extraction in refluxing methanol at 65 °C overnight, and again sonication in 
methanol for 20 min at RT, followed by drying under nitrogen. The resulting 
coatings that were obtained after reaction with PEI, were slightly yellow.  

FT-IR signals of Si-HB-PEI on a silicon wafer surface were at 3313 cm-1 
(NH stretching), 2926 cm-1 (CH2 antisymmetric stretch), 2854 cm-1 (CH2 
stretch), 1664 cm-1 (C=O from ureido units), 1536 cm-1 (C-N and N-H from 
ureido units and PEI), 1436 cm-1 (C-CH, N-CH and C-N stretchings), 950-1280 
cm-1 (Si-O stretch). 
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c. Alkylation of polyethyleneimine modified hyperbranched polymer 

coatings (Si-HB-PEI
+
)  

In a round bottom flask provided with a reflux condenser, substrates coated 
with hyperbranched polyureas comprising tethered PEI (Si-HB-PEI coating) 
were immersed in 50 mL of 1-bromohexane and heated under nitrogen at 90 
°C overnight. Next, a potassium hydroxide suspension (0.3 g in 50 mL of tert-
amyl alcohol) was added and the reaction was continued for another 3 h at 90 
°C. Afterwards, the coatings were sonicated two times in 100 mL methanol for 
20 min at RT. The coatings were dried under nitrogen. 

The second alkylation step was done in a closed round bottom flask. The 
samples were immersed in a solution of 15 mL of iodomethane in 100 mL 2-
methyl-2-butanol. Reaction was carried out at 42 °C overnight; yellow-brown 
coatings were obtained. The samples were sonicated in 100 mL of methanol 
for 20 min at RT and followed by an extraction in refluxing methanol at 65 °C 
for 1 day and another sonication in methanol for 20 min at RT yielded yellow 
Si-HB-PEI+ coatings. The Si-HB-PEI+ coated samples were then dried and 
stored under nitrogen.   

FT-IR signals of Si-HB-PEI+ on a silicon wafer surface were at 3315 cm-1 
(NH stretching), 2931 cm-1 (CH2 antisymmetric stretch), 2860 cm-1 (CH2 
stretch), 1666 cm-1 (C=O from ureido units), 1534 cm-1 (C-N and N-H from 
ureido units and alkylated PEI), 1400 cm-1 (C-CH and N-CH and C-N 
stretchings), 950-1280 cm-1 (Si-O stretch). 

 

d. Charge density measurements 

Charge density was determined on the basis of a 1:1 complexation of a 
fluorescein dye with immobilized quat.19, 20, 35 A bare glass slide, and Si-HB and 
Si-HB-PEI+ coated ones (1.8 cm x 1.8 cm) were immersed at RT in 15 mL of 1 
wt% fluorescein (disodium salt) in demineralized water for 10 min, washed 
four times with 50 mL of water, followed by sonication in 50 mL of water for 5 
min at RT to remove any dye that did not form complexes with quats. The 
coatings were then placed in 10 mL of a 0.1 wt% cetyltrimethylammonium 
chloride solution in demineralized water and sonicated for 10 min at RT to 
desorb the fluorescein dye. Subsequently, 10 v/v% of 100 mM phosphate 
buffer, pH 8, was added. The amount of fluorescein released was calculated 
from the UV-absorbance. UV/VIS measurements were carried out on a PYE 
UNICAM SP8-200 UV/VIS spectrophotometer at 501 nm. Charge density was 
determined by using published values for the extinction coefficient of 
fluorescein35 and then converted into the number of quats per cm2.   

Charge density of quats per cm2 was calculated from equation 1. 
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Charge density= [Dye] x V x N /Area      (1) 
in which V is the volume of dye extraction solution (L), [Dye] is the 
concentration of dye in that extraction solution in mol/L, N is Avogadro’s 
number 6.023 x 1023  and Area is the surface area of the sample in cm2.  

[Dye]= 
	������

����					

         (2) 

in which Abs501 is the UV absorption at 501 nm, ε501 (=  extinction coefficient) 
=  77 mM-1cm-1 35, c = 1 cm, the width of the cuvette. 

 

List of abbreviations 

Si-HB = hyperbranched polyureas coating 

Si-HB-PEI = hyperbranched polyureas coating modified with polyethyleneimines 

Si-HB-PEI+=hyperbranched polyureas coating modified with quaternized 

polyethyleneimines. The wt% between the brackets of Si-HB-PEI+ (20 wt% 

) and Si-HB-PEI+ (10 wt%) refer to the concentration of PEI in methanol 

during the preparation of Si-HB-PEI. 

PEI = polyethyleneimines (branched) 

Quat = quaternary ammonium ion 
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Summary 

Here, we describe highly effective antibacterial coatings that kill bacteria on 
contact. These coatings were based on immobilized hyperbranched polyureas, 
decorated with covalently anchored quaternized polyethyleneimines. The 
coatings showed a high contact killing efficacy for Staphylococcus epidermidis, 
both in a Petrifilm assay and through Confocal-Laser-Scanning-Microscopic 
examination of stained samples. At the highest challenge (1600 CFU/cm2), the 
killing efficacy was more than 99.99%. However, the contact killing 
mechanism of immobilized quaternary ammonium compounds was still a 
matter of debate. The required high charge densities appeared to be critical, 
which prompted us to propose a new contact killing mechanism in which 

immobilized cationic species exert such strong electrostatic attraction forces 
that cells deform and anionic species are pulled out of the cell membrane, 
leading to high stresses and finally to cell death. 
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6.1 Introduction 
Biomaterials play a significant role in modern health care. The importance of 
biomedical implants and devices is rapidly growing due to an increasing 
demand of the ageing society for a higher quality of life. However, the major 
limiting factor in their application nowadays is the risk of infection. In 
biomaterials associated infections, microorganisms proliferate on biomaterial 
surfaces, forming a so-called biofilm. Within a biofilm, microorganisms are 
encapsulated in a self-produced extracellular polymeric matrix which protects 
them from the activity of administered antibiotics and the host immune 
system.1 The growth of biofilms, and the subsequent infectious complications, 
are one of the most frequent causes for failure in the use of biomaterials,2-4 for 
example with hip prostheses,5, 6 voice prostheses,7 urinary catheters4, 8 and 
vascular catheters.9 The incidence of infections varies from 10 to 20% for 
urinary catheters to 2.6 to 4% for prosthetic hips.10 Infections are not only 
costly, but also a major discomfort for patients and are sometimes even lethal.  

Different approaches have been developed to reduce or prevent biofilm 
formation on biomedical implants and devices. One strategy is to prevent 
infections by administration of antibiotics that can decrease the formation of 
biofilms, but this method is not always effective and only feasible in an early 
stage. Later on, when the biofilms have reached a certain threshold thickness, 
antibiotics will be hindered in penetrating into the extracellular polymeric 
matrix. Other strategies are to apply coatings that discourage bacterial 
adhesion or kill bacteria either by leachable or by immobilized biocides. The 
positively charged coatings are one of the most extensively studied systems 
for immobilized biocides.11-15 The use of quaternary ammonium compounds 
(quats) in particular has been attractive, since they are easy to manufacture in 
large quantities and can be conveniently incorporated in coating systems. 
Soluble quats have been used as disinfectants in medical and as well as in 
industrial applications for decades. More recently it has been shown that their 
antibacterial activity can be preserved while being immobilized on surfaces.11, 

14, 15 This is for biomedical applications a much more preferred approach, as it 
prevents contamination of body fluids with toxic biocides. However, 
immobilized quats coatings have so far mainly been studied in vitro and only 

in a limited number in vivo, particularly, because of a lack of proper 
understanding of the mechanism. There were doubts whether immobilized 
quats could be effective at all. It is difficult to envisage how immobilized quats 
could operate via a similar interdigitation mechanism as soluble quats do 
under planktonic conditions. So, there was not only a need for a convenient 
technology to prepare coatings containing immobilized quats, but also for a 



Antibacterial Performances of  Si-HB-PEI+ Coatings 

 

135 

 

proper mechanism. Another issue that had to be addressed was the balance 
between toxicity and killing efficiency of immobilized quats.  

Recently, Schaer et al.16 demonstrated that a non-covalently attached, 
sparingly water-soluble coating of quaternized polyethyleneimines, on 
orthopaedic fracture hardware in a clinical sheep trauma model experiment, 
not only prevented biofilm formation, but even promoted bone healing. 
Whereas Li et al.17 demonstrated that dimethyldecylammonium chitosan-
graft-poly(ethylene glycol)methacrylate hydrogel coating was not only 
biocidal, but also biocompatible, even when chitosan was provided with a high 
concentration of quaternary ammonium moieties. In comparison with 
bacteria, tissue damage for mammalian cell is expected to be less because the 
cell membranes of the latter are mainly comprised of neutral zwitter-ionic 
lipids. In contrast, bacterial membranes predominantly possess anionic 
lipids.18 It is reasonable to assume that zwitter-ionic lipids will not, or at least 
with more difficulty, be removed from membranes or replaced by positively 
charged quats.  

Soluble cationic species are potent biocides if they comprise a 
neighboring hydrophobic moiety, beside a positive charge. It is generally 
accepted that quats in solution approach the negatively charged bacterial cell 
surface and penetrate into the outer shell until they reach, and subsequently 
disturb the cytoplasmic inner membrane, mediated by the hydrophobic tails. 
Quats literally pierce the membrane and create holes through which the 
intracellular content is spilled. Such a mechanism was difficult to envisage for 
immobilized quats. Recently, Bieser et al. 19 and Li et al. 17 proposed that the 
working mechanism of immobilized quats was different from the working 
mechanism of quats in solution and was based on the removal of anionic 
membrane species by electrostatic attraction arising from immobilized 
quats.19, 20 Other research groups observed that a minimal positive charge 
density was required for effective contact killing.15, 21 

Here we describe the development of multi-layered coatings, based on 
novel hyperbranched polyureas,22, 23 decorated with quaternized 
polyethyleneimines (Si-HB-PEI+ coatings). Due to the high concentration of 
amino groups in PEI, high charge densities were feasible. Our flexible 
hyperbranched coatings were expected to be shape-adaptive, i.e. to envelope 
adhering organisms to yield a highly effective contact killing interface. To cope 
with our results a new contact killing mechanism is proposed  

To evaluate contact killing of bacteria, two distinct assays, Petrifilm and 
Confocal Laser Scanning Microscopy (CLSM), were employed. To investigate 
the possible toxicity of the coatings, studies on adhesion and spreading of 
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fibroblast cells on the coated samples were performed. Moreover atomic force 
microscopy (AFM) measurements were conducted in order to study the 
effects of our coatings on adhering bacteria and to provide evidence to 
support our new mechanism for contact killing. 

 

6.2 Results and discussion 
Most of the bacteria are spherical or rod-like species with a robust 
peptidoglycan shell. As their deformability is limited, it was hypothesized that 
high contact areas, needed for contact killing, would be enhanced by using 
flexible, shape-adaptive coatings. In that case hyperbranched polymer brushes 
could be a promising choice. This prompted us to investigate whether our 
hyperbranched polyureas decorated with quats, as described in chapter 5, 
would be suitable for such a contact killing mechanism.  

In short, the surface immobilized hyperbranched polymers were 
obtained by the polymerization of AB2 monomers, in which the A-group was a 
secondary amine and the B-groups were blocked isocyanates, and this 
resulted in hyperbranched polyureas coatings comprising numerous blocked 
isocyanate groups. Due to the presence of immobilized blocked isocyanate 
comprising coupling agents on the silicon substrates (glass slides and silicon 
wafers), the polymers were covalently tethered to the surface (Si-HB coating). 
The blocked isocyanate groups of the polyurea coatings allowed fixation of 
compounds comprising primary or secondary amines. Compounds with more 
than one amino group could react more than once with various blocked 
isocyanate groups, thereby producing crosslinks. Due to this enabling 
technology, i.e. to vary the crosslink density, the mechanical properties could 
possibly be controlled. If polyamines are used of which the total number of 
reactive amino groups is in excess with respect to the available blocked 
isocyanates, not all of them will be able to react. The larger the excess, the less 
amino groups per polyamine chains are attached, and the more flexibility is 
preserved of the anchored polyamines.  

For that reason, excess of polyethyleneimines (PEI), containing many 
primary and secondary amino groups, was chosen to tether onto Si-HB 
coatings by heating drop-casted PEI solutions. Two concentrations, with 10 
wt% and 20 wt% PEI in methanol, were spin-coated. In both cases the number 
of amino groups was much larger than the number of surface blocked 
isocyanate groups. It was expected that the PEIs applied from the 20wt% 
solution would be anchored with fewer amino groups per PEI-chain than from 
the 10wt% solution. As a result the polymer chains of the 20 wt% solution 
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should have a higher mobility, to adapt themselves to the environment 
(bacteria).   

 

Figure 6.1 Coating of hyperbranched polyureas modified with quaternized 
polyethyleneimine (Si-HB-PEI+ coating), covalently immobilized on a 
silicon substrate. The quaternary ammonium ions comprise hexyl and 
methyl hydrophobic moieties and iodide as counter ions.  

 

Through alkylation with hexyl bromide and subsequently with methyl 
iodide the amino groups of the anchored PEI were converted into quaternary 
ammonium ions, resulting in quats comprising hydrophobic hexyl(C6H13)-
moieties (Si-HB-PEI+) (Figure 6.1). The flexible hyperbranched tree-like 
structure was expected to provide the desired flexibility.  

The presence of quats was revealed by XPS, demonstrating the presence 
of about 1at% of cationic nitrogen in the top layer of Si-HB-PEI+ coating 
(chapter 5). The charge density measurement demonstrated that the number 
of surface quats of the coatings, prepared with 10 wt% and 20 wt% PEI 
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solutions, were both in the range for displaying antibacterial properties (>1015 
N+/cm2, Table 6.1).  

Although the diversity in bacterial strains is huge, a number of general 
structural features are noticeable. Gram-positive bacteria possess a rather 
simple cell wall consisting of a thick (~80 nm) peptidoglycan layer, whereas 
Gram-negative bacteria have more complex cell walls with an additional lipo-
polysaccharide outer-layer, a thinner peptidoglycan layer (~20nm) and the 
periplasmic space that provide extra protection. In order to get an optimal 
contact killing system the charge properties of the coating should match with 
the bacterial surface properties. Hence, the combination of a controllable 
charge density and hydrophobicity offered the tools to make the coatings 
accessible for a broad spectrum of bacterial strains. 

It should be emphasized that the coatings were washed intensively 
before performing the antibacterial assays, so as to exclude that the observed 
antibacterial properties would be caused by leachables. Any doubts of the 
presence of leachables would undermine a firm conclusion of a possible 
contact killing mechanism. 

 

6.2.1 Petrifilm assay 

Contact killing of Si-HB-PEI+ coatings was evaluated towards a clinical relevant 
Gram-positive strain Staphylococcus epidermidis ATCC 12228, isolated from 
blood of a patient with an intravascular catheter infection. Petrifilm Aerobic 
Count (AC) plate assay was one of the preferred methods to evaluate the 
contact killing behaviour due to its reliability and simplicity. This method is 
based on culturing organisms that may survive or not during intimate contact 
with coatings. Petrifilm AC plates contain nutrients, a cold-water gelling agent 
and triphenyl tetrazolium chloride, an indicator that colours bacterial colonies 
red and facilitates colony enumeration. Petrifilm plates are composed of two 
plastic films: a bottom sheet and a top lid. 

To test the antibacterial activity of the coating, a coated sample was 
placed on the bottom sheet of a Petrifilm, and a bacterial suspension was then 
dropped on the coated sample and covered with the top lid of the Petrifilm 
and incubated for 2 days at 37 °C. Three different bacterial challenges were 
used: 102, 103 and 104 bacteria per sample. Figure 6.2 depicts various samples 
tested with a Petrifilm assay after incubation with bacterial challenge of 102 
bacteria/sample. The red dots that appeared after 48 h contact time were 
used to enumerate the number of Colony-Forming-Units (CFUs).  
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Figure 6.2 Contact-killing of various surfaces tested using the Petrifilm assay with a 

bacterial challenge of 102 bacteria/sample after 48 h incubation at 37 °C. 
Red dots depict living colonies. 

 

The Petrifilm results with different bacterial challenges, summarized in 
Table 6.1, demonstrate that no contact-killing was observed on glass slides 
and Si-HB coatings in the nutrient-rich environment of the Petrifilm assay. The 
Si-HB-PEI+ coating (10 wt%) showed 87% reduction in the number of CFU at 
the lowest bacterial challenge, increasing to >99.9 at the  highest challenge of 
1600 CFU/cm2. The 20 wt% Si-HB-PEI+ coating displayed >99% and >99.9% 
contact-killing at bacterial challenges of 16 and 160 CFU/cm2, respectively 
increasing to >99.99% contact-killing at the highest challenge.  

 

Table 6.1.  Charge density of different coatings and contact-killing, expressed in 
percentages with respect to the bacterial challenge applied, of S. 
epidermidis ATCC 12228 in the Petrifilm assay. Numbers of colony 
forming units (CFUs) for the lowest challenge were verified in a Petrifilm 
assay without a sample, while higher challenges were derived from a 
dilution series. Data are presented as means over three experiments 
with separately prepared bacterial cultures and coatings. 

Samples 
Charge 
density 

(N+/cm2) 

Bacterial challenge per cm2 

16 CFU 160 1600 

Glass slide 0 <1% <1% TMTC1) 

Si-HB 0 <1% <1% TMTC 

Si-HB-PEI+ (10 wt%) 6 x 1015 87% 98 >99.9% 

Si-HB-PEI+ (20 wt%) 4 x 1015 >99% >99.9% >99.99% 

1) TMTC = Too many to count, indicating absence of quantifiable bacterial killing. 
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Contact-killing by the Si-HB-PEI+ (10 wt%) coating was slightly less than 
that by the Si-HB-PEI+ (20 wt%) coating, despite the fact that both comprised 
comparable numbers of immobilized cationic quaternary-ammonium-species 
and surface charge densities above the required threshold for contact-killing 
(1015 N+/cm2). This suggests that the Si-HB-PEI+ (20 wt%) coating is more 
flexible, allowing positively charged groups to better envelope and shape-
adapt to an adhering bacterium. It will yield a more intimate contact with 
positively charged surface groups, thereby exerting a stronger interaction 
force and, as a consequence, a more effective killing behavior. The cartoon of 
Figure 6.3 depicts the same hyperbranched polymer that is fixed either with 
two amino groups (left) or, at higher concentrations, with only one amino 
group (right). It may be expected that the latter structure has more freedom to 
move. Moreover, a low concentration of PEI could lead to a higher crosslink 
density of the top layer of the coating, thereby reducing flexibility as well. This 
could be the explanation for the difference in behavior, although more 
evidence is needed to prove this structural difference. 

 

        Si-HB-PEI+ (10 wt%)                         Si-HB-PEI+ (20 wt%) 

Figure 6.3 Cartoon to visualize the possibly different structures of coated samples 
prepared with 10 or 20 wt% solution of PEI.  

 

6.2.2 Confocal Laser Scanning Microscopy (CLSM) 

Because the results of only one antibacterial assay are not always 
unambiguous, it is in general recommendable to use more than one assay. 
Here the contact killing of adhering staphylococci was also investigated by 
using CLSM (Figure 6.4). The coated samples and a bare glass slide were 
exposed to a bacterial suspension with a concentration of 3 x 107 bacteria/mL. 
The samples were stained with a live-dead Baclight viability stain, containing 
SYTO 9 and propidium iodide dye that stain nucleic acid.24 CLSM was 
subsequently employed to differentiate between live and dead adhering 



Antibacterial Performances of  Si-HB-PEI+ Coatings 

 

141 

 

bacteria. SYTO9 generally stains all bacteria in a population, as long as they 
contain nucleic acids. In contrast, propidium iodide is a red intercalating stain 
that only penetrates bacteria with damaged membranes and is therefore 
excluded by bacteria with an intact cell membrane. Propidium iodide has a 
stronger affinity for nucleic acid than SYT09. When the two stains are present 
within a bacterium, SYTO9 will be displaced from nucleic acid and the bacteria 
will fluoresce in red. Live bacteria cells will be stained positively by SYTO9 
and fluoresce in green. After live/dead staining, CLSM-images were made and 
collected. The numbers of live and dead bacteria were counted on each 
sample, and the percentage of bacterial viability was calculated by dividing the 
number of live bacteria by the total number of live and dead bacteria adhering 
to the surfaces.  

 

 
Figure 6.4  CLSM overlay images of live (green fluorescent) and dead (red fluorescent) S. 

epidermidis ATCC 12228 adhering for 1, 4 and 16 h on various surfaces together 
with the number of adhering S. epidermidis ATCC 12228, separated according to 
their live/dead status as a function of time.  

(A) Glass 

(B) Si-HB coatings 

(C) Si-HB-PEI+ (20 wt%) coatings 

Error bars denote the standard deviations for three independent experiments, 
whereas the numbers of live and dead bacteria were obtained from a total of 6 
images taken during the various experiments, comprising a minimum of 100 
bacteria.  
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Figure 6.4 shows CLSM images of dead and live bacteria on various 
surfaces after exposure to bacterial suspension, including the numbers of live 
and dead adhering bacteria given as a function of time. The glass slides and Si-
HB coatings showed no contact killing upon adhesion. After an adhesion time 
of 16 h some bacteria died due to nutrient exhaustion. Compared to glass slide 
and Si-HB-PEI+ (20 wt%) coating, the Si-HB coatings were covered with the 
lowest number of adhering bacteria. After a 16 h adhesion the number of 
bacteria adhering on Si-HB coatings had increased, but was still less than on 
glass.  

The number of adhering bacteria on the Si-HB-PEI+ coatings was always 
highest. It was to be expected that positively charged Si-HB-PEI+ coatings 
would attract the negative charged bacteria more than the other two surfaces. 
After 1 h, 57% of the bacteria adhering to the Si-HB-PEI+ (20 wt%) coating 
were killed. The contact killing percentage reached 92% ± 7% after 4 h and 
100% after 16 h. The number of bacteria on the positively charged surfaces is 
highest. This also supports the durability of the coating in an aqueous 
environment. If the coating was damaged or the interface was changed during 
the exposure in water, adhesion would become less. The amount of quats on 
the surface, and probably supported by the morphology of the coating, 
showed that the Si-HB-PEI+ coating not only trapped more bacteria but also 
killed them.  These results are in line with the work of Gottenbos et al.13 In 
most of their cases the positively charged surfaces strongly attract negatively 
charged bacteria, too, and they also found hardly any growth of Escherichia 
coli and Pseudomonas aeruginosa.  

Taken together the CLSM and Petrifilm results, the Si-HB-PEI+ (20 wt%) 
coatings were very effective in killing adhering staphylococci up to high 
challenge concentrations of 104 bacteria/sample, corresponding to 1600 
bacteria/cm2. To this end, the ability of our coatings to kill adhering bacteria 
upon contact was not only demonstrated by using a culture-based assay, but 
was also confirmed by using live/dead staining with CLSM observation. The 
use of multiple methods to demonstrate contact killing is important, because 
different methods can yield different results.  

 

6.2.3 Leaching assay 

Immobilization of biocides is obviously advantageous to prevent any leakage 
of toxic contaminants into body fluids. However, freshly prepared coatings 
will always contain some leachables, no matter how intensively the cure 
conditions performed. Since only ppm amounts of leachables can suffice to kill 
bacteria, an intensive washing procedure is absolutely necessary to exclude 
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any doubt on a proposed mechanism. However, only in a very few cases such 
an exhaustive washing has been reported, demonstrating unambiguously that 
antibacterial properties of the coatings were only due to immobilized species. 
15, 25  

  As in this work extensive washing procedures were applied, it was 
reasonable to suppose that all leachable compounds were completely 
removed. Nevertheless, it was still important to verify that with an 
independent assay. In order to determine the possibility of leaching, zones of 
inhibition on bacterially inoculated agar plates were evaluated. Glass slides 
coated with Si-HB-PEI+ coatings were placed on an agar plate inoculated with 
S. epidermidis ATCC 12228. The zones of inhibition around the sample were 
evaluated (Figure 6.5). The absence of a zone of inhibition was an indication 
that no antibacterial polymers leached out of the coatings. These results 
indicate that the antibacterial alkylated polyethyleneimines did not leach out 
the coatings, or at least not in antibacterially active amounts. It has been 
reported that another, but similar quaternized polyamine,  
poly(diallylammonium trifluoroacetate)  (Mw of 62 kDa), exhibited a minimal 
inhibitory concentration of 1.5 µg/mL towards Gram-positive Staphylococcus 

aureus under planktonic conditions.26 This suggests that in our case, if 
leaching were still present, it would probably be less than 1.5 µg/mL. 

 

Figure 6.5 Lack of zones of inhibition around Si-HB-PEI+ (20 wt%) on an agar plate, 
inoculated with S. epidermidis ATCC 12228 after 96 h. 

 

6.2.4 Adhesion and spreading of human skin fibroblasts 

Quaternary ammonium compounds are potent biocides, and in general more 
destructive for prokaryotic than for eukaryotic cells. Nevertheless, the 
applicability of quats coatings depends on the balance between biocidal 
behaviour and toxicity. The first step to determine toxicity is to verify the 
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viability of mammalian cells on coated surfaces in vitro. Here, the adhesion 
and spreading of human skin fibroblasts on various surfaces were studied to 
determine possible cytotoxicity of the Si-HB-PEI+ coatings. Fibroblasts were 
grown on bare glass slides, Si-HB and Si-HB-PEI+ (10 wt% and 20 wt%) 
coatings. The growth and cellular morphologies of fibroblasts on the surfaces 
were examined microscopically after various adhesion times.  
 

 

Figure 6.6  Growth of human skin fibroblast cells on glass slides, Si-HB and Si-HB-PEI+ 
(10 wt% and 20 wt%) coatings after a 24 h incubation. The growth of 
fibroblasts on the surface of a glass slide and a Si-HB substrata served as a 
control. Scale bar denotes 100 µm. 

 

Figure 6.6 shows that after 24 h of growth fibroblasts displayed good 
spreading and reached confluency on bare glass slides and Si-HB coatings. 
Although polyurethanes and polyureas are generally biocompatible, it is 
noteworthy to mention here that apparently our novel hyperbranched 
polyureas were biocompatible as well. Evaluation of adhesion and spreading 
of human skin fibroblasts on our biocidal coatings indicated that fibroblasts 
showed good spreading within 24 h on Si-HB-PEI+ (10 wt%) coatings and 
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reached confluency after 72 h (Figure 6.7). This result on the Si-HB-PEI+ (10 
wt%) coatings was comparable to the growth of fibroblasts on glass slides and 
Si-HB coatings. In contrast, fibroblasts remained rounded on the Si-HB-PEI+ 
(20 wt%) coatings for a different incubation time (24 h and 72 h), indicating 
that these coatings did not support cell adhesion and growth.  
 

 

Figure 6.7 Growth of human skin fibroblast cells on Si-HB-PEI+ (10 wt%) coating after 
72 h incubation. Scale bar denotes 100 µm. 

 
 

According to the cellular response of fibroblasts towards the coatings it 
can be concluded that the Si-HB-PEI+ (10 wt%) coatings are preferred for use 
in biomedical applications requiring tissue integration, whereas the Si-HB-
PEI+ (20 wt%) coating is preferred for use in applications requiring only 
bacterial killing in absence of a need for tissue integration, such as urinary 
catheters, voice prostheses, cerebrospinal fluid shunts and IV feeding tubes. A 
further optimization of intermediate concentrations, between 10 and 20 wt%, 
can be carried out to meet the requirements of specific applications. 

 
 

6.2.5 Antibacterial mechanism immobilized quats 

Soluble quats are very potent biocides and have already been commercially 
used in a broad spectrum of applications for many decades. Their generally 
accepted mode of action is to penetrate into cell membranes, thereby 
disturbing the cytoplasmic inner layer membrane while causing leakage, 
resulting in loses of the viable content of cells. 27-29  

The thickness of the peptidoglycan outer layer of bacteria varies from 
20 to 80 nm. It is difficult to envisage how immobilized quats can penetrate 
through the cell walls, reaching the cytoplasmic membrane, in a similar way as 
soluble quats do. Although in the last decade a considerable amount of 



Chapter 6 

 

146 

 

literature had appeared on the biocidal behavior of immobilized quats, the 
mechanistic issues were hardly touched.14, 30 Murata et al.15 demonstrated 
convincingly that antibacterial properties of tethered quats on the surface 
were still achieved even when the length of polymer chains was too short to 
penetrate through the peptidoglycan layer. According to these authors the 
charge density had to be above a certain threshold (1015N+/cm2) to kill the 
bacteria. Their result suggests that the killing mechanism of immobilized 
quats must be different, but this aspect was not discussed by the authors. 
Recently, Li et al. 17 proposed that immobilized quats were able to pull out 
anionic components of the membrane due to electrostatic interactions. A 
similar concept was proposed independently by Bieser et al.19, 31 These 
authors proposed that negatively charged phospholipids could be withdrawn 
from the cytoplasmic membrane by spatially separated positive charges. This 
concept was supported by the fact that all coatings could be deactivated by a 
treatment with similar species as the cytoplasmic components, such as sodium 
dodecyl sulfate or negatively charged phospholipids.  

Our hyperbranched Si-HB-PEI+ coatings met the requirements of 
hydrophobicity and charge density (> 1015 N+/cm2). They indeed killed 
bacteria effectively without dissipation of leachables and were therefore, par 
excellence, suitable substrates to investigate the mechanism in greater detail.  

AFM measurements were conducted to study the contact killing 
mechanism. Figure 6.8 shows the AFM images of S. epidermidis ATCC 12228 
adhering to glass coated with α-poly-L-lysine and with positively charged Si-
HB-PEI+ (20 wt%) coatings, while being exposed to a buffer solution. Slightly 
positively charged α-poly-L-lysine coatings are commonly used substrates to 
study AFM imaging of bacteria.32-34 Bacteria adhere sufficiently firm hereon to 
carry out measurements without killing them. Two types of AFM 
measurements were performed. In one series a few bacteria were glued on an 
AFM tipless cantilever. The forces with which the staphylococci adhered to 
various surfaces were measured. In another series, images were made to 
study the shape changes of bacteria in time, by scanning the shape at various 
time intervals using a cantilever with tip. CLSM images of the adhering 
staphylococci were taken after live/dead staining.  

Adhesion forces between the adhering staphylococci and the Si-HB-PEI+ 
coatings were above 100 nN, which is extremely high. Adhesion forces of 
bacteria on slightly positively charged α-poly-L-lysine surfaces were only 4 
nN. Due to the high charge densities of the Si-HB-PEI+ coating the negatively 
charged bacteria were strongly attracted by high electrostatic attraction 
forces.  
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Figure 6.8  

Panel 1  

AFM deflection of S. epidermidis adhering on different surfaces during exposure  to 1 x 
MBC (minimum bactericidal concentration) quats solution in 10 mM potassium-
phosphate-buffer (A) or 10 mM potassium-phosphate-buffer (B). 

A) poly-L-lysine coated glass surface during exposure to quats solution 

B) Si-HB-PEI+ immobilized on glass slide. 

AFM Images were taken at various time intervals, while scanning continuously at a 
rate of 1 Hz. The bar denotes 1 µm.  

Panel 2 

CLSM fluorescence images of S. epidermidis ATCC 12228 adhering on different 
surfaces (see panel 1) during exposure to 1 x MBC quats solution in 10 mM of 
potassium-phosphate-buffer (A) or 10 mM of potassium-phosphate-buffer (B) 

Fluorescence images were taken after bacteria had been stained with Baclight® 
live/dead stain, rendering severely membrane damaged bacteria24 red fluorescent, 
opposed to live bacteria showing green fluorescence. The bar denotes 18 µm. 
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When staphylococci adhered to α-poly-L-lysine coated glass, while being 
exposed to a buffer solution, they remain unchanged (not shown).35 In 
contrast, adhering staphylococci on α-poly-L-lysine-coated glass slide, while 
being exposed to quats in a buffer solution, wrinkled and disintegrated. 
Furthermore, the bacteria were completely destroyed and removed piece by 
piece by the AFM cantilever tip, leaving only minor remnants (Figure 6.8, 
panel 1A). In the CLSM assay, after staining, the images indeed showed only 
dead bacteria after 60 min. This demonstrates membrane damage over the 
entire cell surface. 

On Si-HB-PEI+ (20 wt%) coatings remarkable differences were 
observed. The staphylococci adhering to the Si-HB-PEI+ (20 wt%) coating 
were all killed, as shown in the CLSM assay. But now, in contrast, no cell 
surface wrinkling or removal of bacterial constituents by the AFM tip was 
observed (Figure 6.8B). So, although in both cases the bacteria were 
completely killed, the behaviour of the bacteria on Si-HBP-PEI+ coatings was 
completely different from that on α-poly-L-lysine coatings in the presence of a 
lethal dose of quats.  

These results prompted us to propose a new killing mechanism for 
immobilized quats, which differs from the one of quats in solution. AFM 
images showed clearly that bacteria wrinkled in the presence of quats in 
solution. This behaviour is in line with the generally accepted mechanism of 
quats in solution. In solution quats are absorbed by bacteria and penetrate 
into the bacterial envelope, mediated by electrostatic and hydrophobic 
attractions. Penetration of quats in the bacterial membrane will probably 
result in replacement the Ca2+ and Mg2+ ions from cytoplasmic membrane, in 
order to preserve electric neutrality.36 The hydrophobic moieties can 
penetrate into the cytoplasmic membranes leading to destabilization of the 
membrane and causing leakage of the cells.    

One fundamental difference between soluble and immobilized quats is 
that soluble quats penetrate into the cell membrane (absorption), while 
immobilized quats remain located on the cell surface. Another fundamental 
difference is that immobilized quats collectively encapsulate bacteria in an 
anisotropic fashion, while soluble quats individually attack them in an 
isotropic mode. This difference is expressed by the observation that the top 
view of bacteria on immobilized quats did not change much in shape, but  
bacteria were nevertheless dead.  
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Figure 6.9 Bacteria response to different surfaces:  

A) A bacterium on a surface generally  has a small contact area 
B) A bacterium on a surface after exposure to quats in solution suffers severe 

membrane damage, causing leakage of internal constituents, and cell death by 
disintegration. 

C) A bacterium on a flat positively charged surface 
D) A bacterium on a flexible surface experiences greater embracement than on the 

flat surface 
E) A bacterium on a flexible positively charged surface experiences strong 

electrostatic attraction causing stress de-activation, leading to cell death. The 
anionic phospholipids of bacteria might be torn out of the membrane by the 
embracing positive charges. 

 



Chapter 6 

 

150 

 

As mentioned before, immobilized quats demonstrate only contact 
killing when a high threshold of positive charges is reached, i.e. that a certain 
field strength is surpassed.15, 21 This is in line with the fact that bacteria are 
killed by high electric fields, a method that is commercially in use in the food 
industry (electroporation).37, 38 Additional support was provided by 
experiments in which we covered a stainless steel electrode with Parafilm®, 
and allowed staphylococci to adhere and grow under an applied DC voltage, 
yielding a strong electric field with a negligible low current (10 nA). The 
current should be negligible in order to avoid formation of reactive biocidal 
compounds. The surface exhibited a killing behavior of adhering 
staphylococci, as observed for our Si-HB-PEI+ coatings, caused by electrostatic 
attraction due to the electric field. To express the reduced viability of bacteria 
when subjected to strong positively charged surfaces, the term stress de-
activation was introduced by Liu et al.39 They applied stress due to strong 
adhesion forces on bacteria, which resulted in reduced bacterial resistance 
toward antimicrobials. Busscher et al.40 categorized the bacterial response to 
adhesion forces into three regimes; planktonic, interaction and lethal regimes. 
We now propose that bacteria adhering on Si-HB-PEI+ coating behave as in 
the “lethal” regime. 

The contact area between adhering bacteria and a flat surface is small 
and mainly dependent on the limited deformability of the bacterial cell walls. 
Besides deformability of the bacteria the topology and flexibility of the 
coatings can play an important role in enlarging the contact area (Figure 6.9). 
It suggests that if the charge density is high and the embracement of adhering 
bacteria, e.g. on our shape-adaptive Si-HB-PEI+ (20 wt%) coatings, is high as 
well, it may lead to such strong adhesion forces that cell death could follow 
due to a too high deformation of bacteria (Figure 6.9E). 

So, high electrostatic fields, caused by highly positively charged surfaces 
can exert such strong adhesion forces that they trigger membrane 
deformation, possibly withdraw anionic lipid species and will give rise to 
stress de-activation, leading to reduced growth and eventually to cell death.  

 

6.3 Conclusions 

We have developed an enabling technology to tether covalently antibacterial 
coatings onto surfaces, based on hyperbranched polyurea, modified with 
quaternized PEI. After the hyperbranched polyurea coatings were applied, the 
surfaces were modified with solutions comprising a high PEI concentration 
(10 wt% or 20 wt%). After quaternizing the anchored PEI, virtually all S. 
epidermidis ATCC 12228 bacteria were killed. As much effort was carried out 
to extract all possible leachable compounds, it may be concluded that the 
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killing was solely due by contact. This was further supported by the lack of a 
zone of inhibition around coated samples. The growth of fibroblasts on these 
surfaces (20 wt%) was restricted, which makes this coating suitable for 
temporary implants, like catheters. Coatings prepared with a lower 
concentration of PEI (10 wt%) showed an excellent fibroblast cell growth, but 
had less contact-killing efficacy. Thus, depending on the application, whether 
tissue-integration is needed or not, the Si-HB-PEI+ coatings have the ability to 
be tailored, within these borders, for the intended application. This concept 
offers a promising methodology to make robust antibacterial coatings for a 
multitude of biomedical devices.  

When bacteria are eradicated by a contact killing process on surfaces 
comprising immobilized quats, the working mechanism will most probably be 
different from quats in solution. The working mechanism of quats in solution 
is based on absorption, ion-exchange and membrane damage. In contrast, 
immobilized quats are not able to penetrate into the bacterial shell deep 
enough to cause damage of the cytoplasmic membrane, but will locally 
enhance the adhesion by electrostatic forces between a bacterium and the 
highly positively charged surface to such a strong attraction level that it 
causes reduced growth, stress de-activation and removal of anionic membrane 
species, eventually leading to cell death. 
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6.5 Materials and methods 
Materials and methods for preparation of Si-HB and Si-HB-PEI+ (10 wt% and 
20 wt%) coatings on glass surfaces were described in Chapter 2 (Si-HB 
coatings) and Chapter 5 (Si-HB-PEI+ coatings).  
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6.5.1 Evaluation of bacterial contact killing 

S. epidermidis ATCC 12228 isolated from blood of a patient with an 
intravascular catheter infection was used in this study. The strain was first 
streaked on a blood agar plate from a frozen stock solution (7 v/v% DMSO) 
and grown overnight at 37 °C on a blood agar plate. One colony was inoculated 
in 10 mL of tryptone soya broth (TSB, Oxoid, Basingstoke, UK) and incubated 
at 37 °C for 24 h. This culture was used to inoculate a main culture of 200 mL 
TSB, which was incubated for 16 h at 37 °C. Bacteria were harvested by 
centrifugation for 5 min at 5000 g at 10 °C and subsequently washed two 
times with 10 mM of potassium phosphate buffer, pH 7.0.  

The ability of the coatings to kill adhering staphylococci upon contact 
was evaluated using two distinctly different assays. The Petrifilm assay 
employed is based on culturing organisms that survive during contact with the 
coatings, whereas CLSM was applied to visualize bacteria adhering to the 
coatings. After staining, red and green fluorescent bacteria represented dead 
and live organisms, respectively. A bacterial concentration of 106, 105 and 104 
bacteria/mL was used to evaluate the contact killing of the coatings with the 
Petrifilm assay and a bacterial concentration of 3 x 107 bacteria/mL was used 
for imaging bacteria adhering to the coatings by CLSM.  

 

Petrifilm assay 

In the Petrifilm assay, 10 µL of bacterial suspensions with various 
concentrations were applied on a bare glass slide, and Si-HB and Si-HB-PEI+ 
coated samples (2.5 cm x 2.5 cm). The Petrifilm Aerobic Count plate (3M 
Microbiology, St. Paul, MN, USA) is a ready-made culture medium system that 
can be used for counting the number of aerobic bacteria. It consists of two 
films, a bottom film containing standard nutrients, a cold-water gelling agent 
and an indicator dye that facilitates colony counting and a top film, which is a 
cover lid, enclosing the sample within the Petrifilm system. The gelling-agent 
on the bottom film was first swelled with 1 mL of sterile demineralized water 
and after 40 min transferred to the transparent top film before usage. 
(Coated) samples were placed on the bottom lid, facing upwards. 10 μL of a 
bacterial suspension was spread on the (coated) samples and covered with 
the top lid, on which the gelling-agent was spread. Petrifilms were then 
incubated at 37 °C for 48 h after which the numbers of colonies (CFU) were 
counted. As a control, 10 µL of the bacterial suspension was inoculated on 
Petrifilm without a sample in between. 
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CLSM 

After staining the number of dead and live bacteria adhering to the coatings 
was determined by CLSM measurements. In a 6-well polystyrene plate 
(Greiner Bio-One B.V., Alphen a/d Rijn Leiden, The Netherlands) bare glass 
slides and Si-HB and Si-HB-PEI+ coated samples were inoculated with 4 mL of 
3 x 107 bacteria/mL in sterile potassium phosphate buffer. After incubation 
for 1, 2, 4, 6 and 16 h at 37 °C while shaking (90 rpm), the bacterial 
suspensions were removed and the samples were gently washed with 
potassium phosphate buffer to remove the free-floating bacteria. The samples 
were stained in the wells with 250 µL live-dead Baclight viability stain 
(Molecular Probes, Leiden, The Netherlands) containing SYTO 9 dye (yielding 
live organisms green fluorescent) and propidium iodide (yielding cell 
membrane damaged, and dead organisms red fluorescent) 24. Staining was 
done for 15 min in the dark. Confocal images were collected using a Leica TCS-
SP2 CLSM (Leica Microsystems Heidelberg GmbH, Heidelberg, Germany). 
Excitation was conducted at 488 nm and the emissions were measured at 500 
to 550 nm (green, live) and 605 to 720 nm (red, dead). The numbers of live 
and dead bacteria were counted on each sample, and the percentage of 
bacterial viability was calculated by dividing the number of live bacteria by 
the total number of live and dead bacteria adhering to the coatings.  

 

6.5.2 Adhesion and spreading of human skin fibroblasts 

Human skin fibroblasts (cell line CCD-1112SK, ATCC-CRL2429) were cultured 
for 48 h at 37 °C in a humidified 5% CO2 atmosphere in RPMI 1640 medium 
supplemented with 10% fetal calf serum, 104 U penicillin mL−1, 104 U 
streptomycin mL−1, and glutamine solution (1:100; Gibco-BRL). Four mL of a 
suspension of 7.5 x 104 fibroblast cells/mL was seeded in 6-well cell culture 
plates (Greiner Bio-One B.V., Alphen a/d Rijn Leiden, The Netherlands) in 
which sterile Si-HB-PEI+ coated glass slides were placed. As a positive control 
fibroblasts were grown on Si-HB coatings and bare glass slides. Cytotoxicity 
was assessed by microscopic examination of the morphology of the fibroblasts 
after 24, 48, 72, and 96 h of growth on the coated and non-coated surfaces. 

 

6.5.3 Leaching assay 

In order to demonstrate possible leaching of antibacterial polymers from the 
Si-HB-PEI+ coatings glass slides and Si-HB and Si-HB-PEI+ coated glass slides 
(dimension 1.8 cm x 1.8 cm) were placed on an agar plate inoculated with S. 
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epidermidis ATCC 12228. The zone of inhibition around the sample was 
evaluated after 96 h incubation at 37 °C. The absence of a zone of inhibition 
was taken as an indication that no antibacterial polymers leached out of the 
coatings. 
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Summary 

Biomaterials play a significant role in modern health care. The importance of 
biomedical implants and devices is rapidly growing due to the ageing of 
society and the increasing demand for a higher quality of life. However, one of 
the major limiting factors in their application is the risk of infection. 
Covalently anchored coatings comprising immobilized antibacterial 
compounds that kill bacteria upon contact are perhaps the most promising 
approach to provide sterile surfaces. A general overview in recent 
developments in antibacterial coatings, with a focus on quaternary 
ammonium ions (quats), is presented in Chapter 1. Various structures of 
(polymeric) quats and their coating formulations are discussed. Some 
generally accepted antibacterial mechanisms of quats, in solution as well as 
immobilized onto surfaces, are reviewed. Additionally, the possibility of using 
poly(2-oxazolines) (POXs) as spacers to increase the mobility of immobilized 
quats, is described. Finally, the potency of hyperbranched polymers as a 
coating platform to tether antibacterial moieties is discussed.  

 Chapter 2 presents methods for the preparation of covalently attached 
hyperbranched polyurea coatings. The essence of this part of the work was to 
demonstrate that hyperbranched polyurea coatings (Si-HB coatings) were 
firmly fixed on substrates and that they contained blocked isocyanate groups, 
available for covalently coupling bio-active moieties. Hyperbranched 
polyureas were successfully immobilized via direct polycondensation of AB2 
monomers on pretreated silicon wafers. The AB2 monomers, comprising a 
secondary amine (A-group) and two blocked isocyanates (B-groups), were 
synthesized by a highly selective reaction of bishexamethylene triamine with 
carbonyl biscaprolactam. The covalently attached coatings were μm’s thick 
and survived extensive washing procedures. Transmission FT-IR and XPS 
analysis revealed the presence of hyperbranched polyurea coatings.  

 In Chapter 3 POXs with various molecular weights, containing a 
hydroxyl or amino anchoring group at the α-position and antibacterial quats 
at the ω-position were prepared. The amino or hydroxyl groups were 
necessary to tether these (biocidal) polymers onto our hyperbranched 
polyurea coatings. A number of synthetic methods were reported, using 
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different types of initiators, such as 2-iodoethanol and Boc protected amino 
tosylates or nosylates. The polymers obtained with 2-iodoethanol comprised 
small amounts of a low molecular weight side-product. The efficiency of the 
tosylate initiator for the polymerization of 2-methyl-2-oxazoline was less than 
50%, whereas nosylate initiator performed well with 100% efficiency. The 
living polymers were successfully terminated with dimethyldodecylamine, 
yielding quats at the ω-position. Deprotection of the Boc-amino group was 
successfully carried out in a mixture of TFA and chloroform. Polyoxazolines 
having Boc moieties at the α-position and quat end groups at the ω-position 
showed biocidal properties in solution against Gram positive bacteria and one 
fungal strain. The antibacterial activities of these polyoxazolines on the molar 
base of the quats were not affected by the molecular weight of the polymers, 
suggesting that the spacer length was not of any importance for killing 
bacteria under planktonic conditions.  

 Various potent antibacterial polymeric quats were immobilized on the 
hyperbranched polyurea coatings and the antibacterial properties were 
investigated (Chapter 4). Poly(2-methyl-2-oxazoline) (PMOX) and ethoquad 
C/25, with one quaternary ammonium moiety per polymer chain, and 
(quaternized) linear polyethyleneimines (PEIs), with many quats per polymer 
chain, were selected. It was shown that PMOX and ethoquad C/25 substituted 
caprolactam of the blocked isocyanate groups partially and were, as a result, 
covalently coupled onto the polyurea coating layer. Linear PEIs substituted all 
measurable caprolactam groups, which demonstrated a firm coupling. After 
immobilization all the polymeric biocides lost their antibacterial properties. 
These results showed clearly that the killing abilities of quats in solution and 
after immobilization were different. It is suggested that charge density, 
hydrophobicity and the flexibility of immobilized quats may play an important 
role in contact killing.  

 In Chapter 5 the covalent immobilization of branched PEIs on 
hyperbranched polyurea coatings is described. Alkylation of the remaining 
amino groups of the tethered PEIs with hexyl bromide and subsequently with 
methyl iodide yielded surfaces with a high concentration of quats (Si-HB-
PEI+). The coatings were extensively washed in order to guarantee that the 
antibacterial properties would be derived only from immobilized quats. XPS 
measurements showed that about 1% of nitrogen in the top layer of Si-HB-
PEI+ coating was in the cationic state. The charge density measurement 
demonstrated that the number of surface quats of the coatings was above 1015 
N+/cm2, which is considered a threshold getting antibacterial properties.  

 Finally, in Chapter 6 contact killing properties were determined and a 
novel mechanism of antibacterial action was proposed for the Si-HB-PEI+ 
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coatings. After quaternizing the anchored PEIs virtually kill all S. epidermidis 
ATCC 12228 bacteria. At the highest challenge, the killing efficacy was more 
than 99.9%. As much effort was carried out to extract all possible leachable 
compounds, it may be concluded that the killing was solely due to contact. The 
growth of fibroblasts on some surfaces (20 wt% PEI) was restricted, which 
makes this coating suitable for temporary implants, e.g. catheters. Coatings 
prepared with a lower concentration of PEI (10 wt%) showed excellent 
fibroblast cell growth, but had less contact killing efficacy and may be used 
when tissue-integration is needed.  

 The contact killing mechanism of immobilized quaternary ammonium 
compounds is still a matter of debate. The working mechanism of quats in 
solution is based on absorption, ion exchange and membrane damage. In 
contrast, immobilized quats are not able to penetrate into the bacterial shell 
deep enough to cause damage to the cytoplasmic membrane. Due to the high 
charge density and the shape adaptability of the flexible coating, bacteria will 
experience strong attraction forces, which cause reduced growth, stress de-
activation and removal of anionic membrane species, eventually leading to cell 
death. 

 

 

 

 

 

 

 

 

 

 



 

 

  



 

 

 

Samenvatting 

Biomedische materialen spelen een steeds belangrijkere rol in de moderne 
gezondheidszorg. Het belang van biomedische implantaten en hulpstukken 
groeit hard vanwege de vergrijzing en door onze steeds hogere eisen aan de 
kwaliteit van leven. Echter, het risico dat infecties optreden is aanzienlijk. Om 
steriele oppervlakken van implantaten te verwezenlijken zijn wellicht 
covalent gebonden coatings, die voorzien zijn van geïmmobiliseerde 
antibacteriële verbindingen, het meest belovend. In hoofdstuk 1 wordt een 
overzicht gegeven van de recente ontwikkelingen op het gebied van 
antibacteriële coatings, met de focus op quaternaire ammonium ionen (quats). 
Verscheidene structuren van (polymere) quats en hun corresponderende 
coatings worden besproken. Er wordt ook een overzicht gegeven van de 
algemeen geaccepteerde antibacteriële mechanismen voor zowel oplosbare 
als geïmmobiliseerde quats. Daarnaast worden de mogelijkheden om poly(2-
oxazolines) (POXs) as spacer te gebruiken, om de mobiliteit van de 
geïmmobiliseerde quats te vergroten, gerapporteerd. Tot slot wordt ingegaan 
op de potentie om hypervertakte polymeren te gebruiken als coating platform 
om antibacteriële verbindingen te immobiliseren. 

In hoofdstuk 2 worden methoden beschreven om hypervertakte 
polymeren covalent op een silicone oppervlak te  binden. De essentie van dit 
deel van het werk was om aan te tonen dat onze hypervertakte polyureas 
stevig geïmmobiliseerd waren en dat geblokte isocyanaat groepen 
beschikbaar waren om bioactieve verbindingen covalent te koppelen. De 
hypervertakte polyureas  werden geïmmobiliseerd door de directe 
polycondensatie van AB2 monomeren op geactiveerde silicone plaatjes. De AB2 
monomeren, waarvan de A-groep een secondaire amine en de B-groep een 
geblokte isocyanaat was, werden bereid door middel van een zeer selectieve 
reactie van bishexametyleen triamine met carbonyl biscaprolactam. De μm-
dikke, geïmmobiliseerde coatings waren na zeer intensieve wasprocedures 
nog volledig in tact. De aanwezigheid van de coatings werden bevestigd met 
behulp van FT-IR en XPS metingen. 

In hoofdstuk 3 worden een aantal synthese methoden beschreven voor 
de bereiding van POXs die voorzien zijn van een hydroxyl- of aminogroep op 



Samenvatting 

 

162 

 

de α-positie en een quat groep op de ω-positie. De hydroxyl- of aminogroepen 
werden gebruikt om de koppeling van deze (biocidale)  polymeren aan de 
hypervertakte polyurea coatings te bewerkstelligen. Er worden een aantal 
initiators gerapporteerd, zoals 2-jodoethanol en Boc beschermde tosylaten en 
nosylaten. De polymeren die verkregen werden met 2-jodoethanol waren 
verontreinigd met een kleine hoeveelheid van polymeer bijproduct. De 
efficiency van de tosylaat initiator was minder dan 50%, maar de nosylaat 
initiator voldeed prima en was 100% actief. De levende polymerisaties 
werden beëindigd door de reactie met dimethyl dodecylamine, waarbij de 
gewenste quat-eindgroep gevormd werd. Deze polymeren hadden in 
oplossing een goede antibacteriële werking voor enkele Gram positieve 
bacteriën en voor een schimmel stam. De antibacteriële werking werd niet 
beïnvloed door het molecuulgewicht van het polymeer. Dit was een aanwijzing 
dat de spacerlengte geen invloed zou hebben op de werking van 
geïmmobiliseerde quats. De Boc beschermgroep kon verwijderd worden met 
trifluorazijnzuur in chloroform. 

Een aantal potente antibacteriële polymeren werden geïmmobiliseerd 
op onze hypervertakte polyurea coatings en onderzocht op hun antibacteriële 
werking (hoofdstuk 4). Poly(2-methyl-2-oxazoline)s (PMOX) en het 
commerciële ethoquad C/25, voorzien van een quat groep per polymeer 
keten, en het commerciële lineair polyethyleneimine (PEI), voorzien van een 
groot aantal quats, werden geïmmobiliseerd. Aangetoond werd dat PMOX en 
ethoquad C/25 in staat waren om een deel van de caprolactamgroepen van de 
geblokte isocyanaten te substitueren en dus covalent gebonden waren. Het 
lineaire PEI substitueerde alle waarneembare caprolactam groepen, hetgeen 
aantoonde dat er een sterke koppeling was. Echter, door de immobilisatie 
verloren alle deze potente polymere biociden hun antibacteriële activiteit. 
Deze resultaten suggereerden dat ladingsdichtheid en hydrofobiciteit, maar 
ook de flexibiliteit van het coating oppervlak een belangrijke rol zou kunnen 
spelen in het mechanisme van afdoding van bacteriën door een direct contact 
met een oppervlak.  

In hoofdstuk 5 is de covalente immobilisatie van vertakte PEIs op de 
hypervertakte polyurea coatings beschreven. Na de koppeling zijn de vrije 
aminogroepen van de PEIs gealkyleerd met hexylbromide en methyljodide, 
waarbij een hoge ladingsdichtheid werd verkregen. De coatings werden zeer 
intensief gewassen om er zeker van te zijn dat de eventuele antibacteriële 
eigenschappen niet afkomstig konden zijn van extraheerbare componenten. 
XPS metingen toonden aan dat ca 1% van alle stikstof atomen in de 
kationische toestand waren. De ladingsdichtheid was groter dan 1015 N+/cm2, 
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hetgeen als grenswaarde wordt beschouwd waarboven antibacteriële 
eigenschappen verwacht kunnen worden. 

In hoofdstuk  6 zijn de antibacteriële eigenschappen deze coatings 
beschreven en wordt een nieuw contact-afdodingsmechanisme voorgesteld. 
De hypervertakte coatings met hierop de kationische vertakte PEIs doodden 
99.9% van de S. epidermidis ATCC 12228 bacteriën. Omdat er een intensieve 
wassing had plaatsgevonden werd geconcludeerd dat de afdoding uitsluitend 
toe te schrijven was aan het contact met het oppervlak. Fibroblast cellen 
groeide niet op coatings met het hoogste gehalte aan (gealkyleerd) PEI. Dat 
maakt deze coatings geschikt voor tijdelijk implantaten. Op coatings met een 
lagere concentratie aan (gealkyleerd) PEI groeiden de fibroblast cellen wel 
prima, maar was de antibacteriële werking minder. Deze coatings zouden 
gebruikt kunnen worden als wel cellgroei gewenst is.  

Het werkingsmechanisme van oplosbare quats is gebaseerd op 
absorptie van de quats in de celwand waarbij ion-uitwisseling optreedt  en 
verstoring van het cytoplasmisch membraan. Geïmmobiliseerde quats 
daarentegen kunnen hoogst waarschijnlijk niet op dezelfde wijze in de 
celwand penetreren. We hebben daarom een mechanisme voorgesteld waarbij 
de afdoding van bacteriën optreedt door de hoge ladingsdichtheid, de 
hydrofobiciteit en vervormbaarheid van de vertakte coatings die voor een 
krachtige fysische binding zorgt, hetgeen leidt tot verminderde groei, stres de-
activatie, verwijdering van anionische substanties en uiteindelijk tot 
celdoding.   
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