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Nisin, an antibacterial peptide proven to be an effective inhibitor of Gram-

positive bacteria, was incorporated into novel block copolymer constructs and tested 

for retained antibacterial activity.  Covalent coupling was achieved by chemical 

modification of the N-terminal isoleucine to introduce a thiol group. Thiolated nisin 

derivatives were then linked to poly[ethylene oxide]-poly[propylene oxide]-

poly[ethylene oxide] (PEO-PPO-PEO) triblocks that had been end-activated such that 

terminal hydroxyl groups of the PEO chains were replaced with pyridyl disulfide 

moieties. The nisin-containing block copolymers were separated from unreacted nisin 



by dialysis, and showed antimicrobial activity against the Gram positive indicator 

strain Pediococcus pentosaceus. 

Antimicrobial activity was determined to be due to a combination of disulfide-

linked nisin, and nisin that was not covalently associated with the PEO-PPO-PEO 

triblocks. While the extent to which nisin retained antimicrobial activity in its 

disulfide-linked, copolymer form is not clear, reduction of the nisin-containing 

copolymer constructs with dithiothreitol demonstrated that nisin released from the 

copolymer constructs did show antimicrobial activity. 

Thiol groups were also introduced to unfractionated heparin, an anticoagulant 

glycosaminoglycan, by reaction of carboxyl groups in its iduronic residues with 3, 

3’dithiobis (propanoic) hydrazide. Thiolated heparin derivatives were then linked to 

pyridyl disulfide-activated PEO-PPO-PEO triblocks which had previously been 

coated onto the surfaces of polystyrene microspheres (1 µm diameter). In addition to 

monitoring the heparin linking reaction spectrophotometrically, the zeta potential of 

uncoated, triblock-coated, and heparin-containing microsphere suspensions was 

recorded to provide an indication of the successful surface attachment of heparin. 

While the surface attachment of heparin in this manner significantly increased the 

anticoagulant activity of the microsphere suspensions as determined by the Activated 

Partial Thromboplastin Time (APTT) assay, this result was not fully reproducible due 

to the random nature of the thiol-modification process, which, after heparin surface 

attachment, may interfere with heparin function. 
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CHAPTER 1 

GENERAL INTRODUCTION 
 

The clinical success of a biomaterial depends upon how well its surface 

promotes or discourages biological responses that vary from adsorption of 

macromolecules to adhesion of different cell types to the surface. In spite of the 

increasing usage of biomaterials in contemporary medicine and their demonstrable 

benefits, several problems arise due to the above responses, and these include blood 

coagulation, fibrosis, inflammation reactions, infection, degradation and rejection. 

These reactions can be controlled by surface modification of the biomaterial, and the 

chief objective of this work is the minimization of blood clotting and bacterial 

infection at the site of the implant.                                                                                                                                    

Thrombosis at the site of an implant is a critical problem following surgery or 

endovascular intervention. Implant recipients can be given systemic anticoagulants 

but must endure the problems of toxicity and excessive bleeding. Biomaterial surfaces 

with grafted heparin show a diminished thrombogenic response, but results with such 

heparinized surfaces have been far from uniformly favorable with respect to retained 

anticoagulant function. An important origin of this problem is that the spatial and 

structural character of heparin at interfaces is not well controlled. 

Bacterial adhesion at the site of the implant may lead to systemic infection or 

bacteremia, resulting in multiple organ failures or even death. A number of 

antimicrobial coatings have been evaluated for their ability to reduce the incidence of 
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implant-related sepsis. In general, the prophylactic use of antibiotic-coated implants 

increases the risk of producing resistant strains of bacteria, while the use of other 

kinds of antibacterial compounds (antiseptics) provides inferior results in comparison 

to the use of clinical antibiotics. 

Lantibiotics are a class of compounds that may offer a means for preventing 

the rise of resistant strains due to their unique nature. Nisin is one such lantibiotic that 

can adsorb to a surface, maintain activity and kill adhered cells, but this activity is 

short lived. Furthermore, the amount of antimicrobials that can be adsorbed to an 

implant surface is low and their loss by desorption cannot be recovered.  

 Several surface chemical approaches have been established to control the 

aforementioned biological responses evoked by biomaterials. One such approach 

involves the minimization of macromolecular adsorption by decreasing the interfacial 

energy. Surfaces grafted with PEO are found to be significantly less prone to 

adsorption and cellular adhesion. PEO-containing block copolymers can also be used 

as surface modifiers and Pluronic® surfactants are one such class of compounds. 

These are non-ionic surfactants with the general composition PEO-PPO-PEO and 

they are immobilized via interaction between the apolar PPO block and a 

hydrophobic surface. The surface then achieves a hydrophilic, ‘protein-repelling’ 

nature due to the pendant PEO chains. 

 End-activated Pluronic® surfactants have also been used to immobilize 

bioactive entities at interfaces with good success. Preparation of such a bioactive 

layer involves coating of a surface with these end-activated triblock surfactants 

followed by chemical coupling of the suitably modified bioactive entity. In this way, 
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difficulties such as surface-induced unfolding by nonspecific adsorption, steric 

hindrance due to surface proximity, and shielding of reactive moieties of the 

biomolecule due to direct immobilization can be overcome. The following chapters 

report the synthesis of nisin and heparin-containing copolymer constructs by linking 

both molecules to end-activated Pluronic® surfactants. The antimicrobial and 

anticoagulant properties of these constructs at surfaces as well as in solution were 

evaluated. The Pluronic®s were end-activated to yield pyridyl disulfide groups at the 

PEO termini and the biomolecules were chemically modified to incorporate a thiol (-

SH) group that reacts with the pyridyl disulfide to form a disulfide linkage. 

Chapter 3 describes the synthesis of nisin-containing block copolymers. Nisin 

was reacted at its N-terminal to incorporate a thiol group. This was performed in a 

manner that retained a significant portion of its antibacterial activity. Nisin thus 

modified was reacted with solutions of end-activated and inert Pluronic® F108 and 

the antibacterial activity of these constructs was determined using a Gram positive 

bacterial organism as an indicator strain. 

Chapter 4 describes the synthesis of heparin-containing block copolymer 

constructs. Thiol groups were incorporated in heparin by reaction with dihydrazide 

crosslinkers containing a disulfide bond that could be cleaved to yield a thiol group. 

The conjugation was carried out at the several carboxyl groups present in the iduronic 

acid portions of the heparin molecule. Heparin thus modified was reacted with 

polystyrene microparticles rendered hydrophilic using adsorbed layers of end-

activated and inert Pluronic® F108. Anticoagulant activity of these heparin-containing 
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copolymer constructs was evaluated using multiple assays for the biological activity 

of heparin. 

 During the synthesis of nisin-containing copolymers, it was observed that 

solutions of unmodified Pluronic® F108 that were inert to reaction with thiol-

containing nisin, also displayed antibacterial activity. Repeated observations of this 

phenomenon in subsequent experiments led to further investigations revealing the 

entrapment of nisin in the Pluronic® matrix. Nisin incorporated in this manner was 

found to release in a time-dependant fashion and display antibacterial activity in 

solution. Layers of Pluronic® F108, adsorbed onto a hydrophobic surface were also 

found to entrap nisin, followed by its slow release in solution. As mentioned earlier, 

layers of Pluronic® surfactants repel proteins from a surface. However, nisin was 

found to have a strong affinity for the Pluronic® matrix. A description of the 

experiments that led to discovery of this effect, as well as the research work 

performed to further explore this phenomenon, can be found in Appendices A and B 

of the dissertation respectively.  
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Lantibiotics and Nisin 

 
Lantibiotics are a class of naturally occurring antimicrobial peptides that 

contain one or more lanthionine rings in their primary structure. They are ribosomally 

synthesized in the bacterial cell but undergo post-translational modifications that give 

rise to dehydrated amino acid residues as well as the thioether bonds of the 

lanthionine rings. One such modification involves the dehydration of serines and 

threonines to form dehydroalanines and dehydobutyrines, respectively. These can 

subsequently react with adjacent cysteine residues to form lanthionine and methyl-

lanthionine. In addition, many of the lantibiotics are highly surface active compounds 

(Bower et al. 2001).  

Several lantibiotics have been evaluated for antimicrobial properties as well as 

for other therapeutic uses. Epidermin and gallidermin were found to be effective for 

treating skin infections (Allgaier et al. 1986; Kellner et al. 1988). Ancovenin may 

have potential for treating high blood pressure (Kido et al. 1983), lanthiopeptin has 

demonstrated antiviral activity (Naruse et al. 1989), and mersacidin has shown 

potential as an immunosuppressant (Niu et. al 1991). Several others, including nisin, 

magainin, pediocin and ramoplannin have demonstrated antibacterial activity. 

The mode of action of lantibiotics differs from that of traditional antibiotics, 

with the exact mechanism varying with the type of lantibiotic. Type A lantibiotics are 
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linear molecules that are strongly cationic and amphiphilic. They are highly surface 

active and kill susceptible bacteria through a multistep process that destabilizes the 

phospholipid bilayer of the cell and creates transient pores. The targeted bacterium is 

rapidly killed by efflux of ions and cytoplasmic solutes such as amino acids and 

nucleotides, and subsequent dissipation of membrane potential (Garcera et al. 1993). 

The depolarization of the cytoplasmic membrane results in an instant termination of 

all biosynthetic processes (Ruhr and Sahl 1985).  

Nisin is a type A lantibiotic with a net positive charge of (+4). It is a linear, 

amphiphilic, 34-residue polypeptide molecule with a molecular mass of 3510 daltons. 

As is the case with other lantibiotics, the serine and threonine residues undergo 

dehydration and subsequent reaction with cysteine residues to yield five lanthionine 

rings. Two of these are located in the N-terminal domain and three are situated in the 

C-terminal region of the peptide. These two regions are separated by a flexible hinge 

region comprising of amino acid residues 20-22. This rigid ring structure imparts a 

screw-like helical conformation to nisin in solution, with the more hydrophobic N-

terminal and the less hydrophobic C-terminal on the opposite sides of the helix (M. 

Slijper 1989).  

Numerous experiments have been performed to determine the significance of 

various nisin structural domains on its antimicrobial activity. It was found that the C-

terminal was essential for initial binding of the nisin to the cell membrane (Breukink 

et al. 1997). Also, any changes to the lanthionine rings or the dehydrated amino acids 

were detrimental to the nisin activity (Gifford et al. 1997). It was also found that nisin 

requires a transmembrane potential to demonstrate any activity (Kordel and Sahl 
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1986). Furthermore, the variants of nisin, which possessed a leader peptide sequence 

before the N-terminal isoleucine, did not show any activity (Gifford et al. 1997). 

From these observations, Breukink et. al (Breukink and Kruijf 1999) have proposed 

the following general model for the antibacterial activity of the peptide. According to 

the model, nisin kills the target bacterium through a multi-step process. The first step 

involves nisin binding to the negatively charged cell-membrane, which occurs via 

electrostatic interactions through the C-terminal. The more hydrophobic N-terminal 

then inserts into the hydrophobic phospholipid component of the membrane, and 

several peptides co-operate thereby forming a transient pore. The pore is formed in 

such a way that the positively charged portion of the molecule is exposed on the 

inside, thus forming an anion-selective channel. Nisin then translocates across the 

membrane, most likely pulled by the electrophoretic action of the transmembrane 

potential 

Structural analyses have indicated that the hydrophilic groups of nisin interact 

with the phospholipid headgroups; the hydrophobic side chains are immersed in the 

hydrophobic core of the membrane (van den Hooven et al. 1996). The “wedge” model 

of pore formation (Driessen et al. 1995) takes such data into account but proposes that 

the peptides insert into the membrane without losing contact with the membrane 

surface, resulting in the formation of a short-lived (i.e., duration of milliseconds to 

seconds) pore.  In the wedge model, pore formation is proposed to be caused by local 

perturbation of the lipid bilayer, whereby the hydrophobic residues of the peptide are 

inserted shallowly into the outer leaflet of the lipid bilayer (Montville and Chen 

1998).The “barrel-stave” model (Ojcius and Young 1991; Sahl 1991) on the other 
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hand proposes that nisin binds as a monomer and inserts into the lipid bilayer.  The 

inserted monomers then aggregate laterally to form pores.  Each of these models was 

proposed during a time when many questions remained concerning the involvement 

of cell surface factors, lifetime of the pore, and number of molecules required for pore 

formation.  These have not all been answered, but recent research has revealed the 

importance of the cell wall precursor “lipid II,” and the functional importance of 

specific segments of the nisin molecule, in pore formation (Breukink et al. 1999; 

Wiedemann et al. 2001; Hsu et al. 2002; van Heusden 2002). 

It was observed that micromolar quantities of nisin are required to cause dye 

leakage from anionic membranes, whereas the minimum inhibitory concentration of 

nisin against several Gram positive bacterial strains is in the nanomolar range. These 

discrepancies were explained by the finding that nisin uses lipid II, the lipid-bound 

precursor of the bacterial cell wall, as a docking molecule for subsequent pore 

formation (Breukink, Wiedemann et al. 1999; Wiedemann, Breukink et al. 2001).  

Lipid II provides subunits for the peptidoglycan polymer needed in cell wall synthesis. 

It is formed by a two-step assembly of N-acetylglucosamine and N-acetylmuramic 

acid to a bactoprenol tail (the N-acetylmuramic acid also contains a peptide of five 

amino acids). Lipid II molecules are transported across the cell membrane to deliver 

the sugar-peptide building blocks needed for cell wall synthesis. The mechanism for 

this transport is not currently known. Also unknown is exactly how the 55-carbon 

bactoprenol lipid tail is situated within the membrane, e.g., whether in a “trans-

bilayer” fashion or between the monolayers. 
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The specificity of the nisin-lipid II interaction and the resulting high level of 

nisin activity were demonstrated in a comparative study with the pore-forming 

amphiphilic peptide, magainin 2 (Breukink et al. 1999). In contrast to magainin, the 

activity of nisin was found to be enhanced by a factor of 103 when lipid II was 

available for targeted pore formation. It is interesting to note that two type B 

lantibiotics (mersacidin and actagardine) have been shown to form complexes with 

lipid II. In those cases however, binding only blocks the precursor from incorporation 

into polymeric peptidoglycan, and does not lead to pore formation. 

Wiedemann et al. (Wiedemann et al. 2001) studied the interaction between 

lipid II and a number of synthetic nisin mutants to identify the structural elements of 

the nisin molecule that are important for the interaction with lipid II and subsequent 

pore formation.  Mutations affecting the conformation of the N-terminal domain of 

nisin led to reduced binding, thus increasing the peptide concentration needed for pore 

formation (from about 1 to 50 nM). Peptides mutated in the flexible hinge region 

were found completely incapable of forming pores, but did retain activity in vivo. 

This in vivo activity was suggested to have resulted from the capacity of the mutant to 

bind to lipid II via its unaltered N-terminal domain, inhibiting incorporation of lipid II 

into the peptidoglycan network (thus showing an antimicrobial action similar to 

mersacidin and actagardine).  Mutations in the C-terminal domain had relatively little 

effect on either lipid II binding or pore formation. 

High resolution NMR spectroscopy studies of nisin-lipid II interactions in 

model membrane systems (Hsu et al. 2002) and site-directed tryptophan spectroscopy 

studies of nisin “topology” in lipid II-containing membranes (van Heusden 2002) 
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have also yielded results completely consistent with the finding that the N-terminal 

domain is the key structural element involved in the binding of nisin to lipid II, 

whereas the hinge region between ring clusters A-B-C and D-E is most important for 

pore formation. In the presence of lipid II, the phospholipid make-up of the 

membrane is not a significant factor in nisin binding; i.e., a negative surface charge is 

not necessary (Wiedemann et al. 2001). 

To this point little has been said of the function of the C-terminal domain of 

nisin.  It is worth noting that this domain has been identified as important for initial 

binding as well as antimicrobial activity when pores are formed in a target-

independent fashion, i.e., without lipid II (Breukink et. al 1997; van Kraaij et al. 

1997).  Such activity is also observed at relatively high nisin concentrations (µM 

range) and for optimal activity in this context, membranes should contain 50-60% 

negatively-charged phospholipid (van Kraaij et al. 1997). Further studies have 

revealed that an intact N-terminal of nisin is essential for its binding to lipid II, the 

binding occurs via hydrogen bonds, and involves formation of a pyrophosphate cage 

(Hsu et al. 2004).  

Nisin has had a long history as a potent and safe food preservative. It has been 

demonstrated that nisin can adsorb to synthetic surfaces, maintain activity, and kill 

cells that have adhered in vitro (Daeschel et al. 1992; Bower et al. 1995; Daeschel 

and McGuire 1995; Lakamraju et al. 1996). While nisin has demonstrated activity 

against only Gram-positive bacteria, it can be an effective inhibitor of certain Gram-

negative bacteria when used in combination with other compounds such as chelating 

agents (Stevens et al. 1991). Nisin has been shown to prevent microbial adhesion on 
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endotracheal suction catheters in vitro (using Staphylococcus aureus, Staphylococcus 

epidermidis, and Enterococcus faecalis [Streptococcus faecali] as indicator 

organisms), prompting further studies in vivo evaluating nisin-treated intravenous 

(IV) catheters in sheep and tracheotomy tubes in ponies (Bower et al. 2002). 

Catheters pretreated with nisin for long-term placement (7 days) did not retain 

antimicrobial activity, while short-term (3-5 h) IV catheters did. The exact duration of 

nisin activity on IV catheters remains unknown. There were no abnormalities on 

clinical examination of sheep during the experimental period, and no animal in either 

group developed catheter-related infection or venous thrombosis. Veins with short-

term catheters also showed fewer and less severe histologic abnormalities compared 

with controls, indicating a possible protective effect on vascular endothelium (Bower 

et al. 2002). As the first-ever preclinical trial of nisin-treated implantable materials, 

this study represented an important step toward development of protein antimicrobial 

films for implantable medical devices. 

2.2 Antimicrobial coatings 

 Several antimicrobial coatings have been evaluated for their ability to reduce 

the incidence of catheter-related sepsis. Staphylococcus aureus ( S. aureus) and 

Staphylococcus epidermidis are the most frequently encountered biomaterial-

associated pathogens, and both are Gram-positive bacteria. Chemical compounds 

with antibacterial properties, such as fusidic acid and chlorhexidine, were able to 

prevent S. aureus catheter infection in a rabbit model; however, superior results were 

obtained with clinical antibiotics such as dicloxacillin and clindamycin (Sherertz et al. 
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1993). Two commercially available central venous catheters, one coated with 

antiseptic agents and one coated with antibiotics were also compared. The antibiotic-

coated catheter (Bio-Guard Spectrum, bonded with minocycline and rifampin), had 

greater ex vivo antimicrobial activity against S. aureus than the antiseptic-bonded 

catheter (ARROWgard, bonded with chlorhexidine and silver sulfadiazine, (Marik 

1999)). However, the prophylactic use of antibiotic-coated catheters increases the risk 

of producing resistant strains of bacteria. 

 

2.3 Heparin 

 Heparin belongs to a class of compounds known as glycosaminoglycans 

(GAG) and the members of this group of biomolecules are connective tissue 

polysaccharides, such as hyaluronic acid and chitosan. Heparin is comprised of 

alternating residues of uronic acid and modified hexosamine residues. The residues 

are highly sulfated and this gives the molecule a very high negative charge. Heparin 

differs from other GAGs chiefly in this aspect. Biologically, heparin is found in the 

mast cells and is primarily isolated from mammalian lung, intestine, and liver. 

Heparin-like molecules are also found in invertebrates such as some molluscs and 

sea-urchins and some organisms of the phyla Annelida, and Coelenterata (Comper 

1981). Heparin shows diverse activities, including inhibition of platelet adhesion, 

both stimulation and inhibition of cell growth, inhibition of inflammation, and 

inhibition of coagulation through tissue factor pathway inhibitor and antithrombin 

(AT) (Engelberg 1996). 
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   The AT binding capability of heparin has been widely exploited for its use as 

a clinical anticoagulant. Two forms of heparin are chiefly used in clinical 

anticoagulant therapy. Naturally occurring, unfractionated free heparin (UFH) is a 

polysaccharide with an average MW of 15-25 kDa. This can be selectively 

depolymerized by chemical degradation using nitrous acid, or enzymes from 

Flavobacter to yield fragments of 4000-5000 Da, collectively termed as low 

molecular weight heparin (LMWH). Due the the presence of a specific 

pentasaccharide sequence, UFH has a better binding capacity for AT as compared to 

LMWH. However, due to its small size LMWH shows a decreased tendency towards 

non-specific binding to plasma proteins and, therefore, has better bioavailability.  

Several clinical studies have claimed the therapeutic advantage of LMWH over UFH 

in treatment of deep-vein thrombosis (Levine et al. 1996; Belacro et al. 1999) and 

acute pulmonary thromboembolism (Simonneau et al. 1993). However, Raschke et. al 

(Raschke 2003) claim that this could possibly be due to the suboptimal dosing and 

monitoring of UFH in many of these studies.   

 The binding of heparin to AT is highly specific, reversible and does not 

inactivate the heparin molecule. Antithrombin has an intrinsic low level of thrombin-

inhibiting activity and binding with heparin dramatically increases this effect. This 

augmentation of activity comes about in three ways. First, heparin attaches to a small, 

high affinity site on AT to produce a conformational change at the reactive site, 

which occurs with the binding of pentasaccharide sequence alone and results in a 

100-fold increase in inhibition of not only thrombin but also factor Xa and certain 

other proteases including factors XIIa, XIa, IXa, plasmin and kallikrein.  
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 The second effect is via a larger, low affinity site that extends from the 

pentasaccharide site to the pole of the AT molecule near the active centre. The active 

centre carries a positive charge, which tends to repel positively charged proteases 

such as thrombin. Addition of the negative charge carried on the heparin neutralizes 

this effect. 

 The third effect is also specific to the inhibition of thrombin, which has 

charged exosites away from the active centre. One of these exosites attaches to longer, 

non-specific portions of the heparin molecule that are bound to the high affinity site 

by their pentasaccharide sequence. This long tail ensures a certain orientation of 

thrombin with anti-thrombin and fixes the anti-thrombin portion in a ternary complex 

with heparin and thrombin. In this circumstance, the role of heparin is to bring 

together the protease and its inhibitor in an optimal orientation for inhibition, rather 

than producing just a conformational change (Walker and Royston 2002). 

2.4 Heparinized surfaces 

Heparin has been coated onto solid surfaces for blood-contacting biomaterials 

because of its superior anticoagulant properties. Most surface immobilization of 

heparin involves covalent grafting onto solid materials. A number of studies suggest 

that surfaces with grafted heparin do show a diminished thrombogenic response 

(Fukutomi  et al. 1996; Svenmarker et al. 1997). Joshi et. al modified LMWH at its 

carboxyl groups using adipic dihydrazide and covalently attached it to specular silica 

surfaces. Fibrinogen adsorption was studied at such heparinized surfaces by 
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ellipsometry and was found to be significantly less and occurring at a lower rate as 

compared to that on unheparinized surfaces (Joshi et al. 2005). 

However, other results are in direct conflict with this, and the exact 

mechanism of heparin action at interfaces is still not well understood. For example, 

Blezer (Blezer et al. 1997) found heparinized surfaces to be highly thrombogenic 

owing to their dense negative charge. They described a dual role for immobilized 

heparin in blood coagulation, where enhanced thrombogenicity was counterbalanced 

by anti-thrombin activity. Steric repulsion has also been proposed as a possible 

mechanism of immobilized heparin action, leading to inhibition of thrombin activity 

and suppression of platelet adhesion and activation, or to inhibited adsorption of cell 

adhesion proteins (Sanchez et al. 1995; Weber et al. 2002). In any event, heparin 

anticoagulant activity on commercially available heparinized devices is not well 

documented, and to date, neither the systemic administration of heparin nor the self 

administration of other anticoagulants is reduced for patients implanted with such 

devices. Moreover, investigators involved with the heparin-COAted STents in small 

coronary arteries (COAST) trial concluded there is no difference between bare and 

heparin-coated stenting in the treatment of stenoses in small coronary arteries (Haude 

et al. 2003). 

 

2.5 Polyoxyalkylene block copolymers 

   A diverse set of compounds containing repeating units of ethylene oxide (EO), 

propylene oxide (PO) and butylene oxide (BO) have been synthesized on a 
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commercial scale. By varying the number of monomer units present and their 

sequence in the macromolecule, polymers of different properties have been prepared. 

Of chief interest are the A-B-A type block copolymers where A = polyethylene oxide 

(PEO) and B = polypropylene oxide (PPO), commercially known as Pluronics® or 

Poloxamers.   

(Nace 1996). The pendant methyl groups (-CH3) of the PPO units make the central 

core hydrophobic and the PEO chains demonstrate hydrophilic behavior. Due to this 

amphiphilic nature, all of the Pluronics® demonstrate surface activity. This property 

has been exploited to their classification and commercial use as nonionic surfactants, 

and depending upon the ratio of EO/PO groups present (also known as the 

hydrophile-lipophile balance) these molecules are used as detergents, foaming agents, 

foam suppressors, emulsifiers and wetting agents (BASF 2006). 

 In aqueous solutions PEG (PEO) binds to 2-3 water molecules per ethylene 

oxide unit (Roberts et al. 2002). Additionally, entropic effects lead to aggregation of 

the central hydrophobic PPO of the triblocks to minimize their exposure to the 

surrounding water molecules. This leads to formation of micelles, vesicles and other 

self-assembled structures in solution. When exposed to a hydrophobic surface, these 

molecules adsorb on such a surface via their hydrophobic core, forming monolayers 

(O’Connor et al. 1999). Depending upon the surface density, these layers assume a 

pancake, mushroom or brush-type configuration, and make the underlying surface 

hydrophilic. This property of self-assembly coupled with their non-toxicity has found 

several uses for Pluronics® in the medical field. Micelles of these triblock copolymers 

have been used to solubilize hydrophobic drugs and enhance their delivery to several 
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tissue targets (Kabanov et al. 2002). In several studies, colloidal micro-and 

nanoparticle suspensions, whose surfaces have been modified by adsorbed Pluronics® 

were found to be better drug delivery vehicles than unmodified particles. Red blood 

cells, whose surfaces were covered with layers of Pluronic®   F108 were used as 

blood substitutes (Armstrong, et al. 2001). In addition, solutions of Pluronics® 

undergo gel formation at physiological temperatures. This phenomenon can be used 

for controlled release of a drug that has been solubilized in the surfactant micelles. 

Such gels have also met success as burn wound dressings (Henry and Schmolka 

1989).  

 Numerous studies have shown that PEO-grafted surfaces can be used to 

decrease the interfacial energy of a surface. This reduces protein adsorption and 

cellular adhesion to a surface and improves its biocompatibility (Amiji and Park 

1992). A PEO molecule is electrically neutral, and hence, does not participate in any 

Coulombic interactions with the surface-approaching proteins. PEGylation (covalent 

attachment of PEO) of proteins and other biomolecules leads to an increase in their 

apparent size and reduces their renal clearance time (Roberts et al. 2002). This is 

probably because of enhanced solute-solvent interaction of PEO with water on 

account of its high solubility. When attached to a surface, this effect leads to 

extension of the PEO chains outstretched into the aqueous environment and creates a 

steric repulsive barrier. The effectiveness of such a barrier has been found to depend 

upon the PEO chain length, surface concentration of the PEO molecules and the 

dynamics of the layer (Li et al. 1993).   
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 Chemical coupling of PEO chains to a surface may not give the optimal 

concentration required to have the desired repulsive effect. Furthermore, chemical 

derivatization is inefficient for a large number of device surfaces with a complex 

geometry. When a hydrophobic surface is brought in contact with aqueous solutions 

of Pluronic®s, the molecules adsorb via their hydrophobic PPO core, forming self-

assembled monolayers. The PEO chains extend into the solution forming a steric 

barrier. Adsorption isotherms and dynamics of these molecules have been extensively 

studied (Munoz et al. 1999) and the decrease in surface energy due to their adsorption 

has been demonstrated. It has been observed that the extent of protein repulsion is 

determined by the molecular weight or length of the PEO chains (McPherson et al. 

1998), where as the length of the PPO block determines the strength of attachment. 

Self-assembled monolayers of the Pluronic® F108 (n(EO)=129 and n(PO) = 56 ) have 

been found to be most effective in decreasing the adsorption of major opsonic 

proteins to almost 90% and their surface integrity has been found to hold in a highly 

competitive environment such as plasma, both in vivo and in vitro (Li and Caldwell 

1996).              

This adsorption capability of Pluronics® can also be utilized to yield surfaces 

with a desired functionality by immobilizing specific molecules at the PEO termini. 

Several conservative methods of surface modification involve direct covalent 

attachment or non-covalent adsorption of the molecule to the surface. The former 

often leads to the loss of biological activity of the molecule due to anchoring of the 

key functional groups of the molecule and due to the shielding effect of the surface. 

The latter causes denaturation and in addition the surface functionality is only 
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temporary due to the irreversible loss of molecules resulting from desorption. Due to 

their hydrophilicity, the PEO chains extend into the solution, away from the surface, 

and it is hypothesized that this would cause an increased mobility and solvent-

accessibility of the coupled biomolecule as compared to direct attachment, thereby 

leading to a higher retention of its biological activity.   

Immobilization of molecules and other biological entities to a surface via an 

adsorbed Pluronic® tether involves suitable chemical modification of the terminal 

hydroxyl groups of the PEO chains. This has been achieved by several methods to 

yield different functional groups at the PEO termini (Li et al. 1996). For example, 

Webb et. al modified the hydroxyl groups of Pluronic® F108 to yield thiol groups. 

Fibronectin, made sulfhydryl-reactive by modification at its N-terminal amine, was 

reacted to these groups (Webb 2000). Using the same modification chemistry, Neff et 

al, (Neff 1998) modified polystyrene Petri-dishes and microparticles via F108 

adsorption to prepare cell-resistant surfaces. The F108-free ends were then modified 

by attachment of a hexapeptide containing the cell-binding motif RGD and were 

found to support attachment and growth of fibroblasts. Ho et al (Ho et al. 1998) 

modified the Pluronic® F108 with a metal chelator to form a complex with histidine-

tagged peptides and were successful in the immobilization of firefly luciferase on 

polystyrene beads. Limberis (Limberis et al. 2001) attached polarized microtubules to 

a surface via an antibody attached to adsorbed Pluronic® for kinase-powered nano-

devices. Several other groups have utilized unmodified Pluronic® layers to coat the 

surfaces of biodegradable nanoparticles to improve their pharmacokinetic properties 
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(Jain et al. 2005; Shenoy and Amiji 2005), or covered them with ligand-attached 

Pluronic® for targeted delivery of their drug cargo (Moghimi et al. 2001).      
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CHAPTER 3 

SYNTHESIS AND ANTIBACTERIAL ACTIVITY OF NISIN-
CONTAINING BLOCK COPOLYMERS 

 
 
Abstract  

Nisin, an antibacterial peptide proven to be an effective inhibitor of Gram-

positive bacteria, was incorporated into novel block copolymer constructs and tested 

for retained antibacterial activity.  Covalent coupling was achieved by chemical 

modification of the N-terminal isoleucine to introduce a thiol group. Thiolated nisin 

derivatives were then linked to poly[ethylene oxide]-poly[propylene oxide]-

poly[ethylene oxide] (PEO-PPO-PEO) triblocks that had been end-activated such that 

terminal hydroxyl groups of the PEO chains were replaced with pyridyl disulfide 

moieties. The nisin-containing block copolymers were separated from bound nisin by 

dialysis, and showed antimicrobial activity against the Gram-positive indicator strain 

Pediococcus pentosaceus. Antimicrobial activity was determined to be due to a 

combination of disulfide-linked nisin, and nisin that was non-covalently associated 

with the PEO-PPO-PEO triblocks. 

 

Keywords: Lantibiotics, nisin, PEO-PPO-PEO triblocks, Pediococcus pentosaceus, 

Pyridyl disulfide, antibacterial activity.  
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3.1 Introduction 
 

Bacterial adhesion and infection at the site of an implant can be a critical 

problem following surgery and endovascular intervention, and a number of 

antimicrobial coatings have been evaluated for their ability to reduce the incidence of 

implant-related sepsis. In general, the prophylactic use of antibiotic-coated implants 

increases the risk of producing resistant strains of bacteria, while the use of other 

kinds of antibacterial compounds (antiseptics) provides inferior results in comparison 

to the use of clinical antibiotics. 

  Lantibiotics are antibiotic compounds that include one or more lanthionine 

rings. The unique physical structure of lantibiotics makes them different in mode-of-

action from traditional antibiotics, suggesting that they offer a means for preventing 

the rise of resistant microorganisms.  Lantibiotics such as nisin can adsorb to 

surfaces, maintain activity, and kill cells that have adhered in vitro (Bower et al. 

1995). Bower et al. (Bower and Parker, 2002) reported the first application of nisin-

coated implants in vivo, proving them to be effective when applied to intravenous 

catheters in sheep and tracheotomy tubes in ponies. This was achieved without 

prolonging procedures and without causing systemic or local adverse effects. While 

the duration of nisin activity in vivo was short (no activity recorded after contact with 

blood for 5 h), it appeared to have a protective effect on vascular endothelium. The 

structure of nisin, by far the most extensively investigated lantibiotic with reference 

to biomaterials applications, is shown schematically in Figure 3.1. 

 Nisin kills susceptible bacteria through a multi-step process that destabilizes 

the phospholipid bilayer of the cell and creates transient pores. Therefore, an implicit 



  
 

 31 

assumption in synthesis of such antimicrobial layers has been that nisin must be able 

to desorb from the biomaterial surface in order to function. However, recent advances 

in the study of nisin behavior at model, as well as susceptible bacterial membranes 

have revealed several essential steps characterizing its bactericidal activity. This 

information, summarized below, would suggest that nisin need not be entirely free of 

a surface to ensure proper function. 

 Nisin acts on model membranes at micromolar concentrations, while in vivo 

minimal inhibitory concentration values are typically in the nanomolar range. This 

discrepancy was explained by the finding that nisin uses lipid II, the lipid-bound 

precursor of the bacterial cell wall, as a docking molecule for subsequent pore 

formation (Breukink and Kruijf 1999; Wiedemann et al. 2001).  Lipid II provides 

subunits for the peptidoglycan polymer needed in cell wall synthesis.  

Wiedemann et al. (Wiedemann et al. 2001) studied the interaction between 

lipid II and a number of synthetic nisin mutants to identify the structural elements of 

the nisin molecule that are important for the interaction with lipid II and subsequent 

pore formation.  That work, in addition to high resolution NMR spectroscopy studies 

of nisin-lipid II interactions in model membrane systems (Hsu et al. 2002) and site-

directed tryptophan spectroscopy studies of nisin “topology” in lipid II-containing 

membranes (van Heusden 2002) have yielded results consistent with the finding that 

the N-terminal domain is the key structural element involved in the binding of nisin to 

lipid II, whereas the hinge region between ring clusters A-B-C and D-E (Figure 3.1) is 

most important for pore formation.  Several nisin-lipid II complexes are presumed to 

assemble to create a functional pore, in the ratio of eight nisin molecules to four lipid 
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II molecules (Breukink and de Kruijf 2006). Recent resolution of the lipid II-nisin 

pore complex by NMR spectroscopy revealed a novel lipid II binding motif in which 

the pyrophosphate of the lipid II is surrounded by the N-terminal backbone amides of 

nisin via intermolecular hydrogen bonds, thereby forming a cage structure (Hsu et al. 

2004).    

In this work, we constructed novel, nisin-containing block copolymers by 

chemical coupling of nisin derivatives to end-group activated poly[ethylene oxide]-

poly[propylene oxide]-poly[ethylene oxide] (PEO-PPO-PEO) triblocks. The end-

group activated triblocks were produced from the Pluronic® surfactant F108 (MW 

14,600, with two end blocks of PEO that are 129 monomer units in length and a 

center block of PPO that is 56 monomer units in length, i.e., HO-(CH2-CH2-O)129-

(CHCH3-CH2-O)56-(CH2-CH2-O)129-H). Nisin was secured to PEO chains in an “end-

on” orientation, through a linkage with the primary amine of the N-terminal 

isoleucine. In this way, we expected N-terminal domain binding to lipid II would be 

unaffected, as would the flexibility of the hinge region.  Guiotto et al. ( Guiotto et al. 

2003) attempted the PEGylation of nisin by reacting the N-terminal with PEG-SPA 

ester in the presence of triethylamine at pH 8. This led to inactivation of the nisin-

PEG conjugate, which was attributed to the possible acylation of lysine side-chains 

that are essential for antimicrobial activity. Their attempts at nisin PEGylation at the 

C-terminal carboxylate (using PEG-hydrazide and EDCI-based chemistry) also 

resulted in nisin activity loss. This was attributed to the loss of anionic membrane 

binding capability of nisin that occurs at the C-terminus. Therefore, we used near-

neutral reaction conditions that would activate only the N-terminal isoleucine. A 
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schematic of lipid II-mediated pore formation by nisin linked to PEO in this way is 

provided in Figure 3.2.  

End-group activated Pluronic® surfactants have been used to immobilize 

bioactive entities at solid-liquid interfaces with good success. For example, 

fibronectin has been covalently attached to end-activated PEO “tethers” in this 

manner.  Through hydrophobic interaction between the apolar PPO block and a 

hydrophobic surface, the pendent PEO-fibronectin chains remained mobile in the 

fluid phase. In this way, difficulties such as surface-induced unfolding and the 

nonspecific binding of unwanted protein, encountered with nonspecific adsorption of 

fibronectin directly on to a hydrophobic surface, were overcome (Webb et al. 2000; 

Biran 2001). Other biomolecules linked to immobilized, activated triblocks include 

enzymes (Ho et al. 1998),  motor proteins (deCastro et al. 1999), antibodies (Basinska 

and Caldwell 1999), antibody fragments (Limberis et al. 2001), antibody binding 

proteins, peptide ligands (Neff 1998), growth factors, extracellular matrix proteins 

(Webb et al. 2000; Biran 2001; Webb et al. 2001; Webb, E. Budko 2001) and 

fragments of transmembrane proteins. 

 In this paper we describe the synthesis of nisin-containing block copolymers, 

and their activity against a Pediococcus pentosaceus indicator strain.  Such bioactive, 

surface-active polymers would find application as components in anti-bacterial 

coatings, amenable to a wide variety of materials and medical device geometries. This 

kind of construct would also be useful in imparting antimicrobial function to foams, 

emulsions and hydrogels, and in instances where incorporation of tethered entities by 
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chemical reaction followed by extraction of unreacted reagents and byproducts from 

the end use biomaterial is not possible or not desirable. 
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3.2 Materials and Methods 

3.2.1 Nisin Modification 

 Stock solutions of nisin (MW 3510 Da, Batch 20050116-1, Prime Pharma, 

Gordons Bay, Republic of South Africa ) were prepared with trifluoroacetic acid 

buffer, TFA (Mallinckrodt Baker Inc., Paris, KY) at a concentration of 10 mg/ml and 

pH 2.1 (Liu 1999). Prior to cross-linking, the pH was raised using monobasic and 

dibasic potassium phosphate buffers. Ethylene diamine tetra-acetic acid, EDTA 

(Sigma-Aldrich, St Louis, MO) was used as a buffer component to chelate metal ions 

and thereby reduce the likelihood of oxidation and potential crosslinking of the thiol 

groups introduced in the nisin molecules. The final reaction concentration of nisin 

varied from 0.5 to 2.0 mg/ml in 20 mM potassium phosphate buffer at pH 7.0, with 

10 mM EDTA (PB). N -succinimidyl 3-(2-pyridyldithio)-propionate (SPDP), N-

succinimidyl-S-acetylthioacetate (SATA), and N-succinimidyl S acetyl 

(thiotetraethylene glycol) ester (SAT-PEO4, all from Pierce Biotech, Rockford, IL) 

were the NHS-ester crosslinkers that were used in independent experiments to modify 

nisin at its N-terminus.  

 

3.2.1.1 SPDP 

N -succinimidyl 3-(2-pyridyldithio)-propionate was dissolved in dimethyl 

sulfoxide, DMSO (Sigma-Aldrich, St Louis, MO) at stock solution concentrations 

that ranged from 40 to 100 mM (2.8 to 7-fold molar excess over nisin, based on 

manufacturer’s recommendation) and 10 µl were added to 1 ml of the nisin solution 

in a microcentrifuge tube. The tube was wrapped in aluminum foil to exclude light 
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(nisin being photosensitive) and the reaction was allowed to proceed at room 

temperature for 1 h. The mixture was then applied to a Sephadex® G-10 gel filtration 

column (MWCO 800 Da; Amersham Biosciences, Uppsala, Sweden) that had been 

pre-equilibrated with PB. Prior to the actual separation, independent elution profiles 

were created for nisin and SPDP. To do this 1 ml of either 0.5 mg/ml nisin in PB or 1 

ml of SPDP in PB was added to a column. The column was then eluted with PB and 

0.5 ml fractions were collected. The absorbance of each fraction was measured at 220 

nm or 346 nm to determine the presence of nisin or SPDP, respectively.  Using the 

independent elution profiles as a guide, the pyridyldithiol-activated nisin containing 

fractions from the reaction mixture collected and reduced with 2.5 mM dithiothreitol, 

DTT (Sigma-Aldrich, St Louis, MO) to generate the thiol group. DTT was removed 

by gel filtration using the Sephadex® G-10 column and the thiolated nisin fractions 

were collected as above. The degree of nisin derivatization versus the concentration 

of SPDP used in the reaction mixture was determined spectrophotometrically by 

measuring the concentration of the pyridine 2-thione groups released as a result of 

DTT reduction. For this purpose, the absorbance of the reaction mixture was recorded 

at 343 nm and the concentration of pyridine 2-thione released was calculated using an 

extinction coefficient of  8060 M-1 (Beckman DU530; Beckman-Coulter Inc., 

Fullerton, CA). (Neff 1998).  

 The nisin-SPDP reaction conditions were varied to determine which 

parameters had an effect on nisin activity and ultimately to determine which 

conditions would result in maximum retention of its activity.  The effects of DMSO, 

DTT, nisin concentration, and SPDP concentration were tested in this context.  
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3.2.1.2. SATA 

Derivatization of nisin with SATA and subsequent purification was carried 

out in a manner similar to that above, except that the SATA reaction time was 30 min. 

The SATA stock solution concentrations in DMSO ranged from 15.6 mg/ml to 66.6 

mg/ml (corresponding to 1.2 to 5 fold molar excess over nisin in the final reaction 

mixture). In addition, the SATA-modified nisin was not reacted with DTT.  Instead, it 

was deacylated using a solution of 34.8 mg/ml hydroxylamine-HCl (Pierce Biotech, 

Rockford, IL) in a 0.1 M potassium phosphate buffer at pH 7.8 for 2 h at room 

temperature to generate the thiol group. Control experiments were performed to 

determine effects of treatment steps in the coupling protocol comprised of a control 

solution of nisin to which only the DMSO was added instead of SATA. The SATA-

added and control nisin solutions were passed in parallel through gel filtration 

columns for SATA removal. To the fractions of the control nisin sample, phosphate 

buffer at pH 7.8 was added instead of hydroxylamine-HCl solution. After 2 h 

incubation at room temperature and another pass through the gel filtration columns 

(this time for hydroxylamine-HCl removal), effluents for both solutions (SATA-

treated and control) were collected for activity measurement. Before measurement of 

activity, samples were withdrawn at the end of each treatment step (i.e. (i) 30 min 

incubation following SATA/DMSO addition; (ii) gel filtration; (iii) hydroxylamine-

HCl/pH7.8 addition followed by 2 h incubation and (iv) gel filtration) and diluted 

with PB to the protein concentrations expected in the final gel filtration column 

effluent. The sulfhydryl content of nisin thiolated as above was determined using the 
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Ellman assay (Pierce Biotech, Rockford, IL).The thiolated nisin thus prepared was 

used immediately or stored in the dark at -80 0C at pH 7.0. 

 

3.2.1.3. SAT-PEO4 

          A 250 mM stock solution of SAT-PEO4 was prepared by mixing 100 µl of the 

SAT-PEO4 in 850 µl of DMSO that was dried over a molecular sieve. Since SAT-

PEO4 has the same reacting groups as SATA, all the subsequent treatment steps were 

performed as for SATA. To vary the concentration of SAT-PEO4, the amount of 

stock solution added to 1 ml of nisin working solution was varied. The effect of 

crosslinker concentration in the reaction mixture on the antibacterial activity of nisin 

was determined.    The molar excess of SAT-PEO4 in the reaction mixture ranged 

from 1.085-fold to 4.34 fold over nisin in the final reaction mixture and this was 

changed by varying the volume of the SAT-PEO4 stock added to the nisin solution.    

 

3.2.2 Attachment of modified nisin to end-group activated PEO-PPO-PEO triblocks  

Thiolated nisin prepared as above was reacted with an end-group activated 

Pluronic® F108 that had been modified by the conversion of the terminal hydroxyl 

groups of the PEO chains to a pyridyl disulfide group (EGAP, Allvivo Vascular Inc., 

Lake Forest, CA) (Li et al. 1996). In this way the thiolated nisin could be coupled to 

EGAP through a disulfide exchange reaction.  As a control, thiolated nisin was 

similarly combined with unmodified Pluronic® F108 (BASF, Parsippany, NJ). Final 

concentrations in either case ranged from 0.2-fold to five-fold molar excess of 

triblock copolymer over the modified protein. The molar concentrations of the 
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triblocks were limited by the critical micelle concentration value of F108 (about 7 

mg/ml in aqueous solution, (Govender et al. 2005) ). This limitation comes from the 

possibility that nisin molecules may get trapped in the core of triblock micelles 

resulting in their unavailability for the conjugation reaction. 

Freshly prepared thiolated nisin solution was added to microcentrifuge tubes 

containing either EGAP or unmodified Pluronic® dissolved in PB. The tubes were 

wrapped with aluminum foil and incubated overnight at room temperature with 

continuous mixing. An aliquot of the reaction mixture was removed at this point to 

determine the extent of nisin-EGAP crosslinking.  This was done by measuring the 

absorbance of the mixture at 343 nm (ThermoSpectronic, Cambridge, UK) and 

calculating the concentration of released pyridyl 2-thione groups using an extinction 

coefficient of 8060 M-1. The reaction mixture was dialyzed against PB using 0.5 mL 

dialysis cassettes having a MWCO of 10,000 Da (Slide-A-Lyzer®; Pierce Biotech, 

Rockford, IL). The dialysate was replaced with fresh PB after 2 h.  After 4 h the 

dialysate was again replaced with PB and the dialysis was continued at 4 0C overnight. 

The final product, an EGAP-nisin construct, was used immediately. 

Additional controls to those mentioned above, included 100 µl solutions of 

either EGAP or unmodified Pluronic® to which 300 µl PB was added in place of 

thiolated nisin solution. These were prepared to evaluate the effect of the triblocks 

themselves on bacterial growth. A small quantity of the block copolymers, controls 

and thiolated nisin were treated with a solution of DTT to facilitate the release of 

nisin covalently linked to the EGAP. The activity of these DTT-treated samples was 

also determined. 
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The nisin peptide content of block copolymers and gel filtration column 

fractions was determined using the BCA assay (Pierce Biotech, Rockford, IL). 

 

3.2.3 Determination of antibacterial activities  

3.2.3.1 Antibacterial activity of modified nisin 

  Antibacterial activity of modified nisin was determined by the agar well 

diffusion assay, using the Gram positive bacterium Pediococcus pentosaceus FBB 

61-2 as the indicator strain. Ten milliliters of a 52.2 g/l solution of deMan-Rogosa-

Sharpe broth, (MRS, EMD Chemicals, Germany) was sterilized by autoclaving 

according to manufacturer’s instructions. P. pentosaceus culture stock was thawed 

and 10 µl was added to the autoclaved MRS broth using a sterile inoculation loop. 

The inoculated broth was then incubated overnight at 37 0C resulting in a cell count 

of approximately107 CFU/ml. Powdered agar (Becton-Dickinson, Sparks, MD) was 

dispersed in 52.2 g/l MRS broth and liquefied by autoclaving. This was cooled to 40 

0C and seeded with the P. pentosaceus overnight culture prepared as above, and 

poured in several Petri dishes (BD Falcon, Franklin Lakes, NJ; 100 mm dia. x 15 mm 

depth) to a depth of approximately 5 mm and allowed to solidify. Using a sterilized 

cork borer, three equally sized wells were drilled in each agar plate and 10 µl of a 

solution containing modified or unmodified nisin was added to each well. In all cases, 

the solutions were diluted with phosphate buffer to provide an approximately equal 

concentration of nisin in each solution being tested. The plates were covered and 

incubated for 24 h at 37 0C and the diameters of the inhibition zones around each well 

were measured (Pongthrangkul and Demirci 2004).   
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3.2.3.2 Antibacterial activity of copolymers in bacterial culture suspension 

The bacterial culture suspension assay was used to test the activity of EGAP-

nisin constructs because we expected that the copolymers would display different 

diffusion properties compared to nisin controls in the solid agar medium, which 

would complicate interpretation of the results. Overnight cultures of P. pentosaceus 

were prepared as above and diluted 100-fold in sterile MRS broth to give a cell count 

of 9 x 105 CFU/ml. A 900 µl aliquot of this dilute culture was transferred to a sterile, 

15 ml polypropylene tube (Becton Dickinson, Franklin Lakes, NJ). One hundred 

microliters of a copolymer (end-activated or otherwise) solution, that had either been 

reacted with thiolated nisin or combined with phosphate buffer, was then added to 

this tube and all such tubes were incubated at 37 0C for 4 h with constant agitation. 

Control solutions including copolymer-free and nisin-free phosphate buffer were also 

tested in this manner. At the end of the incubation period, the cell density of each 

culture was determined in a spectrophotometer at 600 nm. 
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3.3. Results and Discussion 

3.3.1 On the synthesis of thiolated nisin and EGAP-nisin 

3.3.1.1 Nisin modification with SPDP 

It was observed that increasing the concentration of SPDP available for 

reaction with nisin led to a modest increase in the extent of nisin derivatization. 

Overall the efficiency of the reaction was low and ranged from 34 to 40%. However, 

zone of inhibition assays performed to evaluate the effects of various reaction and 

treatment steps on nisin activity indicated that reaction with SPDP (under all 

conditions tested) resulted in complete loss of nisin activity. This was attributed to the 

effect of SPDP itself based on the fact that all other treatment steps, when evaluated 

independently, resulted in a negligible loss of activity.  Nisin modification with SPDP 

was thus abandoned in favor of modification with SATA 

 

3.3.1.2 Nisin modification with SATA 

From Figure 3.3 it can be seen that SATA modification reduces nisin activity, 

but not completely.  Maximum activity loss was observed after the deacetylation step. 

However, this was found to be partially reversible, as activity increased upon removal 

of the deacetylation agent. Furthermore, in spite of diluting all the nisin samples 

(collected as products of the different steps in the coupling protocol) to the final gel 

filtration column effluent concentration, a difference in activity of the ‘control nisin’ 

that had neither been treated with SATA nor with hydroxylamine-HCl is evident. 

Ideally these would be expected to give inhibition zones of the same diameter i.e., 

bars labeled II, IV, VI and VIII in Figure 3.3 should be of the same height. This can 
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be attributed to changes in dilution that occur as a result of gel filtration, as well as 

the variation in preparation of the P. pentosaceus-seeded agar plates that had been 

used in the determination of antibacterial activity. The SATA stock solution 

concentration used in this study (15.56 mg/ml in DMSO) however resulted in a 

derivitized nisin that did not show any evidence of thiol groups present in the 

molecule. Hence, the crosslinker concentration was increased and its effects on the 

degree of nisin derivatization and resultant activity change were determined. As 

shown in Figure 3.4, the activity of the thiolated nisin final product decreased with 

increasing molar ratio of SATA. The percentage of -SH groups increased with 

increasing SATA, but peaked at 3-fold molar excess of the crosslinker (Figure 3.5). 

This was attributed to the hydrolysis of excess SATA, which is a competing reaction 

to the N-terminal conjugation to nisin.  

Based on these observations, SATA at a molar ratio of three-fold over nisin 

was chosen for nisin derivatization. However, repeated trials using this crosslinker 

concentration gave inconsistent results, including a complete loss of nisin activity in 

some cases. The reasons for these results are not clear but may in part be attributed to 

the uncontrolled over-conjugation of the molecule due to an excess of SATA.   

 

3.3.1.3 Nisin modification with SAT-PEO4 

Due to the decrease in activity of nisin after derivatization with SATA, we 

decided to use SAT-PEO4, a SATA variant supplied by the same manufacturer. We 

expected the thiolated nisin derived from this crosslinker might be more stable in 

aqueous solution as a result of incorporation of a short PEO chain in the molecular 



  
 

 44 

structure, thereby retaining a significant amount of its antimicrobial activity (Guiotto 

et al. 2003). The effect of crosslinker concentration on the degree of derivatization 

and antibacterial activity of the thiolated nisin product was determined as in the case 

of SATA. As expected, the amount of incorporated sulfhydryl groups increased while 

the antibacterial activity of the modified nisin decreased with increasing molar ratio 

of the crosslinker (Figures 3.6 and 3.7).   

As discussed earlier, the antibacterial activity mechanism of nisin is not yet 

fully understood. Several studies indicate that even small changes in the molecular 

structure of nisin are accompanied by profound changes in its biological activity 

(Kuipers et al. 1992; Rollema et al. 1995; Gifford et al. 1997; Kraij et al. 1997). 

Therefore, it is not surprising that treatment with three different amine-reactive 

coupling agents leads to formation of thiolated nisin products with varying levels of 

antibacterial property. The loss in activity of thiolated nisin as compared to 

unmodified nisin is possibly due to reaction of thiolated nisin molecules to form 

[nisin-S-S-nisin] dimers, or due to intra- and inter-molecular association of the 

weakly nucleophilic thiol group with the �, �-unsaturated amino acids in nisin to form 

multimers that have been reported to have a considerably lower activity than 

unmodified nisin (Liu 1999).  

Nisin that had been reacted with SAT-PEO4, retained a significant portion of 

its antibacterial activity relative to the nisin that had been modified using an 

equivalent molar excess of SATA. The former also showed a considerably higher 

content of free sulfhydryl groups as compared to the latter. This is possibly due to the 

incorporation of a short PEO chain in the molecule. Such PEGylation (covalent 
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modification to incorporate a PEO chain) of a protein to improve its solubility and 

bioavailability and to reduce its aggregation in solution is a fairly common practice. 

Several water molecules bond with a single oxygen atom in a PEG molecule, making 

it hydrophilic (Davis 2002). Addition of a PEG chain would thus make nisin 

apparently more hydrophilic and prevent its aggregation in solution due to the steric 

barrier afforded by the PEO molecules. This steric hindrance would also reduce the 

formation of disulfide-linked nisin oligomers, thereby increasing the number of free 

thiol groups available for reaction.       

 

3.3.1.4 Coupling of thiolated nisin to EGAP 

Table 3.1 shows the OD343 values obtained for three independant trials of the 

EGAP reaction with thiolated nisin that was synthesized using 1.085 fold molar 

excess of SAT-PEO4. The total peptide content of EGAP and F108 that had been 

reacted with thiolated nisin, as determined by the BCA assay is also shown. As stated 

earlier, the OD343 values provide an indication of the extent of coupling between 

thiolated nisin and the EGAP and can be used to determine the amount of nisin 

incorporated into the block copolymers. A competing reaction for this coupling is 

disulfide bond formation between two thiolated nisin molecules. The differences in 

reaction rates between these two reactions may be responsible in part for the varying 

OD343 and variations in percent thiolation values among trials. In spite of this 

variation, it can be seen that an increase in the measured OD343 value and the 

corresponding value of total peptide content of the block copolymer construct 

correlates to an increase in the percent thiolation of nisin. Furthermore, the calculated 
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total peptide content based on the OD343 values agree reasonably well with the values 

obtained from the BCA assay. We interpret these data as indicative of successful 

covalent coupling between the thiolated nisin and EGAP.    

 

3.3.2 Antibacterial activity of Nisin Block Copolymers 

On treating the thiolated nisin prepared using 15.6 mg/ml SATA stock 

solution (manufacturer’s recommended concentration) with different concentrations 

of either EGAP or F108 it was observed that neither the copolymers nor the controls 

displayed activity. However, based on a general observation that increasing the 

concentration of triblocks resulted in an increase in the OD343 values after the reaction, 

it was decided to maintain the triblock concentration at five-fold molar excess over 

nisin in subsequent experiments, using nisin modified by SAT-PEO4  

On treatment with thiolated nisin (synthesized using SAT-PEO4) and 

subsequent dialysis, both the EGAP and F108 samples displayed similar antibacterial 

activities. On DTT treatment of the block copolymers, however, it was found that the 

EGAP samples displayed higher activity than the F108 samples that had been reacted 

with thiolated nisin. Representative results from a set of several trials are shown in 

Figures 3.8 and 3.9. DTT treatment reduces the disulfide bonds between nisin and 

end-activated Pluronic®, thereby releasing the covalently bound nisin-SH in solution. 

An increase in activity on DTT-reduction would be consistent with the formation of 

nisin-containing block copolymers.  

Referring to Table 3.1, one observes that, based on the BCA results, F108-

nisin products have a smaller total peptide content as compared to their EGAP-nisin 
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counterparts in spite of similar levels of antibacterial activity (Figure 3.8). This 

indicates that some quantity of nisin is non-covalently associated with the Pluronic® 

molecules in a manner that may render it less accessible to the BCA reagent, but still 

active in the presence of a bacterial suspension. This interesting result can be 

explained at least in part by potential complex formation involving nisin “entrapped” 

in PEO-PPO-PEO surfactant micelles, whether PDS-activated or not. One driving 

force for this non-specific association might be the hydrophobic interaction between 

the peptide and the PPO blocks of the triblock copolymers. It is well known that nisin 

is amphiphilic and highly surface active (Slijper et al. 1989) and adsorbs strongly to 

hydrophobic surfaces (Daeschel et al. 1992; McGuire et al. 1996). Destabilization of 

the micelles during the time course of these experiments would result in measurable 

activity, even though no coupling reaction was allowed to take place. 

The modified nisin samples prepared in this work are actually a mixture of 

unmodified nisin and nisin molecules possessing the N-terminal thiol group (nisin-

SH). Each type of molecule differs not only in molecular structure but also biological 

activity. However, while each type of nisin would be expected to associate equally 

well with the PPO blocks of the triblock surfactants, only nisin-SH would react to 

form covalent linkages with EGAP yielding nisin-containing block copolymers.  The 

presence of thiolated nisin retained in some fashion within the hydrophilic PEO 

chains of the triblocks cannot be dismissed, but may be less relevant as the dialysis 

performed was identical for all samples.  

However, other work recently completed in our laboratory provides direct, 

surface spectroscopic evidence that nisin adsorbs to Pluronic® F108-coated surfaces 



  
 

 48 

in relatively high amounts (i.e. multi-layers). In particular, large proteins such as 

Human Serum Albumin were repelled by the pendant PEO chains and did not adsorb, 

while nisin did adsorb with good affinity. Moreover, a high fraction of the adsorbed 

nisin was resistant to elution by buffer-dilution. In this regard, nisin may be 

associated in some way with the PEO chains of the triblock copolymers, in addition 

to being present in the hydrophobic core of the surfactant micelles. In any event, the 

amount of nisin covalently associated with the triblock surfactants appears similar for 

F108 and EGAP. Figure 3.10 provides a schematic representation of nisin association 

with the triblock surfactants used here. 
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3.4. Conclusion 

Nisin-containing block copolymers can be synthesized by reaction of the biologically 

active, thiol-modified nisin with an end (pyridyl disulfide) –modified Pluronic® F108. 

While some nisin is non-covalently associated with the PEO-PPO-PEO triblocks used 

in this work, the results of monitoring the reaction spectrophotometrically (at 343 nm) 

and the results of BCA analysis, indicate that nisin was covalently linked (via 

disulfide bonds) to the PEO-PPO-PEO triblocks as well. We cannot unambiguously 

conclude that nisin retained antimicrobial activity in the disulfide-linked form. 

However, reduction of the nisin-containing copolymer constructs with DTT 

demonstrated that nisin released from the copolymer construct did show antimicrobial 

activity. This result is also consistent with successful synthesis of nisin-containing 

block copolymers.  
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3.6. List of Figures 

 Figure 3.1 Structure of nisin. 
The N-terminal domain (residues 1-19) includes three lanthionine rings labeled 
A, B, and C. The C-terminal domain (residues 23-34) includes two lanthionine 
rings, identified as D and E. A flexible hinge region (residues 20-22) connects 
the two domains. Abu: 2-aminobutyric acid; Ala-S-Ala: lanthionine; Abu-S-
Ala: β-methyllanthionine (adapted from Wiedemann et al., 2001). 
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Figure 3.2 Proposed model for lipid II-mediated pore formation by tethered nisin. 
The orientation of nisin relative to the membrane and relative to lipid II, for both 
lipid II binding (left) and pore formation (right), is as depicted by Wiedemann et 
al. (2001) and van Heusden et al. (2002). Nisin first binds to the carbohydrate 
moiety of lipid II via its N-terminal domain. The C-terminal part of nisin is then 
assumed to translocate to some extent across the membrane.  N-acetylated sugars 
GlcNAc and MurNAc are shown as hexagons labeled G and M, respectively.  The 
amino acids of the pentapeptide attached to the MurNAc are shown as five circles.  
The circles labeled Pi identify the pyrophosphate moiety in lipid II which links 
the sugar-peptide group to the hydrophobic tail. Nisin is represented here by its 
functionally important domains: the large oval represents the N-terminal domain 
and the small oval represents the C-terminal domain.  The domains are connected 
by the short hinge region. The short linear peptide sequences preceding ring A (N-
terminal, labeled N) and following ring E (C-terminal, labeled C) are also shown. 
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Figure 3.3 Effect of SATA crosslinking on nisin antibacterial activity, 
compared to “control nisin” to which only DMSO was added. The values are 
reported as Mean ± SD. 

       Legend 

I: Nisin +SATA in DMSO (30 min reaction) 
II: Nisin + DMSO (30 min; control) 
III: Nisin +SATA through Sephadex column for SATA removal 
IV: Nisin +DMSO through Sephadex column 
V: Nisin-SATA +hydroxylamine-HCl (2hr reaction) 
VI: Nisin + buffer (2h reaction, control) 
VII: Nisin-SH through Sephadex column for hydroxylamine-HCl removal 
VIII: Nisin + DMSO through Sephadex column for hydroxylamine-HCl 
removal 
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Figure 3.4 Antibacterial activity of thiolated nisin product as a function of SATA 
molar excess in solution. As determined by the zone of inhibition assay. The 
values are reported as Mean ± SD.  
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Figure 3.5 Degree of derivatization of nisin as a function of SATA molar excess 
in the reaction mixture. The values are reported as Mean ± SD.  

% thiol groups = [-SH] in thiolated nisin / [Nisin] in thiolated nisin. 
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Figure 3.6 Antibacterial activity of thiolated nisin product as a function of SAT-
PEO4 molar excess in solution. As determined by the zone of inhibition assay. 
The values are reported as Mean ± SD.  
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Figure 3.7 Degree of derivatization of nisin as a function of SAT-PEO4 molar 
excess in the reaction mixture. The values are reported as Mean ± SD.  

% thiol groups = [-SH] in thiolated nisin / [Nisin] in thiolated nisin. 
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Figure 3.8 Antibacterial activity of nisin block copolymers synthesized using 
SAT-PEO4. Thiolated nisin used for synthesis was prepared using 1.085 fold 
molar excess of SAT-PEO4. Activities of Pluronic® controls are also 
shown.OD600 values are obtained against sterile MRS used as blank. The values 
are reported as Mean ± SD.  
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Figure 3.9 Antibacterial activity of DTT-treated nisin block copolymers 
synthesized using SAT-PEO4. Thiolated nisin used for synthesis was prepared 
using 1.085 fold molar excess of SAT-PEO4. Activities of Pluronic® controls are 
also shown.OD600 values are obtained against sterile MRS used as blank. The 
values are reported as Mean ± SD.  
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Figure 3.10 Possible complexes between Nisin and F108. 

A  Represents the purely non-covalent association between Nisin and the triblock 
copolymers. 
B  Represents the additional covalent attachment of thiol-modified nisin 
molecules to end-activated triblocks. 
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3.7 List of Tables 

Table 3.1 Summary of results for three trials of nisin block copolymers prepared 
using 1.085 fold molar excess of SAT-PEO4  

 
Peptide content (µg/ml) of block 
copolymers reacted with thiolated nisin 
as determined by: 
 
OD343 BCA assay 

Trial 
Number 

% 
Thiol 
groups 

Mean dia 
of 
inhibition 
zones  
(mm ± 
SD)  

�OD343 

for block 
copolymer  

EGAP F108 EGAP F108 

1 40.56 19.06 ± 
0.18 

0.129 56.18 N/A Not 
determined 

Not 
determined 

2 48.44 18.5 ± 
0.15 

0.191 83.18 N/A 110.21 37.95 

3 56.04 17.3 ± 
0.40 

0.22 95.81 N/A 100.27 65.36 
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CHAPTER 4 

SYNTHESIS AND ANTICOAGULANT ACTIVITY OF HEPARIN-
CONTAINING BLOCK COPOLYMERS 

 

Abstract 

Heparin block copolymers were synthesized on a solid surfaces by the 

adsorption of end-activated, thiol-reactive Pluronic® F108 molecules and their 

subsequent reaction with unfractionated heparin that had been modified to incorporate 

thiol groups. Anticoagulant activity of such heparinized surfaces was determined 

using the aPTT assay. It was found that heparin attachment in this manner decreased 

the thrombogenic response of these surfaces. Probably due to the random nature of 

heparin attachment it was not possible to synthesize such antithrombogenic surfaces 

in a reproducible manner.  However, the lack of total loss of anticoagulant activity 

upon surface immobilization via this method indicates that improved solvent-

accessibility of the pentasaccharide domain essential for AT binding might be a key 

in the development of  biomaterial surfaces with better, highly specific antithrombotic 

properties. 

 

Keywords: Heparin, PEO-PPO-PEO triblocks, AT, thrombosis, aPTT. 
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4.1 Introduction 

 Thrombosis at the site of the device during or following the surgery or 

endovascular intervention is a major problem that occurs with the use of surgical 

devices or medical implants. (Blezer et al. 1997). Implant recipients can self-

administer coumarin derivatives (e.g. warfarin) and related compounds for 

anticoagulant therapy, but must endure the problems of their long-term use including 

prolonged bleeding (Walker and Royston 2002).  These problems can be partly 

solved by physical grafting of the anticoagulant drug on the implant surface.  

The study of such thrombo-resistant surfaces has been a very active field of 

biomaterials research, and heparin has been coated onto solid surfaces for blood-

contacting biomaterials because of its superior anticoagulant properties. Heparin, 

among the three most prescribed drugs in hospitals, is extracted from mast cells of 

porcine intestinal mucosa or bovine lung. It is a highly heterogeneous 

glycosaminoglycan, a family of polysaccharides with alternating iduronic acid and 

modified hexosamine residues (Engelberg 1996). A schematic representing the 

generic structure of heparin is shown in Figure 4.1.  

Low molecular weight heparin (LMWH) is prepared by the controlled 

chemical and enzymatic degradation of heparin (Kereiakes et al. 2002; Kock and 

Handschin 2002; Schmidt et al. 2002). Low molecular weight heparin has recently 

begun replacing naturally occurring, unfractionated heparin (UFH) in clinical use 

because of better bioavailability.  

A number of studies suggest that surfaces with grafted heparin do show a 

diminished thrombogenic response (Fukutomi et al. 1996; Svenmarker et al. 1997). 
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However, other results are in direct conflict with this, and the exact mechanism of 

heparin action at interfaces is still not well understood. For example, Blezer et al. 

(Blezer et al. 1993) found heparinized surfaces to be highly thrombogenic owing to 

their dense negative charge. They described a dual role for immobilized heparin in 

blood coagulation, where enhanced thrombogenicity was counterbalanced by anti-

thrombin activity. Steric repulsion, leading to inhibition of thrombin activity and 

suppression of platelet adhesion and activation, or to inhibited adsorption of cell 

adhesion proteins (Sanchez et al. 1995; Weber et al. 2002) has also been proposed as 

a possible mechanism of immobilized heparin action. To date, neither the systemic 

administration of heparin nor the self administration of other anticoagulants is 

reduced for patients implanted with such devices. Moreover, investigators involved 

with the heparin-COAted STents in small coronary arteries (COAST) trial concluded 

there is no difference between bare and heparin-coated stents in the treatment of 

stenoses in small coronary arteries (Haude et al. 2003). In summary, the biological 

activity of immobilized heparin, and the behavior of blood proteins at heparinized 

interfaces, is not well documented.  

An important origin of this problem is that the spatial and structural character 

of heparin at interfaces is not well controlled. A readily coatable construct allowing 

heparin to remain solvent accessible and freely “mobile” after placement at the 

interface will be applicable to a wide variety of materials and medical device 

geometries. 

 In this work, we constructed novel, heparin-containing block copolymers on a 

surface by chemical coupling of UFH derivatives to end-group activated 
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poly[ethylene oxide]-poly[propylene oxide]-poly[ethylene oxide] (PEO-PPO-PEO) 

triblocks. The end-group activated triblocks were produced from the Pluronic® 

surfactant F108 (MW 14,600) with two end blocks of hydrophilic PEO that are 129 

monomer units in length and a central hydrophobic block of PPO that is 56 monomer 

units in length, i.e., HO-(CH2-CH2-O)129-(CHCH3-CH2-O)56-(CH2-CH2-O)129-H).  

Through hydrophobic interaction between the apolar PPO block and a hydrophobic 

surface, the pendant PEO chains became immobilized on the surface(Amiji and Park 

1992). The UFH molecules were tethered to these PEO chains in a “side-on” 

orientation through a linkage via carboxylic acid groups in the iduronic acid residues. 

Dihydrazide crosslinkers having an internal disulfide bond were used for this 

coupling and the disulfide bonds were cleaved to furnish thiol groups. These thiol 

groups then reacted with the pyridyl disulfide groups at the end of the PEO chains 

through a disulfide exchange reaction (Figure 4.2). 

Anticoagulant activity of heparin-containing block copolymers was 

determined using two different bioassays, the aPTT (activated Partial Thromboplastin 

Time) and the COATEST® Heparin assay. The aPTT assay monitors the time 

required for blood clot formation in a platelet-free, citrated plasma sample to which 

the anticoagulant substance or a suitable control has been added. The assay depends 

on the ability of fibrinogen molecules in the plasma to form a fibrin clot. The 

COATEST® assay is a highly specific, chromogenic assay and it monitors the AT 

binding capability of heparin. This assay does not require the use of serum and hence 

does not face the problem of interference that may occur in the aPTT assay due to the 

non-specific binding of heparin to other plasma proteins.  
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Currently, these assays cannot be suitably modified to test the anticoagulant 

activity of solid surfaces. Hence, we used colloidal suspensions of polystyrene 

microspheres as substrates for adsorption of triblocks. A stable suspension of 

heparinized microspheres, due to their high surface area, will provide a concentration 

of (surface-bound) heparin in a given volume that is orders of magnitude greater than 

allowed by flat plate geometry. By testing the effect of a suspension of bound heparin 

on the coagulation pathway, we unambiguously adapt established “solution phase” 

assays to the question of biological activity in a surface-bound state. 

 End-group activated Pluronic® surfactants have been used to immobilize 

bioactive entities at solid-liquid interfaces with good success. For example, 

fibronectin has been covalently attached to end-activated PEO “tethers” in this 

manner.  Through hydrophobic interaction between the apolar PPO block and a 

hydrophobic surface, the pendent PEO-fibronectin chains remained mobile in the 

fluid phase. In this way, difficulties such as surface-induced unfolding and the 

presence of unwanted protein, encountered with nonspecific adsorption of fibronectin 

directly to a hydrophobic surface, were overcome (Webb 2000; Biran et al. 2001). 

Other biomolecules linked to immobilized, activated triblocks include enzymes (Ho 

et al. 1998), motor proteins (deCastro et al. 1999), antibodies (Basinska and Caldwell. 

1999), antibody fragments (Limberis, Magda et al. 2001), antibody binding proteins, 

peptide ligands (Neff et al. 1998), growth factors, extracellular matrix proteins (Webb 

2000; Biran et al. 2001; Webb et al. 2001; Webb et al. 2001) and fragments of 

transmembrane proteins.  
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 In this paper we describe the synthesis of heparin-containing block 

copolymers on a hydrophobic surface and their anticoagulant activity.  Such bioactive, 

surface active polymers would find application as a component in anticoagulant 

coatings, amenable to a wide variety of materials and medical device geometries. This 

kind of construct would also be useful in imparting anticoagulant function to foams, 

emulsions and hydrogels, and in instances where incorporation of tethered entities by 

chemical reaction followed by extraction of unreacted reagents and byproducts from 

the end use biomaterial is not possible or not desirable. 
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4.2 Materials and Methods 

4.2.1 Synthesis of Thiolated heparin using dihydrazide crosslinker 

 Heparin was modified at the carboxylic acid groups of the iduronic acid 

residues by the method of Shu et.al (Shu et al. 2002). Briefly, five hundred milligrams 

of unfractionated heparin (UFH) obtained from porcine intestinal mucosa (175 U/mg, 

Celsius laboratories, Cincinnati, OH) were dissolved in doubly distilled water (DDW, 

Barnstead Mega-Pure®, Dubuque, IA) to yield a 1% (w/v) solution. To this was added 

0.476 g of 3, 3’dithiobis (propanoic) hydrazide (DTP, synthesized by Shu et.al, Dept 

of Medicinal Chemistry, University of Utah, Salt Lake City, UT) and 0.192 g of N-(3-

Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDCI, Fluka GmbH, 

Germany). The pH was maintained at 4.75 using 0.1 N HCl. 

 After the pH stabilized at this value (approximately 2 h after the addition of 

EDCI) the reaction was allowed to proceed overnight at room temperature, followed 

by the addition of 1.54 g of 1, 4-Dithiothreitol (DTT, VWR Scientific, San Francisco, 

CA) was added. The pH was adjusted to 8.5 using 1N NaOH and the reaction was 

carried out overnight at room temperature.  

The reaction was terminated by lowering the pH to 3.5 and the contents were 

transferred to dialysis cassettes (Slide-A-Lyzer®; Pierce Biotech, Rockford, IL) made 

of cellulose acetate membranes (MWCO 3500 Daltons) and dialyzed against a buffer 

solution of 100 mM NaCl in HCl at a pH of 3.5. The buffer was changed every 2 h 

for the first six hours, after which it was changed every 24 h. The dialysis was carried 

out in this fashion for four days, after which the entire dialysis procedure was 

repeated with a pH 3.5 solution of HCl alone. After the dialysis, the membrane 
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contents were centrifuged at 3000 rpm for 15 min and the supernatant containing 

thiol-modified was lyophilized for 48 h. 

 

4.2.2 Estimation of thiol content of heparin using the Ellman assay 

 The sulfhydryl group content of the UFH modified as above was determined 

using the Ellman assay (Ellman 1958). Modified UFH was dissolved in the reaction 

buffer (100 mM potassium phosphate, 1 mM EDTA, pH 8.0, degassed) and 500 µl 

was reacted with 50 µl of Ellman’s reagent, which is a 4 mg/ml solution of 5, 5’-

dithio-bis-(2-Nitrobenzoic acid) (DTNB, Pierce Biotech, Rockford, IL) in the reaction 

buffer. After 15 min incubation at room temperature, the absorbance of the reaction 

mixture was measured at 412 nm (ThermoSpectronic, Cambridge, UK). A calibration 

curve prepared from cysteine-HCl (Pierce Biotech, Rockford, IL) was used to 

estimate the (–SH) group content.  

 

4.2.3 NMR Spectroscopy of Heparin and Thiol-modified Heparin 

 Proton NMR spectra of UFH and thiol-modified UFH were obtained on a 

Varian DPX 400 NMR spectrometer (Varian Instruments, Palo Alto, CA) at 400 MHz 

and 24.2 0 C using D2O as a solvent. The solvent itself was used as a reference.  

 

4.2.4 Synthesis of Heparin Containing Block Copolymers on a hydrophobic surface 

 One hundred microliters of a 10% suspension of polystyrene (PS) 

microspheres having 1.15 micron average diameter (Seradyn Inc. Indianapolis, IN) 

were washed with 1ml DDW and centrifuged at 13,400 rcf on an Eppendorf 5415 D 
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microcentrifuge (Brinkmann Instruments Inc., Westbury, NY). This procedure was 

repeated twice to completely remove the proprietary stabilizing detergent adsorbed on 

the microsphere surface. The pellets were re-suspended in 1 ml of 0.4% w/v solutions 

of end-group activated Pluronic® F108 (EGAP, 0.85 reactive groups per molecule, 

gift from Allvivo vascular Inc., Lake Forest, CA) and unmodified F108 (BASF, 

Parsippany, NJ), and incubated by end-over-end mixing for 24 h at room temperature. 

This treatment led to the formation of an adsorbed layer of the nonionic surfactant on 

the microspheres with a footprint (area occupied by one molecule) of 7.4 nm2 as 

previously determined using DTT-mediated cleavage and release of pyridine-2-thione 

groups and radio-labeling.  

Each type of microsphere sample (coated with EGAP or F108) was 

subsequently reacted overnight with a 1 ml solution of thiol-modified UFH dissolved 

in vacuum-degassed PBS (20 mM phosphate buffer, containing 1 mM EDTA, 150 

mM NaCl and 0.02% NaN3) at pH 7.4, or with 1 ml of degassed PBS as a control. 

The reaction concentrations of thiol-modified UFH were varied from 1 mg/ml to 5 

mg/ml. After the reaction, the microspheres were centrifuged, and the OD343 value of 

the supernatants was measured (ThermoSpectronic, Cambridge, UK) to estimate the 

degree of heparin attachment to Pluronic® coated microspheres and calculating the 

concentration of released pyridyl 2-thione groups using an extinction coefficient of 

8060 M-1. The supernatant was filtered in a 0.22 µm syringe filter (Fisher Scientific, 

Hampton, NH) prior to absorbance measurement to remove any unsettled 

microspheres.    
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 The microsphere pellets were washed several times in PBS to remove any 

non-covalently bound heparin and were re-suspended in 100 µl PBS to form the 

sample ‘solutions’ for the anticoagulant activity assay. Additionally, the pellets were 

washed with a 1% solution of SDS (sodium dodecyl sulfate) in PBS. The supernatant, 

containing the desorbed block copolymers was filtered and used for determination of 

anticoagulant activity.   

 

4.2.5 Anticoagulant activity measurements of heparin and microspheres  

4.2.5.1 Activity measurement by the aPTT assay 

 The anticoagulant activity of UFH, thiol-modifed UFH, heparinized 

microspheres, as well as the heparin containing block copolymers in solution phase, 

was determined by the aPTT assay. Ten microliters of the sample to be tested was 

added to a ‘uni-vette’ containing a steel sphere and placed in the inclined rotating 

well of a coagulation analyzer (KC1�, Sigma-Amelung, Lemgo, Germany). Ninety 

microliters of platelet-free, citrated human plasma (thawed from -80 0C) was added to 

the uni-vette, followed by 100 µl of Platelin L® aPTT reagent (bioM ��érieux Inc., 

Durham, NC) and the mixture was incubated at 37 0C for 5 min. After this interval, 

100 µl of pre-warmed Platelin L® CaCl2 (bioM��érieux Inc., Durham, NC) was added 

to the uni-vette to initiate the clotting process. Clot formation was automatically 

detected in the instrument by the displacement of the steel sphere, which gets trapped 

in fibrin strands of the clot. The time required for clot formation, as measured from 

the instant of CaCl2 addition to the time of displacement of the steel ball from its 

position, is an indicator of the anticoagulant activity of the sample being tested. 
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Additional controls included microspheres coated with either EGAP-PDS or 

unmodified Pluronic® to which 1 ml of  PBS was added in place of thiol-modified 

UFH solution. These were prepared to evaluate the anticoagulant effect of the 

microspheres with adsorbed triblocks by themselves.  Each sample, liquid or 

suspension, was tested five times for aPTT clotting time. 

 

4.2.5 2. Activity measurement by the COATEST assay 

 In a typical microplate-based protocol, 5 µl of the test sample or a standard 

dilution of 1 IU/ml heparin in PBS was added to one of the wells of a 96-well plate. 

To this was added 45 µl of antihrombin solution in sterile water and the plate was 

incubated for 15 min. Twenty five microliters of Factor Xa was then added and the 

plate was incubated for exactly 1 min 40 sec. This was followed by the addition of 50 

µl of S2222 chromogenic substrate and was incubated for 20 min at room temperature. 

Finally, the reaction was terminated by the addition of 50% acetic acid solution in 

PBS. The absorbance of the sample in each well was then determined at 405 nm. In 

the case of microspheres, the plates were centrifuged, and the absorbance of the 

supernatant was determined at 405 nm to determine the extent of heparin activity.  

The antithrombin, Factor Xa and S2222 were purchased from Chromogenix 

(Chromogenix Instrumentation Company, Lexington, MA). 

 

4.2.6 Zeta Potential measurements 

To qualitatively determine the presence of heparin bound on the microsphere 

surface, zeta potential measurements were performed on the heparin-treated and 
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control microspheres that had been coated with unmodified as well as end-activated 

triblocks. Microsphere pellets were re-suspended in 1ml PBS and this suspension (1% 

w/v) was diluted to 0.0027 % (w/v) with ultra-pure water (Resistivity 18 M�, 

Millipore systems, Cambridge, MA). Zeta potential measurements were performed 

using a Malvern Zeta PALS system (Brookhaven Instruments Corporation, Holtsville, 

NY). The average conductance of the diluted samples was 150 µS at pH 7.55.  
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4.3. Results and Discussion 

4.3.1 Thiol-modification of heparin using dihydrazide crosslinker 

Ellman assay and proton NMR spectra 

 From the absorbance readings at 412 nm of the various thiol-modified heparin 

concentrations that had been reacted with the Ellman reagent, the amount of free thiol 

groups in the thiol-modified heparin is estimated as 1423 nmol/mg of solid. 

 Figures 4.3(a) and 4.4(b) show the proton NMR spectra of unmodified and 

thiol modified heparin respectively. The spectrum for unmodified heparin matches 

with that given in the literature, for a similar biological source (Ruiz-Calero et al. 

2002). 

 The spectrum of thiol-modified heparin synthesized using DTP is analogous 

to that of thiol-modified hyaluronic acid prepared using the same crosslinking agent 

as reported by Shu, et al. (Shu et al. 2002). This is because of the structural similarity 

between the two macromolecules and the involvement of identical functional groups 

of DTP attachment (the carboxyl groups in the iduronic acid residues) as used by that 

group. Accordingly, the spectrum should show new peaks at 2.72 and 2.58 ppm, 

corresponding to the two methylene hydrogen atoms of the dihydrazide, and these can 

indeed be observed in Figure 4.3(b).The peak at 1.95 ppm is least affected as a result 

of the modification. This may be because the peak corresponds to the N-acetyl 

protons, which are situated farthest from the site of modification (Huckerby and 

Nieduszynski 1982).  

 The three sharp peaks found at high fields (~ 1.2 ppm) correspond to the 

solvent molecules adsorbed to UFH during its extraction and purification from the 
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biological source. These can be removed by lyophilization as reported by Jaques et 

al.(Jaques et al. 1966), but were found to be retained in the spectrum of modified 

heparin that has been lyophilized. 

 

4.3.2 Synthesis of heparin containing block copolymers on polystyrene microspheres 

 Based on the estimated amount of EGAP-PDS adsorbed per unit area of 

microsphere surface, the thiol content of the modified UFH, and the OD343 values 

obtained after overnight reaction between microspheres and thiol-modified heparin, 

one could calculate the amount of heparin bound to the microsphere surface. Heparin 

surface concentrations, determined in such a manner for different experimental 

conditions are calculated as a function of heparin solution concentration (Neff, 

Caldwell et al. 1998). These values are shown in Table 4.1. Based on purely 

geometrical considerations the maximum number of heparin molecules that can be 

accommodated on to the surface of a single microsphere can be estimated. Based on 

the X-ray scattering studies of aqueous heparin solutions, Pavlov et al. (Pavlov et al. 

2003) report the heparin molecule to be a semi-rigid, weakly bending rod with a 

Kuhn segment length of 9 ± 2 nm and a hydrodynamic diameter of 0.9 ± 0.1 nm. The 

mass per unit length of the heparin molecule was determined to be 570 ±  50 nm. 

Assuming an average molecular weight of 21, 450 g/mol gives the average length of 

one heparin molecule as 37.63 nm and diameter as 0.133 nm. These dimensions give 

a projected rectangular area of 5 nm2 per molecule which implies a maximum of 

831000 molecules per microsphere, and consequently, a value of 712.2 ng/cm2 for 

total surface coverage. Assuming a conservative figure of 70 ng/cm2 (10% of 
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maximum coverage), we find that the experimental values obtained are still an order 

of magnitude lower than the calculated.         

 Due to the presence of polystyrene microspheres these numerical values 

cannot be experimentally verified by using the toluidine blue assay for heparin 

detection as it involves use of hexane and ethanol. These organic solvents can 

dissolve the microspheres or elute the nonionic surfactant layers adsorbed on to their 

surface.  

 

4.3.3 Anticoagulant activities 

4.3.3.1 Anticoagulant activity of thiol-modified heparin 

   Figure 4.4(a) is an activity vs. concentration plot of thiol modified heparin. 

The aPTT clotting time for UFH at similar concentrations is also given for 

comparison (Figure 4.4(b)). To display any detectable anticoagulant behavior, heparin 

should be able to bind to the anti-thrombin molecules in plasma, thus inhibiting the 

action of thrombin molecules that lead to fibrin formation. Due to its shorter length, 

LMWH has a lower tendency towards this binding and, therefore, would decrease the 

sensitivity of the assay. For this reason alone, we used UFH in this study. 

The solutions of modified heparin show a markedly diminished anticoagulant 

activity as compared to UFH solutions at equivalent concentrations. These results 

indicate that this particular thiol-modification procedure, (i.e., EDCI-mediated 

nucleophilic attack at carboxylates) is detrimental to the biological activity of the 

molecule.  
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4.3.3.2 Anticoagulant activity of heparinized microspheres 

The anticoagulant activity of heparinized microspheres, as a function of thiol-

modified heparin concentration in solution, is shown in Figure 4.5. It can be seen that 

among all treatment groups, only the EGAP-coated microspheres that had been 

reacted with 2 mg/ml of the modified heparin displayed the highest level of 

anticoagulant activity as compared to the control F108-coated microspheres (P < 0.05 

using a two-tailed Student’s t-test). The other concentrations show a large deviation 

from their mean values to be of any statistical significance. In addition, these results 

were not reproducible between independent, duplicate runs performed using the same 

batch of thiol-modified heparin. 

To eliminate the effect of surface-proximity on the activity of these block 

copolymers, SDS-mediated elution was carried out to facilitate desorption from the 

microsphere surface. The COATEST® assay was performed on SDS-wash 

supernatants of the microspheres that had been treated with a 2 mg/ml heparin 

solution. As discussed earlier, the assay is specific for heparin in that it monitors the 

AT binding capability of heparin. The concentration of this complex is dependent on 

the availability of AT. In order to obtain a more constant concentration of AT I, 

purified AT is added to the test plasma. Activated Factor X (in excess) is neutralized 

in proportion to the amount of heparin, which determines the amount of [Heparin · 

AT] complex. The remaining amount of FXa hydrolyses the chromogenic substrate S-

2222, thereby liberating the chromophoric group, pNA, whose presence is detected at 

405 nm. Due to the high specificity of the COATEST® assay, the presence of SDS or 

Pluronic® should have no effect on its sensitivity. This was indeed shown to be the 
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case, as the absorbance readings for EGAP, F108 and PBS controls, with and without 

SDS, were similar. However, we did not find any evidence of anticoagulant activity 

in the wash supernatants (Data not shown). 

 

4.3.4 Zeta Potentials of unmodified and heparinized microspheres 

 Results for the zeta potential measurements are shown in Figure 4.6. Heparin 

attachment to the microsphere surface causes an increase in the total surface negative 

charge, resulting in a more negative value of measured zeta potential as compared to 

that of the unheparinized microspheres. For all concentrations of DTP-heparin reacted, 

the zeta potentials of the F108-coated microspheres remained constant and showed 

negligible deviation from the values obtained with the unheparinized microspheres. It 

can further be seen that the EGAP-coated microspheres that had been reacted with 1 

mg/ml of DTP-heparin displayed maximum change in zeta potentials as compared to 

their unheparinized counterparts. The above results indicate the presence of 

immobilized heparin molecules on the microsphere surfaces coated with end-

activated triblocks. 

The zeta-potential values for bare microspheres (i.e., microspheres that had 

been coated neither with F108 nor with EGAP) are most negative. This is because the 

zeta potential is an electrophoretic quantity (i.e., dependant on the mobility of a 

charged colloid in an electric field) measured at the slip-plane between the solid in 

motion and the bulk electrolyte. Copolymer adsorption at the surface causes the 

location of the slip-plane to move away from the surface and there is a local change in 

the medium dielectric constant. Because of this, the negative surface charge on the 
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polystyrene microspheres gets shielded and a lower value of measured zeta potential 

results.    

The lack of reproducible activity measurements could be due to two factors. 

Firstly, as evident from Table 4.1, a very small quantity of heparin was attached on 

the microsphere surface. This quantity might be too little to display any significant 

clotting times in the aPTT assays. Due to their large size, highly hydrophilic nature, 

and highly negative charge, heparin molecules that are already attached to the surface 

tend to create a steric, as well as an electrostatic, barrier for other incoming molecules. 

This would decrease the efficiency of the immobilization reaction with increasing 

surface coverage.  

Secondly, a significant activity loss can result from the covalent attachment of 

heparin to the block copolymer molecules. The EDCI-based method of crosslinking 

used in this work is a random method, acting on any of the several carboxylic acid 

groups present in the heparin chain. As shown in Figure 4.2, some of these groups 

could belong to the pentasaccharide sequence that binds to the AT molecule required 

for anticoagulant activity. As a result of disulfide bond formation with the adsorbed 

Pluronic® molecule, the pentsaccharide sequence might be shielded from the 

incoming AT molecules, thereby compromising the anticoagulant activity of the 

attached heparin molecule. The random nature of the process of bond-formation could 

also explain the non-reproducibility of the results. A heparin molecule attached 

sideways, occupies more area, is highly negatively charged and, as discussed 

previously, leads to electrostatic or steric repulsion of other incoming heparin 

molecules. This may be a cause for the low surface-coverage on the microspheres. 
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In future experiments, heparin molecules will be modified in a site-specific 

manner (i.e., at their reducing-end aldehyde groups) to counter the above problems. 

The reaction will be performed at pH 7.0 in the absence of EDCI and will involve a 

condensation reaction between the carbonyl group of the reducing-end aldehyde and 

the primary amino group of DTP. Other treatment steps (i.e., DTT-mediated cleavage 

of the disulfide in DTP, dialysis and lyophilization) will be carried out in the manner 

described previously. This reactive site is located far from the pentasaccharide 

sequence critical for the molecule’s anticoagulant activity. Additionally, heparin will 

be tethered in an end-on manner as compared to the sideways attachment described 

here. This will result in a greater packing density of heparin molecules, which may be 

considerably more active as compared to the randomly modified heparins used in this 

study. Earlier attempts involving the covalent attachment of heparin via its reducing 

end for various applications have met with good success (Nadkarni et al. 1994). A 

possible reason for reduced coupling efficiency is that the copolymers are synthesized 

on a solid surface, which might be a cause of further steric hindrance. Heparin block 

copolymers can also be synthesized in solution phase, concentrated, and purified 

using a suitable chromatographic technique.  

Heparin-containing F108 constructs were also synthesized in the laboratory of 

Dr. Glenn Prestwich. The only difference between that product and the heparin block 

copolymers synthesized in this study is the nature of the chemical bond between the 

heparin and the nonionic surfactant. The product synthesized by the Prestwich group 

has a (C-S) bond connecting the heparin and the Pluronic® as opposed to the disulfide 

(S-S) linkage in this study. The anticoagulant activity of the former, dissolved in PBS 
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was determined for several concentrations and the results are shown in Figure 4.7. It 

can be seen that on a concentration basis, the activity is comparable to that of 

unmodified heparin. This is an encouraging observation since it signifies that heparin 

can be chemically coupled with a nonionic, triblock surfactant while preserving a 

significant portion of its anticoagulant activity.    
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4.4 Conclusion 

 The results indicate that we were able to successfully synthesize heparin 

containing block copolymers adsorbed on a hydrophobic surface. We were also able 

to demonstrate retention of anticoagulant activity by heparin immobilized in this 

manner. However, the amount of heparin immobilized was low and the level of 

anticoagulant activity displayed was not reproducible between multiple trials. We 

believe this to be due to the random nature of the heparin modification process. This 

may have two consequences: (i) loss of activity in the unreacted solution phase and 

(ii) shielding of the biologically active portions of the molecule on surface attachment. 

Both of these could lead to a demonstrable lack of activity in the surface-tethered, 

randomly modified form of F108-heparin. 

 Site-specific modification of heparin at a point distal to the critical 

pentasaccharide domain and subsequent surface attachment might solve both the 

problems mentioned above, and studies in this direction are currently under way.   
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4.6 List of Figures 

 
 
 

Figure 4.1 Pentasaccharide sequence in heparin essential for anticoagulant 
activity.The sites of covalent modification performed in this study are marked 
with arrows. 
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Figure 4.2 Chemistry of heparin-containing block copolymer synthesis 
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Figure 4.3(a) Proton NMR spectra of unfractioned heparin in D2O at 400 MHz. 

Figure 4.3(b) Proton NMR spectra of DTP-heparin in D2O at 400 MHz.The 
new resonances corresponding to the methylene peaks are marked with 
arrows. 
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Figure 4.4(b) Anticoagulant activity of unfractionated heparin dissolved in PBS. 
Compare the X-axes with Figure 4(a) Values are reported as Mean +/- SD. 
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Figure 4.4(a) Anticoagulant activity of modified heparin dissolved in PBS. 
Values are reported as Mean +/- SD. 



  
 

 92 

 
 

 
 

Figure 4.5 Anticoagulant activities of heparin block copolymers and F108-
heparin controls on PS microspheres. Values are reported as Mean +/- SD. The 
two trials refer to two duplicate runs performed using the same DTP-heparin 
product. Normalized % Activity of EGAP or F108 was calculated as follows. 
The mean aPTT clotting times for EGAP or F108 coated microspheres reacted 
with PBS were used as basis (E2 or F2) and each data point for EGAP (say 
E1

a)or F108 (F1
a)coated microspheres that had been treated with DTP-heparin 

was ‘normalized’ as:  

e1
a = 100*(E1

a – E2)/E2 or f1
a = 100*(F1

a – F2)/F2  
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Figure 4.6 Zeta Potential measurements on heparinized and unheparinized PS 
microspheres. The microspheres were diluted in ultra-pure water at a 
concentration of 0.0027 % (w/v). Values are reported as Mean +/- SD. 
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Figure 4.7 Anticoagulant activity of heparin-containing block copolymers 
dissolved in PBS. These involve a (C-S) bond connecting the Heparin and the 
Pluronic® molecule. Values are reported as Mean +/- SD. 



  
 

 95 

4.7 List of Tables 
 
Table 4.1 Amount of surface-attached heparin in various trials as determined 
fromOD343 measurements.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
‡ Calculated from OD343 measurements of supernatants from two independent, 
duplicate runs. 
 

 
DTP-Heparin solution concentration 

(mg/ml) 

 
Heparin surface coverage 

 (ng/cm2) ‡ 
 

1 5.85 
2 5.18 
5 1.5, 1.34 
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CHAPTER 5 

GENERAL CONCLUSIONS 
 

The indirect surface-attachment of biological molecules using a self-

assembling block copolymer is a commonly used technique to create functionalized 

surfaces for several applications. In this work, such an approach was used to prepare 

biocompatible surfaces for medical device applications. Attempts were made to 

synthesize biomolecule-containing triblock constructs that on surface assembly would 

alleviate the problems of bacterial infection and thrombosis at the site of a surgical 

implant. The lantibiotic nisin and the anticoagulant compound heparin were used as 

active ingredients in these constructs. 

 There was sufficient evidence to prove that we were able to chemically 

modify the compound heparin in a manner that retained its anticoagulant activity, and 

synthesize heparin-containing block copolymers on a hydrophobic surface. However, 

the anticoagulant activity measurements of such heparinized surfaces gave mixed 

results and were not able to demonstrate anticoagulant activity in a reproducible 

manner. We believe this to be due to the random nature of heparin modification and 

surface attachment method used. Future work in this area will involve the chemical 

manipulation and surface attachment of heparin at a different site and in a more 

controlled manner. Synthesis of heparin-containing constructs in the homogenous 

solution phase is expected to provide high yields of reaction and will also be tried. 

   We were also able to incorporate sulfhydryl groups at the N-terminal residue 

of nisin without any significant loss of the peptide’s antibacterial activity. Nisin thus 
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modified was reacted with end-activated and inert triblock surfactants. As in the case 

of heparin, we were able to demonstrate the synthesis of nisin-containing block 

copolymers in solution but the activity results for these too were ambiguous. 

Specifically, the non-reactive surfactant solutions that had been treated with modified 

nisin also displayed antibacterial property. This could be attributed to the interaction 

of nisin with adsorbed surfactant layers or with surfactant molecules in solution. Such 

non-specific, yet seemingly high-affinity interaction between a protein and a 

Pluronic® surfactant is yet unreported in literature and has significant commercial 

potential (in this case) as a novel antimicrobial-eluting coating for medical devices, 

along with added advantages of being non-thrombogenic and possessing the ability to 

suppress the development of resistant bacterial strains. Further studies of this 

phenomenon using various physico-chemical techniques are recommended as part of 

any product development program with this objective. Further studies will also help 

better understand the nature of non-specific interactions between surface-active 

biological entities that form the basis of life. 
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Synthesis and Antibacterial Activity of Nisin-containing Block Copolymers 
tethered to a Solid Surface. 
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A.1 Introduction 

One of the applications of nisin-containing block copolymers is primarily to 

prevent bacterial adhesion and proliferation on a solid surface. Therefore, the activity 

of such constructs was initially evaluated by their synthesis directly on a surface of 

interest. This Appendix describes in detail the early attempts at synthesis of nisin-

containing block copolymers on such a surface. The general procedure involved 

synthesis of thiolated nisin using NHS-ester crosslinkers as described in Chapter 3 of 

this dissertation, and reaction of this thiolated nisin with hydrophobic surfaces that 

had been coated with end-activated and inert F108 surfactant. The antimicrobial 

activity of such nisin-incorporated surfaces was determined and the results from these 

tests are also discussed. The results obtained herein formed the motivation for further 

studies of nisin trapped in adsorbed PEO brush layers. 
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A.2 Materials and Methods 

A.2.1 Nisin modification  

For these trials, nisin modification was carried out using SPDP and SATA 

crosslinkers as described under the appropriate section in Chapter 2. All the thiolated 

nisin used in subsequent sections was prepared using a SATA stock solution 

concentration of 15.6 mg/ml in DMSO.  

 

A.2.2 Nisin attachment to end-group activated PEO-PPO-PEO triblocks on a surface 

 One hundred microliters of a 10% suspension of polystyrene (PS) 

microspheres having 1.15 micron average diameter (Seradyn Inc. Indianapolis, IN) 

were washed with 1 ml DDW and centrifuged at 13,400 rcf. This was repeated twice 

to completely remove the proprietary stabilizing detergent adsorbed on the 

microsphere surface. The pellets was re-suspended in 1 ml of a 0.4% Pluronic® 

(EGAP or F108 as control) solution in DDW and incubated by end-over-end mixing 

for 24 h at room-temperature. This treatment led to the formation of an adsorbed layer 

of the nonionic surfactant on the microspheres with a footprint (area occupied by one 

molecule) of 7.4 nm2. These Pluronic® -coated microspheres were then treated 

overnight with thiolated nisin prepared using SATA crosslinker or with Phosphate 

buffer (PB, 20 mM Potassium phosphate, 1 mM EDTA, pH 7.0).  The microspheres 

were then centrifuged and washed with PB. The volume per wash was either 1 ml or 

25 ml of PB and the pellets were re-suspended in 100 µl of PB prior to activity 

determination. 
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Alternatively, flat PS Petri plates with a diameter of 35 mm were treated with 

a solution 0.4% Pluronic® (EGAP or F108 as control) for 24 h under constant 

agitation. The plates were washed three times with DDW and treated overnight with 

thiolated nisin synthesized using the SATA crosslinker in the manner described above. 

The plates were washed several times with PB or PBS (PB with 150 mM NaCl) prior 

to determination of antibacterial activity of their coated surfaces.   

A.2.3. Determination of Antibacterial activities 

A.2.3.1 Antibacterial activity of modified nisin 

This was determined exactly as described under the appropriately named 

section in Chapter 3. 

 

A.2.3.2 Antibacterial activity of surface immobilized copolymers 

Antibacterial activity of the block copolymers was determined using the Gram 

positive bacterium Pediococcus pentosaceus FBB 61-2 (P. pentosaceus )  as the 

indicator strain. Ten milliliters of a 52.2 g/l solution of deMan-Rogosa-Sharpe broth, 

MRS (EMD Chemicals, Germany) was sterilized by autoclaving according to 

manufacturer’s instructions. P. pentosaceus culture stock was thawed and 10 µl was 

added to the autoclaved MRS broth using a sterile inoculation loop. The inoculated 

broth was then incubated overnight at 37 0C resulting in a cell count of 

approximately107 CFU/ml. Overnight cultures of P. pentosaceus were prepared thus 

and diluted 100-fold in sterile MRS broth to give a cell count of about 9 x 105 

CFU/ml. A 900 µl aliquot of this dilute culture was transferred to a 15 ml sterile 
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polypropylene tube (Becton Dickinson, Franklin Lakes, NJ). The re-suspended pellets, 

that had either been reacted with thiolated nisin or combined with phosphate buffer, 

were then added to this tube and all such tubes were incubated at 37 0C for 4 h with 

constant agitation. Control solutions including copolymer-free and nisin-free 

phosphate buffer were also tested in this manner. At the end of this incubation period, 

the microsphere-containing bacterial suspensions were diluted further in sterile MRS 

broth and a small amount was added in the centre of a sterile PS Petri plate. Powdered 

agar (Becton-Dickinson, Sparks, MD) was dispersed in 52.2 g/l MRS broth and 

liquefied by autoclaving. This was cooled to 40 0C and poured on the Petri dish to a 

depth of 5 mm. The plate was rotated to mix the melt with the diluted bacterial 

growth suspension and solidified. The solidified agar was incubated at 37 0C for 24 h 

and the numbers of bacterial colonies formed were enumerated. 

The antibacterial activities of flat PS plates treated with nisin were determined 

as follows. Overnight cultures of P. pentosaceus were prepared as above and diluted 

one hundred-fold using sterile MRS broth. One milliliter of such diluted cultures was 

placed onto each Petri plate and the plates were incubated for 4 h at 37 0C with 

constant agitation. At the end of the incubation period, the cell density of each culture 

supernatant was determined at a wavelength of 600 nm against a sterile MRS blank. 

The plates were washed several times with PB or PBS to remove any adhered cells or 

non-specifically bound nisin and exposed to a freshly prepared dilution of overnight 

bacterial cultures prepared. This washing and bacterial exposure cycle was carried out 

for several days. 



  
 

 116 

A.3 Results and discussion 

A.3.1 Nisin modification using SPDP vs. SATA 

Table A.1 shows the relationship between the concentrations of SPDP reacted 

with nisin and the resulting degree of nisin derivatization.  The results indicate that an 

increase in SPDP concentration resulted in only modest increases in the extent of 

nisin derivatization.  Overall the efficiency of the reaction was low and ranged from 

34 to 40%.   

Zone of inhibition assays were used to evaluate the effects of various reaction 

conditions and treatment steps on nisin activity.  The results of these assays are 

displayed in Table A.2 and indicate that reaction with SPDP, under all condition 

tested, resulted in complete loss of nisin activity.  Loss of activity was attributed 

directly to SPDP based on the fact that all other treatment steps, when evaluated 

independently, resulted in negligible losses of activity.   

SATA modification did not cause a complete reduction of nisin activity and 

the results for these trials are as discussed in Chapter 3 of this dissertation. 

 

A.3.2 Antibacterial activity of surface immobilized Nisin Block Copolymers. 

A.3.2.1 Activity measurements on Polystyrene microspheres 

 The fewer the number of colonies formed in the solidified agar after 24 

h incubation implies greater inhibition of bacterial growth in the culture, by the nisin-

treated polystyrene microspheres. As seen in Table A.3, almost complete inhibition of 

bacterial growth occurred by both the EGAP and the F108 coated control 
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microspheres that had been treated with nisin-SH. This was probably due to 

inefficient removal of unreacted nisin-SH attaching to the surfaces in a non-specific 

manner, and eluting over time to kill the bacteria in surrounding medium. Therefore, 

the wash volume of buffer was increased from 1 ml to 25 ml per wash per 

microsphere sample. The microspheres were separated by centrifugation and all other 

parameters were unchanged. Several trials were performed. 

The results obtained, as displayed in Table A.4, were not reproducible. This 

was attributed to non-uniform loss of microspheres during the multiple wash steps. 

However, antibacterial activity was always demonstrated by the control microspheres, 

which had been coated with F-108 and reacted with nisin-SH. 

 

A.3.2.2 Antibacterial activity on Polystyrene Petri plates 

 To avoid the problem of bead loss, the entire experiment was repeated 

with the substitution of 35 mm PS Petri dishes as surfaces. Furthermore, it was 

possible to regenerate the solid surface from the bacterial suspension by rinsing with 

buffer. Multiple cycles of buffer wash and bacterial incubation were performed after 

Pluronic® coating and nisin-SH reaction, and decrease in supernatant cell count was 

determined be measuring OD600 of the bacterial suspension. Figure A.1 shows these 

results and as can be seen, there was no evidence of greater antibacterial activity 

shown by the EGAP-coated surface as compared to the F108 coated surface. 

The results obtained in this study as well as the conclusions of Chapter 3 

indicate a previously unreported affinity of nisin towards adsorbed F108 layers or 

surfactant in solution. Adsorbed layers of Pluronic surfactants have been traditionally 
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used to repel proteins from a surface. Studies have revealed that F108, due to its high 

PEO content, is an ideal nonionic surfactant to prevent fouling of surfaces exposed to 

multiple proteins. These anomalous observations reported called for further 

investigation of these phenomena and are described in Appendix B.   
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A.4 List of Figures 
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Figure A.1 Antibacterial activity of Pluronic® coated flat PS Petri plates treated 
with thiolated nisin. 
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A.5 List of Tables 

Table A.1 Effect of SPDP concentration on nisin activity 

 

SPDP 
Stock 
concentration 
(mM) 

SPDP molar excess 
 
(mol SPDP/mol nisin) 

Degree of modification§ 
 
(Expressed as % ) 
 

40 20.27 34.5 
60 30.41 36.37 
80 40.54 34.39 
100 50.67 40.34 

 

                                                 

§ Degree of modification (%) = 
[ ]

[ ]
Pyridine 2-thione

100
nisin

×  

     [Pyridine 2-thione] determined by OD343 measurement 
      [nisin] estimated from gel filtration column elution profile   
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Table A.2 Effect of SPDP treatment steps on nisin activity 
 

Treatment step description Diameter of inhibition zone of  
resulting product 
                        (inches ± SD) 

Nisin + SPDP (in DMSO), 
Passed through PA** column 

0                                                           

Nisin + DMSO, 
Passed through PA column 

0.7263 ± 0.0015 

Nisin + SPDP (in DMSO), 
Passed through PA column  
+ DTT to nisin-rich fractions, 
Passed through Sephadex® G-10  
column 

0 

Nisin + DMSO, 
Passed through PA column  
+ DTT to nisin-rich fractions, 
Passed through Sephadex® G-10  
column 

0.605 ±0.0132 

Nisin + DMSO, 
Passed through PA column  
+ PB to nisin-rich fractions, 
Passed through Sephadex® G-10  
column 

0.610 ± 0.0087 

Nisin + PB, 
Diluted approximately to the final 
concentration of pooled Sephadex® 
column fractions 

0.771 ± 0.0029 

 

                                                 
** PA: Polyacrylamide column used for Gel filtration, MWCO 1200 Da, (Pierce 
Biotech) 
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Table A.3 Antibacterial activity of Pluronic® coated beads incubated with thiolated 
nisin.  
                

Type of Beads  Number of colonies formed in solid agar 

Ba Bb Bc Bmean Blank 

(No beads) TNTC†† TNTC TNTC TNTC 

E1a E1b E1c E1mean EGAP coated 

( with Nisin-SH) none none none none 

E2a E2b E2c E2mean EGAP coated 

(with Buffer) TNTC TNTC TNTC TNTC 

F1a F1b F1c F1mean F-108 coated 

(with Nisin-SH) none none none none 

F2a F2b F2c F2mean F-108 coated 

(with Buffer) TNTC TNTC TNTC TNTC 

 

   

 

 

  

                                                 
†† TNTC: Too Numerous To Count 
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Table A.4 Antibacterial activity of Pluronic® coated beads treated with thiolated 

nisin: 25 ml wash volume. 

 
Beads  Number of colonies formed            

(Trial 1)  
Number of colonies formed                             
(Trial 2) 

Ba Bb Bc Bmean Ba Bb Bc Bmean Blank 
(No beads) TNTC TNTC TNTC TNTC TNTC TNTC TNTC TNTC 

E1a E1b E1c E1mean E1a E1b E1c E1mean EGAP 
coated 
( with 
Nisin-SH) 

3 1 9 4 60 38 39 46 

E2a E2b E2c E2mean E2a E2b E2c E2mean EGAP 
coated 
(with 
Buffer) 

TNTC TNTC TNTC TNTC TNTC TNTC TNTC TNTC 

F1a F1b F1c F1mean F1a F1b F1c F1mean F-108 
coated 
(with 
Nisin-SH) 

115 130 94 113 15 10 17 14 

F2a F2b F2c F2mean F2a F2b F2c F2mean F-108 
coated 
(with 
Buffer) 

TNTC TNTC TNTC TNTC TNTC TNTC TNTC TNTC 
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Abstract 

The adsorption and elution of the antimicrobial peptide nisin at hydrophobic, 

silanized silica surfaces coated with the poly[ethylene oxide]-poly[propylene oxide]-

poly[ethylene oxide] surfactant Pluronic® F108 was measured in situ, with 

ellipsometry.  While such layers are known to inhibit protein adsorption, nisin was 

observed to adsorb in multilayer quantities, to an extent similar to its adsorption at 

uncoated, hydrophobic surfaces.  The rates of nisin adsorption and elution were 

generally slower at F108-coated surfaces.  The sequential adsorption of nisin, 

including two adsorption-elution cycles at each surface, showed greater differences in 

adsorption rates between the first and second adsorption cycles, when evaluated at 

identical mass density for uncoated relative, to F108-coated, surfaces.  These results 

indicate that nisin adsorption occurs via “entrapment” within the PEO brush layer at 

F108-coated surfaces, in this way slowing adsorption and spontaneous elution, and 

inhibiting post-adsorptive molecular rearrangements by reducing the lateral mobility 

of nisin. While F108-coated layers rejected adsorption of serum albumin, sequential 

adsorption experiments carried out with nisin and albumin showed a low level of 

albumin adsorption when nisin was present at the interface. 

 

Key Words: nisin adsorption kinetics, in situ ellipsometry, Pluronic® F108, PEO-

PPO-PEO triblock surfactants 
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B.1 Introduction 

Controlling biological interactions with materials is of great importance to the 

design of permanent as well as resorbable implants, cell and tissue scaffolds, and 

diagnostic probes, among others.  Most materials used in medical devices are 

susceptible to bacterial adhesion.  Once bacteria adhere to a solid surface, they 

generate and become embedded within a polysaccharide matrix to form a biofilm. 

Both the host immune system and antimicrobials become less effective against the 

bacteria due in part to difficulty in penetrating the biofilm matrix.  In addition, 

bacteria in biofilms have more capacity to develop resistance to antimicrobials.  To 

reduce morbidity and mortality due to device related infections, it is critical to prevent 

biofilm formation. 

Implant-associated infections can result in systemic infections that in the 

worst-case scenario can lead to multiple organ failure and death, despite successful 

resolution of the original medical condition.  The cost of such infections is high.  For 

example, a single episode of central venous catheter-related bacteremia has been 

estimated to cost up to $50,000 with an attributed mortality rate between 4 and 35% 

(Beekman et al. 2005).  Infection is also a major problem for dialysis patients.  Over 

450,000 people in the US alone have end stage kidney failure and require chronic 

hemodialysis.  For these patients, vascular access procedures are a major cause of 

morbidity and mortality.  AV grafts are used in about 42% of patients with an 

infection rate between 11 and 20%.  The mortality rate due to infection of these grafts 

is between 12 and 22%. 



  
 

 127 

A number of antimicrobial coatings have been evaluated for their ability to 

reduce the incidence of implant-related sepsis. But in general, the prophylactic use of 

antibiotic-coated implants increases the risk of producing resistant strains of bacteria, 

while the use of other kinds of antibacterial compounds (antiseptics) provides inferior 

results in comparison to the use of clinical antibiotics. Lantibiotics are antibiotic 

compounds that include one or more lanthionine rings. The unique physical structure 

of lantibiotics makes them different in mode-of-action from traditional antibiotics, 

suggesting that they offer a means for preventing the rise of resistant microorganisms 

(van den Hooven et al 1996; Wiedemann et al. 2001, van Heusden et al. 2002, Hsu et 

al. 2004).  Lantibiotics such as nisin can adsorb to surfaces, maintain activity, and kill 

cells that have adhered in vitro (Bower et al. 1995, 2001, 2002). The structure of 

nisin, by far the most extensively investigated lantibiotic with reference to 

biomaterials applications, is shown schematically in Figure B.1.  Staphylococcus 

aureus and Staphylococcus epidermidis are the most frequently encountered 

biomaterial-associated pathogens (Dugdale 1990, Raad 1992), and both are Gram-

positive bacteria.  Nisin kills Gram-positive bacteria through a multi-step process that 

destabilizes the phospholipid bilayer of the cell and creates transient pores. 

 Application of nisin-coated implants in vivo was reported by Bower et al. 

(2002), but the duration of coating activity was short. The nisin was bound by non-

specific adsorption to hydrophobic catheter materials in that work, and the loss in 

activity could be attributed to nisin exchange with blood proteins at the surface.  

Since that time considerable effort in our laboratory has been placed on “tethering” 

nisin to solid surfaces for long-term antibacterial activity, in a manner allowing the 
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level of solvent accessibility and molecular mobility needed for membrane binding, 

insertion, and pore formation to be preserved (Joshi et al. 2006). In particular we have 

synthesized thiol-modified nisin derivatives, by chemical modification of the primary 

amine group at the N-terminal residue. These were then chemically coupled to end-

group activated poly[ethylene oxide]-poly[propylene oxide]-poly[ethylene oxide] 

(PEO-PPO-PEO) triblock polymers to form nisin-containing block copolymers. The 

end-group activated triblocks were produced from the Pluronic® surfactant F108 

(MW 14,600, with two end blocks of PEO that are 129 monomer units in length and a 

center block of PPO that is 56 monomer units in length, i.e., HO-(CH2-CH2-O)129-

(CHCH3-CH2-O)56-(CH2-CH2-O)129-H).  End-group activation involved replacing the 

terminal hydroxyl groups of the PEO chains with pyridyl disulfide moieties. Nisin 

was secured to the PEO chains in an “end-on” orientation, through a disulfide 

linkage. 

 This reaction was carried out by introduction of thiolated nisin to polystyrene 

microsphere surfaces to which the end-activated triblocks had been attached (via 

hydrophobic association of the PPO block with the polystyrene surface), and was also 

carried out in homogeneous liquid phase. The disulfide-linked, nisin-containing block 

copolymers were separated from unreacted nisin by dialysis, and evaluated for 

activity against the Gram positive indicator strain Pediococcus pentosaceus. Thiol-

modified nisin was introduced to (unactivated) Pluronic® F108 in similar experiments 

for controlled comparison of antimicrobial activity, in all cases.  We routinely 

determined, however, that antibacterial activity with the unactivated F108 samples 

(i.e., the “control” samples), even through repeat washing, was not significantly 
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different than that recorded with disulfide-linked nisin.  These findings suggested that 

some amount of nisin was apparently entrapped in the PEO chains of the F108 

triblocks, possibly involving specific physical interactions between nisin and the PEO 

chains that stabilize the entrapment. 

 It is well known that PEO resists protein interactions and F108 coated surfaces 

in particular have been shown to prevent protein adsorption (Li and Caldwell 1991, 

Green et al. 1998; Neff et al. 1999). It was therefore believed that nisin would not 

interact with the PEO-PPO-PEO triblocks, other than at the reactive site on the end-

activated samples. The ability of the Pluronic® surfactant to entrap nisin was thus 

unexpected.  Exploring the interaction between nisin and PEO layers is important, as 

better understanding in this context may provide direction for improved anti-infective 

function in coated, implantable devices, and improved strategies for drug loading and 

release from such devices, among others. In addition, the protein rejection properties 

of the F108 layer, if retained after nisin adsorption, would inhibit exchange of the 

peptide by blood proteins and in this way improve the potency of a coating prepared 

through non-specific adsorption of the biologically active agent. 

 In this paper we describe the adsorption and elution of nisin at silanized silica 

surfaces coated with the Pluronic® F108.  Pendent PEO chains were immobilized on 

the surface through hydrophobic interaction between the apolar PPO block and the 

hydrophobic silica. Nisin adsorption and elution kinetics were measured in situ, with 

ellipsometry. 
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B.2 Materials and Methods 

B.2.1 Protein and surfactant solutions 

Nisin was obtained from Prime Pharma (Batch number 20050116-1, Gordons 

Bay, South Africa) and was dissolved in filtered, 10 mM monobasic sodium 

phosphate solution to ensure complete solubilization. Filtered, 10 mM dibasic sodium 

phosphate was then added to bring the pH to 7.0.  Bovine serum albumin (BSA, 

Sigma-Aldrich, St Louis, MO) was dissolved in filtered, 10 mM sodium phosphate 

buffer at pH 7.0.  Solutions of nisin and BSA (each at 5.0 mg/mL) were aliquoted into 

0.5 mL samples and stored at -80 °C; they were thawed immediately before use.  

Pluronic® F108 was purchased from BASF (Mount Olive, NJ) and was dissolved in 

10 mM phosphate buffer (pH 7) as needed. 

 

B.2.2 Surface modification 

Silica wafers (Type P, DOP B, thickness 525 ± 18 µm, resistivity 0.01 - 0.02 

ohm.cm; WaferNet Inc., San Jose, CA) were cut into 1×5 cm strips using a tungsten 

pen. The silica strips were rinsed with acetone to remove dust and organic residues, 

washed in a solution of NH4OH:H2O2:H2O (1:1:5 volume ratio) at 80 °C for 10 min, 

then washed in a solution of HCl:H2O2:H2O (1:1:5 volume ratio) at 80 °C for 10 min.  

They were then rinsed with deionized water and pure ethanol, and blown dry with a 

nitrogen stream.  From this point, two methods were used to render the silica surfaces 

sufficiently hydrophobic for F108 coating.  In one method, the dried silica strips were 

placed in a glass dish and transferred to a vacuum oven (200 °C) housing an 
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uncovered, 2 mL volume of hexamethyldisilzane (HMDS, Product number H7300, 

United Chemical Technologies, Bristol, PA).  HMDS vapor deposition was allowed 

to occur for 90 min, at 20-25 in. Hg vacuum and 200 °C.  In another method, the 

cleaned, dried silica strips were transferred to a solution of 5% (V/V) PS200 

(“Glassclad 18”, Product number PS200, United Chemical Technologies, Bristol, PA) 

in water and agitated for 15-20 s.  The samples were then rinsed thoroughly with 

deionized water and cured at 100 °C for 1 h.  The hydrophobicities of surfaces coated 

in these ways were measured by contact angle analysis.  The contact angle was 

typically between 85° and 95° following HMDS treatment, and between 65° and 75° 

following PS200 treatment.  Silanized silica surfaces were stored in an electronic 

desiccator until needed. 

 

B.2.3 Surface coating with Pluronic® F108 

HMDS- or PS200-treated samples were coated with Pluronic F108 by incubating 

surfaces with 0.5% F108 in 10 mM sodium phosphate buffer in the fused quartz 

trapezoid cuvette on ellipsometer overnight (16 h or longer).  Before ellipsometry 

experiments, loosely attached F108 on the surface and free F108 in solution was 

rinsed away with multiple cuvette volumes of phosphate buffer. 

PEO coatings were also prepared by covalent attachment of the F108 triblocks.  

McPherson et al. (1997) and Park et al. (2000) described pretreatment with a silane 

and subsequent γ-irradiation to covalently bind PEO-PPO-PEO triblocks (via the PPO 

block) to glass, metal and pyrolytic carbon surfaces. In short, through absorption of 

radiation or interaction with water-derived radicals, surface-bound free radicals are 
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formed.  These free radicals attack the adsorbed PPO block, forming new covalent 

bonds between the surface and polymer (McPherson et al 1997).  In this work, the 

F108 triblocks were covalently attached according to methods similar to those cited 

above. In brief, the silica samples were silanized with octadecyltrimethoxysilane, and 

the surface-polymer covalent attachment induced by uv radiation (Neff et al 2004). 

After uv treatment, samples were washed with PBS. 

 

B.2.4 In situ ellipsometry 

A silica sample (coated with Pluronic® F108 or uncoated) was placed into a 

fused quartz, trapezoid cuvette (Hellma Cells, Germany) which was secured on the 

sample stage of an automatic in situ ellipsometer (Model L-104 SA, Gaertner 

Scientific Corp., Chicago, IL) modified to allow for stirring and flow. After 4.5 mL of 

10 mM phosphate buffer (pH 7.0) was injected into the cuvette, the ellipsometer stage 

was adjusted to obtain a maximum in reflected light intensity and steady optical 

properties. Surface optical properties were recorded every 15 s for 30 min before 0.5 

mL of protein or Pluronic F108 solution was injected into the cuvette to yield a final 

protein concentration of 0.50 mg/mL, or final F108 concentration of 0.5 % (w/v). 

Adsorption was allowed to occur for a desired period of time, after which the surface 

was rinsed in situ with 10 mM sodium phosphate buffer at a flow rate of 31.6 mL/min 

for 5 min. Film properties were then monitored for a desired “incubation” period. 

Any additional protein adsorption and rinsing-incubation steps carried out in a given 

experiment were performed in the same manner described above. 
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A one-film-model ellipsometry program (Krisdhasima et al. 1992) was used to 

determine the adsorbed mass of protein from the ellipsometrically determined values 

of film thickness and refractive index according to Cuypers et al. (Cuypers et al. 

1983). A partial specific volume of 3.837 mL/g and a molecular weight to molar 

refractivity ratio of 0.729 g/mL.  Each experiment was performed at least twice on 

each type of surface, with an average deviation from the mean of 0.005 µg/cm2. 
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B.3 Results and Discussion 

B.3.1 F108 adsorption at hydrophobic silica 

Figure B.2 provides representative results for adsorption of F108 on a (PS200) 

silanized silica surface, rinsed sequentially at 60 and 90 min.  The surface 

concentration of F108 reached a plateau immediately after its introduction to the 

cuvette, indicative of a high affinity adsorption at the hydrophobic surface, and 

consistent with adsorption patterns recorded for a number of small-molecule 

surfactants (Wahlgren and Arnebrant 1995). The adsorbed mass decreased somewhat 

after the first rinse, and this can be attributed to the elution of loosely bound triblocks.  

No such decrease in adsorbed mass was recorded after the second rinse step.  (We 

note here that the PS200-treated silica samples supported a more stable F108 coating 

for monitoring protein adsorption and elution kinetics.  Unless otherwise indicated, 

all F108-coatings represented by the data presented here were prepared from PS200-

treated substrates.) 

 

B.3.2 Nisin adsorption and elution kinetics 

Figure B.3 provides a representative comparison of nisin adsorption and 

elution kinetics at bare hydrophobic and F108-coated surfaces. Nisin adsorption did 

not reach a plateau in either case, and based on dimensions of nisin in solution (if 

modeled as a cylinder, about 2 x 5 nm) a monolayer of molecules adsorbed “side-on” 

(i.e., in an area equal to 2 x 5 = 10 nm2) and “end-on” (i.e., in an area equal to 2 x 2 = 

4 nm2) would result in an adsorbed mass of 0.058 and 0.145 µg/cm2, respectively.  

Thus the patterns shown in Fig. 3 are probably consistent with multi-layer adsorption 
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in each case.  Nisin adsorption to the F108-coated surface was generally slower than 

adsorption to the bare hydrophobic surface, likely owing to steric inhibition by the 

pendant PEO chains. Nisin elution in protein-free buffer was similar at each surface 

initially, but elution was observed to continue only at the bare hydrophobic surface.  

Presumably, this is due to greater solvent accessibility to nisin that is loosely held in 

the outer layers in the case of adsorption to the uncoated surface, while nisin 

integrated into the PEO “brush” would show greater resistance to elution. 

The effect of the PEO chains in adsorption and elution can be further revealed 

by analysis of nisin adsorption-elution data with reference to a “history dependent” 

adsorption mechanism (Calonder et al 2001, Tie et al. 2003).  A number of 

macromolecular species, including proteins, exhibit history dependent adsorption 

behavior owing to the slow relaxation of non-equilibrium structures at the interface. 

That is, for a given protein at a given surface loading, the rate of adsorption depends 

on the formation history of the adsorbed layer. This is particularly relevant near 

monolayer surface coverage when protein-protein interactions can influence the 

availability of surface area suitable for adsorption. Tie et al (2003) studied the 

adsorption of fibronectin, cytochrome c and lysozyme using optical waveguide 

lightmode spectroscopy in multi-step mode, where an adsorbing surface is alternately 

exposed to a protein solution and a solution free of protein. In general, they observed 

the initial adsorption rate during the second step exceeded that observed at the same 

surface coverage during the first step. They postulated that, for a given mass density 

at an interface, if proteins were arranged in “clusters” or aggregates, more “cleared” 

surface area would be available for further adsorption relative to proteins being 
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randomly distributed. On the other hand, if the adsorbed protein films were at 

equilibrium, we would expect the same adsorption rates during each cycle, since the 

proteins would have identical structural characteristics. 

Adsorption rate data can thus provide important information relevant to 

adsorbed layer structure, and we used the kind of sequential adsorption kinetic data 

presented in Figure B.4 for this purpose. Figure B.4 shows results of a two, nisin 

adsorption-elution steps performed in sequence at a bare hydrophobic surface and an 

F108-coated surface.  For each surface, the initial slope of the second adsorption step 

was compared to the slope at the point in the first adsorption cycle with the same 

initial mass density. At both the coated and uncoated surface, the initial adsorption 

rate during the second step exceeded that observed at the same surface coverage 

during the first step. But the increase in slope was substantial in the case of uncoated 

silica as compared to F108-coated silica. That is, the first and second step adsorption 

rates were not as different for the F108-coated surface, indicating that less post-

adsorptive rearrangement (or less “clustering”) of nsin occurred in this case.  We 

suggest the lateral mobility needed for cluster formation and the generation of 

unoccupied surface area was inhibited by the PEO chains. 

 

B.3.3 Functional evaluation of the F108 layer 

Figure B.5 shows two representative plots of nisin adsorption and elution 

kinetics recorded on F108-coated surfaces.  In one case the F108 triblocks were 

coated as described here (i.e.,incubation of the silanized hydrophobic surface 

overnight with 0.5% F108, followed by buffer rinse to remove loosely bound F108 
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from the surface and replace the F108 solution with buffer), and in the other case the 

F108 triblocks were coated by covalent attachment via the PPO chains. As shown in 

Figure B.5, the nisin adsorption and elution kinetics were quite similar at each surface. 

In regard to nisin adsorption, this indicates that the F108 layers prepared by 

hydrophobic association between the PPO block and the silanized surface functioned 

in a manner substantially similar to the F108 layers prepared by covalent attachment 

between the PPO block and silanized surface. 

While nisin was clearly observed to adsorb in multi-layer quantities at the 

F108-coated surfaces, these surfaces retained their “large” protein rejecting properties 

as shown in the case of BSA adsorption in Figures B.6 and B.7.  Figure B.6 shows no 

change in adsorbed mass recorded upon introduction of BSA (MW 66 kDa) to an 

F108 layer prepared by 22 h incubation of the surface with F108 solution, and no 

change in adsorbed mass recorded upon rinsing incubation in protein-free buffer. This 

indicates that BSA was rejected by the F108 coated surface. Figure B.7 shows results 

of a similar experiment, but where F108 was incubated with the surface for only 30 

min prior to rinsing. Again, no change in adsorbed mass was recorded upon 

introduction of BSA to the F108 layer, suggesting that the triblocks adopted their 

energetically favorable molecular orientation, with PPO block associating with the 

surface and pendant PEO chains extending away from the surface, in a fairly short 

period of time. 

Figures B.8 and B.9 show representative results of sequential adsorption 

experiments performed with nisin and BSA at F108-coated surfaces.  As shown in 

Figure B.8, when BSA is introduced first, scattered data show adsorption of BSA to 



  
 

 138 

be of very low affinity.  (Adsorption data recorded for BSA at F108-coated surfaces, 

interpreted with reference to optical constants of the coated surface as opposed to 

optical constants of the bare, silanized surface as done in Figures B.6 and B.7 were 

not easily reproducible, due to what we conclude are very low values of adsorbed 

mass. In particular, when the change in optical properties of a film (relative to the 

reference substrate optical properties) is below a certain threshold, the mathematical 

routine used here to determine film thickness and refractive index does not yield 

reliable results, instead often reporting negative values accompanied by noise.  The 

data shown in Figure B.8 for BSA adsorption should therefore be taken only as an 

indication that the affinity of BSA for the F108-coated surface is very low.) 

Following a rinse and 30 min incubation of the surface in protein-free buffer, 

adsorbed mass increased immediately upon introduction of nisin. Figure 10 shows a 

representative plot of BSA adsorption on the bare hydrophobic PS200 silanized 

surfaces.  Without F108 coating on the surface, BSA showed a solid, steady 

adsorption around 0.1 µg/cm2.  Figure B.9 shows that when nisin is introduced first, 

an increase in adsorbed mass is evident upon introduction of BSA. This may be 

attributed to electrostatic attraction between the cationic peptide nisin and the 

negatively-charged BSA.  This is consistent with results of an internal reflection 

fluorescence microscopy (TIRFM) study  showing enhanced adsorption of proteins 

when nisin is present at the interface (Parthasarathy et al 2006). 
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B.4 Conclusions 

The adsorption of the antimicrobial peptide nisin to stable, adsorbed layers of 

the PEO-PPO-PEO triblock surfactant Pluronic® F108 was quantified by in situ 

ellipsometry.  While it is well understood that such layers inhibit protein adsorption, 

nisin, presumably due to its relatively small size, was able to adsorb in multilayer 

quantities.  Comparison of nisin adsorption and elution kinetics at uncoated and 

F108-coated surfaces suggested that the rate of nisin adsorption and elution, and its 

lateral mobility at the interface, were generally greater at uncoated surfaces. This 

would be consistent with nisin adsorption or “entrapment” within the PEO brush layer, 

as opposed to adsorption to the PEO chains in a non-penetrating manner. F108-coated 

layers rejected adsorption of the protein BSA.  However, sequential adsorption 

experiments carried out with nisin and BSA showed measurable adsorption of BSA if 

nisin was present at the interface.  These phenomena, along with evaluation of the 

structure and biological activity of nisin in such layers, are currently under study and 

will contribute to the subject of a future report. 
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B.6 List of Figures 

 

 
.  

Figure B.1 Schematic of nisin A.  Abu: 2-aminobutyric acid; Dha: 
Dehydroalanine; Dhb: Dehydrobutyrine.  
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Figure B.2 Pluronic® F108 adsorption and elution on hydrophobic PS200 
silanized surfaces.  F108 was rinsed at 60 and 90 min of adsorption with 0.01 
M phosphate buffer 
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Figure B.3 Comparison of nisin adsorption and elution kinetics at bare 
hydrophobic and F108-coated surfaces.  Nisin adsorption to the F108-coated 
surface was generally slower than adsorption to the bare hydrophobic surface, 
likely owing to steric inhibition by the pendant PEO chains. Nisin elution in 
protein-free buffer was similar at each surface initially, but elution was 
observed to continue only at the bare hydrophobic surface.   



  
 

 144 

 

0

0.1

0.2

0.3

0.4

0.5

0 30 60 90 120

Time (min)

A
ds

or
be

d 
am

ou
nt

 (
10

-3
 m

g/
cm

2
)

F108 coated

Bare Surface

Add nisin Add nisinRinse Rinse

Figure B.4 Two nisin adsorption-elution steps performed in sequence at a 
bare hydrophobic surface and an F108-coated surface. At both the coated and 
uncoated surface, the initial adsorption rate during the second step exceeded 
that observed at the same surface coverage during the first step. But the 
increase in slope was substantial in the case of uncoated silica as compared 
to F108-coated silica. 
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Figure B.5 Long term (20 h) nisin adsorption and elution on covalent and non-
covalent F108-coated surfaces.  They are nearly identical. 
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Figure B.6 Long term BSA adsorption and elution on F108-coated surface.  At 
22.5 h, BSA was introduced.  Almost no increase in adsorbed mass was 
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Figure B.7 Short term BSA adsorption and elution at F108-coated surface.  At 
60 min, BSA was introduced.  Almost no increase in adsorbed mass was 
observed on the surface. 
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Figure B.8 Sequential adsorption of BSA and nisin on F108-coated surface.  
First 90 min of scattered data show adsorption of BSA to be of very low 
affinity. 
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Figure B.9 Sequential adsorption of nisin and BSA on F108-coated surface.  
When nisin is introduced first, an increase in adsorbed mass is evident upon 
introduction of BSA. This may be attributed to electrostatic attraction between 
the cationic peptide nisin and the negatively-charged BSA. 
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Figure B.10 BSA adsorption on the PS200 silanized hydrophobic surface. 
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APPENDIX C 

 

Miscellaneous protocols used in the dissertation 
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C.1 Protocol to prepare Sephadex G10 Gel Filtration column for purification of Nisin 

conjugates. 

 Three hundred milliliters of de-ionized distilled water (DDW, Barnstead-

Noble, Dubuque, IA) was degassed using a vacuum pump and 3.33 g of Sephadex G-

10 dry powder (Sigma-Aldrich, St Louis, MO) was accurately weighed and dispersed 

in 13 ml of the degassed water in a 100ml beaker. The gel was allowed to swell for 3 

h at room temperature, after which the DDW supernatant was carefully decanted and 

enough degassed water was added to the gel beads to make a 50% suspension by 

volume.  

 The empty PD-10 columns, top-and-bottom caps, frits (all from Amersham 

Biosciences, Uppsala, Sweden), the gel suspension and the remaining degassed DDW 

were allowed to equilibrate at room temperature. The bottom caps were secured to the 

columns and they were placed upright, clamped on a laboratory stand. Sufficient 

amount of degassed water was added to the columns to fill them up to the wide-

mouthed portion and tapped gently at sides to dislodge any air bubbles. A porous disk 

was floated on the top of the liquid and slowly pushed all the way down to the bottom 

using a transfer pipette, taking care not to let any bubbles trap under the disk. The 

remaining liquid at the top of the disk was removed using a pipette. 

 The degassed slurry was poured slowly in the column and was allowed to 

settle down for at least 30 min. A second porous disk was floated on the top of the gel 

and pressed evenly until it touched the top of the gel bed. The inside of the column 

was washed to remove any residual gel and the column was washed with one column 
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volume of 0.025% sodium azide solution (antimicrobial) and stored at 4 0C until 

further use. 

 The above procedure yields a column of bed height 5.7 cm, diameter of 1.5 

cm and a total column volume of 10 ml. 

 

C.2   Characterization of the Gel filtration column for purification of nisin conjugates. 

 The column was characterized separately but identically for purification of 

conjugated nisin from excess crosslinker. In a typical run, a 1 ml nisin solution at 0.5 

or 2 mg/ml at pH 7.0 was prepared from nisin stock solutions as previously described 

in Chapter 3. Ten microliters of DMSO (Sigma-Aldrich, St Louis, MO) was added to 

this solution and was incubated at room temperature for 30 min to 1 h. Previously, the 

column and phosphate buffer (PB, 20 mM Potassium phosphate, 1 mM EDTA, pH 

7.0) was allowed to come at room temperature and the column was washed with 5 

column volumes of PB. The nisin solution was applied to the column and the effluent 

was collected as fraction “0”. The column was then eluted using 10 ml PB and 20 

fractions of 0.5 ml each were collected and analyzed for protein content using either 

the Coomasie or the BCA assay. After the elution step the column was re-equilibrated 

with 5 colum volumes of PB, washed with 2 column volumes of 0.5 N NaOH in 20% 

Ethanol and stored at 4 0C until further use. 

 Stock solutions of the appropriate crosslinker (SPDP, SATA, or SAT-PEO4) 

were prepared in DMSO at a required concentration and were added to 1 ml of PB. 

This was incubated at room temperature for 30 min to 1 h and applied to the column 

(pre-equilibrated with five column volumes of PB) at room temperature. Ten milliliter 
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fractions were collected as above and analyzed for SPDP content by measurement of 

OD346, measurement of OD280 for SATA and SAT-PEO4. The fractions containing 

maximum amount of nisin with minimal crosslinker content were pooled for further 

purification steps and the column was characterized for DTT or Hydroxylamine-HCl 

removal as above. 

 

C.3 Estimation of protein content using the Coomasie assay 

 From the nisin stock solutions of 10 mg/ml at pH 2.1, a working solution was 

prepared at a concentration of 500 µg/ml and pH 7.0 by using mono-basic and di-

basic potassium phosphate buffers. Serial, two-fold dilutions of this solution were 

made to a concentration of 0.976µg/ml using PB. Coomasie Plus reagent (Pierce 

Biotechnology, Rockford, IL) was mixed well by inverting the bottle several times 

and a required amount was brought to room temperature in a clean beaker. 50 µl of 

the 50 to 31.25 µg/ml solutions and PB were transferred to microcentrifuge tubes and 

1.5 ml of the Coomasie Plus reagent was added to these. Five hundred microliters of 

the remaining dilutions and PB were transferred to microcentrifuge tubes to which 

500 µl of the Coomasie Plus reagent was added. The tubes were incubated at room-

temperature for 10 min and end-over-end mixing. Absorbance of all samples was 

measured at 595 nm against water as blank. The OD595 readings for PB were 

subtracted prior to preparation of a standard curve.  

Based on the varying amounts of reagent used in the assay, two standard 

curves (high protein content and low protein content) were prepared.  
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 Each column eluent fraction was analyzed for nisin content by comparison to 

both standard curves. One-and-a half ml of the reagent was added to 50 µl of a 

particular fraction and 250 µl of reagent was added to 250 µl of the fraction. These 

were incubated at room temperature for 10 min and OD595 measured as above.  

C.4 Estimation of protein content using the bicinchoninic acid (BCA) assay 

 A 2000 µg/ml working solution of nisin at pH 7.0 from pH 2.1 stock solution 

was prepared as above. Two-fold serial dilutions were prepared in PB up to a 

concentration of 31.25 µg/ml. The BCA working reagent solution was prepared by 

mixing 400 µl of BCA Reagent A to 20 ml (1:50 ratio) of BCA Reagent B (both from 

Pierce Biotechnology, Rockford, IL). Two hundred microliters of the working regent 

solution was pipetted to each well of a transparent polystyrene 96-well microplate and 

25 µl of the nisin-containing sample (column fraction, standard solution, block 

copolymer solution or F108-nisin control, blank PB) was added. The two solutions 

were mixed by pipette action and incubated at 37 C for 30 min with constant agitation. 

The OD595 value of each well was measured in a microplate reader. Unknown sample 

values were determined from the standard curve. The BCA was found to be 

unaffected by either F108 or EGAP at the concentrations present in the block 

copolymers or controls. 

 

C.5 Estimation of thiol content of conjugated nisin or heparin using the Ellman assay.  

Modified heparin was dissolved in the reaction buffer (100 mM potassium 

phosphate, 1 mM EDTA, pH 8.0, degassed) and five hundred microliters was reacted 

with 50 µl of Ellman’s reagent, which is a 4 mg/ml degassed solution of 5, 5’-dithio-
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bis-(2-Nitrobenzoic acid) (DTNB, Pierce Biotech, Rockford, IL) in the reaction 

buffer.  For nisin, 100 µl of pooled fractions from the Sephadex G-10 column 

containing thiolated nisin were reacted with 10 µl of the Ellman’s reagent.   

After 15 min incubation at room temperature, the OD412 of the reaction 

mixture was measured (ThermoSpectronic, Cambridge, UK). A calibration curve 

prepared from cysteine-HCl (Pierce Biotech, Rockford, IL) was used to estimate the 

sulfhydryl group content.   

 

  

 

 

  

  

  

                                                                                                                                                      


