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Abstract 

Surface Modification of Medical Grade PVC to Prevent Biofilm Formation Using 

Copper-Free Azide-Alkyne Cycloadditions 

Jerin Tasnim 

 

Covalent surface modification of medical grade PVC tubing was performed 

using copper-free azide-alkyne cycloaddition reactions to prepare anti-fouling 

surfaces. PVC azide surface was synthesized by nucleophilic substitution of labile 

chlorine with sodium azide in the presence of phase transfer catalyst in aqueous 

media to minimize loss of plasticizer. Electron-poor alkynes with different 

functionality (zwitterionic, polyethylene oxide, polyfluoro and quaternary amines) 

were synthesized and covalently attached to the PVC azide surface by thermal azide-

alkyne cycloaddition reactions. The reaction progress was monitored by ATR-FTIR 

spectroscopy. Static contact angle, surface free energy, contact angle hysteresis and 

atomic force microscopic images were taken for each modified surface. Except for the 

C6F13 polyfluoro group, the other functional groups containing zwitterionic, 

polyethylene oxide and quaternary ammonium display hydrophilic properties with 

the initial SCA in the range of 35-80° due to the strong surface charges. All the 

modified PVC surfaces maintain their wetting properties against vigorous water 

rinsing for long period of time (over 60 minutes of sonication) confirming strong 



 
 
 

xi 
 

covalent bonding of the functional groups to the surface. The antifouling activity of 

these modified endotracheal tubing samples was evaluated by bacterial adherence 

assay using Pseudomonas aeruginosa, a gram-negative opportunistic and nosocomial 

pathogen. Although the adherence assays demonstrate that high polyfluoro (di-ester 

of C6F13) and long quaternary amine functionality samples slightly reduced P. 

aeruginosa adherence to endotracheal tubing, the inhibition was not as strong as 

expected. X-Ray Photoelectron Spectroscopy revealed a pre-existing silicone coating 

on the original commercial samples, dampening the effects of biofilm inhibition from 

the chemical modification procedures.  
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1. Introduction: A Review on Surface Modification of Poly(vinyl Chloride) 

Poly(vinyl chloride) (PVC) is the third most widely produced thermoplastic in 

the world.1, 2 About 40 million metric tons of PVC is produced each year globally, in 

the United Stated 7.2 million metric tons was produced in 2019.3 This production is 

expected to grow to nearly 60 million metric tons by 2025. 

 

 
 

Figure 1.1: Vinyl chloride is polymerized to form PVC 

1.1 PVC: Synthesis and Use 

In 1872, German scientist Eugen Baumann synthesized PVC by leaving a 

container of  vinyl chloride in sunlight.4 Pure PVC is a rigid materials which limits its 

application. In 1926, American scientist Waldo Lonsbury Samon at the B. F. Goodrich 

company first plasticized PVC by blending the powder form with different additives to 

make it flexible.5 

PVC is synthesized by polymerization of vinyl chloride monomer (Figure 1.1). 

About 80% of PVC is produced by suspension polymerization, 12% by emulsion 

polymerization and 8% by bulk polymerization.6, 7 Generally, PVC is used in two 

different forms: rigid and flexible. Rigid or unplasticized PVC is used for construction 

ClCl
n

n
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pipes, doors, windows and sheets. Different additives such as plasticizers, heat 

stabilizers, UV stabilizers, impact modifiers, thermal modifiers, fillers, flame 

retardants, biocides, blowing agents, smoke suppressors and pigments are added to 

the PVC products, depending on the required performance.8 Normally, plasticizer is 

physically blended with PVC to make flexible PVC products like toys, tubing, clothing, 

bendable construction materials and food packaging.9-13 These plasticizers can leach 

out from the polymer matrix. Exposed plasticizer contaminates environment and also 

causes serious health concerns in human.14-18 Flexible PVC also covers a wide range of 

medical devices due to its low cost and durability. 

  

Health care-associated infections (HCAIs), previously known as hospital-

acquired infections, are one of the top five causes of death in the United States. The 

term HCAI is generally referred to as a type of infection that patients acquire while in 

a health care facility, which can appear within 2 to 30 days after receiving care.19 

Multiple studies show that the most HCAIs are categorized as Central Line Associated 

Blood Stream Infections (CLABSIs), Ventilator Associated Pneumonia (VAP), Catheter 

Associated Urinary Tract Infections (CAUTIs) or Surgery Site Infections (SSIs).20, 21 A 

2002 study by the Centers for Disease Control and Prevention found 1.7 million 

patients acquire HCAIs while receiving health care, and 100,000 patients died as a 

result.22 About 65% of HCAIs are due to biofilm formation.23 



 
 
 

3 
 

1.2  Biofilm Formation 

Biofilms are communities of microorganisms which can adhere to living or 

inert surfaces, surrounded by self-produced extracellular polymeric membranes. 

Biofilm formation is a complex process involving physical, chemical and biological 

influences.24 First, (1) bacterial or microorganism cells are transported from bulk 

liquid to the surface of medical devices and adhere to the walls (Figure 1.2). This 

adhesion can be both reversible and irreversible. If the adherence is reversible, the 

microorganism can easily detached by small shear forces or their own motility.25 (2) 

After attachment, the microorganisms starts to produce an extracellular polymeric 

membrane (EPS) which acts as a glue to hold the biofilm together and protects 

bacterial colonies from detrimental changes from surrounding microenvironment. (3 

and 4, can happen both steps simultaneously or one earlier) Cell division, cellular 

growth and EPS production helps biofilms to grow stronger, larger and 

morphologically complex in structure. Finally, (5) dissemination and recolonization 

happen to the biofilms either as a fraction of the whole bacterial colonies, or even 

single cell can disperse. Small colonies of fragmented biofilms can be carried to the 

lungs, acting as a source of ventilator associated pneumonia.26   
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Figure 1.2: Biofilm formation process, adapted from reference 24 

1.3 Bacteria Repelling and Antiadhesive surfaces 

The requirement of antibacterial materials has increased for the reduction of 

infections. A variety of strategies have been adopted to make antifouling material 

surfaces (Figure 1.3).27 The earliest stage of infection involves bacterial adhesion on 

surfaces. So, no bacterial colonies can grow if they cannot adhere on the surface. 

Antimicrobial surface modification can work in two different ways: antifouling or 

biocidal. Antifouling surfaces generally prevent initial bacterial adhesion by changing 

the surface properties, such as making super hydrophilic or hydrophobic or 

ultrasmooth surfaces, static repulsion, and lowering surface free energies. Biocidal 

surfaces are generally designed to kill bacteria rather than lowering initial adhesion. 

Surface coatings with silver or antibiotics act as biocides. 
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Figure 1.3: Different approaches towards antimicrobial surfaces: A. Surface grafting 

to create electrostatic repulsion to avoid initial bacterial adhesion. B. Creating 

charges on coating C. Lowering free energies. D. Biocide release such as silver ions or 

antibiotics to kill microbials and D. Biocide coating able to kill microbes on contact, 

adapted from reference 27 

 

The initial adhesion of microbes to the colonized surface depends on Van der 

Walls, electrostatic and hydrophobic forces.28 Biofilms show high resistance to 

antibiotic and biocide treatment, which makes device-related infections extremely 

difficult to cure.29, 30 Initial bacterial adhesion to biomedical surfaces depends not only 

the biological features, but also on physicochemical factors, such as the surface 

properties of  the device (hydrophilicity, roughness and porosity) and environmental 

factors (fluid flow conditions, temperature and pH).31 The hydrophobicity of the 

device surface plays an important role in a wide range microbial infections.32 
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Biomedical devices are generally made of silicon polymers, stainless steel or poly(vinyl 

chloride) (PVC).33, 34 Among all the plastics used in medical applications, more than 

25% are PVC, including plasma and blood bags, tubing and associated intravenous 

fluid bags, endotracheal tubing, dialysis equipment and catheters.35, 36 

1.4 Covalent Modification of PVC Surfaces  

Several strategies have been previously investigated to make anti-fouling PVC 

surfaces. Among these are surface coatings, grafts and gamma-ray treatment. Surface 

modification can be either covalent or non-covalent. In covalent surface modification, 

new functionality or active groups are attached to the surface through covalent 

bonds.37 In non-covalent surface modification, active materials are generally 

physically blended with the PVC. Covalent surface modification of PVC is one of the 

most attractive techniques to introduce antifouling properties as nothing leaches out 

from the polymeric matrix. 

 PVC Surface Modification by Thiols 

PVC surface modification by nucleophilic substitution of chlorine atoms on the 

PVC backbone by aromatic or aliphatic thiols has been described. McCoy et al. worked 

on surface modification of unplasticized PVC film by treatment with 4-

aminothiophenol, where potassium carbonate or cesium carbonate was used as the 

base in different ratios of DMF/H2O solution (4:1, 5:1 and 6:1 v/v).38 They studied the 

effects of static immersion versus sonication of the PVC film to enhance the degree of 
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chemical modification;  extended sonication compromised the integrity of the PVC 

surface. The density of modification of the PVC surface can be increased 

using tetrabutylammonium bromide (TBAB) as a phase transfer catalyst. Mijangos et 

al. demonstrated surface modification of PVC film by substitution reactions with p-

mercaptobenzyl alcohol ( Figure 1.4, 1a-b).39, 40 Another example is the work of 

Grohens et al. where thiophenols were used for surface modification (Figure 1.4, 1b-

f).41   Adhesion of E. coli and S. aureus, gram negative and gram positive representative 

bacterium, responsible for potential nosocomial infections, to pure and modified PVC 

sample was quantified. The more hydrophobic S. aureus strain has a higher affinity 

towards PVC than the hydrophilic E. coli, irrespective of the chemical surface 

modification. 

Modification with polyfluorinated moieties results in PVC capable of resisting 

protein adhesion and bacterial adherence, important for the initial stages of biofilm 

formation.37, 42-45 Sacristan et al. used fluorinated thiophenols for surface modification 

(Figure 1.4, 1g-i).46 McCoy et al. demonstrated nucleophilic substitution by 

fluorinated thiol onto unplasticized PVC film (Figure 1.4, 1j-m),47 demonstrating that 

lowering the surface energy by fluorination increases the contact angle, thus 

significantly reducing bacterial adhesion. 
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Figure 1.4: PVC surface modification by thiols 

 
In 2020, Abdallh et al. modified PVC surfaces with thiol containing a Schiff base 

moiety (Figure 1.5).48 The Schiff base was then coordinated with Cu (II). The modified 

PVC surface showed good photostability under UV irradiation compared to a pristine 

surface. 
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Figure 1.5: Cartoon representation of PVC surface modification by thiol containing a 

Schiff base, adapted from reference 48 

 
 PVC Surface Modification by Amines 

Jayakrishnan et al. modified PVC resin by nucleophilic substitution of chlorine 

by ethylenediamine.49 Dehydrochlorination and cross-linked polymers can be formed 

using this bifunctional nucleophile, which is also a good base. The authors suggested 

that by lowering the reaction time (less than one hour at 80 °C), formation of cross-

linked polymer was avoided, as the aminated polymer product was still soluble in THF. 

On the other hand, prolonged reaction time makes crosslinked PVC, determined by 

its insolubility in THF. Amine functionalized PVC was then treated with hexamethylene 

diisocyanate, followed by addition of poly(ethyleneglycol) (PEG600), to prepare an anti-

fouling PVC surface (Figure 1.6). However, the possibility of HCl elimination by amines 

was not discussed. The surface modification was studied by contact angle 
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measurements and XPS analysis. Static platelet adhesion studies showed significantly 

less platelet adhesion on the modified compared to the bare PVC surface.  

 

  
 

 
Figure 1.6: Grafting PEG onto PVC49 

 
Dong et al. established a technique to introduce a coating onto the PVC 

surface by attaching the zwitterionic polymer: poly(3-sulfopropylmethacrylate-

methacrylatoethyl trimethyl ammonium chloride–glycidyl methacrylate) (PSTG), 

synthesized by free-radical random co-polymerization with positively charged [2-

(methacryloyloxy)-ethyl] trimethylammonium chloride, negatively charged 3-

sulfopropyl methacrylate potassium, and glycidyl methacrylate (GMA) (Figure 1.7).50 

Nucleophilic substitution of chlorine with only one end of ethylenediamine was 

claimed to introduce a free amino group onto the PVC surface. However, evidence 
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(higher protein and platelet adsorption on amino functionalized PVC) was provided 

indicating crosslinking or elimination was avoided. The amino-functionalized PVC film 

was immersed into a PSTG solution to presumably attach the PSTG coating by amine 

opening of some of the epoxide moieties. A denser coating on the PVC surface was 

obtained when the percent of GMA in the PSTG copolymer was high, as more ring 

opening of the epoxy groups is possible. The modified PVC surface showed good anti-

fouling properties: less protein adsorption and platelet adhesion were observed 

compared to unmodified PVC. 

 

 
 

Figure 1.7: Random co-polymerization to form zwitterionic PSTG50 

Sulfonated functionalized PVC membranes were synthesized by Easton et al. 

by a two-step process.51 First, a PVC sheet was exposed to ethylenediamine solution. 

The possibility of crosslinking and elimination was not discussed. Then the modified 

PVC was exposed to conc. sulfuric acid solution (Figure 1.8). Conductivity and water 

uptake were increased significantly with the modified PVC membrane compared to 

the unmodified PVC membrane. 

O O
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Figure 1.8: Easton’s claimed synthesis of sulfonate group-functionalized PVC 

membrane51 

 

In the work by Singh et al,52  PVC sheets were purportedly cross-linked with 

multifunctional amines, such as ethylenediamine, diethylenetriamine, and 

ethanolamine (Figure 1.9). At the same time, concurrent elimination formed dienes 

which were trapped by maleic anhydride in a Diels-Alder reaction followed by 

hydrolysis, to form modified PVC bearing cyclic dicarboxylic acids. The modified PVC 

was characterized by elemental analysis, FTIR spectroscopy and thermal analysis. Due 

to the presence of free carboxylic groups, the authors suggested this modified PVC 

can be used for cation exchange. They also suggested it could be used as a hydrogel 

in chromatography, as it showed absorption capacities in different electrolytic 

solutions. 
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Figure 1.9: PVC modification by multifunctional amines followed by trapping of 

dienes with maleic anhydride and hydrolysis52 

 

In a different study, the direct quaternization of a PVC ultrafiltration 

membrane was performed by treatment with trimethylamine solution.53 The authors 

noted that by exposing the PVC membrane to a concentrated solution of 

trimethylamine resulted in dehydrochlorination rather than substitution reaction. The 

authors observed both elimination and substitution products. However, the modified 
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PVC membrane showed some antimicrobial activities against E. coli bacteria. 

Nucleophilic substitution of chlorine on PVC by aromatic54 and aliphatic55 amines was 

also demonstrated. However, the possibilities of dehydrochlorination and crosslinking 

of PVC were not discussed.56-58 

 
 

 PVC Surface Modification by Cycloaddition 

Kebir et al. modified unplasticized PVC film by nucleophilic substitution of 

random chlorine atoms of PVC by sodium azide followed by CuI catalyzed azide alkyne 

cycloaddition.59 Hydroxyethyl cellulose, methylcellulose, dextran and PEG containing 

alkynes were synthesized and grafted onto the PVC surfaces containing azide (PVC-

N3) (Figure 1.10). Among these polymer bearing polysaccharides and PEG functional 

group; hydroxyethyl cellulose, methylcellulose and PEG surfaces displayed high 

antifouling against Escherichia coli. 

 

Figure 1.10: PVC surface modification with polysaccharides and PEG functional 

groups by Cu mediated azide alkyne cycloaddition59 

        

Cl

Cl Cl

N3

N3 N3

NaN3

Water/DMF

N
N N

H

Cu1 cat

Water/ethanol
48 h, RT

PVC PVC-N3 Modified PVC

60 °C, 48 h

R
R



 
 
 

15 
 

       Bakker et al. modified PVC with ferrocene pendant groups in order to prepare ion 

electron transducers for electrochemical ion sensors.60 The modified PVC surface was 

synthesized by copper catalyzed cycloaddition between PVC azide and 

ethynylferrocene.           

Finn et al. also modified medical grade PVC tubing by a copper catalyzed 

cycloaddition reaction.61 To substitute the chlorine of PVC by azide and cyanide, a 

phase transfer catalyst (PTC) was used. Then the PVC surface was modified by copper 

catalyzed azide-alkyne cycloaddition or tetrazole formation. XPS studies showed 

modification occurred only at the surface of the tubing (Figure 1.11). 

 

 
 

Figure 1.11: Medical grade PVC modification with the CuAAC reaction61 
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The surface of a plasticized PVC membrane was modified with different 

lengths of poly(ethylene glycol) (PEG) chains (PEG600 and PEG1000) attached to cysteine 

molecules using the copper catalyzed cycloaddition reaction (Figure 1.12).62 Surface 

modification with PEG derivatives increased the hydrophilicity of the membrane, as 

confirmed by contact angle measurements. The main purpose of the cysteine 

functionality was to release active nitric oxide (NO) after transnitrosation with S-

nitrosoproteins present in blood to increase antifouling properties. However in vitro 

analysis showed NO release from cysteine did not make the surface antifouling.  

  

Figure 1.12: Compounds used to modify PVC membrane by CuAAC62 

 
 PVC Surface Grafting 

Surface grafting is another robust technique to alter the surface properties of 

PVC. Generally, there are two different types of surface grafting techniques; “grafting 

from” and “grafting to”.63 “Grafting from” is the process where polymer an initiator 
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present on the surface reacts with monomer that polymerizes. “Grafting to” is the 

process where preformed polymer chains with reactive functional groups are 

covalently bonded to the surface. Using “grafting from” polymerization techniques, 

different hydrophilic polymers such as poly(acrylic acid) (PAA), poly(dimethyl 

acrylamide) (PDMA), poly(2-hydroxy methacrylate) (PHEMA), poly(2-hydroxyethyl 

acrylate) (PHEA), poly(dimethylaminoethyl acrylate) (PDMAEMA) and poly(4-

vinylpyridine) (P4VP) were covalently attached to plasticized PVC sheets and tubing 

(Figure 1.13).64 First, the initiator (AIBN) was physically absorbed on the PVC surface 

and then radical polymerization with different monomers were carried out in 

hydrophilic media (Figure 1.14). However, the effects of the grafts on the bulk 

properties and antifouling properties were not explored. 

 

Figure 1.13: Structure of polymers grafted from the surfaces of PVC sheets and 

tubing64 
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Figure 1.14: Schematic diagram of surface grafting onto PVC adapted from reference 

64 

 
 PVC Surface Modification by Atom Transfer Radical Polymerization (ATRP) 

Surface initiated radical polymerization has become one of the robust 

techniques to make polymer brushes off of the PVC surface. Percec et al. 

demonstrated that graft copolymerization can be initiated directly from structural 

defects in PVC chains in solution (Figure 1.15).65 Using a similar method, unplasticized 

PVC sheets were modified by Huang et al. by a photo-mediated ATRP method.66 They 

used structural defects of allylic and tertiary chlorides in commercial PVC, using an 

initiator activated by an Ir(ppy)3 photoredox catalyst irradiated with blue LED light 

(460-470 nm). Methyl methacrylate (MMA), methacrylic acid (MAA), oligo (ethylene 
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glycol) methyl ether methacrylate (OEGMA) and pentafluorophenyl methacrylate 

(PFMA) were used as monomers for ATRP. The presence of both the catalyst Ir(ppy)3 

and light were crucial for surface modification. This ATRP was performed without a 

deoxygenation procedure and was compatible with acidic monomer methyl acrylic 

acid (MAA). 

 

Figure 1.15: Structural defects present in PVC 

      Brooks et al. demonstrated another surface-initiated atom transfer radical 

polymerization (SI-ATRP) on unplasticized PVC sheets (Figure 1.16).67 First, free amino 

groups were introduced onto the PVC surface by reaction with 4-aminothiophenol. 

Then epoxide ring opening with a mixture of glycidol and 1-sulfate-2,3-epoxypropane 

by the thioaniline functionalized PVC incorporated free hydroxyl and sulfate groups 

onto the PVC surface. The hydroxyl groups reacted with 2-chloropropionyl chloride to 

introduce the ATRP initiators. Finally, poly(N, N-dimethylacrylamide) (PDMA) was 

grafted onto the modified PVC surface by traditional surface initiated (SI-ATRP) in a 

glove box. To verify the ‘living’ nature of the PDMA brush, the authors performed a 

chain extension using N-isopropylacrylamide (NIPAM) with PVC-g-PDMA as the 

macroinitiator. The modified copolymer brush was characterized by ATR-FTIR, atomic 

electron microscopy (AEM) and GPC. 
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Figure 1.16: Addition of an ATRP initiator onto PVC followed by SI-ATRP67 
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Poly(ionic liquid) brushes on a PVC membrane was prepared by Du et al. using 

ATRP.68 In the first step of a two-step process, poly(2-hydroxyethylmethacrylate) 

(PHEMA) was grafted onto the PVC membrane by aqueous ATRP (Figure 1.17). Then 

poly(1-butyl-3-vinylimidazolium bromide) (PBVIm-Br) was grafted on the PHEMA 

modified PVC membrane by ATRP. The grafting density increased with increased 

reaction time, and the modified PVC membrane showed significant changes in surface 

hydrophilicity. Antifouling properties of the modified PVC membranes were tested 

using bovine serum albumin (BSA) as a model foulant. The BSA rejection increased 

with higher grafting density on the PVC membrane, compared to pristine PVC 

membrane. 

Figure 1.17: Poly(ionic liquid) brushes on PVC membrane using ATRP68 
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Poly(ethylene glycol) methyl ether methacrylate (PEGMA) grafted PVC was 

synthesized by Liu et al. by ATRP.69 PVC was mixed with 5-20% PVC-g-PEGMA and cast 

as a solution to prepare a blend of PVC/PVC-g-PEGMA as an ultrafiltration membrane. 

The authors found the pore size and contact angle lowered up to 10% PVC-g-PEGMA 

and stayed almost constant until 20% PVC-g-PEGMA was incorporated into the 

membrane. They used sodium alginate (SA) as a model foulant to investigate the 

antifouling properties of the modified membrane by clogging the membrane. Their 

result suggested surface hydrophilicity and roughness plays important roles in 

antifouling properties of the membrane.  

 

In 2020, Diacon et al. modified PVC surfaces with acrylic acid functionality by 

ATRP for biomedical applications.70 The PVC membrane was first iodinized, as carbon-

iodine bonds are easy to break for the polymer initiation step. Then direct graft 

polymerization was performed with acrylic acid monomer in aqueous media. The 

modified surface showed lower contact angles as well as changes in thermal 

resistance. 

 PVC Surface Modification by Thiocyanate   

Thiocyanates has been used for nucleophilic substitution of chloride in PVC. 

Plasticized medical grade PVC sheets have been modified by Jayakrishnan et al. using 

sodium thiocyanate in the presence of tetrabutylammonium hydrogen sulphate 
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(TBAH) as a phase transfer catalyst in aqueous media.71 The modified PVC surface 

showed a significant lower contact angle (50 degrees) compared to the control PVC 

(72 degrees). Anti-bacterial properties of the modified PVC were measured by 

exposing it to Staphylococcus aureus and Staphylococcus epidermidis bacteria strains. 

Significant reductions of bacterial adhesion were observed with the modified PVC 

sheets.  

Yoshioka el al. analyzed the covalent modification of both plasticized and un-

plasticized PVC pellets by nucleophilic substitution with thiocyanate in the presence 

of the phase transfer catalyst tetrabutylammonium bromide (TBAB).56, 72 The authors 

suggested both substitution/dehydrochlorination reaction are accelerated by the 

presence of TBAB.  They also found high temperature (about 190 degrees) facilitates 

elimination reaction, while lower temperatures below 150 degrees facilitates 

substitution reaction, depending on the reaction concentrations and nucleophile 

type.  

 PVC Surface Modification by Gamma rays 

Commercially available PVC tubing was grafted with poly(ethylene 

glycol)methacrylate (PEGMA) by using a gamma-ray source in the presence of air.73 

The initiation is based on homolytic breakage of some of the C-Cl bonds to generate 

carbon free radicals. In the presence of air, these carbon radicals react with oxygen to 

generate peroxides and hydroperoxides on PVC tubing. Using heat, these peroxides 
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and hydroperoxides decompose to give oxyradicals, which react with the double bond 

of monomers to propagate grafting from the PVC surface (Figure 1.18). 

 

Figure 1.18: PVC surface modification using Gamma-ray with monomers Ra
73-75 and 

Rb
75, 76 

N-Vinylimidazole (Vim) was grafted from medical grade PVC catheters using 

the same technique to make bactericidal surfaces (Figure 1.19).77 Then the PVC-g-Vim 

copolymer was quaternized by reaction with methyl iodides. The antimicrobial test of 

modified PVC surface was performed using E. coli (gram negative) and S. aureus (gram 

positive) bacteria. The modified PVC surface was able to prevent S. aureus bacteria 

adhesion but was not able to prevent E. coli adhesion. The authors suggested that the 

presence of thicker peptidoglycan layer with negatively charged polysaccharide on 

gram positive bacteria makes them more responsive towards positively charged 

modified PVC surfaces. On the other side, lipopolysaccharide membrane coating on 
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gram negative bacteria makes the less vulnerable towards positively charged 

imidazole PVC surface. 

 

 

Figure 1.19: PVC surface modification with N-vinylimidazole by gamma ray adopted 

from reference 77 

Burillo et al. also modified PVC urinary catheters by gamma-ray radiation .75 

They were able to perform both single and binary grafting of PEGMA and acrylic acid 

(AAc) to obtain PVC-g-PEGMA, PVC-g-AAc, PVC-g-PEGMA-g-AAc and PVC-g-AAc-g-

PEGMA copolymers. The authors previous studies showed single grafted PVC-g-

PEGMA and PVC-g-AAc catheters were able to prevent bacterial (E. coli and S. aureus) 



 
 
 

26 
 

adhesion after socking in ciprofloxacin.74 But the effect of binary grafting on PVC 

catheters to prevent bacterial adhesion was not discussed. 

1.5 Non-covalent Modification of PVC surface 

The PVC surface can be modified covalently or non-covalently. In the covalent 

modification technique, new functionalities are incorporated by covalent bonding 

onto the PVC polymer matrix. As the new functionalities are covalently bonded with 

the polymer, nothing leaches out over time. Generally non-covalent surface 

modification is achieved by incorporating new materials by physically blending or 

adding material onto the PVC polymer surface. That is why these types of materials 

can leach out over time. Depending on the type or mechanism of interaction between 

modified PVC surface and the bacteria, non-covalent surface modification can work 

as contribute to antifouling or as biocides.27 Antifouling surfaces generally lower the 

initial bacterial adhesion without killing the bacteria.78 The mechanism of antifouling 

surfaces can be achieved by:  

A. Static repulsion: where the modified surfaces provide some kind of physical barrier 

for the adhesion of bacteria, protein or microbes. 

B.  Lowering surface free energy: lowering the surface free energy results in 

significantly lower the bacterial adhesion and 

C. Electrostatic repulsive force: charges present on the modified surface and can 

reduce microbial adhesion.   
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Biocidal PVC surfaces are designed to kill microbes instead of lowering initial 

adhesion. These types of coating can release biocides such as silver ions and 

antibiotics to kill the microbes.79 Also, there is another type of biocidal coating where 

the microbes die in contact with modified surfaces such as quaternary amines.80, 81   

 Silver 

Silver has been one of the most commonly used biocides for medical devices since 

the 19th century. It is also approved by the FDA. Pure silver, silver alloys (with gold or 

palladium), silver nanoparticles, and polymers containing silver are the most common 

forms of silver coats in medical devices. Generally, metallic silver oxidizes in aqueous 

environments and releases silver Ag(I) cations, which are strongly very biocidal. The 

biocidal mechanism of Ag(I) ions can occur in three different ways:82  

1. Protein dysfunction and loss of enzyme activity: The presence of small 

amounts of Ag(I) can destroy Fe-S containing dehydratases in the bacteria in 

vitro and also inhibit these enzymes in vivo, thus preventing the growth of 

bacteria.83  

2. Reactive oxygen species and antioxidant depletion: Increased amounts of Fe 

are observed when metal ions destroy Fe-S complexes in the cytoplasm. This 

excess Fe can form reactive oxygen species, which can destroy DNA and inhibit 

enzyme activity that is important for cell growth.84, 85 
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3. Impaired membrane function: Ag(I) is cytotoxic to cell membranes because of 

the coordination power with electronegative groups of the membranes of the 

bacteria. Transmission electron microscopy of Staphylococcus aureus and E. 

coli suggested that the integrity of the cell membrane is compromised in 

presence of Ag(I) ion.86, 87  

Use of a silver alloy coating is one of the most common techniques to prepare 

antifouling catheter surfaces.88 Studies showed silver coatings in the form of silver and 

silver oxide, including hydrogel, can significantly reduce catheter associated bacterial 

attachment.89  

Incorporation of AgNO3 in medical grade plasticized PVC to prepare antifouling 

surfaces were studied.90 Sedlarikova et al. used thermoplastic compounding 

technique to add different amounts of AgNO3 to make PVC-AgNO3 composites films. 

The AgNO3 distribution was not uniform in the PVC matrix, and a decrease of 

mechanical properties was observed with an increase in AgNO3. Good antimicrobial 

activity was observed for both gram positive (Staphylococcus aureus) and gram 

negative (E. coli, Pseudomonas aeruginosa, Klebsiella pneumoniae) bacteria, with 

even 3 wt % addition of AgNO3. 

Ag nanoparticles are another popular form of Ag. Uses includes antimicrobial, 

drug delivery, optical and electronic fields. Che et al. synthesized spherical shaped Ag 

nanoparticles by a borohydride reduction method; the antimicrobial activity was 
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investigated against E. coli bacteria.91 Proteomic studies revealed that the Ag 

nanoparticles destroy bacterial membranes by a similar way as Ag ions by impaired 

membrane function. Also, Ag nanoparticles are more potent than Ag ions, as only 

nanomolar level concentrations were required to act as effective antimicrobial 

agents. 

Balazs et al. modified medical grade PVC endotracheal tubing by oxygen glow 

discharge plasma followed by a two-step post-plasma treatment with sodium 

hydroxide and silver nitrate solution to incorporate Ag ions onto the tubing.92 XPS 

analysis showed the presence of more oxygenated groups on the modified surface, 

which increased the surface hydrophilicity, although the amount of oxygenated 

groups were independent of the time of exposure to the plasma treatment. However 

longer expose times increased the surface roughness. Antifouling studies against four 

different stains of Pseudomonas aureus showed reduced bacterial adhesion.93 Later, 

two-step chemical modification was performed using NaOH hydrolysis of phthalate 

plasticizer to make sodium phthalate, followed by replacement of the sodium ion with 

Ag ion using AgNO3 solution (Figure 1.20). This modified PVC surface incorporating Ag 

ion was able to inhibit bacterial adhesion completely up to 72 hours, independent as 

to if the tubing was pre-treated with plasma or not.  
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Figure 1.20: Modification of endotracheal tubing by NaOH and AgNO3
92, 93 

 PVC Surface Modification by Laser Treatment 

In 2020, Krylach et al. modified the surface of PVC films deposited on copper 

foil using nanosecond laser radiation to make microscale laboratory devices for 

bactericidal treatments.94 The PVC polymer was applied to copper foil by rotation spin 

coating, and then the surface was microtextured by nanosecond laser pulses. Changes 

in the surface microtopography resulted in lower contact angles. But in a week, the 

contact angle became high, indicating degradation of the polymer coating.  

 Addition of Nanoparticles (NPs) 

Zhao et al. modified PVC ultrafiltration membranes with silver embedded nano 

sized titanium dioxide (Ag-n-TiO2) particles to improve antifouling properties.95 The 

modified membrane not only showed enhanced permeability, hydrophilicity and 

retention capability but also in situ antibacterial properties against E. coli (Figure 
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1.21). The authors suggested the reason for the excellent antifouling properties may 

be related to the release of silver ions and reactive oxygen species (ROS) from Ag-n-

TiO2.  

 

 

Figure 1.21: Schematic illustration of antifouling properties of Ag-n-TiO2/PVC 

membrane adopted from reference 95 

  Another example of incorporation of TiO2 nanoparticles into PVC membranes 

was carried out by Jafarzadeh et al.96 Contact angle measurements revealed 

increasing hydrophilicity with increasing amounts of TiO2. Antifouling properties of 

membranes were investigated by filtration of a bovine serum albumin (BSA) solution 
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and the improved flux recovery. But rejection of BSA decreased as the content of TiO2 

increased. 

Alsalhy et al. modified PVC ultrafiltration membranes incorporating TiO2 

nanoparticles (NP) to treat refinery wastewater.97 Due to the presence of TiO2 

nanoparticles, the hydrophilicity of the membrane increased significantly, lowering 

the contact angle. The modified membrane showed increased water permeability, 

tensile strength and fouling resistance compared to pure PVC. It also showed enhance 

performance in terms of turbidity, total suspended solid (TSS), oil and grease, heavy 

metals and chemical oxygen demand (COD) rejection.  

Zine oxide has been found as an antifouling agent for a wide variety of 

bacteria, especially gram positive.98 With decreasing size of the zinc oxides particles 

into the nanoscale region an increase in bacteria inhibition was observed. The main 

reason is with decreasing size of the particles, an increase in surface areas allows 

greater interaction with the surrounding environment. Nair et al. observed an 

increased antibacterial effect on S. aureus and Escherichia coli when exposed to ZnO 

nanoparticles of decreasing size.99 Similar results were also found when ZnO 

nanoparticle size was reduced from 2 μm to 45 nm.100 Webster et al. incorporated 

ZnO nanoparticles into PVC films with different weight % concentration and observed 

the effect on Staphylococcus aureus.101 Optical density readings and crystal violet 

staining showed reduced amounts of bacterial attachment with increasing amount of 



 
 
 

33 
 

ZnO nanoparticles in the PVC film. Live/dead bacteria assays also confirmed less active 

bacteria on ZnO incorporated surfaces compared to unmodified PVC. The authors 

suggested release of zinc ions from ZnO nanoparticles is the main reason for these 

antibacterial properties.102 Vatanpour et al. modified PVC ultrafiltration membranes 

by incorporating different weight % of ZnO nanoparticles.103 Their results showed as 

low as 3 wt% of ZnO nanoparticles added to a PVC ultrafiltration membrane can 

increase flux recovery above 90%, and BSA rejection was enhanced up to 97%. 

Zendehnam et al. prepared PVC cation exchange membranes by incorporating ZnO 

nanoparticles.104 The modified membrane with ZnO nanoparticles showed less E. coli 

adhesion compared to pure PVC. The effect of addition of ZnO nanoparticles into food 

grade PVC films to make antifouling packaging was studied by Xing et al.105 Their 

studies showed ZnO coated PVC films exhibit inhibition effects on the growth of E. coli 

and S. aureus. ZnO coating was found to be more effective against gram positive S. 

aureus than gram negative E. coli. However antifungal activity against Aspergillus 

flavus and Penicillum citrinum was not observed. 

Jiang et al. established a versatile gold nanoparticle (AuNP) based surface 

coating technique onto different types of surfaces, such as PVC, polystyrene (PS), 

polypropylene (PP), polyethylene (PE), polydimethylsiloxane (PDMS) and silica 

(SiO2).106 Gold nanoparticles (AuNPs) conjugated with 4,6-diamino-2-pyrimidinethiol 

(DAPT) was used as the antimicrobial agent for the coating. Different polymer 
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substrates were first treated with oxygen plasma to create negative charges on the 

surfaces, and then dipped into a solution of positively charged AuDAPT: resulting in 

electrostatic self-assembly (Figure 1.22). Then the unbound AuNPs were removed by 

washing with ultrasonication (USC) in phosphate buffered solution (PBS) for 30 

minutes (X5). The in vitro and in vivo studies showed immobilized AuDAPT was able 

to eradicate gram negative bacteria and was not toxic to a variety of human cells. The 

non-leaching properties of this coating make it a much safer option for internal 

applications such as implantable medical devices. 

 

                

Figure 1.22: AuDAPT based antimicrobial coatings106 
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 Antibiotics 

Nitrofurazone or nitrofural (trade name Furacin™) is a commercially available 

antibiotic (Figure 1.23). Nitrofural impregnated catheters are commercially available 

medical devices. Studies show that the antimicrobial properties of nitrofural are due 

to interference with DNA synthesis, by inhibiting enzymes that are involved with 

glycolysis.107 Nitrofural impregnated foley catheters are found to be more antifouling 

compared to silver alloy coated catheters.88, 108 Although nitrofural has antifouling 

properties, it cannot be used for short term applications due to discomfort issues. 

Nitrofural is related to mammary tumors, testicular degradation and degeneration of 

articular cartilage in animals.109 The use of nitrofuran is currently discontinued in the 

U.S. and is included in California’s list of toxic chemicals.110 Minocycline, rifampicin 

and sparfloxacin are some antimicrobial agents used for urinary catheter coatings 

(Figure 1.23). Another review showed externally impregnated chlorhexidine/silver 

sulfadiazine catheters lowered the risk of catheter related bloodstream infections.111 

Minocycline-rifampicin impregnated silicone catheters were found to be very efficient 

as an antimicrobial coating in preventing bacterial growth, compared to uncoated 

catheters over a period of 7-12 weeks.112, 113  
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Figure 1.23: Commonly studied antibiotics that have been used as antimicrobial 

agents for surface modification 

 

Another recent study incorporated 1,3,5-tri-styrylbenzene based 

antimicrobials (BCP3) on PVC endotracheal tubing (Figure 1.23).114 Styrylbenzene 

based derivatives of antibiotics such as BCP3 are active against the large conductance 

mechanosensitive ion channel (MscL) family of protein in bacterial target.115 This MscL 

transmembrane protein is only found in bacteria, but not in the human genome, 

making it an ideal drug target. BCP3 was incorporated by blending it with poly(lactic-
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co-glycolic acid) in tetrahydrofuran and dipping segment of endotracheal tubing into 

that solution for short period of time. In vitro studies demonstrated a concentration 

dependent release of BCP3 from the coating over 31 days, but the highest release was 

in the first 24 hours.  Bacterial assays against S. aureus and P. aeruginosa showed 

modified tubing inhibited the growth of S. aureus significantly, but not P. aeruginosa. 

In vitro studies against the L929 fibroblast cell showed high concentrations of BCP3 (1 

mg/mL) did not cause any significant cytotoxicity.  Antibiotic loaded medical devices 

inhibit bacterial growth on surfaces and can be a potent alternative to antifouling 

surfaces. However regular use of antibiotics for prevention rather than treatment can 

result in antibiotic resistance and even cause system toxicity.116 Different studies 

demonstrated subinhibitory concentrations of some antibiotics enhance rather inhibit 

biofilm formation by bacteria, and result in the evolution of antibiotic resistant 

bacteria.117, 118 

 Nitric Oxide Releasing Coatings 

Nitric oxide (NO) has been well-known as an antimicrobial agent since the 

1990s.119 The antimicrobial mechanism of nitric oxide generally involves DNA 

cleavage, lipid peroxidation, tyrosine nitration and nitrosation of thiols and amines.120 

Some common NO donors are S-nitrosoglutathione (GSNO) and S-nitrosothiols such 

as N-Nitroso-N-acetyl-DL-penicillamine (SNAP) (Figure 1.24). Generally, polymers are 

impregned with nitric oxide releasing donors that can release small amounts of NO, 
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as it has a short half-life. Schoenfisch et al. modified xerogels with S-nitrosothiol as an 

NO donor coated with PVC.121 Nitric oxide fluxes ranging from 20-50 pmol/cm2 were 

able to inhibit both gram positive and gram negative bacteria, resulting in about 50% 

lower adhesion. However, higher concentrations of the NO payload (1700 nmol/cm2) 

were required to prevent ≥80% bacteria adhesion, which may cause cytotoxicity to 

mammalian cells.  

 

Figure 1.24: Structure of two commonly studied NO donors: S-nitroso-N-

acetylpenicillamine and S-nitrosoglutathione 

 

Meyerhoff et al. modified biomedical grade PVC extracorporeal circuit tubing 

using diazeniumdiolated dibutylhexanediamine as an NO donor, mixed with a 

poly(lactic-co-glycolic acid) coating (Figure 1.25).122 Earlier studies by the same 

research group exhibited NO release in vitro between 7 to 18 X 10-10 mol/cm2min for 

up to 7 days.123 However, NO release was significantly lower after 7 days and was pH 
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diazeniumdiolated dibutylhexanediamine as an NO donor, showed higher NO release 

with a surface flux of 17±	0.5	X 10-10 mol/cm2min required to prevent a significant 

amount of platelet adhesion.123, 124 

 

Figure 1.25: Diazeniumdiolated dibutylhexanediamine releases NO123  

 

Weng et al. modified medical grade PVC catheters with a dopamine-based 

metal organic framework known as a HKUST-1 (Hong Kong University of Science and 

Technology, also called MOF-199) coating.125 First, a piece of PVC tubing was 

submerged into a solution of dopamine to create a polydopamine film, which acts as 

a nucleation center for copper ion (Cu2+) for further HKUST-1 coating. This HKUST-1 

coating can decompose S-nitrosothiols (RSNOs) to generate NO. The modified PVC 

surface was able to reduce S. aureus and E. coli bacterial adhesion about 95% 

compared to unmodified PVC. Another similar study found that copper ions 

embedded into PVC polymeric films were able to generate NO from S-nitroso-N-

acetyl-D-penicillamine (SNAP).126 However NO can interact with superoxides, which 

are generally produced in tissues during oxidative stress, generating highly cytotoxic 
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peroxynitrite (ONOO¯). Therefore it is very important to control the release of NO 

concentration over time.127   

1.6 Conclusion 

PVC is one of the most widely used polymers in medical devices due to its 

availability, flexibility, cost efficiency and heat tolerance. The surface of PVC is 

hydrophobic, which makes it ideal for initial bacterial adhesion, ultimately leading to 

biofilm formation. Biofilms are one of the main reasons for hospital acquired and post-

surgery infections. Biofilms also show high resistance to antibiotics and biocides which 

makes device related infections extremely difficult to cure. High concentrations of 

biocides such as silver ions and antibiotics are required to diminish medical device 

related infections, which may cause concurrent toxicity to human cells. Altering the 

PVC surface properties to decrease initial bacterial adhesion is one of the most 

effective strategies towards providing antifouling surfaces for medical applications.         
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2 Surface Modification of Medical Grade PVC Tubing 
 
2.1 Introduction 

PVC is one of the most widely used polymeric materials in the medical 

industry. Anti-infective biomaterials have become one of the primary strategies to 

prevent medical device related infections. PVC surface modification can be achieved 

by a combination of both covalent and non-covalent treatments. In non-covalent 

surface modification, additives are most likely to leach out from polymer matrix over 

time, and can be toxic to humans. Covalent surface modification to introduce active 

groups and/or functionalities to form an antifouling PVC surface has become the most 

successful approach to prevent medical device related infections. The PVC surface is 

hydrophobic in nature, which allows bacterial cells and proteins to easily accumulate 

onto the surfaces and generate biofilms. Thus, the alteration of PVC surfaces to 

reduce initial bacterial adhesion was the main objective of this study. Literature 

studies showed that by increasing hydrophilicity, such as introducing zwitterionic 

groups, long chain polyethylene oxide (PEO), quaternary amines, etc. on the PVC 

surface directly reduces bacterial adhesion. These ionic groups create a hydration 

layer on the surface to repel foulants.1, 2 This hydration layer is generally formed by 

hydrogen bonding or solvation process. Water molecules are released when protein 

approaches to this surface. The Polymer dehydration process increases enthalpy, but 

polymer chain compression decreases entropy. According to thermodynamics, these 
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two events happening together are unfavorable, and foulants are repealed by steric 

repulsion.3, 4  

This study herein is based on surface modification of medical PVC 

endotracheal tubing using copper-free azide-alkyne cycloaddition. Medical 

endotracheal tubing was initially provided by our collaborator Dr. Chalongrat 

Daengngam (designated as vendor A). Later when he was unable to provide more, 

endotracheal tubing was obtained from Bangladesh (designated as vendor B). Labile 

chlorine atoms on the surface of PVC tubing were substituted by azide in aqueous 

media in the presence of a phase transfer catalyst. Electron poor alkynes containing 

different functionalities (zwitterionic, polyethyleneoxide (PEO), quaternary 

ammonium bromides and perfluoro groups) were synthesized, followed by thermal 

azide-alkyne cycloaddition to modify the PVC surface (Scheme 1, Table 1). The 

reaction progress was monitored by ATR-FTIR. The physical characterization of 

chemically modified PVC tubing (static contact angle, surface free energy, contact 

angle hysteresis and AFM images) was carried out to probe the modified surface 

properties by our collaborator Prof. Chalongrat Daengngm at Prince of Songkla 

University in Thailand. Bacterial adherence assays were performed by me in Prof. 

Fitnat Yildiz’s lab at Microbiology and Environmental Toxicology Department at 

University of California, Santa Cruz under the guidance of postdoctoral scholar Dr. Kyle 

Floyd. Pseudomonas aeruginosa strain PA01, a Gram-negative opportunistic 
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respiratory pathogen, was used for bacterial adherence assay. X-Ray Photoelectron 

Spectroscopic (XPS) analysis was performed by Dr. Monica Neuburger at Eurofins EAG 

Material Science in Sunnyvale, California on unmodified tubing from both sources 

(Vendor A and Vencor B). 

2.2 Azidation of PVC Tubing  

Most procedures in the literature for azide nucleophilic substitution of labile 

secondary chlorine in PVC entail reaction of soluble PVC chains in organic solvents 

(THF, DMSO, DMF, ethanol).5, 6 In order to keep the tubing flexible, surface azidation 

of medical endotracheal tubing was performed in aqueous solution to minimize loss 

of plasticizer. The use of phase transfer catalysts facilitates this substitution reaction;7 

a modified procedure of Finn8 using AliquatÒ 336 was adopted. 

During the reaction, the degree of azidation was monitored by ATR-FTIR, as 

reflected by the increasing azide peak intensity at ~2100 cm-1. The degree of azidation 

increases with temperature (50 to 80 °C) and reaction time (4-16 hours, Figure 2.1). 

Above 85 °C, sometimes complete dissolution of PVC tubing was eventually observed, 

as has also been reported by others.9 Discoloration of the PVC tubing increases with 

extended reaction times, thus six hours at 80 °C was chosen as the optimized reaction 

conditions. This yellowing is likely due to thermal or base mediated 

dehydrochlorination.10-12 Use of high concentrations (> 0.4 M) of phase transfer 
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catalyst facilitated azidation, but was accompanied by both discoloration and 

enhanced rigidity of the tubing. 

 

Figure 2.1: Degree of azidation monitored by ATR-FTIR as a function of time: 4, 8 and 

16 hours 

2.3 Small Molecule Model Reaction 

A model reaction was performed before applying the cycloaddition to azidized 

PVC tubing (Figure 2.2). The main reason was to test the thermal reactivity of the 

alkyne bearing electron-poor groups with azide.  The reaction progress was monitored 

by NMR. It took approximately 23 hours to complete the reaction. The model azide-

alkyne cycloaddition on azidized PVC was monitored by ATR-FTIR (Figure 2.3, Figure 

2.4) by disappearance of the strong azide pick ~2100 cm-1. 
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Figure 2.2: Small molecule model reaction 

 

Figure 2.3: Model thermal azide alkyne cycloaddition on azidized PVC tubing  

 

Figure 2.4: Model thermal azide-alkyne cycloaddition on azide functionalized PVC 

tubing monitored by ATR-FTIR 
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2.4 Thermal Azide-Alkyne Cycloadditions on Azide Functionalized PVC Tubing 

Copper-catalyzed azide-alkyne cycloaddition is an extremely popular 

technique to chemically attach two moieties together. However, removal of the toxic 

copper residue is always challenging. An alternative is the thermal azide-alkyne 

cycloaddition, which is controlled by the highest occupied molecular orbital (HOMO) 

of the azide and the lowest unoccupied molecular orbital (LUMO) of the alkyne. The 

LUMO can be lowered by direct attachment of electron poor groups to the alkyne.9  

Thus copper-free thermal azide-alkyne cycloadditions were performed on azide-

functionalized PVC tubing, to append functionality onto the surface. The alkyne was 

dissolved in solvent and mixed with azidized PVC tubing for 48 hours. Alkynes bearing 

two electron-withdrawing ester groups require approximately 24 hours at 75 °C. The 

reaction progress was again monitored by ATR-FTIR, by following the disappearance 

of the azide peak ~2100 cm-1 (Figure 2.5). Water was used as solvent, except for 

alkynes bearing quaternary amines (isopropyl alcohol was added as a co-solvent) and 

polyfluro chains (2,2,2-trifluroethanol was added as a co-solvent). 
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Figure 2.5: Thermal azide-alkyne cycloaddition of an alkyne bearing a zwitterionic 

group as monitored by ATR-FTIR 

2.5 Attempt to Add Fluorophore to Confirm Surface Modification 

In order to confirm surface modification, a fluorophore tethered electron poor 

(ester group) alkyne was synthesized and attached to PVC tubing by thermal azide-

alkyne cycloaddition (Figure 2.6). 2-Aminoethanol was allowed to react with dansyl 

chloride to produce 5-(dimethylamino)-N-(2-hydromethyl)-1-napthalene-1-

sulfonamide (a).13 Then DCC coupling with propiolic acid gave the fluorophore 

containing an electron poor alkyne (b). Thermal azide-alkyne cycloaddition was 

performed with the fluorophore containing electron poor alkyne and azidized PVC 
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tubing. The reaction was monitored by ATR-FTIR (disappearance of the azide peak 

~2100 cm-1). The fluorophore attached tubing (c) was very fluorescent under UV light 

(Figure 2.7). However organic solvent was required to dissolve the alkyne, which may 

lead to removal of plasticizer from the PVC tubing. Also, a control reaction was 

performed by dipping PVC tubing without any azide group into the solution containing 

the fluorescent alkyne. PVC tubing also absorbed the dye and was fluorescent under 

UV light. Due to concern about use of solvent effect and fluorescent dye adsorption 

onto unmodified tubing, the attempt to confirm surface modification under UV light 

was failed. 

 

Figure 2.6: Fluorophore attachment on PVC tubing by thermal azide-alkyne 

cycloaddition 
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Control with absorbed fluorophore 

Figure 2.7: Fluorophore attached PVC tubing 

2.6 Physical Properties of Modified PVC Tubing 

A variety of PVC surfaces modified with zwitterionic groups, polyethylene oxide (PEO), 

quaternary amines or perfluoro species were prepared using short, medium and long 

tethers (Scheme 1, Table 1). 

 

Scheme 1: Thermal azide-alkyne cycloaddition reactions 
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Table 1: Abbreviations of modified PVC surfaces 

 

*Small, Medium and Large refer to the relative tether length between ester oxygen 

and functionality on the alkoxy of the ester group 

 

 Surface Robustness  

Surface modification of the medical PVC tubing by azidation followed by 

thermal azide alkyne cycloadditions was confirmed by contact angle measurements. 
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Shown in Figure 2.9, the resulting static contact angle (SCA) values of the samples 

reveal a broad variety of surface wetting states, ranging from hydrophilic to 

hydrophobic as a result of the introduced alkyne functional groups. The pristine PVC 

surface shows moderate hydrophobic behavior, with an initial SCA of 100.7±1.3°; 

however, the wetting state switches to hydrophilic with an initial SCA of 35.6±1.7° 

once treated with azide group is introduced. This may be due to the polar character 

of the azide group as indicated by the resonance structure (Figure 2.8). All functional 

groups that contain quaternary ammonium salts display hydrophilic properties, with 

initial SCA in the range of 60-80° due to the strong zwitterionic charges on the surface. 

The relatively small change among hydrocarbon chains in samples QA-S, QA-M and 

QA-L is not sufficient to impart more hydrophobic properties on the surface. However, 

the presence of sulfonic groups with the quaternary ammonium in samples ZI-S and 

ZI-L result in slight increases in the surface hydrophobicity. PEO2000 functional groups 

shows hydrophobic properties with an initial SCA of 98.6±1.3°. The diester displaying 

two C6F13 groups, PF-L, exhibits the highest hydrophobic surface with an initial SCA 

115.5±1.8°, while the corresponding C6F13 mono ester (PF-M) and diester with CF3 end 

group (PF-S) show progressively small SCA values.  
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Figure 2.8: Azide resonance structure 

In term of grafting durability, all functional groups maintain their wetting properties 

against vigorous rinsing with water. Although slight fluctuations were observed, no 

significant changes of the SCA values are observed over 60 min duration of ultrasonic 

cleaning, indicating strong bonding of the functional groups on the PVC tube surface. 

 
 

Figure 2.9: Modified PVC surface robustness test 
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 Surface Free Energy  

The surface energies of the funtionalized PVC tubing are presented in Figure 

2.10. It was expected that fluorous functional groups would impact hydrophobicity in 

low values of surface energy. Apparently the CF3 end group (PF-S) is not sufficiently 

fluorous to impact this property. In general, fluoropolymer surfaces with low surface 

energy and friction reduce the ability to be colonized by fouling organisms. Minimal 

surface energies in the range of 20-30 mJ/m are the most effective values, while 

microbial adhesion starts to increase with growing surface energy values.14 The 

surface energy of PEO reaches that low (20.7 mJ/m) value as it is polar. 

 
 

Figure 2.10: Surface free energy of surface modified PVC tubing 
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 Contact Angle Hysteresis 

Contact angle hysteresis (CAH) measures the difference between advancing 

and receding contact angles. It reveals information about dynamic wetting properties 

of the surface and surface adhesion for all of the modified PVC surfaces (Figure 2.11). 

High hysteresis is usually associated with high adhesion. The SCA along cannot be used 

to accurately predict the properties of a surface. A better prediction for bacterial 

adhesion properties should account for both the advancing and the receding contact 

angles and CAH,15, 16 associated with work required for both the removal of liquid or 

microorganisms from a solid surface, stemming from several underlying 

physicochemical interactions. Typically, low CAH and high receding contact angles are 

favorable for anti-bacterial adhesion properties. This analysis suggests the sample 

bearing one or two C6F13 groups as well as the polyether PEO2000 should show biofilm 

resistance, although the “untreated” PVC sample also displays low CAH and a high 

receding angle due to presence of silicone coating. 
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Figure 2.11: Advancing and receding contact angles and contact angle hysteresis 

(CAH) 

 Atomic Force Microscopic (AFM) Images 

Three-dimensional surface nanotopography of PVC endotracheal tube 

samples grafted with various surface functional groups and the corresponding root-

mean-square (rms) surface roughness are presented in Figure 2.12 and Figure 2.13. 

The untreated PVC surface is comparatively smooth with minimum rms roughness of 

7.4±0.8 nm. The initial azide treatment imparts a slightly high surface roughness. All 

of the quaternary amine functionalized samples show relatively consistent surface 

morphology and roughness, similar to the azido-functionalized sample. The perfluoro 

groups display an increase of surface roughness, especially the diester PF-L, which 

shows a distinctively high surface roughness around 148±13 nm. 
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Figure 2.12: AFM images of modified PVC tubing 
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Figure 2.13: Root mean square roughness of modified PVC tubing 

 Pseudomonas aeruginosa Adherence Assays 

The antifouling activity of modified endotracheal tubing was evaluated by a 

bacterial adherence assay using the Gram-negative opportunistic and nosocomial 

pathogen Pseudomonas aeruginosa. Bacterial adherence to select modified tubing 

samples (ZI-L, PEO2000, PF-L, QA-S, QA-M, and QA-L), was compared to unmodified 

PVC and PVC-N3 control samples after static growth for 24 hours at 37°C (Figure 2.14). 

Average P. aeruginosa colony forming units (cfu) adhered to the unmodified PVC and 

PVC-N3 control samples, were observed to be 9.93x106 ± 7.62x105 and 1.18x107 ± 

5.31x106 respectively. All modified tubing samples demonstrated bacterial adherence 

to varying degrees; with average observed cfu (± SEM) of 1.19x107 ± 4.18x106 for ZI-L 

treated, 9.64x106 ± 2.01x106 for PEO2000 treated, 5.13x106 ± 3.76x105 for PF-L treated, 
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5.57x106 ± 1.83x106 for QA-S treated, 4.97x106 ± 2.15x106 for QA-M treated, and 

6.05x106 ± 2.11x105 for QA-L treated samples. When compared to the PVC-N3 control, 

both PF-L and QA-L treatments resulted in significantly reduced bacterial adherence 

to the tubing samples. This may be due to high polyfluoro PF-L (di-ester of C6F13) 

functionalization on the PVC surface with low surface free (19.7 mJ/m) energy and 

high roughness (148±13 nm) to reduce the ability to be colonized by fouling 

organisms. Similarly, long chain substituted quaternary amine QA-L has a lower 

surface free energy, high CAH and high roughness to reduce the ability to be colonized 

by bacteria. While not statistically significant, QA-S and QA-M treatments showed a 

trend towards reduced bacterial adherence to the tubing. Observation of only a slight 

trend towards reduced adherence among the quaternary amine samples could be 

affected by the pH of the media. These adherence assays were performed under a 

neutral pH of 7.4, and in general, only at a low pH (<4) can the QA modified surface 

can stay positively charged and inhibit positively charged protein interactions to 

reduce the fouling ratio.17 Surprisingly, zwitterionic treatments (ZI-S and ZI-L) were 

observed to be non-repellent to P. aeruginosa, and exhibited high bacterial adhesion. 

Mixed charge zwitterionic surfaces can immobilize proteins. When cation-anion 

surfaces are designed to have net null charge on the surface, they still have the ability 

to absorb many proteins, even when some of them are unable to absorb on fully 

cationic or fully anionic supports under similar conditions.18 Overall, these adherence 
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assays demonstrate that high polyfluoro PF-L (di-ester of C6F13) and long quaternary 

amine functionality QA-L samples slightly reduced P. aeruginosa adherence to 

endotracheal tubing, yet further studies will need to be conducted on uncoated PVC 

to establish the impacts of this modification on adherence of other nosocomial 

bacterial pathogens. The Pseudomonas aeruginosa adherence assays result did not 

show big difference on un-modified and modified tubing. So, x-ray photoelectron 

spectra (XPS) were taken to investigate the presence of any pre-existing antifouling 

coating on un-modified tubing. 

 

Figure 2.14: Endotracheal tube adherence assay using Pseudomonas aeruginosa, 

data was obtained by me under Dr. Kyle Floyd’s mentorship  

Bacterial adherence to unmodified (PVC) and modified endotracheal tubing, with equivalent surface 

areas, after 24-hour static culture at 37°C. Colony forming units (cfu) were determined by vortexing 

the tubing samples in 1 mL sterile PBS, after two washes with PBS, and serial dilution and plating on LB 
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agar medium in triplicate for each biological replicate. Data presented as the mean ± SEM of cfu 

determined from three tubing biological replicates. Statistical analysis: Student’s t-Test comparing 

modified samples to the unmodified PVC control, PF-L p = 0.0048 and QA-L p = 0.0080. 

2.7 X-Ray Photoelectron Spectroscopic Analysis 

X-Ray Photoelectron Spectroscopic (XPS) analysis was performed by Dr. 

Monica Neuburger at Eurofins EAG Material Science in Sunnyvale, California on 

unmodified tubing from both sources (Vendor A and Vencor B, Figure 2.15) to 

investigate the possibility of a pre-existing antifouling coating on the surface. The 

walls of both tubing pieces were composed primarily of carbon (C) with low levels of 

chlorine (Cl) and varying amount of oxygen (O) and silicone (Si).  Low to trace amounts 

of calcium (Ca) and zinc (Zn) were also observed (Table 2). The sample from Vendor A 

had significantly higher levels of Si and O with correspondingly lower levels of C and 

Cl.  Silicon was found as silicone on both samples.  The higher levels of Si found on the 

Vendor A sample indicates it had a thicker layer of silicone.  A very recent clinical trial 

report showed silicone coated PVC endotracheal tubing is associated with lower 

biofilm formation compared to uncoated PVC tubing.19 The presence of silicone 

coating on both commercial tubings could be the main reason that our chemically 

modified surfaces did not showed significant differences in antifouling properties. No 

real differences were observed between the carbon functionalities observed between 

the two commercial samples.  Carbon was found primarily as hydrocarbon and/or 

silicone (C-C, C-H, CHx-Si) with lower levels of carbon-oxygen and carbon-chlorine 
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functionalities (Table 3). Calcium and Zn do not exhibit significant shifts in binding 

energy with bonding partner (i. e. chlorides, hydroxides, and/or oxides); however, the 

sample stoichiometry suggests they were present as chlorides, hydroxides, and/or 

oxides. Zn found in tubing from vendor B could possibly be ZnO and act as antifouling 

agent.20 Oxygen was found incorporated as organic species on both samples found 

with the silicone polymer coating. 

Table 2:  Atomic Concentrations (in atomic %) a, b, c 

 C O F Si Cl Ca Zn 

vendor 
B 80.2 9.6 - 2.4 6.2 1.3 0.3 

vendor 
A 63.5 20.7 - 14.0 1.5 0.2 ? 

a Normalized to 100% of the elements detected.  XPS does not detect H or He. 
b A dash line “-“ indicates the element is not detected. 
c A question mark “?” indicates species may be present at or near the detection limit of the 
measurement. 
 
Table 3:  Carbon and Chlorine Chemical States (in % of Total Ca and Cla) 

 
Carbon 

 

Chlorine 

C-C, C-H C-O, C-Cl O-C=O inorganic 
Cl 

organic 
Cl 

vendor B 89 8 3 43 57 

vendor A 91 6 3 30 70 
     

a Values in this table are percentages of the total atomic concentration of the corresponding element 
shown in Table 1. 
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Figure 2.15: XPS of unmodified tubing from vendor B (upper) and vendor A (lower) 
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2.8 Conclusion 

Electron-poor alkynes with different functionalities (zwitterionic, PEO, 

polyfluoro and quaternary amines) were synthesized and covalently attached to 

medical grade PVC azidized surfaces by copper-free azide-alkyne cycloaddition 

reaction. All the modified PVC surfaces exhibit hydrophilic properties except high 

polyfluoro functionalized PF-L compared to the unmodified tubing. All of the modified 

PVC surfaces maintain their wetting properties against vigorous water rinsing for 60 

minutes of sonication indicating covalent bonding of the functional groups to the PVC 

surface. The perfluoro groups display an increase of surface roughness, especially the 

diester PF-L, while the quaternary amine functionalized samples show relatively 

consistent surface morphology and roughness, similar to the azido-functionalized 

sample. Zwitterionic samples were not repellent to Pseudomonas aeruginosa, 

whereas the other modified PVC tubings exhibit moderate bacteria repellent effects. 

The presence of a silicone coating on both of the un-modified tubings could be the 

main reason that the chemically modified surfaces did not showed large differences 

in antifouling properties. Further work on plasticized PVC devoid of a silicone coating 

is needed to clearly determine the antibacterial adhesion properties resulting from 

appending various functionality by thermal azide-alkyne cycloaddition onto the 

surface of medical grade PVC tubing. 
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3 Experimentals  

3.1 Materials and General Methods 

All reagents and solvents were used as received unless otherwise noted. Dry 

CH2Cl2 was obtained by distillation over CaH2. Nuclear magnetic resonance (NMR) 

spectra were recorded on a Bruker Advance III HD four channel 500 MHz Oxford 

Magnet NMR spectrometer with automation. Fourier transform infrared spectra were 

recorded in different deuterated solvents with a PerkinElmer Spectrum One 

spectrometer in NaCl plates. Fourier transform infrared (FTIR) spectra were also 

recorded in attenuated total reflection (ATR) mode to investigate changes in chemical 

functional groups on the PVC tubing with a PerkinElmer Spectrum Two spectrometer. 

High-resolution mass spectrometry (HRMS) was recorded with a Thermo Scientific 

LTQ-Orbitrap Velos Pro Mass spectrometer. Medical endotracheal tubing was initially 

provided by our collaborator Dr. Chalongrat Daengngam (designated as vendor A, 

Mallinckrodt™, I. D. 7.0 mm). Later when he was unable to provide more, 

endotracheal tubing was obtained from Bangladesh (designated as vendor B, 

TornadoCare™, I. D. 7.0 mm). The physical characterization of chemically modified 

PVC tubing (static contact angle, surface free energy, contact angle hysteresis and 

AFM images) was carried out by Prof. Chalongrat Daengngm at Prince of Songkla 

University in Thailand. Bacterial adherence assays were performed by me in Prof. 

Fitnat Yildiz’s lab at Microbiology and Environmental Toxicology Department at 
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University of California, Santa Cruz under the guidance of postdoctoral scholar Dr. Kyle 

Floyd. X-Ray Photoelectron Spectroscopic (XPS) analysis was performed by Dr. Monica 

Neuburger at Eurofins EAG Material Science in Sunnyvale, California on unmodified 

tubing from both sources (Vendor A and Vencor B). 

 

 

 Surface modified PVC-N3  

Following a modified procedure of Finn,3 sodium azide (1.180 g, 18.15 mmol), 

AliquatÒ 336 (0.0730 g, 0.1806 mmol) and 40 mL of DI water were put in a 100 mL 

round bottom flask equipped with a magnetic stir bar. The reaction flask was 

submerged into an oil bath at 80 °C. After 20 minutes, 10 small pieces of PVC 

endotracheal tubing (TornadoCareTM, 1cm x 1cm each) were added to the reaction 

mixture and stirred at 80 °C. After 6 hours, the liquid was removed, and the PVC pieces 

were washed several times with DI water. The surface modified PVC-N3 tubing pieces 

were dried in an oven at 45 °C for 24 hours. ATR-FTIR confirmed the presence of the 

distinct azide peak (2106 cm-1) on the PVC surface.  

 

     PVC
Medical tubing
  1 cm x 1 cm

NaN3, H2O

PTC (Aliquat
®

 336)

Cl

Cl Cl 80 °C, 6h

N3

N3 N3

PVC-N3
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Preparation of 3-[Dimethyl-(2-hydroxyethyl)ammonio]-1-propanesulfonate (2.51)4 

Dimethylamino-1-ethanol (3.649 g, 40.94 mmol) and 1,3-propane sultone 

(5.000 g, 40.94 mmol) were dissolved in 30 mL of dichloromethane (DCM) at room 

temperature. Crystals started to appear after 10 minutes. The reaction mixture was 

covered and allowed to stand. After 2 days, the reaction mixture was diluted with 50 

mL of DCM and the liquid removed by vacuum filtration. The solid was washed with 

200 mL of DCM, transferred into a beaker, suspended into 2-propanol and washed 

with 3 x 100 mL of 2-propanol under vacuum filtration. To remove trace amounts of 

2-propanol, the solid was then washed with 100 mL of diethyl ether and dried under 

vacuum and then oven dried at 45 °C for 24 hours. The product was obtained as a 

white crystalline solid (8.112 g, 93.91% yield).  

Melting point: 244-248 °C.  

IR (Nujol): 3293 (br), 2922 (s), 1460 (s), 1376 cm-1. 

1H NMR (500 MHz, D2O): d 4.00-3.95 (m, 2H), 3.50-3.44 (m, 4H), 3.11 (s, 6H), 2.91 (t, J 

= 5 Hz, 2H) ppm. 

13C NMR (125 MHz, D2O, DEPT): d 65.1 (CH2), 63.4 (CH2), 55.3 (CH2), 51.4 (2XCH3), 47.3 

(CH2), 18.2 (CH2) ppm. 

HO N O
S

O O DCM, RT
   48 h

93%
HO N S

O

O
O

2.51
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HRMS: m/z calculated for C7H18NO4S [M+H]+ 212.0951, found 212.0951. 

 

 

Preparation of 3-[Dimethyl-(6-hydroxyhexyl)-ammonio]-1-propanesulfonate (2.52) 

Following the similar procedure to make 2.51, dimethylamino-1-hexanol 

(1.000 g, 6.885 mmol) and 1,3-propane sultone (0.8410 g, 6.891 mmol) were dissolved 

into 15 mL of dichloromethane (DCM) at room temperature. Crystals started to 

appear after 15 minutes. The reaction mixture was covered and allowed to stand. 

After 3 days, 30 mL of DCM was added and the liquid was removed by vacuum 

filtration. The solid was washed with an additional 200 mL of DCM, 3 x 100 mL of 2-

propanol, 100 mL of diethyl ether, and oven dried at 45 °C for 24 hours. The product 

was obtained as white crystalline solid (1.790 g, 97.28% yield).  

Melting point: 180-182 °C.  

IR (Nujol): 3392 (br), 2922 (s), 1448 (s), 1376 (s) cm-1. 

1H NMR (500 MHz, D2O): d 3.54 (t, J = 5 Hz, 2H), 3.40 (t, J = 5 Hz, 2H), 3.27 (t, J = 5 Hz, 

2H), 3.03 (s, 6H), 2.92 (t, J = 5 Hz, 2H,), 2.19-2.12 (m, 2H), 1.78-1.68 (m, 2H), 1.55-1.47 

(m, 2H), 1.39-1.30 (m, 4H) ppm. 

13C NMR (125 MHz, D2O, DEPT): d 62.2 (CH2), 62.0 (CH2), 61.5 (CH2), 50.5 (2 x CH3), 

47.2 (CH2), 30.9 (CH2), 25.2 (CH2), 24.4 (CH2), 21.7 (CH2), 18.1 (CH2) ppm. 

N O
S

O O

97%
N S

O

O
O

2.52

HO HO
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HRMS: m/z calculated for C11H26NO4S [M+H]+ 268.1577, found 268.1575. 

 

 

Preparation of 2-propynoic acid, 3¢-[dimethyl-(2-ethyl)ammonio]- 1¢-

propanesulfonate ester (2.53) 

 Propiolic acid (0.6630 g, 9.465 mmol), 3-[Dimethyl-(2-

hydroxyethyl)ammonio]-1-propanesulfonate (2.51) (0.2000 g, 0.9466 mmol), p-

toluenesulfonic acid monohydrate (p-TSA) (0.0111 g, 0.0584 mmol) and 5 mL of 

benzene were put in a 15mL round bottom flask and refluxed at 90 °C for 24 hours 

with a Dean Stark apparatus. The reaction mixture was cooled, concentrated, poured 

into a mortar and triturated with 5 x 50 mL of diethyl ether. The product was isolated 

as a light brown powder (0.1830 g, 73.49% yield). 

Melting point: 199-205 °C.  

IR (Nujol): 2922 (s), 2107 (m), 1711 (s), 1460 (s), 1376 (s) cm-1. 

1H NMR (500 MHz, D2O): d 4.63-4.56 (s, 2H), 3.75-3.71 (s, 2H), 3.65 (s, 1H), 3.51-3.46 

(m, 2H), 3.13 (s, 6H), 2.93-2.89 (m, 2H), 2.21-2.16 (m, 2H) ppm. 

13C NMR (125 MHz, D2O, DEPT): d 152.9 (4°), 78.9 (CH), 73.2 (4°), 63.4 (CH2), 61.7 

(CH2), 59.5 (CH2), 51.4 (2XCH3), 47.3 (CH2), 18.3 (CH2) ppm. 

HRMS: m/z calculated for C10H18NO4S [M+H]+ 264.0900, found 264.0900. 

HO N S
O
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 74%
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Preparation of 2-propynoic acid, 3¢-[dimethyl-(6-ethyl)ammonio]-1¢-

propanesulfonate ester (2.54) 

 Propiolic acid (3.484 g, 49.74 mmol), 3-[dimethyl-(6-

hydroxyhexylyl)ammonio]-1-propanesulfonate (2.52) (1.332 g, 4.982 mmol), p-

toluene sulfonic acid monohydrate (p-TSA) (0.0570 g, 0.2985 mmol) and 15 mL of 

benzene were put in a 100 mL round bottom flask and refluxed at 90 °C for 24 hours 

with a Dean Stark apparatus. The reaction mixture was cooled, concentrated and 

poured into a mortar and triturated with 5 x 50mL of diethyl ether. The product was 

isolated as light brown powder (1.460 g, 92.41% yield). 

Melting point: 100-106 °C.  

IR (Nujol): 2931 (s), 2103 (m), 1714 (s), 1462 (s), 1374 (s) cm-1. 

1H NMR (500 MHz, D2O): d 4.24-4.17 (t, 2H), 3.40 (s, 1H), 3.42-3.38 (m, 2H), 3.29-3.25 

(m, 2H), 3.04 (s, 6H), 2.94-2.89 (t, 2H), 2.18-2.13 (m, 2H), 1.75-1.60 (m, 4H), 1.43-1.32 

(m, 4H) ppm. 

13C NMR (125 MHz, D2O, DEPT): d 154.55 (4°), 77.54 (CH), 73.9 (4°), 67.22 (CH2), 64.15 

(CH2), 62.08 (CH2), 50.56 (2XCH3), 47.28 (CH2), 27.22 (CH2), 25.00 (CH2), 24.50 (CH2), 

21.70 (CH2), 18.15 (CH2) ppm. 
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HRMS: m/z calculated for C14H26NO5S [M+H]+ 320.1527, found 320.1526. 

 

 Attachment of zwitterionic functionalities to PVC surface by thermal azide-

alkyne cycloaddition 

  

PVC surface modified by zwitterionic 2-propynoic acid, 3¢-[dimethyl-(2-

ethyl)ammonio]- 1¢-propanesulfonate ester (PVC-ZI-S) 

 2-propynoic acid, 3¢-[dimethyl-(2-ethyl)ammonio]- 1¢-propanesulfonate ester 

(2.53) (0.2200 g, 0.8355 mmol) was dissolved in 2 mL of water, and PVC-N3 tubing (1 

cm x 1cm) was added and the reaction mixture was heated at 75 °C. Reaction progress 

was monitored by ATR-FTIR (disappearance of the azide peak at 2106 cm-1). After 48 

hours, the piece of tubing was removed from reaction mixture and washed several 

times with DI water. The modified PVC tubing with zwitterionic functionality small 

chain spacing (two carbon) “PVC-ZI-S” was dried in an oven at 45 °C for 24 hours. 

 

H2O, 75°C

N3

N3 N3

O

O

N
S
O

O
O
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N
N N

H O
O
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other regioisomer
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PVC surface modified by zwitterionic 2-propynoic acid, 3¢-[dimethyl-(6-

ethyl)ammonio]-1¢-propanesulfonate ester (PVC-ZI-L) 

 2-Propynoic acid, 3¢-[dimethyl-(6-ethyl)ammonio]-1¢-propanesulfonate ester 

2.54 (0.2300 g, 0.7201 mmol) was dissolved in 2 mL of water and PVC-N3 (1 cm x 1 cm) 

was added to the reaction mixture and heated at 75 °C. Reaction progress was 

monitored by ATR-FTIR (disappearance of the azide peak at 2106 cm-1). After 48 hours, 

the piece of tubing was removed and washed several times with DI water. The 

modified PVC tubing with zwitterionic functionality long chain spacing (six carbon) 

“PVC-ZI-L” was dried in an oven at 45 °C for 24 hours.  

 

 

                                     n » 44                                                  n » 44 

Preparation of methoxy poly(ethylene glycol) 2000 prop-2-ynoate (PEO2000) 

Following a modified procedure of Higa,5 propiolic acid (2.100 g, 30.00 mmol), 

methoxy poly(ethylene glycol) 2000 (20.00 g, 10.00 mmol), 6 drops of concentrated 

H2O, 75 °C

48 h
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sulfuric acid and 40 mL of toluene were put in a 250 mL round bottom flask. The 

reaction mixture was stirred at reflux for 3 hours, concentrated in vacuo and diluted 

with 100 mL of ethyl acetate. The solution was transferred to a 500 mL separatory 

funnel and washed with 2 x 25 mL of saturated sodium bicarbonate (NaHCO3) 

solution. The aqueous layer was separated and extracted with 2 x 100 mL of ethyl 

acetate. The combined organic layer was dried over MgSO4 and concentrated. The 

product was isolated as an off-white colored waxy solid of varying chain length (10.52 

g, 51.26%). 

1H NMR (500 MHz, CDCl3): d 4.04-4.02 (m, 2H), 3.57-3.20 (m, 176H), 3.13-3.10 (m, 4H), 

3.08 (s, 1H) ppm. 

 

 

                                    n » 44                                                      PEO2000  

 Surface modified by methoxy poly(ethylene glycol) 2000 prop-2-ynoate (PVC-

PEO2000) 

 Methoxy poly(ethylene glycol) 2000 prop-2-ynoate (PEO2000) (1.252 g, 0.6181 

mmol) was dissolved in 2 mL of water and a piece of PVC-N3 tubing (1 cm x 1 cm) was 

added to the reaction mixture and heated at 75 °C. Reaction progress was monitored 

O

O

O
n

H2O, 75°C
N

N N

H O
O
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other regioisomer

N3

N3 N3 48 h



 
 
 

98 
 

by ATR-FTIR (disappearance of the azide peak at 2106 cm-1). After 48 hours, the piece 

of tubing was removed and washed several times with DI water. The modified PVC 

tubing with poly(ethylene glycol) 2000 prop-2-ynoate (PEO2000) was dried in an oven 

at 45 °C for 24 hours. 

 

  

                                                                                                           2.56 

Preparation of 2-butynedioic acid, 1,4-bis(2,2,2-trifluoroethyl) ester (2.56) 

 Following a modified procedure of Weaver,6 acetylene dicarboxylic acid 

(2.000 g, 17.54 mmol), 2,2,2-trifluoroethanol (17.54 g, 175.3 mmol) and BF3•OEt2 

(5.226 g, 4.6 mL, 36.8226 mmol) were put in a 100 mL round bottom flask with a reflux 

condenser and heated at 80 °C for 5 hours and stirred at room temperature overnight. 

The reaction mixture was diluted with 100 mL of diethyl ether, washed with 5 x 50 mL 

of water and 50 mL of brine. The organic layer was dried with sodium sulphate and 

concentrated. The resulting crude product was purified by silica gel chromatography 

(hexanes : diethyl ether = 9 : 1) to provide the product as a colorless liquid (2.03 g, 

40.7%). 

TLC: 90:10 hexanes/diethyl ether, UV, yellow with KMnO4 stain, Rf = 0.43. 

IR (Nujol): 2987 (m), 1746 (s), 1410 (m), 1297 (s), 1238 (s), 1297 (s), 1164 (s) cm-1. 

COOHHOOC HO CF3 80 °C, then RT

O

OO

O

41% CF3
CF3

BF3•OEt2
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1H NMR (500 MHz, CDCl3): d 4.68-4.59 (q, J = 5 Hz, 4H) ppm. 

13C NMR (125 MHz, CDCl3): d 149.6 (4 °), 123.1 (q, 1 JC-F = 240 Hz, CF3), 75.0 (4 °), 61.7 

(q, 2JC-F = 32 Hz, CH2) ppm. 

19F NMR (470 MHz, CDCl3): d -73.6 (CF3) ppm. 

HRMS: m/z calculated for C8H5F6O4 [M+H]+ 279.0087, found 279.0114. 

 

 

                                                                                         2.57 

Preparation of 2-propyonic acid, 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-n-octanyl 

ester (2.57) 

 Propiolic acid (0.3000 g, 4.283 mmol), 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-

1-n-octanol (1.715 g, 4.711 mmol) and para-toluene sulfonic acid monohydrate 

(0.0814 g, 0.4279 mmol) and 10 mL of benzene were put in a 100 mL round bottom 

flask with a reflux condenser and refluxed for 24 hours. After cooling the reaction 

mixture was diluted with 100 mL of diethyl ether, washed with 3 x 30 mL of water and 

30 mL of brine. The organic layer was dried with sodium sulphate and concentrated. 

The resulting crude product was purified by silica gel chromatography (hexanes : 

diethyl ether = 9 : 1) to give the product as a colorless liquid (1.782 g, 99.98% yield). 

COOH
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TLC: 90 : 10 hexanes/diethyl ether, UV, yellow with KMnO4 stain, Rf = 0.53. 

IR (Nujol): 3284 (m), 2129 (m), 1720 (s), 1232 (s), 1142 (s) cm-1. 

1H NMR (500 MHz, CDCl3): d 4.51 (t, J = 5.0 Hz, 2H), 2.95 (s, 1H), 2.60-2.50 (m, 2H) 

ppm. 

13C NMR (125 MHz, CDCl3, DEPT): d 152.0 (4°), 75.6 (CH), 73.9 (4°), 57.8 (CH2), 30.2 (t, 

2JC-F = 20 Hz, CH2) ppm. 

19F NMR (470 MHz, CDCl3): d -81.0 (CF3), -113.7 (CF2), -122.0 (CF2), -123.0 (CF2), -123.7 

(CF2), -126.3 (CF2) ppm. 

HRMS: m/z calculated for C11H6F13O2 [M+H]+ 417.0155, found 417.0157. 

 

                                                                                                          2.58 

Preparation of 2-butynedioic acid, 1,5-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-

tridecafluoroctayl) ester (2.58) 

 Following a modified procedure of Weaver,6 acetylene dicarboxylic acid 

(2.000 g, 17.54 mmol), 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-n-octanol (17.15 g, 

52.61 mmol) and BF3.OEt2 (5.226 g, 4.55 mL, 36.82 mmol) were put in a 100 mL round 

bottom flask with a reflux condenser and heated at 80 °C for 6 hours and then stirred 

at room temperature overnight. The reaction mixture was diluted with 100 mL of 

BF3•OEt2
80 °C, then RT
benzene

COOHHOOC HO
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OO
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diethyl ether, washed with 5 x 50 mL of water and 50 mL of brine. The organic layer 

was dried with sodium sulphate and concentrated. The resulting crude product was 

purified by silica gel chromatography (hexanes : diethyl ether = 4 : 1) to give the 

product as a white crystalline solid (7.918 g, 56.01% yield). 

TLC: 80:20 hexanes/diethyl ether, UV, yellow with KMnO4 stain, Rf = 0.33. 

Melting point: 52-53 °C. 

IR (Nujol): 2913 (s), 1733 (s), 1458 (s), 1378 (s), 1292 (s), 1144 (s) cm-1. 

1H NMR (500 MHz, CDCl3): d 4.57 (t, J = 5.0 Hz, 2H), 2.63-2.52 (m, 2H) ppm. 

13C NMR (125 MHz, CDCl3, DEPT): d 151.0 (4°), 74.7 (4°), 58.6 (CH2), 30.3 (CH2) ppm. 

19F NMR (470 MHz, CDCl3): d  -81.3 (CF3), -113.9 (CF2), -122.1 (CF2), -123.2 (CF2), -123.8 

(CF2), -126.5 (CF2) ppm. 

HRMS: m/z calculated for C20H9F26O4 [M+H]+ 807.0080, found 807.0078. 

 Attachment of polyfluoro functionalities to PVC surface by thermal azide-

alkyne cycloaddition 

 

 

N3

N3 N3
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CF3

24 h

   75 °C
H2O: CF3CH2OH
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PVC surface modified by 2-butynedioic acid,1,4-bis(2,2,2-trifluoroethyl) ester (2.56) 

(PF-S) 

2-butynedioic acid,1,4-bis(2,2,2-trifluoroethyl) ester (2.56) (2.000 g, 7.192 

mmol) was dissolved in 5 mL of 2,2,2-trifluoroethanol and 5 mL of water. PVC-N3 

tubing (5 pieces, 1 cm x 1 cm each) were added to the reaction mixture and heated at 

75 °C. Reaction progress was monitored by ATR-FTIR (disappearance of the azide peak 

at 2106 cm-1). After 24 hours, the pieces of tubing were removed and washed several 

times with DI water. The modified PVC tubing was named as polyfluoro with small 

fluorine functionality “PF-S” and dried in an oven at 45 °C for 24 hours. 

 

 

PVC surface modified by 2-propynoic acid, 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-

n-octanyl ester (2.57) (PF-M) 

2-Propynoic acid, 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-n-octanyl ester 

(2.57) (2.422 g, 5.820 mmol) was dissolved in 7 mL of 2,2,2-trifluoroethanol and 7 mL 

of water. PVC-N3 tubing (5 pieces, 1 cm x 1 cm each) was added to the reaction mixture 

and heated at 75 °C. Reaction progress was monitored by ATR-FTIR (disappearance of 
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the azide peak at 2106 cm-1). After 48 hours, the pieces of tubing were removed and 

washed several times with DI water. The modified PVC tubing was named as 

polyfluoro with medium fluorine functionality “PF-M” and dried in an oven at 45 °C 

for 24 hours. 

 

 

PVC surface modified by 2-butynedioic acid, 1,5-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-

tridecafluorooctyl) ester (2.58) (PF-L) 

 2-Butynedioic acid, 1,5-bis(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctayl) ester 

(2.58) (3.000 g, 3.721 mmol) was dissolved in 10 mL of 2,2,2-trifluoroethanol. PVC-N3 

tubing (5 pieces, 1 cm x 1 cm each) were added to the reaction mixture and heated at 

75 °C. Reaction progress was monitored by ATR-FTIR (disappearance of the azide peak 

at 2106 cm-1). After 24 hours, the pieces of tubing were removed and washed several 

times with DI water, and dried in an oven at 45 °C for 24 hours. The modified PVC 

tubing was named polyfluoro large fluorous group “PF-L”. 
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Preparation of N-butyl-N-(2-hydroxyethyl)-N,N-dimethylammonium bromide  

(2.59) 

 Following a modified procedure of Ventura,7 N,N-dimethylaminoethanol 

(4.100 g, 45.99 mmol) was placed in a 48 ml Ace pressure tube in 10 mL of anhydrous 

acetonitrile. 1-Bromo-butane (6.302 g, 45.99 mmol) was added slowly to the reaction 

mixture, the tube securely capped and then heated in an oil bath at 60 °C. After 72 

hours the reaction mixture was concentrated, and washed three times with 30 mL of 

diethyl ether. After evaporating solvent, the product was obtained as a white 

crystalline solid (10.20 g, 98.08 % yield).  

Melting point: 112-114 °C. 

IR (Nujol): 3219 (s), 2931 (s), 1466 (s), 1376 (s), 1047 (s), 920 (s) cm-1. 

1H NMR (500 MHz, D2O): d 3.98 (s, 2H), 3.43 (t, J = 5.0 Hz, 2H), 3.34-3.29 (m, 2H), 3.07 

(s, 6H), 1.75-1.67 (m, 2H), 1.37-1.27 (m, 2H), 0.89 (t, J = 5.0 Hz, 3H) ppm. 

13C NMR (125 MHz, D2O): d 65.3 (CH2), 64.8 (CH2), 55.3 (CH2), 51.3 (2 x CH3), 23.9 (CH2), 

19.0 (CH2), 12.7 (CH3) ppm.  

HRMS: m/z calculated for C8H21BrNO [M+H]+ 226.0802, found 226.0777. 
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Preparation of N-hexyl-N-(2-hydroxyethyl)-N,N-dimethylammonium bromide  

(2.61) 

 Following a modified procedure of Ventura,7 N,N-dimethylaminoethanol 

(4.100 g, 45.99 mmol) was placed in a 48 ml Ace pressure tube in 10 mL of anhydrous 

acetonitrile. 1-Bromo-hexane (7.593 g, 45.99 mmol) was added slowly to the reaction 

mixture, the tube was securely capped and heated in an oil bath at 60 °C. After 72 

hours the reaction mixture was concentrated and washed two times with 30 mL of 

diethyl ether. After removing the solvent by evaporation, the product was obtained 

as a clear oil (11.22 g, 95.98% yield).  

IR (Neat): 3366 (s), 2926 (s), 1462 (s), 1380 (s), 1088 (s) cm-1. 

1H NMR (500 MHz, CDCl3): d 4.07 (s, 2H), 3.73-3.68 (m, 2H), 3.58-52 (m, 2H), 3.34 (s, 

6H), 1.39-1.23 (m, 6H), 1.37-1.27 (m, 2H), 0.85 (t, J = 5.0 Hz, 3H) ppm. 

13C NMR (125 MHz, CDCl3, DEPT): d 66.0 (CH2), 65.5 (CH2), 55.8 (CH2), 52.1 (2 x CH3), 

31.2 (CH2), 25.8 (CH2), 22.7 (CH2), 22.3 (CH2), 13.9 (CH3) ppm.  

HRMS: m/z calculated for C10H25BrNO [M+H]+ 254.1114, found 254.1114. 
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Preparation of N-butyl-N-(6-hydroxyhexyl)-N,N-dimethylammonium bromide  

(2.63) 

N,N-Dimethylamino-1-hexanol (3.180 g, 21.89 mmol) was placed in a 48 ml 

Ace pressure tube in 10 mL of anhydrous acetonitrile. 1-Bromo-butane (3.000 g, 21.89 

mmol) was added slowly to the reaction mixture, the tube was securely capped and 

heated in an oil bath at 60 °C. After 72 hours the reaction was concentrated and 

washed two times with 50 mL of diethyl ether. The product was obtained as a clear 

oil (6.071 g, 98.22% yield).  

IR (Neat): 3383 (s), 2939 (s), 1636 (s), 1486(s), 1058 (s) cm-1. 

1H NMR (500 MHz, CD3OD): d 3.61-3.57 (t, J = 5.0 Hz, 2H), 3.39-3.33 (m, 4H), 3.12 (s, 

6H), 1.85-1.73 (m, 4H), 1.63-1.56 (m, 2H), 1.53-1.40 (m, 6H), 1.05 (t, J = 5.0 Hz, 3H) 

ppm. 

13C NMR (125 MHz, CD3CN, DEPT): d 63.7 (CH2), 63.5 (CH2), 60.8 (CH2), 50.4 (2 x CH3), 

32.2 (CH2), 25.7 (CH2), 25.1 (CH2), 24.1 (CH2), 22.1 (CH2), 19.3 (CH2), 13.0 (CH3) ppm.  

HRMS: m/z calculated for C12H29BrNO [M+H]+ 282.1428, found 282.1265. 
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Preparation of 2-propynoic acid, 5-N-butyl-N-ethyl-N,N-dimethylammonium 

bromide ester (2.60) 

Propiolic acid (8.006 g, 114.2 mmol), N-butyl-N-(2-hydroxyethyl)-N,N-

dimethylammonium bromide (2.59) (5.170 g, 22.86 mmol), and boron trifluoride 

diethyl etherate (9.7 g, 8.5 mL, 69 mmol) were put in a 250 mL  round bottom flask. 

The reaction mixture was stirred at 80 °C for 6 hours, and then allowed to stir 

overnight at room temperature. The reaction mixture was cooled and poured into a 

mortar and triturated with 5 x 50 mL of diethyl ether. The product was isolated as a 

light brown thick oil (5.193 g, 81.78% yield). 

IR (Nujol): 3258 (s), 2969 (s), 2116 (s), 1722 (s), 1617 (s), 1484 (s), 1232 (s), 1026 (s) 

cm-1. 

1H NMR (500 MHz, CD3CN): d 4.55 (s, 2H), 3.62 (t, J = 5.0 Hz, 2H), 3.56 (s, 1H), 3.34-

3.28 (m, 2H), 3.08 (s, 6H), 1.77-1.69 (m, 2H), 1.43-1.34 (m, 2H), 0.99 (t, J = 5.0 Hz, 3H) 

ppm. 

13C NMR (125 MHz, CD3CN, DEPT): d 151.5 (4°), 77.3 (4°), 73.5 (CH), 65.0 (CH2), 61.6 

(CH2), 59.2 (CH2), 51.2 (2 x CH3), 24.0 (CH2), 19.1 (CH2), 12.8 (CH3) ppm.  

HRMS: m/z calculated for C11H21BrNO2 [M+H]+ 278.0751, found 278.0746. 
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Preparation of 2-propynoic acid, 5-N-hexyl-N-ethyl-N,N-dimethylammonium 

bromide ester (2.62) 

Propiolic acid (0.7285 g, 10.40 mmol), N-hexyl-N-(2-hydroxyethyl)-N,N-

dimethylammonium bromide (2.61) (0.5282 g, 2.080 mmol), and boron trifluoride 

diethyl etherate (0.88 g, 0.77 mL, 6.2 mmol) were put in a 100 mL of round bottom 

flask. The reaction mixture was stirred at 80 °C for 8 hours, and then allowed to stir 

overnight at room temperature. The reaction mixture was cooled and poured into a 

mortar and triturated with 5 x 40 mL of diethyl ether. The product was isolated as a 

light brown thick oil (0.4902 g, 77.04% yield). 

IR (Nujol): 3228 (s), 2926 (s), 2112 (s), 1726 (s), 1462 (s), 1245 (s), 1064 (s) cm-1. 

1H NMR (500 MHz, CD3OD): d 4.66 (s, 2H), 3.95 (s, 1H), 3.79-3.73 (m, 2H), 3.45-3.38 

(m, 2H), 3.18 (s, 6H), 1.87-1.76 (m, 2H), 1.46-1.35 (m, 6H), 0.99-0.93 (m, 3H) ppm. 

13C NMR (125 MHz, CD3OD, DEPT): d 151.5 (4°), 77.4 (4°), 73.5 (CH), 65.1 (CH2), 61.5 

(CH2), 58.8 (CH2), 50.5 (2 x CH3), 30.9 (CH2), 25.5 (CH2), 22.2 (CH2), 22.1 (CH2), 12.8 

(CH3) ppm.  

HRMS: m/z calculated for C13H24BrNO2 [M+H]+ 306.1061, found 306.1057. 
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Preparation of 2-propynoic acid, 5-N-butyl-N-hexyl-N,N-dimethylammonium 

bromide ester (2.64) 

Propiolic acid (7.829 g, 111.8 mmol), N-butyl-N-(2-hydroxyethyl)-N,N-

dimethylammonium bromide (2.63) (6.310 g, 22.35 mmol), and boron trifluoride 

diethyl etherate (9.5 g, 8.3 mL, 67 mmol) were put in a 250 mL of round bottom flask. 

The reaction mixture was stirred at 80 °C for 8 hours, and then allowed to stir 

overnight at room temperature. The reaction mixture was cooled and poured into a 

mortar and triturated with 5 x 70 mL of diethyl ether. The product was isolated as a 

light brown thick oil (7.101 g, 95.06% yield). 

IR (Neat): 3251 (s), 2952 (s), 2112 (s), 1709 (s), 1628 (s), 1486 (s), 1245 (s), 1069 (s) cm-

1. 

1H NMR (500 MHz, CD3OD): d 4.55 (s, 2H), 3.62 (t, J = 5.0 Hz, 2H), 3.56 (s, 1H), 3.34-

3.28 (m, 2H), 3.08 (s, 6H), 1.77-1.69 (m, 2H), 1.43-1.34 (m, 2H), 0.99 (t, J = 5.0 Hz, 3H) 

ppm. 

13C NMR (125 MHz, CD3OD, DEPT): d 153.0 (4°), 76.0 (4°), 74.3 (CH), 65.9 (CH2), 63.8 

(CH2), 49.8 (2 x CH3), 27.7 (CH2), 25.4 (CH2), 24.9 (CH2), 24.0 (CH2), 21.9 (CH2), 19.2 

(CH2), 12.6 (CH3) ppm. 
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HRMS: m/z calculated for C15H29BrNO2 [M+H]+ 334.1376, found 334.1368. 

 

 Attachment of group bearing quaternary amine functionality to the surface of 

PVC by thermal azide-alkyne cycloadditions 

 

 

PVC tubing surface modified by 2-propynoic acid, 5-N-butyl-N-ethyl-N,N-

dimethylammonium bromide ester (2.60) (QA-S) 

2-propynoic acid, 5-N-butyl-N-ethyl-N,N-dimethylammonium bromide ester 

(2.60) (3.410 g, 12.26 mmol) was dissolved in 6 mL of 2-propanol and 12 mL of water. 

PVC-N3 tubing (10 pieces, 1 cm x 1 cm each) was added to the reaction mixture and 

heated at 75 °C. Reaction progress was monitored by ATR-FTIR (disappearance of the 

azide peak at 2106 cm-1). After 48 hours, the pieces of tubing were removed and 

washed several times with DI water and dried in an oven at 45 °C for 24 hours. The 

modified PVC tubing bearing quaternary amine functionality small molecular weight 

was named “QA-S”. 
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PVC surface modified by 2-propynoic acid, 5-N-hexyl-N-ethyl-N,N-

dimethylammonium bromide ester (2.62) (QA-M) 

2-propynoic acid, 5-N-hexyl-N-ethyl-N,N-dimethylammonium bromide ester 

(2.62) (1.900 g, 6.024 mmol) was dissolved in 6 mL of 2-propanol and 6 mL of water. 

PVC-N3 tubing (5 pieces, 1 cm x 1 cm each) was added to the reaction mixture and 

heated at 75 °C. Reaction progress was monitored by ATR-FTIR (disappearance of the 

azide peak at 2106 cm-1). After 48 hours, the pieces of tubing were removed and 

washed several times with DI water and dried in an oven at 45 °C for 24 hours. The 

modified PVC tubing bearing quaternary amine functionality medium molecular 

weight was named as “QA-M”. 

 

 

PVC surface modified by 2-propynoic acid, 5-N-butyl-N-ethyl-N,N-

dimethylammonium bromide ester (2.64) (QA-L) 
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 2-propynoic acid, 5-N-butyl-N-ethyl-N,N-dimethylammonium bromide ester 

(2.64) (1.510 g, 4.517 mmol) was dissolved in 6 mL of 2-propanol and 6 mL of water. 

PVC-N3 tubing (5 pieces, 1 cm x 1 cm each) was added to the reaction mixture and 

heated at 75 °C. Reaction progress was monitored by ATR-FTIR (disappearance of the 

azide peak at 2106 cm-1). After 48 hours, the pieces of tubing were removed and 

washed several times with DI water and dried in an oven at 45 °C for 24 hours. The 

modified PVC tubing bearing quaternary amine functionality large molecular weight 

was named “QA-L”. 

3.2 Surface Characterization 

The robustness of grafted functional groups on PVC surfaces were evaluated 

through the change of surface wetting properties upon multiple rinsing cycles. Here, 

the samples were rinsed vigorously for 5 min in a sonicator bath filled with DI water. 

The samples were then dried with air blow and subsequently measured for their static 

contact angles (SCA) using an optical contact angle measurement system (Dataphysics 

OCA-15EC) with test droplet volume of 10 µl, placed on multiple locations for each 

sample surface. The rinsing and SCA measurement cycles were repeated for a number 

of time until the total cumulative ultrasonic rinsing duration is 60 min.  

The information of the initial SCA values can be used to determine for sample 

surfaces energy based on Owens–Wendt–Rabel-and-Kaelble (OWRK) method.1-2 This 

method assumes that surface energy is composed of dispersive and polar forces. 
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Therefore, it is necessary to add more types of test liquids of known surface tensions, 

in order to calculate the dispersive and polar parts of surface energy of the solid. The 

test liquids used here were DI water, ethylene glycol and formamide. The SCA 

measurement and data interpretation was done on the Dataphysics OCA-15EC 

system. 

The surface adhesion properties of the chemically modified PVC were 

examined through the adherence of water droplet on an inclined sample. Whereby, 

the contact angle hysteresis (CAH) was evaluated from the difference between 

advancing (𝜃!) and receding (𝜃") contact angles, measured using the same optical 

contact angle measurement system equipped with a tilted stage. Surface topography 

of the samples was evaluated in nanoscale level by atomic force microscope (AFM, 

Nanosurf Easyscan 2). The root-mean-square (rms) surface roughness was 

determined from the height information of the scanned area. XPS of both unmodified 

tubing (vendor A and B) were taken with PHI Quantum 2000 instrument using 

monochromated alkα 1486.6 eV x-ray source. 

3.3 Pseudomonas aeruginosa Adherence Assays 

Preparation of Inoculum:  

Pseudomonas aeruginosa strain PA01 was used for these analyses. The strain 

was struck onto a LB (pH 7.4) agar plate, and incubated at 37°C overnight. The 

following day, 5 single colonies were inoculated into 5mL of liquid LB (pH7.4), and the 
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culture was incubated at 37°C with 200rpm shaking overnight. The following day, the 

overnight culture was diluted 1:100 in 30mL of Mueller Hinton broth (pH 7.4, cation 

adjusted).  

Preparation of Endotracheal Tubing:  

Endotracheal tube pieces were placed individually into wells of a 24-well 

culture plate. Tubing pieces were then sterilized by exposure to UV light in a biosafety 

cabinet for 15 minutes on each side.   

Adherence Assay:  

Following sterilization, tubing pieces were oriented in the bottom of their well 

such that the internal surface of the tubing was facing upwards. Then 1mL of the 

bacterial suspension in Mueller Hinton broth (7.9 x 107 ± 9.5 x 106 CFU/mL) was added 

to each well, plates were covered and incubated statically at 37°C for 24 hours. 

Following incubation, tubing pieces were removed from the culture, and was 2x by 

submersion in 2mL of 1x phosphate buffered saline (PBS) to remove non-adherent 

bacteria. Tubing pieces were then placed in a 2mL micro-centrifuge tube containing 

1mL PBS and three glass beads, and then vortexed for 10 minutes to remove adherent 

cells. Samples were then serially diluted and plated to determine CFU/mL, with each 

dilution plated in triplicate. CFU/mL were also determined for the remaining biofilm 

culture (in technical duplicate), to ensure no treatments inhibited bacterial growth. 

For adherence assays, three pieces of PVC and two pieces of PVC-N3 were used as 
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controls (one piece of each was also incubated without bacteria to ensure sterility). 

One piece each of tubing samples Zwi-S, Zwi-L, PEO2000, PF-S, and PF-M were used for 

analysis. Data was then plotted and analyzed with Graphpad Prism, and is presented 

as the mean ± standard deviation. Statistical analysis: one-way ANOVA with Dunnett’s 

correction for multiple comparisons, with the mean of each sample compared to the 

PVC control: PVC-N3 ****p = <0.0001, Zwi-S ***p = 0.0008, Zwi-L ****p = <0.0001, 

PEO2000 ****p = <0.0001, PFS ns - not significant, PF-M *p = 0.0127.     
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4 Addendum: Contribution to Other Published Work 
 

Contribution to other projects from Braslau lab in which I am a co-author, but are not 
included in the thesis are described as follows. 
 

1. Skelly, P. W.; Sae-Jew, J.; Kitos Vasconcelos, A. P.; Tasnim, J.; Li, L.; Raskatov, 
J. A.; Braslau, R. J. Org. Chem. 2019, 84 (21), 13615–13623. Relative Rates of 
Metal-Free Azide-Alkyne Cycloadditions: Tunability over 3 Orders of 
Magnitude. I synthesized three alkynes for Huisgen thermal cycloaddition, 
which were then utilized by others to determine the relative rates of various 
alkynes in reacting with a model azide. 
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