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ABSTRACT
The primary theme of this thesis is the design, synthesis and evaluation of novel
functional materials which display potent antibacterial activity. I also discuss some
fundamental aspects of the influence of the chemical structure of a polymer on its
biocidal activity. In chapter 2, I discuss how the chemical structure of the alkyl tail and
the degree of positive charge affects the antibacterial potency of amphiphilic pyridinium
polymers. In chapter 3, I talk about the effect of spatial positioning of positive charge
and the pendant hydrophobic tail on the antibacterial activity of amphiphilic pyridiniummethacrylate copolymers. In chapter 4, I explore the fundamental basis of cell killing
viz. membrane disruption, by observing the effect of structurally homologous pyridinium
polymers on model lipid membrane systems. In chapter 5, I describe a simple method of
fabricating highly potent dual action antibacterial composites consisting of a cationic
polymer matrix and embedded silver bromide nanoparticles which leach biocidal Ag+
ions. In chapter 6, I describe the design and synthesis of novel polymers containing
reactive methoxysilane groups which form durable long lasting coatings on oxide
surfaces. Finally in chapter 7, in a diverse theme, I describe my research towards
designing a method for quantifying the carbon dioxide poisoning in air breathing alkaline
fuel cells.
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Chapter 1
Introduction
Antimicrobial modification of surfaces to prevent growth of detrimental
microorganisms is a highly desired objective. Microbial infestation of hospital surfaces,
medical implants and devices is one of the leading causes of nosocomial infection in
patients. [1] This often leads to life threatening complications in recuperating patients,
whose immune system is already weakened by disease, trauma or medical treatment.
Surface-centered infections are also implicated in food spoilage, spread of food-borne
diseases and bio-fouling of materials. [2],[3] Recent outbreaks of E. coli in fresh spinach
[4] and Salmonella in peanut butter [5] highlight the importance of maintaining sterility
in all steps of the food supply chain, starting from harvesting, processing, packaging and
final delivery. Moreover, due to the constant increase in standard of living, there has been
a general increase in the expectation of people for a sterile bug/odor-free environment.
This has led to a growing commercial demand for materials capable of killing disease
causing microbes found on everyday use surfaces like door handles, refrigerator surfaces,
kitchen surfaces, toys, clothing, etc. Above all, from a scientific viewpoint there is a
fundamental desire to comprehend what makes a polymer kill bacteria, and how its
chemical structure influences its biocidal activity. All of the above mentioned reasons
have motivated researchers into developing biocidal functional materials, and
investigating their structure antibacterial activity relationships.
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There is extensive published literature on the fabrication, characterization and
antibacterial property evaluation of antimicrobial materials and surfaces. In summary,
three broad classes of materials have been used for making surfaces antimicrobial. They
are: (a) Contact active amphiphilic polymers and peptide mimics, which kill bacteria by
cell membrane disruption. [6],[7],[8] (b) Microbe repelling anti-adhesive polymers,
which prevent cell/protein adhesion, [9],[10],[11] and (c) Polymeric/composite materials
loaded with slow releasing biocides like heavy metals,[12],[13] antibiotics,[14] small
molecule biocides, [15] halogens species, [16] and nitric oxide.[17] All antimicrobial
materials need to combine desirable attributes like potent biocidal efficacy,
environmental safety, biocompatibility, low human toxicity, and ease and economics of
fabrication. The antimicrobial properties of these substances have been evaluated towards
a wide range of bacteria, virus and fungi, both in solution and on surfaces.
The primary theme of my Ph.D research has been to develop novel functional
materials and polymers which display potent antibacterial activity. I have also
investigated fundamental aspects of how the structure of these polymers influences their
biocidal activity. Amphiphilic polycations are known to kill bacteria by disrupting their
lipid cell membrane. [18] A majority of these antibacterial amphiphilic polymers consist
of positive units, usually ternary nitrogen and hydrophobic units, usually pendant n-alkyl
hydrocarbon chains. It has been proposed that the positive units on these polyamphiphiles
binds to the negative bacterial cell membrane surface, while concurrently the
hydrophobic groups enable interaction with the inner hydrocarbon tails of the cell lipid
bilayer. [18],[19] The chemical structure of the polymer, particularly the charge and
hydrophobicity is known to have a profound effect on its biocidal potency and toxicity.
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[20],[21],[22] The structure of the polymer viz. charge and hydrophobicity has to be
optimized so as to cause membrane disruption while possibly preventing inter-chain
polymer aggregation which leads to deactivation and loss of activity. [18],[23]
The next three chapters of my thesis explore the effect of polymer structure on its
antibacterial potency. In these chapters, I describe the synthesis and structureantibacterial activity relationships of libraries of cationic pyridinium polymers. In
chapter 2, I discuss how the chemical nature of the alkyl tail and the amount of positive
charge affects the antibacterial potency of pyridinium based polymers. In chapter 3, I
discuss the effect of spatial positioning between the positive charge and the pendant
hydrophobic tail on the antibacterial activity of amphiphilic pyridinium-methacrylate
copolymers. In chapter 4, I explore the fundamental basis of cell killing i.e. membrane
disruption, by observing the effect of structurally homologous pyridinium polymers on
model lipid membrane systems consisting of Giant Unilamellar Vesicles (GUV).
Microbial adhesion to surfaces followed by cell growth and colonization results in
the formation of a compact biofilm matrix capable of protecting the underlying microbes
from antibiotics and host defense mechanisms.[24],[25] In case of biomedical devices
like catheters, prosthetics, implants, etc., surface microbial infestation can result in
serious infection and device failure.[26],[27] Bacterial biofilms have been implicated in a
wide variety of lethal outcomes e.g. chronic lung infections in patients suffering from
cystic fibrosis,[28] implant rejection and device failure.[29] The mechanism of
antibacterial action by amphiphilic polymers is bacterial membrane disruption leading to
cellular component leakage followed by cell death.[18] However, once the polymer
kills/captures the bacteria, the cell membrane remnants and dead bacteria remain tightly
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adsorbed on the cationic polymer and prevent the underlying polymer from killing more
cells. Moreover dead cells and debris on surface of the polymer provides an organic
conditioning layer – a necessary first step in biofilm formation.[30] Hence it is desirable
to design and synthesize materials which incorporate a leachable biocidal species which
can diffuse into the biofilm and kill pathogenic cells.
In chapter 5, I describe a simple method of fabricating highly potent dual action
antibacterial composites consisting of a cationic polymer matrix and embedded silver
bromide nanoparticles which leach biocidal Ag+ ions. [31] A simple and novel technique
called on-site precipitation was used to incorporate silver into a cationic polymer matrix.
These composites have potent long lasting antibacterial activity towards both grampositive and gram-negative bacteria, and prevent biofilm formation. In chapter 6, I
describe my research towards the goal of designing polymeric systems which form
durable long lasting coatings on surfaces. I designed and synthesized novel cationic
polymers having reactive methoxysilane groups which can form covalently anchored
surface coatings. These methoxysilane polymers form multiple point covalent –Si-O-Silinkages to anchor the polymer film to the desired oxide surface. In addition, these
polymers also use inter-chain cross-linking methodology to form durable, solvent
resistant coatings. Silver was incorporated into these cationic polymers using the “on-site
precipitation” technique described in chapter 5 to yield long lasting antibacterial coatings.
I also describe the use of these silane polymers to generate covalently linked layer-bylayer polymeric assemblies. The on-site precipitation method described in chapters 5 and
6 may also have potential application in the synthesis of novel polymer-nanoparticle
composites having interesting optical, electronic and catalytic properties.
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Finally in chapter 7, in a diverse theme, I describe my research towards
designing a method for quantifying the carbon dioxide poisoning in air breathing alkaline
fuel cells. The poisoning of alkaline fuel cells by carbon dioxide is one of the main hurdle
in the application of this technology on a commercial scale.[32] We developed an
efficient method to study the poisoning effect, so that effective remediation measures can
be evaluated and applied.[33] In addition, we also investigated the effect of electrolyte
composition on the performance of the fuel cell.
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Chapter 2
Structure-Activity Relationships in Antibacterial Pyridinium Polymers

2.1 Introduction
Amphiphilic cationic polymers have been widely investigated as antimicrobial
materials. [1] Polyvinylpyridinium based cationic polymers have been shown to have
potent antibacterial activity towards both gram positive and gram negative bacteria.[2],[3]
It is widely believed that these polycations kill bacteria by disrupting their lipid cell
membranes[1]. Lipids are amphiphilic molecules which have polar head groups and
hydrophobic alkyl tails. All cell membranes are made up of lipid molecules organized
into a bilayer structure as shown in (Figure 2-1). Most bacterial cell membranes are
thought to be negatively charged at physiological pH due to the presence of anionic lipid
molecules e.g. phosphatidic acid. [4] All antibacterial polycations consist of positive
units, usually ternary nitrogen and hydrophobic units, usually n-alkyl hydrocarbon tails.
The positive units of the amphiphilic polycations are thought to strongly bind to the
negative cell membrane due to electrostatic attraction. The hydrophobic groups on the
amphiphilic polycation are proposed to facilitate interaction of the polymer with the inner
hydrocarbon tails of the lipid bilayer. This electrostatic attraction along with tail-tail
interaction leads to disruption of the lipid cell membrane leading to intracellular
component leakage and finally cell death. (Figure 2-1) Electron microcopy has
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confirmed these morphological changes in the bacterial cell membrane after treatment
with amphiphilic polycations. (Figure 2-2)[5]
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Figure 2-1: Schematics of membrane disruption by amphiphilic polycation. R is the
pendant alkyl tail on the amphiphilic polycation.

Figure 2-2: Electron scanning micrograph of: (A) Control Staphylococcus aureus living
cell in which completely normal cell membrane can be found. (B) and (C)
Staphylococcus aureus cells, treated with amphiphilic polycation showing holes in the
cell membrane and irregular cell shape with destroyed cell wall. [5]
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It is recognized that the antibacterial activity of pyridinium polymers is closely
linked to polymer structure. The length of the alkyl tail on the pyridinium unit plays an
important role in determining the antibacterial potency of the polymer. [2],[6],[7]
Pyridinium polymers with medium sized tails (C3 to C6) are more potent than polymers
with smaller (C1 and C2) and longer (C7 to C16) tails. In this chapter we discuss structure
activity relationships for different poly (4-vinylpyridinium) polymers. Antibacterial
activity was correlated to the length of the alkyl tail, degree of N-alkylation and the
chemical identity of the tail. The antibacterial activity of these polymers towards two
classes of bacteria i.e. gram negative E. coli and gram positive B. cereus was
investigated. Bacteria can be classified into these two major classes depending on the
structure of the outer cell wall and cell membrane.[8] The antibacterial properties of these
polymers grouped into three broad classes based their alkyl tail structure are discussed
next.
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2.2 Results and Discussions

2.2.1 Library of Cationic Pyridinium Polymers
A library of poly (4-vinylpyridinium) polymers with different N- alkyl tails, and
different degree of N- alkylation were prepared by heating poly (4-vinylpyridine) with
required amounts of the respective alkyl bromide (Figure 2-3). The fraction of Nalkylation, x was varied between 0.1 and 0.9. The resulting polymers, poly (4vinylpyridine)-co-poly (N-alkyl vinylpyridinium bromide) (NPVP) could be broadly
classified into three groups based on chemical structure of the tail i.e. polymers with Nalkyl hydrocarbon tails, polymers with fluorocarbon tails and polymers having
alkanenitrile tails.

*

*

*

N Br

N
poly(4-vinylpyridine)

*
1-x

x

x moles of
Br R

R

Degree of N-alkylation
x = 0.1 to 0.9

N

NPVP

N-alkyl tail, R=
(CH2)n=0 to15

Hydrophobic
Alkyl Tails

CH3

(CH2)2 (CF2)n=3,5 CF3

Hydro/Oleo Phobic
Perfluoroalkyl Tails

(CH2)n=3,5 CN

Polar Alkanenitrile
Tails

Figure 2-3: Synthesis of a library of pyridinium polymers differing in alkyl tail structure
and degree of N-alkylation.
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2.2.2 Antibacterial Assays by Minimum Inhibitory Concentration Method
The Minimum Inhibitory Concentration (MIC) method is a standard testing
protocol for assaying biocidal potency of polymeric antimicrobials.[9] The MIC value is
the lowest concentration (μg/mL) at which the test polymer will kill greater than 99.9%
of the added bacteria. A polymer with a lower MIC value is more effective in killing
bacteria, than a polymer with a higher MIC value. Schematics of MIC value
determination of pyridinium polymers are shown in (Figure 2-4). Solid polymers (~2-10
mg) were added to sterile polypropylene tubes, and appropriate volumes of a solution
containing approximately 5 × 105 CFU/ml of E. coli or B. cereus in nutrient LB broth
was added to each tube. The added volumes were such that the final polymer
concentration in each tube corresponded to the desired MIC values between 100-5,000
μg/ml. The tubes were then incubated for ~ 18 hours to promote bacterial growth.
Bacterial growth was analyzed by visually inspecting the LB broth for turbidity
(bacterial growth causes the clear LB broth to turn turbid). Lack of turbidity may
correspond to either very low bacterial growth (bacteriostatic effect) or complete killing
of bacteria (bactericidal effect). Aliquots were taken from the incubated LB broth and
were spread on nutrient agar plates. These plates were then incubated overnight and the
resulting bacterial colonies were counted. Bacterial colonies indicate the presence of live
bacteria in the aliquots which were plated. If the polymer being tested is bactericidal,
no/few bacterial colonies are observed upon plating.
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Figure 2-4: Schematics of the Minimum Inhibitory Concentration (MIC) method used for
establishing the antibacterial activity of NPVP polymers.
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2.2.3 Antibacterial Activity of NPVP polymers with Hydrocarbon Tails
NPVP polymers with straight chain hydrocarbon tails (-R) differing only in the
length of the alkyl tail were synthesized {R= -(CH2)n-CH3, where n= 1, 2, 3, 4, 5, 7,9, 11
and 15}. By adjusting the amount of the starting alkyl bromide, different polymers
having an N-alkylation of 9-11, 20-25, 43-47, 70-75 and 89-93 percent were obtained.
Thus a series of polymers with different tail lengths and different percentages of Nalkylation (positive charge) were obtained. Antibacterial activity of these polymers was
established using the MIC method described previously. The MIC values of the polymers
towards gram negative E. coli and gram positive B. cereus as a function of tail length and
% N- alkylation are given in (Figure 2-5) and (Figure 2-6) below.
The MIC values decreased and then increased as the tail length increased from C2
to C16, with the minima occurring at C5 for E. coli, and at C6 for B. cereus. Pyridinium
polymers with medium sized tails (C3 to C6) are known to be more potent than polymers
with smaller (C1 and C2) or longer (C7 to C16) tails.[2] It has been suggested that optimum
tail length is needed to fine tune charge and hydrophobicity, so as to cause membrane
disruption while preventing inter-chain aggregation of the polymer tails.[10] Polymers
having longer alkyl tails (C8 to C16) were completely ineffective in killing/inhibiting
bacteria up till the tested MIC value of 2000 µg/mL. Shorter tails (C1-C2) were found to
be bacteriostatic at MIC values of 1300 and 1000 µg/mL respectively. This effect can be
attributed to the adsorption/trapping of the bacteria by the short tail polymers [1].
Electrostatic attraction between the polycation and the negative bacteria results in
removal of bacteria from solution, thereby preventing their multiplication.
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All NPVP polymers were completely inactive at 10% N- alkylation. Electrostatic
adsorption of the polycation on negatively charged cell membrane has been suggested as
a required first step for membrane disruption. [1] Having too few positive groups on the
polymer may lead to poorer/no electrostatic attraction between the negative cell
membrane and the cationic polymer. Antibacterial activity increased with the increase in
% N-alkylation, and then plateaued after ~45% N-alkylation. This suggests that there is a
lower threshold limit for the amount positive charge needed by the polymer to interact
with the membrane. There seems to be no advantage of increasing the percentage of Nalkylation beyond ~50% to improve antibacterial potency of amphiphilic pyridinium
polymers with hydrocarbon tails.
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Figure 2-5: Antibacterial activity of NPVP polymers with hydrocarbon tails towards gram
negative E. coli as a function of tail length and degree of N- alkylation.
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Figure 2-6: Antibacterial activity of NPVP polymers with hydrocarbon tails towards
gram positive B. cereus as a function of tail length and degree of N- alkylation.
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2.2.4 Antibacterial Activity of NPVP Polymers with Fluorinated Tails
It is widely known that perfluorinated polymers prevent cell and protein adhesion.
Very little force is needed to detach cells from fluorinated surfaces due to poor adhesion
between cells and these surfaces.[11] This fact is important since cell adhesion is the first
step towards colonization of surfaces with bacteria.[12] Exploitation of this strategy to
has been employed by other researches in designing biologically inert surfaces.[13],[14]
Using this cell repelling property as a guiding principle, we synthesized a series of NPVP
polymers with fluoroalkane tails and evaluated their antibacterial properties towards gram
negative E. coli and gram positive B. cereus. The objective was to design functional
polymers having the dual capability to repel and kill bacteria at the same time. These
polymers would find broad application for coating surfaces to make them anti-adhesive
and antibacterial. NPVP polymers with fluorocarbon tails (perfluorohexyl and
perfluorooctyl) were prepared as shown in (Figure 2-7). The degree of N-alkylation was
determined to be 45% for N-perfluorohexyl and 21% for the N-perfluorooctyl substituted
polymers. The polymers were designated as 45% F6-NPVP (perfluorohexyl) and 21% F8NPVP (perfluorooctyl) respectively. The positive N-perfluoroalkyl pyridinium unit of the
novel polymer was expected to kill bacteria by membrane disruption, whereas the
perfluoroalkyl tails would prevent cell adhesion.
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Figure 2-7: Synthesis of NPVP polymers with fluorocarbon tails i.e. 45% F6-NPVP
and 21% F8-NPVP polymers.

Coatings of these polymers did indeed exhibit high water contact angle (Figure 28) suggesting that polymer coated surfaces would repel cells.

Figure 2-8: Water contact angle of 21% F8-NPVP coated glass slide.
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The antibacterial activity of the N-perfluoroalkyl pyridinium polymers towards E.
coli and B. cereus was evaluated using the MIC protocol. Unfortunately, it was observed
that NPVP polymers with perfluoroalkyl tails were completely inactive towards both E.
coli and B. cereus up to the tested concentrations of 5000 µg/mL. This suggested that
having a hydrophobic alkyl tail was necessary for antibacterial activity. Hence we
decided to synthesize mixed alkyl-perfluoroalkyl polymers, surmising that having an
alkyl tail would improve the antibacterial potency of the fluorinated polymers. A series of
such mixed alkyl-perfluoroalkyl polymers were synthesized as shown in (Figure 2-9)
below. The free pyridine groups of F6-8-NPVP polymers already having ~10% of
fluoroalkane tails were N-alkylated with 1-bromohexane to introduce bactericidal Nhexyl groups into the fluorinated polymer.
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Figure 2-9: Synthesis of NPVP polymers with mixed fluorocarbon-hydrocarbon tails.
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The MIC values of these mixed alkyl-fluoroalkyl polymers towards water borne
E. coli and B. cereus was evaluated and is given in (Table 2-1). Once again, all
fluorinated polymers were completely inactive towards both E. coli and B. cereus up to
the tested concentrations of 5000 µg/mL. Even introducing as little as 10% perfluoroalkyl
groups completely deactivated its bactericidal properties. The fluoroalkane tails appear to
repel bacterial cells, thereby preventing the membrane disrupting contact between the
polymer chains and the cell membrane. Moreover perfluoroalkyl tails are oleophobic and
would not like to intercalate/penetrate into the interior hydrophobic lipid bilayer, a
necessary step for membrane disruption. Hence although perfluoroalkyl NPVP polymers
may potentially prevent bacterial adhesion, they were found to be completely ineffective
in killing the bacteria in aqueous medium.

Table 2-1: MIC values and water contact angles of NPVP polymers having
perfluoroalkyl and mixed alkyl-perfluoroalkyl tails.
Polymer
90% C6 NPVP
45% F6 NPVP
21% F8 NPVP
10%F6/85%C6 NPVP
10%F8/85%C6 NPVP

Contact Angle
(odegree)
67
119
131
109
113

MIC (μg/mL)
E. Coli
B. cereus
200
200
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
Inactive
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2.2.5 Antibacterial Activity of NPVP Polymers with Alkanenitrile Tails
NPVP polymers with polar alkanenitrile tails were prepared as shown in (Figure
2-3). The polymers were designated as C3-CN NPVP and C5-CN NPVP having
butanenitrile and hexanenitrile tails respectively. The MIC values of these NPVP
polymers with alkanenitrile tails towards E. coli and B. cereus were established using the
MIC protocol as described before. The antibacterial activity trends of these polymers
towards gram negative E. coli are shown in (Figure 2-10) below. MIC value trends for
C3-CN NPVP polymer was similar to those observed for NPVP polymers with
hydrophobic alkyl tails. C3-CN NPVP was completely inactive at 10% N- alkylation, and
the bactericidal activity plateaued at 100 µg/mL after ~43% alkylation. The C3-CN
NPVP polymer (MIC 100 µg/mL) was more biocidal than the corresponding 43% C4
NPVP polymer (MIC 200 µg/mL), possibly due to its higher solubility in culture media.
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Figure 2-10: Antibacterial activity of NPVP polymers with alkanenitrile tails towards
gram negative E. coli as a function of the degree of N- alkylation.
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Polymers having C5-CN polar tails showed intriguing antibacterial activity trends
with change in the degree of N- alkylation. As opposed to most other systems in which
the MIC value plateaued out at ~50% alkylation, the MIC values initially decreased and
then increased with increase in % N-alkylation. The antibacterial activity for C5-CN
NPVP peaks at ~43% alkylation, and then decreases with further alkylation.
Interestingly, polymers with polar alkanenitrile tails had no biocidal activity
towards gram positive B. cereus. C3-CN and C5-CN NPVP polymers were completely
inactive towards B. cereus up to the tested MIC values of 2000 µg/mL. The reason for the
selective killing of E. coli over B. cereus may lie in the difference in lipid compositions
of the cell membranes of the two bacteria. [15], [16] It is also possible that the nitrile
group of the polymer is being hydrolyzed in situ, probably by some bacterial enzyme (RCN Æ R-COO-) resulting in a zwitterionic polymer not capable of interacting with lipid
membrane of B. cereus. However, this does not explain the difference in activity (plateau
vs. V-shaped MIC curve for E. coli) between C3-CN NPVP and C5-CN NPVP. Both
these effects need to be investigated further, and research in this direction may guide the
design of polymers capable of selectively killing one type of bacteria over the other.
Bacteria specific biocidal polymers have wide ranging use in therapeutics and
biomaterials, where killing pathogenic bacteria while leaving benign and symbiotic
bacteria alive is desirable.
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2.2.6 Selective Killing of Gram Negative Bacteria in Mixed Cultures
As discussed previously, NPVP polymers with polar alkanenitrile tails
exhibited selective toxicity towards gram negative bacteria. Hence we decided to test the
ability of these polymers to promote selective growth of one type of cells in mixed
bacterial cultures. Mixtures of E. coli and B. cereus (2.5 x 105 cfu/mL of each type) were
incubated at 37o C in presence and absence of 500 µg/mL of 43% C3-CN NPVP.
Aliquots were then withdrawn and spread on agar plates to visualize and discriminate
between bacterial colonies. E. coli and B. cereus colonies growing on agar were
morphologically different and could be easily distinguished. As seen in (Figure 2-11),
mixed cultures grown in absence of polymer had both types of bacteria. However in
presence of 500 µg/mL of 43% C3-CN NPVP only E. coli cells were selectively killed
while gram positive B. cereus cells multiplied. The identity of B. cereus colonies was
also confirmed by gram staining bacteria from the colonies and observing them under an
optical microscope. Hence by tailoring the polarity of the alkyl tail on pyridinium groups
we were able to selectively kill/inhibit the growth of one type of bacteria over the other in
mixed bacterial cell cultures.
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Figure 2-11: Selective growth of gram positive B. cereus over gram negative E. coli at
37oC (a) Mixture of E. coli and B. cereus grown in absence of polymer showing presence
of both types of bacterial colonies (b) Mixture of E. coli and B. cereus grown in presence
of 500 µg/mL of 43% C3-CN NPVP showing presence of only B. cereus colonies.
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2.3 Conclusion
Structure activity relationships for different cationic pyridinium polymers towards
representative gram negative and gram positive bacteria were established. Variation
in antibacterial properties of the synthesized polymers were correlated to the change
in tail length; the change in tail structure; and degree of N-alkylation. It was observed
that medium sized hydrocarbon tails i.e. C3 to C6 were most effective in killing
bacteria in aqueous medium. For pyridinium polymers with hydrocarbon tails, the
antibacterial potency plateaued at ~50% N-alkylation and remained constant with
further N-alkylation. Intriguingly, pyridinium polymers with alkanenitrile tails
exhibited selective toxicity towards only gram negative E. coli. This fact was used to
suppress gram negative cell growth in mixed bacterial cultures. Novel pyridinium
polymers with fluoroalkane tails were synthesized. Although these polymers
exhibited high water contact angles, they were completely ineffective in killing
bacteria. Introducing even small amounts fluorination dramatically reduced the
antibacterial potency of pyridinium polymers, possibly by interfering with the
membrane disrupting effect of these polymers. Establishing these structure-activity
relationships may lead to the design of more powerful, selective and multifunctional
polymeric antimicrobials.
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2.4 Experimental

2.4.1 Materials and Instrumentation
Polyvinylpyridine (MW, 60,000), was purchased from Aldrich. 1-bromoethane
(99+%), 1-bromopropane (99+%), 1-bromobutane (99+%), 1-bromopentane (99+%), 1bromohexane(99+%) , 1-bromooctane(99+%) , 1-bromodecane (99+%), 1bromododecane (99+%), 1-bromohexadecane (99+%), 4- bromobutanenitrile (97+%) and
6-bromohexanenitrile were purchased from Acros and used as received. 1H, 1H, 2H, 2Hperfluorohexyl iodide (97+%)and 1H, 1H, 2H, 2H-perfluorooctyl iodide (97+%) were
purchased from Alfa Aesar. Methanol and nitromethane (all ACS grade) were purchased
from Acros Organics. Bacterial growth media and agar were purchased from Difco. 1H,
13

C and 19F NMR spectra were recorded on a Brucker DPX-300 or Brucker CDPX-300

instrument.

2.4.2 Synthesis of NPVP Polymers With Alkane and Alkanenitrile Tails
Various NPVP polymers were synthesized by heating ~ 1g of poly (4vinylpyridine) in 10 mL nitromethane with required amounts of the alkyl bromide (0.1,
0.25, 0.5, 0.75 and 1.0 molar equivalents w.r.t. polymer pyridines) at 65 °C for 24 h. The
polymer was isolated by precipitation in diethyl ether and was dried under vacuum for 3
days. The degree of N-alkylation was determined using 1H NMR peak integration ratios.
Representative 1H NMR spectra some NPVP polymers are given below. The spectrum of
pure poly (4-vinylpyridine) with peak assignments is given in (Figure 2-12). The
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aromatic pyridine peaks appear at 8.3 and 6.6 ppm, while the backbone protons appear
between 1.2 and 2.2 ppm.
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Figure 2-12: 1H NMR (300 MHz, MeOH-d4, ppm) of poly (4-vinylpyridine).

After partial N-alkylation with n-bromoalkanes, the aromatic peaks split into sets
of 4 peaks based on the charge on the pyridinium. The 1H NMR spectrum of 45% C6
NPVP with peak assignments is shown in (Figure 2-13) below. The aromatic region
consisted of peaks from free pyridines (a and b), and peaks from charged pyridiniums (a’
and b’). The α-methylene peak c appeared at 4.4 ppm due to de-shielding by the positive
pyridinium. The remaining methylenes and the terminal methyl from the hexyl tail along
with polymer backbone protons appear downfield between 0.8 – 2ppm. Peak integration
between pyridine and pyridinium aromatic peaks (a’ vs. b) was used to calculate the
degree of N-alkylation.
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Figure 2-13: 1H NMR (300 MHz, MeOH-d4, ppm) of 45% C6 NPVP.
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C NMR of 45% C6 NPVP (75 MHz, MeOH-d4, ppm): 161.01, 158.27 148.93,

145.25, 127.76, 123.87, 60.68, 48.51, 42.76, 35.63, 31.48, 26.04, 22.77, 14.74.
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NPVP polymers with alkanenitrile tails were also prepared in the same way. The
1

H NMR spectrum of 45% C5CN NPVP with peak assignments is shown in (Figure 2-14)

below.

e

*

*
0.45

b'
a'

b'

b

a'

a

N

0.55
b
a
N

c CH2
e (CH2)3

e

d CH2

d

CN

c

9.0

8.0

7.0

6.0

5.0

4.0

3.0

1.41

b

0.25

b’

0.20

a

1.00

a’

2.0

1.0

Figure 2-14: 1H NMR (300 MHz, MeOH-d4, ppm) of 45% C5-CN NPVP.
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C NMR of 45% C5-CN NPVP (75 MHz, MeOH-d4, ppm): 165.28, 156.33,

149.38, 144.79, 127.92, 124.25, 120.28, 61.02, 48.33, 40.92, 30.32, 25.21, 24.78, 16.35.

30
2.4.3 Synthesis of NPVP Polymers With Fluoroalkyl Tails
Poly (4-vinylpyridine) (~1g) and 0.5 equivalents of perfluorohexyliodide or
perfluorooctyliodide were dissolved in ~20 mL nitromethane. The contents were refluxed
(101oC) under a nitrogen atmosphere for 15 hours. The resultant dark green polymer
solution was precipitated in ether to get green colored solid polymers. The polymers
were dried under vacuum for 3 days and were characterized by 1H and 19F NMR. The 1H
and 19F NMR spectrum of 45% F6 NPVP with peak assignments is shown in (Figure 215) and (Figure 2-16) below. Peak integration between pyridine and pyridinium aromatic
peaks (a’ vs. b) was used to calculate the degree of N-alkylation.
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Figure 2-16: 19F NMR (282 MHz, MeOH-d4, ppm) of 45% F6-NPVP.

13

C NMR of 45% F6 NPVP (75 MHz, MeOH-d4, ppm): 166.23, 159.34, 148.74,

145.03, 127.93, 124.33, 122 to 105, 53.91, 49.87, 40.93, 31.52.
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To make the mixed alkyl/perfluoroalkyl polymer (85% C6 -10% F8 NPVP), 1g of
polyvinylpyridine was heated with 0.25 equivalents of the perfluorooctyl iodide as
describe above to yield 10% F8-NPVP. This polymer was then dissolved in nitromethane
and was heated with 0.9 equivalents of 1-bromohexane to introduce hexyl tails on the
free pyridines. The 1H and 19F NMR spectrum of 85% C6 -10% F8 NPVP with peak
assignments is shown in (Figure 2-17) and (Figure 2-18) below. The degree of Nalkylation was determined by comparing the aromatic and the terminal hexyl tail –CH3
peak area integrations.
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2.4.4 Bacterial Culture
Escherichia coli DH5-α (Clontech) were grown at 37 °C and maintained on LB
plates (Luria-Bertani broth, Lennox modification, with 1.5% agar). Bacillus cereus
UW85 (ATCC 53522, a kind gift of Dr. J. Handelsman) were grown at 30 °C and
maintained on LB plates. The relation between absorbance at 590 nm (OD590) and colony
forming units (CFU) per mL was determined using the plate count method as described
by Herigstad et. al. [17] This allowed the standardization of assay inoculums by
measurements of OD590. Bacteria were cultured for 16-18 h in LB broth (Luria-Bertani
broth, Lennox modification), and cell counts were quantified by OD590 measurement.
The cultures were then diluted to the appropriate density in LB broth.
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2.4.5 Minimum Inhibitory Concentration Assays
Compounds were assayed in a modified macrodilution broth format.[9]
Compounds (~2-10 mg) were added to sterile polypropylene tubes, 14 ml (Falcon) or 50
ml (Corning), and the appropriate volume of a solution containing approximately 5 × 105
CFU/ml of E. coli or B. cereus in LB broth was added. Compounds were tested in
triplicate at final concentrations of 100 - 5,000 μg/ml. Negative control tubes contained
only inoculated broth. The tubes were incubated at 37 °C (E. coli) or 30 °C (B. cereus)
with shaking at 250 rpm for 18-20 h. The visual turbidity of the tubes was noted both
before and after incubation. Visual turbidity generally indicated that bacteria had
multiplied and the polymer being tested was ineffective. However for some polymers
especially at higher MIC values turbidity was due to polymer precipitation/dispersion in
LB media. Hence aliquots from tubes (100 μl) were spread on LB agar plates to
distinguish between growth/no growth. These plates were incubated at 37 °C (E. coli) or
30 °C (B. cereus) for 16-20 h and then colonies were quantified.
For selective killing assays, a mixture of E. coli and B. cereus (2.5 × 105 CFU/ml
each) was prepared in LB. This was added to 43% C3-CN NPVP polymer such that the
concentration of the polymer was 500 μg/ml. Negative control consisted of tubes having
no polymer. The samples were then incubated at 37oC to allow bacterial growth. Aliquots
were withdrawn and diluted by a factor of 106 and 100 μl was plated on agar. Dilution
was done to allow distinct colony formation, rather than indistinct lawns so colonies
could be morphologically identified. Plates were incubated at 37oC overnight and
colonies were quantified.
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Chapter 3
Effect of Spatial Relationship Between Positive Charge and Alkyl Tail on
the Biocidal Activity of Pyridinium Polymers

3.1 Introduction
Amphiphilic cationic polymers have been widely used as chemical disinfectants
and non-leaching biocides in a variety of applications.[1] These polymers have shown
potent biocidal activity towards bacteria,[1] fungi,[2] and virus.[3] It is well known that
the antibacterial activity of amphiphilic polycations is closely linked to polymer structure.
Antibacterial activity is mainly dependent on charge and hydrophobicity, which have to
be optimized so as to cause membrane disruption while preventing polymer
aggregation.[4] The structure-activity relationships previously reported include effect of
length of alkyl tail,[5],[6],[7],[8] effect of increasing positive units,[6] effect of
hydrophobicity,[9],[10], [11] synergistic effects of hydrophilic units,[12] and effect of
polymer molecular weight. [9],[11], [13] All antibacterial polycations consist of positive
units usually ternary nitrogen, and hydrophobic units usually pendant n-alkyl
hydrocarbon tails. Based on the spatial positioning of these units, antibacterial polymers
can be classified in two broad groups (a) positive charge and alkyl tail are spatially on
same centers,[3],[5],[6],[7],[8] and (b) positive charge and alkyl tail are spatially
separated.[9],[11] (Figure 3-1)
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An important, yet unexplored question is how the antibacterial activity of an
amphiphilic polycation varies as a function of this spatial positioning between the
positive charge and hydrophobic the tail. Would the antibacterial activity of a cationic
polymer be any different if the positive charge and alkyl tail are spatially on the same
center, as opposed to being on separate centers? Herein, we have answered this question
by comparing structure activity relations between two series of homologous amphiphilic
pyridinium polymers differing in only how the positive charge and the alkyl tail are
spatially related. Moreover we also examine how this spatial structure-activity
relationship varies as the charge/tail ratio of a polycation is gradually increased.
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Figure 3-1: Examples of two broad classes of antimicrobial polymers based on spatial
positioning of positive charge and hydrophobic tail (a) charge and tail are spatially on the
same center,[5] and (b) charge and tail are on spatially separate centers.[9]
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3.2 Results and Discussions

3.2.1 Polymer Libraries Differing in Spatial Positioning: Series A & B
Two series, A and B, of amphiphilic pyridinium methacrylate copolymers
differing only in the spatial positioning between the positive charge and the alkyl tail
(ethyl, propyl, butyl and hexyl) were synthesized as shown in (Figure 3-2) below.

(a) Series A: same center

(b) Series B: separate center
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Figure 3-2: Two series (A and B) of pyridinium methacrylate copolymers differing in
spatial positioning of positive charge and alkyl tail. Subscripts i.e. An & Bn denotes
polymers having alkyl tails which are 2, 3, 4 and 6 carbons long. The counter-anion is I-.

Series A consisted of pyridinium-methacrylate copolymers in which the positive
charge and the alkyl tail are on same centers. A copolymer consisting of ~ 50 mole%
vinylpyridine (VP) units and ~50 mole% methylmethacrylate (MMA) units was
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synthesized by radical polymerization with AIBN (50/1 monomer/ initiator molar ratio).
Monomer feed ratios were adjusted using reactivity ratio values [14] such that resulting
copolymer had equal moles of VP and MMA units. All pyridines units were completely
N-alkylated by heating with excess of the respective n-iodoalkane (ethyl, propyl, butyl or
hexyl). This yielded four cationic polymers in series A i.e. A2, A3, A4 and A6 with alkyl
tails 2, 3, 4 and 6 carbon long respectively. Polymer compositions were characterized by
1

H NMR peak integration and are described later. Clearly in this series the positive

charge and the alkyl tail are spatially on the same pyridinium unit.
Series B consisted of pyridinium-alkylmethacrylate copolymers in which the
positive charge and the alkyl tail are on spatially separate centers. Copolymers of VP
with different n-alkylmethacrylates (ethyl, propyl, butyl and hexyl) were prepared by
radical polymerization using AIBN. The mole percentage of VP and each
alkylmethacrylate in the copolymers were also tailored to be ~ 50% each by adjusting
starting monomer feed ratios so as to match polymers in series A. Positive charge was
then introduced on all the pyridine units by methylation with excess iodomethane. This
yielded the four cationic polymers in series B i.e. B2, B3, B4 and B6 with alkyl tails of
different lengths. In this series, the positive charge (on the pyridinium unit) is spatially
separate from the alkyl tail (on the methacrylate unit).
Polymers in each series can be characterized by two quantities viz. backbone ratio
BR (ratio between moles pyridine/ moles methacrylate in the copolymer) and
amphiphilicity ratio AR (ratio between total moles of positive charge/moles of alky tails
in the copolymer). Since the antibacterial activity of the polymers can be expected to
intimately depend on structure (BR) and positive charge (AR), for any meaningful
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comparison polymers being compared should have the similar AR and BR values.
Polymers in both series A and B were synthesized to have similar BR and AR values of ~
1. The only difference between corresponding polymers with different tail lengths (C2–
C6) from series A and B was the spatial positioning between positive charge and alkyl
tail. Thus any difference in the antibacterial activity of these polymers (A2 vs. B2, A3 vs.
B3,..etc) could be purely attributed to the spatial positioning of the positive charge and the
alkyl tail.

3.2.2 1H-NMR Characterization of Polymers From Series A
Representative general synthetic procedure of one polymer from series A i.e.
polymer A4 is described in (Figure 3-3) below.
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Figure 3-3: Schematics of synthesis of vinylpyridine - methylmethacrylate copolymer
with butyl tail on same center as the positive charge viz. polymer A4 from series A.

Step 1: Radical Polymerization
In the first step, 4-vinylpyridine (VP) and methyl methylacrylate (MMA) were
copolymerized using AIBN (1/50 initiator to monomer molar ratio) as the radical initiator
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to yield the random precursor copolymer. 1H NMR plot with peak assignments is shown
in (Figure 3-4) below. The –OCH3 peaks c is split between 2.6 and 3.6 ppm based on the
sequence distribution of VP/MMA units along the polymer chain. This effect has been
previously described by other researchers, and is due to the screening effect of the
aromatic nucleus.[15] Copolymer composition was established by peak integration
between the pyridine protons a & b, and the backbone protons d. In the copolymer, let the
fraction of VP units be x. Hence the fraction of MMA units=1-x. Integrating the peak
area of aromatics/backbone = (4x)/ 3x+5(1-x) = (a+b)/d = 2/3.50 (there are 4 H from VP
aromatics / 3H from VP backbone and 5H from MMA backbone). Solving for x, the
fraction of VP units= 0.55, and fraction of MMA units= 0.45. Hence backbone ratio BR
= fraction of VP units/ fraction of MMA units= 0.55/0.45= 1.22.
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Figure 3-4: 1H NMR (400 MHz, DMSO-d6, ppm) of VP-MMA copolymer i.e. precursor
to polymer A4.
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Step 2: N-Alkylation by 1-iodobutane
All the pyridine units of the precursor copolymer were then N-alkylated with
butyl groups by heating the precursor copolymer with 1-iodobutane. 1H NMR plot with
peak assignments is shown in (Figure 3-5) below. From the NMR it can be seen that all
the pyridines have been N-alkylated i.e. both pyridine peaks shift upfield from 6.8 and
8.3 ppm to 8.1 and 9.1 ppm respectively. Since all the pyridines have been N-alkylated,
amphiphilicity ratio AR= moles positive charge/moles of tail=1. Hence polymer A4 has
BR of 1.2 and AR of 1.
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Figure 3-5: 1H NMR (400 MHz, MeOH-d4, ppm ) of VP-MMA copolymer A4.
13

C NMR (75 MHz, MeOH-d4, ppm) of polymer A4: 177.0, 163.5, 145.1, 128.5,

61.5, 48.1, 45.6, 40.3, 33.5, 19.6, 13.1.

43
3.2.3 1H-NMR Characterization of Polymers From Series B
Representative general synthetic procedures of one polymer from series B i.e
polymer B4 is described in (Figure 3-6) below.
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Figure 3-6: Schematics of synthesis of vinylpyridine - butylmethacrylate copolymer with
butyl tail on separate center as the positive charge viz. polymer B4 from series B.

Step 1: Radical Polymerization
In the first step, 4-vinylpyridine (VP) and butylmethylacrylate (BMA) were
copolymerized using AIBN (1/50 initiator to monomer molar ratio) as radical initiator to
yield the random precursor copolymer. 1H NMR NMR plot with peak assignments is
shown in (Figure 3-7) below. The –OCH2- peak c is split between 3 and 4 ppm based on
the sequence distribution of VP/BMA units along the polymer chain. This effect has been
previously described by other researchers, and is due to the screening effect of the
aromatic nucleus.[15] In the copolymer, let the fraction of VP units be x. Hence fraction
of BMA units=1-x. Integrating peak area of (aromatics)/(backbone+butyl tail) = (4x)/
3x+12(1-x) = (a+b)/d = 2/7.00 (there are 4 H from aromatic VP / 3H from VP backbone,
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5H from BMA backbone and 7H from butyl tail). Solving for x, fraction of VP units=
0.52, Fraction of BMA units= 0.48. Hence BR = fraction of VP units/ fraction of BMA
units = 0.52/0.48= 1.08
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Figure 3-7: 1H NMR (400 MHz, CDCl3 ppm) of VP-BMA copolymer i.e precursor to
polymer B4.
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Step 2: N-Alkylation by iodomethane
All the pyridine units of the precursor copolymer were N-methylated by stirring
the precursor copolymer with iodomethane. 1H NMR plot with peak assignments is
shown in (Figure 3-8) below. From the NMR it can be seen that all the pyridines have
been N-alkylated viz. both pyridine peaks shift upfield from 6.8 and 8.4 ppm to 8.1 and
9.0 ppm. Since all the pyridines have been N-alkylated, AR= moles positive
charge/moles of tail (moles VP/moles BMA) =1.08. Hence polymer B4 has BR of 1.08
and AR of 1.08.
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Figure 3-8: 1H NMR (400 MHz, MeOH-d4, ppm) of polymer B4.
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C NMR (75 MHz, MeOH-d4, ppm) of polymer B4: 177.2, 162.9, 145.9, 128.2,

65.4, 48.3, 44.9, 40.1, 30.5, 19.5, 13.5.
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All other polymers from series A and B were synthesized and characterized as
describe above. Different methacrylate monomers viz. ethylmethacrylate,
propylmethacrylate and hexylmethacrylate were copolymerized with required amounts of
vinylpyridine to yield random polymer precursors. N-alkylation was performed with the
respective iodoalkane to yield the final polymer. Copolymers were characterized using 1H
NMR peak integrations. The amphiphilicity ratios of the polymers from 1H NMR peak
integrations is given in (Table 3-1) below.

Table 3-1: AR values of polymers from series A and B as determined by 1H NMR peak
integrations.
Series A
A2
A3
A4
A6

ARa
1.00
1.00
1.00
1.00

Series B
B2
B3
B4
B6

ARb
1.15
1.12
1.08
1.13

The molecular weights (MWn) of the precursor polymers for series A and B were
determined using gel permeation chromatography (GPC). These were in the range of
27,000-33,000 g/mol, indicating that polymer from the two series had comparable MWn.
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3.2.4 Antibacterial Activity: Series A vs. Series B
Antibacterial testing was carried out using minimum inhibitory concentration
(MIC) method. The effect of spatial positioning of alkyl tail on the antibacterial activity
of polymers from the two series A and B was established towards gram negative E. coli.
MIC is the lowest polymer concentration (μg/mL) required to kill/inhibit >99.9% of the
bacteria in nutrient media after 18 h of incubation. A lower MIC represents a more potent
antibacterial polymer. MIC values (μg/mL) are given in (Table 3-2) below. The MIC
values (Figure 3-9) decreased and then increased as the tail length increased from C2 to
C6, with the minima occurring at C4. Thus within each series, the polymer with the butyl
tail was most potent in killing E. coli. Pyridinium polymers with medium sized tails (C3
to C6) are known to be more potent than polymers with smaller (C1 and C2) or longer (C7
to C16) tails.[5] It has been suggested that optimum tail length is needed to fine tune
charge and hydrophobicity so as to cause membrane disruption while preventing
interchain aggregation of polymer.[4] It was observed that polymer from series B
(separate center) had lower MIC values (more potent in killing E. coli) than polymers
from series A (same center). This trend was followed for all alkyl tail lengths, but was
most pronounced for C4. Corresponding polymers (A2 vs. B2…etc) had the same
solubility in water, ruling out solubility as the reason for the observed trend.
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Table 3-2: Antibacterial activities of polymers from series A and B towards gram
negative E. coli.
Series A
A2
A3
A4
A6

1000

MIC (µg/mL)
600
200
50
100

Series B
B2
B3
B4
B6

MIC (µg/mL)
350
100
15
50

8
6

Series A : same center

4

MIC (µg/mL)

Series B : separate center
2

100

8
6
4

2

2

3

4
5
Number of Carbons

6

7

Figure 3-9: Graph of antibacterial activities of different pyridinium-methacrylate
copolymers from series A and B towards E. coli as a function of alkyl tail length.
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We also decided to rule out any effect of molecular weight of the synthesized
polymers on the observed antibacterial relationships. Higher MW polymers from series
A and B having butyl tails were synthesized by using AIBN/monomer ratio of 1:100. The
lower AIBN amount would result in polymers having higher MW due to lesser number of
chain initiating events. 1H NMR showed that the polymers had similar BR and AR values
of ~1 as those of previously synthesized lower MW polymers. The MW of the precursor
polymers to higher MW polymers A4 and B4 were 42,000 and 46,000 g/mol respectively.
These higher MW pyridinium- butylmethacrylate polymers from series A and B had
identical MIC values (50 and 15 μg/mL respectively) as the lower MW polymers. This
proved that the observed MIC trend was not due to an artifact of different molecular
weights of the polymers during radical polymerization. It has been reported that
antibacterial activity of amphiphilic polymers remains constant between a broad range of
MW.[8,13]

3.2.5 Polymer Libraries Differing in Amphiphilicity Ratio (AR): Series P & Q
We also decided to study whether the observed trend in antibacterial activity with
spatial positioning was valid over a range of AR values. It would be interesting to see
how the spatial positioning influences the antibacterial activity as the ratio between the
positive charge and alkyl tail (AR value) is varied. Furthermore, it would be desirable to
establish the trend in variation of the antibacterial property of pyridinium-methacrylate
copolymers as a function of their amphiphilicity ratio AR. To investigate the above said
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structure activity relationship, we synthesized two series (P&Q) of amphiphilic
pyridinium-methacrylate copolymers with C4 butyl tails (Figure 3-10). Each series
consisted of 5 polymers with increasing AR values from 0.5 to 4.5. For polymers in
series P, AR is the ratio between total moles of positive charge (all pyridiniums) divided
by the moles of C4 tail (pyridiniums having C4 tail). For polymers in series Q, AR is
simply the ratio between the pyridiniums and the butyl methacrylate units. Polymers were
synthesized such that corresponding polymers had similar AR and BR values.
(BRP≈BRQ and ARP≈ARQ). The molecular weights (MWn) of the corresponding
precursor polymers (P0.5 vs. Q0.5, P1.0 vs. Q1.1, P2.3 vs. Q2.2 …etc) were similar, being
within 7-13,000 g/mol of each other.

(b) Series Q: separate center

(a) Series P: same center
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Five polymers : P0.5,P1.0,P2.3,P3.1,P4.1
ARP = (m1+m2)/m1
BRP= m/n, where m=m1+m2
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Five polymers : Q0.5,Q1.1,Q2.2,Q3.4,Q4.3
ARQ = m/n
BRQ = m/n

Figure 3-10:
Two series of pyridinium methacrylate copolymers (P and Q) with
increasing AR values and differing in spatial positioning of positive charge and butyl tail.
Subscripts refer to the AR of the particular polymer e.g. polymerP2.3 from series P has an
AR (moles charge/moles C4 tail) of 2.3. The counter-anion is I-.
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3.2.6 1H-NMR Characterization of Polymers From Series P
Representative general synthetic procedure of one polymer from series P with an
AR value of 2.3 is described below in (Figure 3-11).
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Figure 3-11: Schematics of synthesis of different vinylpyridine - methylmethacrylate
copolymer with butyl tail on same center as the positive charge viz. polymer P2.3 from
series P having an AR (moles charge/moles tail) of 2.3.

Step 1: Radical Polymerization
A random copolymer of 4-vinylpyridine and methylmethacrylate was synthesized
by radical polymerization using AIBN as the initiator to yield precursor 1. The monomer
feed ratio was adjusted so as to get more pyridines in the copolymer. 1H NMR plot with
peak assignments is shown in (Figure 3-12) below. In the copolymer, let the fraction of
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VP units be x. Hence the fraction of MMA units=1-x. Integrating the peak area of
aromatics/backbone = (4x)/ 3x+5(1-x) = (a+b)/d = 2/2.63 (as there are 4 H from
aromatics and 3H from VP backbone and 5H from MMA backbone). Solving for x, the
fraction of VP units= 0.69, Fraction of MMA units= 0.31. Hence BR = fraction of VP
units/fraction of MMA units= 0.69/0.31= 2.22
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Figure 3-12: 1H NMR (400 MHz, DMSO-d6, ppm) of VP-MMA copolymer i.e precursor
1 to polymer P2.3.

Step 2: Partial N-alkylation with iodobutane
Purified precursor 1 was treated with calculated amount of iodobutane to yield the
precursor 2 in which some pyridines were N-alkylated by butyl tails, and some pyridines
were free. 1H NMR plot with peak assignments is shown in (Figure 3-13) below. From
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the previous 1H NMR, (Figure 3-12) we know that the total fraction of pyridine units in
the copolymer is 0.69. The 2 pyridine peaks, a and b from step 1, split into 4 peaks a, a’,
b and b’ depending on the charge on nitrogen. This was used to calculate the fraction of
alkylated and free pyridines. From the NMR, for the non alkylated pyridine, b=2H=1.
Hence each pyridine proton=0.5. From the N-alkylated pyridine, b’=2H=0.78. Hence
each pyridinium proton=0.39. Hence dividing pyridinium by pyridine, x/0.69-x= 0.39/.5.
Solving for x, pyridiniums with butyl tails= 0.30, and non-alkylated pyridines= 0.39.
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Figure 3-13: 1H NMR (400 MHz, DMSO-d6, ppm) of VP-MMA copolymer i.e precursor
2 to polymer P2.3.
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Step3: Complete N- alkylation with iodomethane
Excess iodomethane was added to precursor 2 to completely N-methylate all the
remaining free pyridines. As can be seen from the 1H NMR in (Figure 3-14) below, all
the non alkylated pyridines have been methylated i.e. non-alkylated pyridine peaks a and
b disappear . Hence AR = total moles of positive charge/moles of tail = 0.69/0.30= 2.3.
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Figure 3-14: 1H NMR (400 MHz, DMSO-d6, ppm) of VP-MMA copolymer P2.3.
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C NMR (75 MHz, DMSO-d6, ppm) of polymer P2.3: 176.5, 164.3, 143.9, 127.8,

62.4, 48.7, 44.3, 40.7, 32.1, 18.9, 12.5.
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3.2.7 1H-NMR Characterization of Polymers From Series Q
Representative general synthetic procedures of one polymer from series Q with an AR of
2.2 is described in (Figure 3-15) below.
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Figure 3-15: Schematics of synthesis of different vinylpyridine - butylmethacrylate
copolymer with butyl tail on separate center as the positive charge viz. polymer Q2.2 from
series Q having an AR (moles charge/moles tail) of 2.2.

Step 1: Radical Polymerization
A random copolymer of 4-vinylpyridine (VP) and butylmethacrylate (BMA) was
synthesized to yield the precursor polymer. 1H NMR plot with peak assignments is shown
in (Figure 3-16) below. In the copolymer, let the fraction of VP units be x. Hence the
fraction of BMA units=1-x. Integrating the peak area of aromatics /backbone+butyl tail =
(4x)/ 3x+12(1-x) = (a+b)/d = 2/4.19 (there are 4 H from aromatic VP / 3H from VP
backbone, 5H from BMA backbone and 7H from butyl tail). Solving for x, the fraction of
VP units= 0.69, fraction of BMA units= 0.31. Hence BR = fraction of VP units/fraction
of BMA units = 0.69/0.31= 2.23
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Figure 3-16: 1H NMR (400 MHz, MeOH-d4, ppm) of VP-BMA copolymer i.e precursor
to polymer Q2.2.

Step2: Complete N- alkylation with iodomethane
All the pyridines of the precursor polymer were then N-methylated by stirring
with excess iodomethane to yield polymer with AR of 2.2. 1H NMR plot with peak
assignments is shown in (Figure 3-17) below. From the NMR it can be seen that all the
pyridines have been N-alkylated i.e. both pyridine peaks shift upfield from 6.8 and 8.4
ppm to 8.1 and 9.0 ppm. Since all the pyridines have been N-alkylated, AR= moles
positive charge/moles of tail (fraction of VP units/fraction of BMA units) =2.23.
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Figure 3-17: 1H NMR (400 MHz, MeOH-d4, ppm) of VP-BMA copolymer Q2.2.
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C NMR (75 MHz, MeOH-d4, ppm) of polymer Q2.2: 178.1, 161.7, 144.5, 127.3,

64.0, 47.7, 44.1, 40.2, 31.3, 18.1, 13.3.
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All other polymers from series P and Q were synthesized and characterized as
described above. Different feed ratios of methacrylate monomers with required amounts
of vinylpyridine gave polymers with different BR and AR. N-alkylation was performed
with the respective iodoalkane to yield the final polymer. Copolymers were characterized
using 1H NMR peak integrations. The amphiphilicity ratios of the polymers from 1H
NMR peak integrations is given in (Table 3-3) below.

Table 3-3: BR and AR values of polymers from series P and Q calculated using 1H NMR
peak integration
Series P
BR
AR
Series Q
BR
AR
a
0.5
0.49
0.49
1.00
P0.5
Q0.5
1
1.00
1.08
1.08
P1.0
Q1.1
2.22
2.30
2.23
2.23
P2.3
Q2.2
3.56
3.12
3.44
3.44
P3.1
Q3.4
4.24
4.13
4.28
4.28
P4.1
Q4.3
a
To prepare this VP-MMA copolymer of AR=0.5, we took a VP-BMA copolymer with
VP/BMA units=1 (BR=1). This was completely N-alkylated with butyl iodide. Thus AR
= moles positive charge/moles tail = 1/1+1 = 0.5.
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3.2.8 Antibacterial Activity: Series P vs. Series Q
Polymers from the two series P and Q having similar BR and AR were compared
for antibacterial activity towards gram negative E. coli. The MIC values of different
polymers towards E. coli are given in (Table 3-4). Graphical variation of MIC values
with increasing AR is shown in (Figure 3-18) below. It was observed that as the AR ratio
increase 0.5 to 4.5, the antibacterial activity first increased and then decreased. The
highest antibacterial potency (lowest MIC value) for polymers from both the series was
for AR value of 1. Putting any more charge AR>1 or any more tails AR<1 reduced the
antibacterial activity. It has been suggested that if an amphiphilic polymer is too
hydrophobic (AR<1), inter chain aggregations occur, which reduce the membrane
disrupting ability of the polymer.[4] On the other hand, having too few hydrophobic
groups (AR>1) reduces the ability of the polymer to interact with the lipid core of the cell
membrane, thereby making it less potent.[16] Thus an optimum balance between charge
and hydrophobicity is needed to kill bacteria, which in this system is attained when equal
amounts of charge and tail are present.
Interestingly, although series Q was always more potent (lower MIC) than series
P, the effect of spatial positioning was more pronounced at AR ~1. Thus from (Figure 39) and (Figure 3-18) it is clear that putting charge and tail separately leads to a more
potent antibacterial polymer. Also interestingly, the more potent a polymer, the more
pronounced is the effect of spatial positioning. We hypothesize that putting charge and
tail separately leads to a stronger interaction with the cell membrane.
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Table 3-4: Antibacterial activities of polymers with increasing AR values from series P
and Q towards gram positive E. coli.
Series P
P0.5
P1.0
P2.3
P3.1
P4.1

MIC (µg/mL)
300
50
300
400
900

Series Q
Q0.5
Q1.1
Q2.2
Q3.4
Q4.3

MIC (µg/mL)
200
15
200
400
800

1000
6
5
4
3

MIC (µg/mL)

2

100
6
5
4

Series P: same center

3

Series Q: separate center

2
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Figure 3-18: Graph of antibacterial activities of pyridinium-methacrylate copolymers
from series P and Q towards E. coli as a function of increasing AR values.
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3.3 Conclusion
In summary, important structure-antibacterial activity relationships between
charge/tail spatial positioning and MIC values for amphiphilic pyridinium methacrylate
polymers were established. It was observed that for homologous polymers having similar
backbone composition and charge/tail ratio, placing charge and tail on spatially separate
centers results in a more potent polymer. This effect was most pronounced for polymers
having butyl tails with charge/tail ratio of ~1. Also trend in antibacterial activity with
increasing charge/tail ratio was established. Since the physical and chemical properties
(solubility, surface properties, modulus, elasticity, etc.) of a polymer are intimately
dependent on its structure, these results will help guide the design of new biocidal
polymers for applications in which a specific property is desired.
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3.4 Experimental

3.4.1 Materials and Instrumentation
4-Vinylpyridine and methyl methacrylate were purchased from Aldrich. Butyl
methacrylate and hexyl methacrylate were purchased from Acros. Ethyl methacrylate and
propyl methacrylate were purchased from Alfa Aesar. The monomers were purified by
distillation under reduced pressure prior to use. 2,2’-Azobis-(isobutyronitrile) AIBN
(Acros), iodomethane (Acros), 1-iodoethane (Aldrich), 1-iodopropane (Aldrich), 1iodobutane (Aldrich) and 1-iodohexane (Aldrich) were used as received. HPLC grade
methanol and chloroform (Aldrich) were used in free radical polymerization reactions.
ACS grade Nitromethane (Acros) was used in quaternization reactions. ACS grade ethyl
ether (EMD chemicals) was used for polymer precipitation. Bacterial growth media and
agar were purchased from Difco. 1H and 13C NMR spectra were recorded on a Brucker
DPX-400 or a CDPX-300 instrument. Molecular weights and polydispersities were
determined on a Shimadzu gel permeation chromatograph (GPC) containing a Waters
Styragel HR4E (7.8mm I.D. x 300 mm) column. The detectors were a Shimadzu RDI10A differential refractometer and a Shimadzu SPD-10A tunable UV-Vis absorbance
detector (254nm). GPC samples were run with tetrahydrofuran having a 50mM
concentration of tetrabutylammonium bromide (flow rate of 1mL/min).
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3.4.2 Synthesis of Polymer A4
Step 1- 4-vinylpyridine (3.512g) and methyl methacrylate (3.313g) were added to
a RB flask. AIBN (0.218g - 50:1 molar monomer: initiator ratio) was dissolved in 20mL
anhydrous CHCl3 and was added to the RB. The RB was immediately put under N2 and
was cooled in a liquid N2 bath. The contents of the RB were then deoxygenated by three
freeze-pump-thaw cycles. The reaction mixture was then stirred under N2 at 65°C in a
preheated oil bath for 4h. The contents were then added dropwise to a stirring solution of
ethyl ether, which caused the polymer to precipitate. The precipitated polymer was
washed with ether and was separated by suction filtration. The polymer was finally dried
at RT under vacuum for 24 h.
Step 2- 0.329 g of the pure and dry polymer from step 1 above was dissolved in
10 mL nitromethane. A slight excess of 1-iodobutane (0.4g) was added and the contents
were heated at 65oC for 24h. The quarternized polymer was precipitated by dropwise
addition to ethyl ether. The precipitated polymer was collected by centrifugation and was
dried under vacuum for 24 h.

3.4.3 Synthesis of Polymer B4
Step 1- 4-vinylpyridine (2.858g) and butyl methacrylate (4.257g) were added to a
RB flask. AIBN (0.187g - 50:1 molar monomer: initiator ratio) was dissolved in 10mL
anhydrous CHCl3 and was added to the RB. The RB was immediately put under N2 and
was cooled in liquid N2 bath. The contents of the RB were then deoxygenated by three
freeze-pump-thaw cycles. The reaction mixture was then stirred under N2 at 65°C in a
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preheated oil bath for 3 days. The contents were then added dropwise to a stirring
solution of ethyl ether, which caused the polymer to precipitate. The precipitated polymer
was washed with ether and was separated by suction filtration. The polymer was finally
dried at RT under vacuum for 24 h.
Step 2- 0.632 g of the pure and dry polymer from step 1 above was dissolved in
10 mL nitromethane. A slight excess of 1-iodomethane (0.7g) was added and the contents
were stirred at RT for 24h. The quarternized polymer was precipitated by dropwise
addition to ethyl ether. The precipitated polymer was collected by centrifugation and was
dried under vacuum for 24 h.

3.4.4 Synthesis of Polymer P2.3
Step 1- 4-vinylpyridine (3.133g) and methyl methacrylate (1.657g) were added to
a RB flask. AIBN (0.152g - 50:1 molar monomer: initiator ratio) was dissolved in 5mL
anhydrous methanol and 10mL anhydrous CHCl3, and was added to the RB. The RB was
immediately put under N2 and was cooled in liquid N2 bath. The contents of the RB were
then deoxygenated by three freeze-pump-thaw cycles. The reaction mixture was then
stirred under N2 at 65°C in a preheated oil bath for 4h. The contents were then added
dropwise to a stirring solution of ethyl ether, which caused the polymer to precipitate.
The precipitated polymer was washed with ether and was separated by suction filtration.
The polymer was finally dried at RT under vacuum for 24 h.

65
Step 2- 0.5347g of the purified polymer from step 1 was dissolved in 10 mL
nitromethane. It was then heated with 0.291g of iodobutane at 65 oC for 24h to yield the
desired intermediate polymer having partially N- alkylated pyridines.
Step 3- Finally excess iodomethane was added to the above solution, and the
solution was stirred at RT for 25 to yield the final polymer. The polymer was precipitated
in ethyl ether and was collected by centrifugation. It was then dried under vacuum for
24h.

3.4.5 Synthesis of Polymer Q2.2
Step 1- 4-vinylpyridine (2.543 g) and butyl methacrylate (1.720g) were added to a
RB flask. AIBN (0.119g - 50:1 molar monomer: initiator ratio) was dissolved in 5mL
anhydrous methanol and 10mL anhydrous CHCl3, and was added to the RB. The RB was
immediately put under N2 and was cooled in liquid N2 bath. The contents of the RB were
then deoxygenated by three freeze-pump-thaw cycles. The reaction mixture was then
stirred under N2 at 65°C in a preheated oil bath for 4h. The contents were then added
dropwise to a stirring solution of ethyl ether, which caused the polymer to precipitate.
The precipitated polymer was washed with ether and was separated by suction filtration.
The polymer was finally dried at RT under vacuum for 24 h.
Step 2- 0.633g of the purified polymer from step 1 was dissolved in 10 mL
nitromethane + 3mL CHCl3. It was then stirred at RT with excess (0.869g) iodomethane
for 24h to yield the desired polymer. The polymer was precipitated in ethyl ether and was
collected by centrifugation. It was then dried under vacuum for 24h.
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3.4.6 Antibacterial Testing
All final polymers being tested were purified by dialysis using a Spectrum
cellulose dialysis membrane with a molecular weight cutoff of 3000. Dialysis was
performed for 24h in methanol. The polymers were then precipitated in ether and dried
under vacuum for 1 day. They were then freeze-dried for an additional day. Polymer
stock solutions were prepared in 80% methanol-20% water to a concentration of
1mg/300µL.All antibacterial tests were done in duplicate and also repeated at least two
times. Polymers from series being compared (A vs. B, and P vs. Q) were tested on same
days to rule out any inconsistencies in bacterial concentrations.
Escherichia coli DH5-α (Clontech) were grown at 37 °C and maintained on LB
plates (Luria-Bertani broth, Lennox modification, with 1.5% agar). The relation between
absorbance at 590 nm (OD590) and colony forming units (CFU) per mL was determined
using the plate count method as described by Herigstad et. al.[17] This allowed the
standardization of assay inoculums by measurements of OD590. Bacteria were cultured
for 16-18 h in LB broth (Luria-Bertani broth, Lennox modification), and cell counts were
quantified by OD590 measurement. The cultures were then diluted to approximately 5 ×
105 CFU/ml in LB broth.
Calculated volumes (30-250 µL) of polymer solutions were pipetted into 15mL
Falcon tubes. Methanol was evaporated to yield solid polymer. E. coli suspension (5 ×
105 CFU/ml) in LB broth was then added to each tube to yield tubes containing various
polymers at concentrations of 10-1500 µg/mL (MIC’s of 10-1500). Negative control
tubes contained only inoculated broth. The tubes were incubated at 37 °C (E. coli) with
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shaking at 250 rpm for 18-20 h. The visual turbidity of the tubes was noted both before
and after incubation. Turbidity after incubation indicated bacterial growth. Aliquots from
tubes (100 μl) including those that showed no turbidity (little or no cell growth) were
plated on LB agar plates to distinguish between bacteriostatic or bactericidal effects.
These plates were incubated at 37 °C (E. coli) and colonies were counted.
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Chapter 4
Modeling Membrane Disruption by Pyridinium Polymers in Artificial Lipid
Vesicle Systems

4.1 Introduction
It is well known that the antibacterial activity of pyridinium polymers is closely
linked to polymer structure. Some of these relationships have been previously discussed
in detail in chapter 2 and chapter 3. It is widely believed these amphiphilic polycations
kill bacteria by disrupting their lipid membranes. [1] Several factors like the amount of
positive charge, the degree of hydrophobicity, the structure of the pendant alkyl tail and
the charge/tail spatial positioning determine whether the amphiphilic polycation kills
cells by membrane disruption. [2], [3],[4] Hence understanding the process of membrane
disruption is important in guiding the design of more powerful antimicrobial polymers.
The length of the alkyl tail on the pyridinium unit of the polymer is one of the
factors that determine the antibacterial potency of the polymer. Pyridinium polymers with
medium sized tails (3-6 carbons) are known to be more potent than polymers with shorter
(1-2 carbons) and longer (8-16 carbons). [4] The reason for this effect is not clearly
understood, although it has been suggested that optimum tail length is needed to fine-tune
charge and hydrophobicity for better membrane-polycation interaction.[2] Hence, it
would be interesting to study the effect of pyridinium polymers with different length
alkyl tails on lipid membranes in tightly controlled artificial model systems. Additionally,
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understanding lipid membrane-polycations interactions may also have implications in
interesting phenomenon like transmembrane delivery of material like DNA, RNA, drugs
etc.
Artificial lipid vesicles are suitable model systems for exploring membrane
interactions with various biologically relevant species like polymers, proteins and drugs.
Lipid vesicles have been widely investigated by several researchers, and their properties
like size, shape, lipid composition, etc can be tightly controlled. [5],[6] Artificial vesicles
have a well defined outer lipid membrane, which can be tailored to mimic the cell
membrane of different biological cells. A number of methods have been used to study
vesicle membrane disruption by polycations. Some of these methods include studying
membrane disruption by monitoring polymer induced fluorescent leakage;[7],[8]
studying phase transitions of lipid-polymer interactions by differential scanning
calorimetry; [9] studying polycation induced hole formation by atomic force microscopy,
[10] and observing membrane-polymer interaction by optical microscopy. [11],[12] In
this chapter, we describe a real-time optical method to study lipid membrane-polycation
interactions in model systems consisting of Giant Unilamellar Vesicles (GUV). A series
of homologous water soluble pyridinium polymers with varying tail lengths were injected
near the model GUV and the effect on the morphology of the membrane was optically
observed in real time. The effect of polymer structure on GUV membrane disruption was
then correlated to the observed antibacterial towards gram negative E. coli.
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4.2 Results and Discussions

4.2.1 Synthesis of Pyridinium Polymer Library
Four pyridinium polymers poly (4-vinyl-N-alkylpyridinium iodide) with methyl,
ethyl, propyl and butyl alkyl tails were prepared as shown in (Figure 4-1). Poly (4vinylpyridine) (MW-60,000) was heated with excess of the respective 1-iodoalkane to Nalkylate all the pyridine nitrogens. This yielded a library of different pyridinium
polymers, C1, C2, C3 and C4 differing only in the length of the pendant alkyl tail. The
polymers were characterized by 1H and

13

C NMR, which indicated complete N-

alkylation by the respective alkyl iodide. Polymers were purified by dialyzing in
water/methanol for 3 days, and were finally freeze dried before being tested for
antibacterial and vesicle disruption activity.
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Figure 4-1: Synthesis of
different tail lengths.
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72
4.2.2 Antibacterial Activity of Pyridinium Polymers
The antibacterial activity of the polymers towards gram negative E. coli was
evaluated using the Minimum Inhibitory Concentration (MIC) method as described
previously in chapter 2. The antibacterial activity (Table 4-1) increased (lower MIC
values) as the tail length increased from 1 carbon to 4 carbons i.e. C1>C4>C1>C4. This
trend was expected as it is known that pyridinium polymers with medium sized tails are
more potent than polymers with smaller sized tails.[2] With the antibacterial activity
trend established, we then decided to investigate the ability of these polymers to cause
membrane disruption in artificial lipid membrane systems. Initially, we expected the
vesicle disruption results to mirror antibacterial activity results, i.e. finding that polymer
C4 would disrupt membrane faster/better than C3>C2>C1. However, as discussed later,
this trend was found to be incorrect.

Table 4-1: Antibacterial activity (MIC values) of the synthesized pyridinium polymers
towards E. coli. BS designates that the samples prevented bacterial growth
(bacteriostatic), but did not kill the cells.
Polymer
C1
C2
C3
C4

MIC value (µg/mL)
1300 BS
1000 BS
200
100
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4.2.3 GUV Formation and Polymer Injection Protocol
GUVs were created using a dehydration/rehydration process in phosphate buffer
saline (PBS - pH 7.4), as described elsewhere.[13] GUVs are large spherical micron sized
vesicles in which a single lipid bilayer serves as an outer boundary. GUVs act as
pertinent cell membrane mimics, and have been used by our collaborators in mimicking
exocytosis of neurotransmitter release.[14] Here we use them as artificial lipid membrane
models in which one can optically study polycation-membrane interactions in real time.
As can be seen in (Figure 4-2), GUVs bud out from dense multilamellar lipid
vesicles which act as a source of lipid molecule and allow for GUV inflation using
electroporation technique (see Section 4.4.3). The lipid composition of the GUV
consisted of 75% soy polar lipid extract + 25% E. coli polar lipid extract. The polymer
testing protocol is schematically depicted in (Figure 4-2) below. In the first step, surface
immobilized GUVs were formed in phosphate buffer (pH 7.4) and were inflated with to a
constant size of ~40-60 μm for each test. Various polymer solutions (0.0021M) were
prepared in phosphate buffer (pH 7.4), and an eppendorf femtojet injector was used to
introduce polymer solutions near the GUV membrane. Identical volumes of different
polymer solutions (~12 nanoliters) were injected at approximately the same distance
(~30-40μm) away from the vesicle membrane. After injection, the vesicle morphology
and membrane integrity were observed in real time by differential interference contrast
imaging (DIC) using an Olympus IX-70 inverted microscope (20x). A CCD video
camera attached to the microscope was used to record real time videos of the
experiments.
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20x Optical
Scope with
CCD Video

Micropipette
injects polymer
near GUV.
GUV intact if
polymer is
inactive

GUV

GUV ruptures if
polymer disrupts
membrane

Figure 4-2: Schematics of direct real-time observation of membrane-polymer interaction
in giant unilamellar vesicles (GUVs).
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4.2.4 Effect of Tail Length on the Time of Vesicle Rupture
Solutions of different pyridinium polymers (C1 to C4) having a concentration of
0.0021 M were injected near the GUV, and membrane and morphological changes in the
vesicle structure were recorded and analyzed. Each polymer was tested at least 5-10 times
to ensure reproducibility. The time of the first injection of the polymer (each injection=12
nanoliters) was recorded as t=0. Immediately following polymer injection, distinct
morphological changes in the membrane structure were observed. These changes
included formation of polymer-lipid agglomerates, membrane folding and eventual GUV
rupture. The time after the first injection at which the vesicle ruptured was recorded as tr.
This gave us a qualitative idea of the ability of different polymers to disrupt the vesicle
membrane. Depending on the polymer being tested, it took up to 4 injections of 12 nl
each to obtain complete vesicle rupture. Each subsequent injection was done 120 seconds
after the preceding injection.
Since the vesicle size, distance of the injecting micropipette, the volume, and the
concentration of polymer solution injected were similar, any difference in morphological
changes in membrane structure could be attributed to the structure of the polymer i.e.
length of alkyl tail. The ability of different polymers to cause GUV rupture was observed
to follow the following trend- C1>C2>C3>C4. Surprisingly, this result was completely
contradictory to the observed antibacterial activity towards E. coli i.e. C4>C3>C2>C1.
The average rupture time tr, and the number of injections required by a particular
polymer to cause complete GUV rupture, are given in (Table 4-2) below.
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Table 4-2: Average GUV rupture time tr, and the number of injections needed to
completely disrupt the vesicle.

Polymer
C1
C2
C3
C4

Average GUV
rupture time tr
(s)
14.04
23.90
126.47
153.95

Standard deviation in
tr (s)
5.07
15.56
57.22
48.33

Number of polymer
injections needed to
rupture GUV
1
1
1 to 3
2 to 3

As can be seen from (Table 4-2), the time and the number of injections required to
rupture the vesicle increased as the tail length increased from 1 to 4 carbons. Short tail
polymers, C1 and C2 were most effective in disrupting the vesicle membrane. Both of
these polymers completely lead to vesicle rupture with only one 12 nl injection of the
polymer. Longer tail polymers, C3 and C4 took more injections and longer duration to
completely rupture the vesicle. The standard deviations in tr were found to be quite large
~ 50% of average tr values. The reason for these large standard deviations was attributed
to the variability of the dense multilamellar lipid vesicle. In our testing protocol, we could
tightly control all experimental parameters (size of GUV, polymer injection volumes, etc)
except the size, shape and area of attachment of the multilamellar lipid vesicles. As
described before, these multilamellar vesicles act as a reservoir of lipid molecules for the
GUV. Thus different multilamellar vesicles compensate differently for the lipid
molecules lost by the membrane during its interaction with the polymer. However, even
after considering these large standard deviations, a clear qualitative trends in the degree
of GUV rupture was observed i.e. C1~C2 > C3~C4.
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No membrane disruption or any visible morphological changes were observed
with multiple injections 0.1 M solution of the corresponding small molecules i.e. Nmethylpyridinium iodide, N-ethylpyridinium iodide, etc. Multiple injections of other
negative controls like uncharged polymers (0.1M polyethyleneglycol or 0.1M
polyvinylimidazole), or an anionic polymer (0.1M sodium salt of polyacrylic acid) also
failed to have any visible effect on the GUVs. No effect on the GUV structure was
observed after multiple injections of 0.3M KBr, clearly ruling out osmotic imbalance as a
cause for vesicle rupture. Therefore membrane disruption is clearly due to the polycations
species itself and is not an artifact of other processes.

4.2.5 Morphological Changes in GUV Membrane Structure
When C1 polymer solution was injected in vicinity of the vesicle, rapid rupture of
the GUV was observed within 14 seconds (Figure 4-3). In the real time CCD videos, we
could clearly observe the vesicle bursting and releasing internal fluids. As soon as the
polymer solution was injected, we observed movement in the lipid bilayer leading to an
agglomerate formation on the surface of the membrane. Polycations like poly-L-lysine
are known to induce lipid domain formation in GUV by binding with the anionic lipids in
the membrane. [11] Hence these agglomerates probably consisted of polymer-lipid
complexes formed due to electrostatic binding between the polycation and the negatively
charged lipid molecules. The removal of lipid molecules from the bilayer structure by the
polycation resulted in the destabilization of the membrane, which ultimately lead to
vesicle rupture. We could also observe a general migration of lipids from the
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multilamellar lipid globule to the GUV, indicating that some compensation of the lost
lipids was occurring.

Frame size = 240 × 180 µm.

Figure 4-3: Differential interference phase contrast snapshots of video recording of
GUV membrane disruption by C1 polymer. Fast vesicle bursting was observed with just 1
injection of polymer. (a) polymer injected at 0 seconds, (b) and (c) polymer-lipid
agglomerations seen on the surface of the GUV membrane, (d) and (e) shrinkage of the
diameter of the GUV membrane with concomitant increase in the size of agglomeration,
and (f) GUV finally ruptures after 8 seconds.

As mentioned earlier, as the length of the alkyl tail on the pyridinium polymer
was increased (C3 and C4), the time required to disrupt the membrane also increased.
(Table 4-2) With C3 polymer the vesicle took nearly 9 times longer to burst. Upon
injection of C3, dense agglomerations were formed on the surface of the GUV membrane.
These polymer-lipid agglomerations eventually moved inside into the vesicle. (Figure 44) After more injections of the polymer, the size of these agglomerations increased, and
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the vesicle eventually ruptured after releasing the agglomerations. An interesting
observation made was that the vesicle always broke inside-out rather than collapsing
outside-in. Another important difference between the short tail C1 and C2, and long tail
C3 polymer was that the lipid polymer agglomerations could transverse the
transmembrane boundary with long tail polymers. Lipid-polymer aggregates of C3
formed initially on the surface of the membrane, and then gradually moved into the
vesicle. (Figure 4-4) Upon further polymer injections, these aggregates spanned the
transmembrane boundary once again, moving outwards and being released right before
vesicle rupture.
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Frame size = 240 × 180 µm.

Figure 4-4: Differential interference phase contrast snapshots of video recording of GUV
membrane disruption by C3 polymer. (a) Polymer injected at 0 seconds, (b) small lipidpolymer agglomerations observed on the vesicle surface right before the second polymer
injection, (c) agglomerations increased in size after the second injection and moved inside
the GUV (d) and (e) agglomerations further increased in size after the third polymer
injection at 240 seconds. Agglomerations are clearly inside the vesicle, (f) and (g)
agglomerations move from inside the vesicle to the outside by spanning the vesicle
membrane boundary, (h) agglomerations are mostly on the outer surface of the
membrane, and (i) vesicle ruptures finally after 3 polymer injections and 256 seconds.

Other interesting morphological changes in the membrane were also observed
with long tail polymer. With C3 polymer, agglomerations which formed had morphology
similar to that of tangled ropes. (Figure 4-5) These agglomerations which were probably
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made up of polymer-lipid complexes were completely inside the vesicle boundary
indicating that they could traverse the lipid membrane. We then decided to test the effect
of increasing the tail length beyond 4 carbons on the ability of the polymer to cross the
membrane. Pyridinium polymer with pentyl tails C5 was synthesized as described before.
A solution of C5 polymer was injected onto the vesicle membrane and the changes in
membrane morphology were recorded. Interestingly, with C5 polymer, the GUV did not
rupture at all even after 4 polymer injections. The firm and spherically shaped membrane
seemed to fold and distort after coming in contact with the polymer. (Figure 4-5) Also no
transmembrane migration of the polymer-lipid agglomerates was observed. We
hypothesize that as the tail size increases, hydrophobicity of the polymer also increase.
This causes the polymer to intercalate into the bilayer i.e. hydrophobic tails of C5
polymer mesh with/into the inner hydrophobic leaflet of the bilayer. This intercalation
causes an expansion in the bilayer resulting in the fold and distortion seen in (Figure 4-5).
The GUV exposed to C5 was filled with an inert dye, Fast Green FCF to visualize any
leakage due to defects in the membrane. There seemed to be very little leakage of dye
from within the GUV, indicating that the C5 polymer intercalated into the bilayer
efficiently without forming any large defects and holes.
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Frame size = 240 × 180 µm.

Figure 4-5: Different morphological changes observed in the vesicle membrane structure
after injection of the longer tail C3 and C5 polymer. (a) Tangled rope like polymer-lipid
aggregates seen inside the vesicle after injection of C3 polymer, and (b) Folding in
membrane structure observed after injection of C5 polymer. No vesicle bursting or dye
leakage was observed.
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Thus we observed important differences in the ability of the polymers to mediate
transmembrane permeation of the polymer-lipid aggregates. With cationic pyridinium
polymers with very small tails C1 and C2, vesicle rupture was so fast that no / little visible
transmembrane permeation of the polymer-lipid aggregates occurred. With pyridinium
polymers with the longer tail C5, the polymer-lipid aggregates remained on the surface
and did not move inside the vesicle. The increased hydrophobicity of the C5 polymer
leads to the intercalation of the amphiphilic polymer into the lipid bilayer. Only the
medium tail polymer C3 effected instantly recognizable transmembrane permeation of the
polymer-lipid aggregates. Transmembrane migration of polymers and molecules has
tremendous application in DNA transfection and drug delivery. [15] A major problem
with agents that promote transmembrane migration is that they also kill the target cell.
Hence this method may help guide the design of polymers and molecules which are able
to migrate across the membrane without damaging it.
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4.2.6 Effect of Polymer Molecular Weight on Vesicle Rupture
We also decided to investigate the effect of polymer molecular weight on its
ability to disrupt the vesicle membrane. C1 and C3 polymers having a higher molecular
weight were synthesized by starting with poly (4-vinylpyridine) with a molecular weight
of 160,000. Polymers were purified as described before and were injected near the GUVs.
It was observed that higher molecular weight polymers took slightly longer times than
smaller polymers to completely rupture the GUV membrane. (Table 4-3) A possible
reason may be the slower diffusion of the much larger polymer molecules. However this
effect was not very pronounced and was within the standard deviation limits. This result
was not unexpected since it has been reported that antibacterial activity of amphiphilic
polymers remain constant between a broad range of MW. [8],[16]

Table 4-3: Average GUV rupture time tr of higher molecular weight polymers. The
standard deviations are reported in parenthesis.
Molecular
Weight
60,000
160,000

Average vesicle rupture time tr (sec)
C1
C3
14.04 (5.07)
126.47 (57.22)
27.68 (19.79)
198.85 (54.85)
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4.2.7 Effect of Intra-Vesicular Polyanion on Vesicle Rupture
To investigate the observed difference in the antibacterial activity and the
membrane disrupting activity of the pyridinium polymers, we carried out a series of
membrane disrupting tests with GUV filled with a polyanion i.e. sodium salt of
polyacrylic acid (PAA). We hypothesized that presence of negatively charged
macromolecules like DNA, RNA, proteins inside cells and in extracellular medium
affects how a polycation binds to and disrupts the lipid membrane. Polyanions would
bind to short tail pyridinium polymers (C1) more strongly than long tail polymers (C3),
due to steric effects of the pendant alkyl tail. Hence, these polycation-polyanion
interactions would decrease the membrane disrupting activity of the short tail polymers
more than that of the long tail polymer.
Polyanion filled GUVs were formed by inflating vesicles with a 0.03M solution
of PAA in phosphate buffer (pH 7.4). Polymer solutions, C1 and C3 (0.0021M) were then
injected near the GUV membrane and polymer-membrane interaction were observed. A
total of 3 polymer injections of 12 nanoliters each were needed to completely disrupt the
vesicles. The average rupture time tr, needed to rupture polyanion and buffer filled
vesicles are given in (Table 4-5) below.

Table 4-4: Average GUV rupture time tr for C1 and C3 polymers towards GUV filled
with buffer and anionic polyacrylic acid. The standard deviations are reported in
parenthesis.
Polymer
C1
C3

Average vesicle rupture time tr (sec)
Buffer
PAA
14 (5)
327 (80)
127 (57)
371 (122)
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As hypothesized, the presence of negatively charged polyanion inside the GUV
dramatically increased the time and the amount of polymer needed to disrupt the vesicle.
It took 3 injections of polymer solution to completely disrupt the vesicle. Moreover, this
effect was much more pronounced for short tail C1 polymer, than for longer tail C3
polymer. C1 took a 23 times longer duration to disrupt GUVs filled with PAA, than
GUVs filled with just buffer. On the other hand, C3 took only 3 times as long to disrupt
PAA filled vesicles than buffer filled vesicles. Hence, one reason for the observed
difference in antibacterial activity and membrane disrupting activity could be the
deactivation of short tail polymers by polyanions present in the cells and medium.
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4.3 Conclusion
A novel method to study the fundamental aspects of interaction between
polycations and lipid membranes in artificial membrane model systems was developed.
Real-time observation of changes in membrane morphology following polymer exposure
were recorded and analyzed. Interesting morphological changes like agglomerate
formations, rope like morphologies and transmembrane migration of aggregates were
observed. Intriguingly, it was observed that pyridinium polymers with shorter alkyl tails
(1-2 carbon) were more effective in disrupting the model lipid membrane than polymers
with longer alkyl tails (3-5 carbon). This observation was directly contrary to the
observed antibacterial activity of the polymers. Hence it seems that factors other than
membrane disruption are involved in determining which polymer is most effective in
killing bacteria under actual conditions. This method may also help in understanding
what structural difference makes a polymer migrate across the lipid membrane, rather
than destroy it. This may help guide the design of polymers which facilitate
transmembrane delivery of biologically relevant species like drugs, DNA, RNA and
proteins.

88
4.4 Experimental

4.4.1 Materials and Instrumentation
Polyvinylpyridine (MW, 60,000 and 160,000), was purchased from Aldrich.
Iodomethane, 1-iodoethane (99+%), 1-iodopropane (99+%), 1-iodobutane (99+%), 1iodopentane (99+%), were purchased from Aldrich and used as received. Methanol and
nitromethane (all ACS grade) were purchased from Acros Organics. Bacterial growth
media and agar were purchased from Difco. Lipids were purchased from Avanti Polar
Lipids. 1H and 13C spectra were recorded on a Brucker DPX-300 or Brucker CDPX-360
instrument. An Olympus IX-70 inverted microscope equipped with a color CCD video
recorder was used for vesicle visualization. An eppendorf femtojet injector was used for
injecting buffer and polymer solutions into the vesicle.

4.4.2 Synthesis of Pyridinium Polymers
Various pyridinium polymers were synthesized by heating ~ 1g of poly (4vinylpyridine) in 10 mL nitromethane with excess of the alkyl iodide at 65 °C for 24 h.
The polymer was isolated by precipitation in diethyl ether and was dried under vacuum
for 3 days. The degree of N-alkylation was determined using 1H NMR peak integration
ratios. Polymers were purified by dialyzing in water/methanol for 3 days. Polymers were
finally freeze dried and were tested for antibacterial and vesicle disruption activity.
Representative 1H NMR spectra of C3 polymers is given in (Figure 4-6) below.
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Figure 4-6: 1H NMR (300 MHz, MeOH-d4, ppm) of C3 polymer.

4.4.3 Creation of Surface Bound Liposomes and Polymer Injection
Surface immobilized GUVs were prepared using a 75-25 wt% mixture of soy
polar extract and E. coli polar extract respectively. Liposomes were created using a
dehydration/rehydration process in phosphate buffer saline (PBS - pH 7.4). [13],[14]
GUVs bud out from dense multilamellar lipid vesicles, which are themselves attached to
the surface of the glass slide. These dense multilamellar lipid vesicles also act as lipid
reservoirs, which allows for the inflation of vesicles with buffer solution by providing
lipid molecules needed for membrane expansion. Surface immobilization of GUVs
permits easy manipulation like inflation, polymer injection, etc. Electroporation inflation technique [13] was used to inflate the GUVs to the required size. In the
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electroporation / inflation technique, an electrified glass micropipette and a carbon fiber
counter electrode are used in conjunction to transiently disrupt the GUV membrane and
allow for easy penetration of the glass pipette into the vesicle. Upon penetration, the
GUVs are inflated with buffer solution injected into the vesicle via the glass pipette,
which is connected to an Eppendorf femtojet injector. (Figure 4-8) Upon completion of
inflation, the glass pipette and the carbon counter electrode are withdrawn.
A second glass micropipette containing a polymer solution was then placed
approximately 20-30 microns away from the liposome. An eppendorf femtojet injector
was used to inject the polymer solution near the GUV membrane (~ 12 nanoliters). The
changes were then monitored for 120 seconds. If at the end of 120 seconds, the liposome
was intact another polymer injection was applied, and the results were monitored for
another two minutes. The process was repeated until the liposome ruptured or 8 minutes
elapsed.
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Frame size = 240 × 180 µm.

Figure 4-7: Setup for GUV formation by electroporation/inflation technique. An
electrified glass micropipette 3 is used to penetrate and inflate the GUV 1 with buffer
solution. A carbon fiber counter-electrode 4 completes the circuit. The attached
multilamellar lipid vesicle 2 serves as a reservoir for supplying lipid molecules needed for
GUV membrane expansion. (a) Start of inflation. (b) and (c) GUV being inflated to the
required size, and (d) Setup ready for polymer injection by a second glass micropipette.
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4.4.4 Antibacterial Testing
Escherichia coli DH5-α (Clontech) were grown at 37 °C and maintained on LB
plates (Luria-Bertani broth, Lennox modification, with 1.5% agar). The relation between
absorbance at 590 nm (OD590) and colony forming units (CFU) per mL was determined
using the plate count method. Polymer stock solutions were prepared in 80% methanol20% water to a concentration of 1mg/300µL. Calculated volumes (30-250 µL) of
polymer solutions were then pipetted into 15mL Falcon tubes. Methanol was evaporated
to yield solid polymer. E. coli suspension (5 × 105 CFU/ml) in LB broth was then added
to each tube to yield tubes containing various polymers at concentrations of 100-2500
µg/mL (MIC’s of 100-2500). Negative control tubes contained only inoculated broth. The
tubes were incubated at 37 °C with shaking at 250 rpm for 18-20 h. The visual turbidity
of the tubes was noted both before and after incubation. Turbidity after incubation
indicated bacterial growth. Aliquots from tubes (100 μl) including those that showed no
turbidity (little or no cell growth) were plated on LB agar plates to distinguish between
bacteriostatic or bactericidal effects. These plates were incubated at 37 °C for 16-20 h
and colonies were counted.
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Chapter 5
Silver Bromide Nanoparticle/Polymer Nanocomposites

5.1 Introduction
Antimicrobial modification of surfaces to prevent growth of detrimental
microorganisms is a highly desired objective. Microbial adhesion to surfaces followed by
cell growth and colonization results in the formation of a compact biofilm matrix capable
of protecting the underlying microbes from antibiotics and host defense
mechanisms.[1],[2] In case of biomedical devices like catheters, prosthetics, implants,
etc., surface microbial infestation can result in serious infection and device failure.[3],[4]
Surface-centered infections are also implicated in food spoilage, spread of food-borne
diseases and bio-fouling of materials. [5]Hence, there is a significant interest in the
development of antimicrobial materials and surfaces for applications in health and
biomedical device industry, food industry and personal hygiene industry. Antimicrobial
coatings need to combine desirable attributes like potent antibacterial efficacy,
environmental safety, low toxicity, and ease of fabrication.
Polymeric/composite materials loaded with slow releasing biocides like heavy
metals, [6],[7],[8]form an important class of antimicrobials. Among the third class of
antimicrobials, silver-based materials are of special interest. The silver ion exhibits
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broad-spectrum biocidal activity towards many different bacteria, fungi and virus [9]and
is believed to be the active component in silver-based antimicrobials. Ag+ ion is known
to deactivate cellular enzymes and DNA by coordinating to electron donating groups
such as thiols, carboxylates, amides, imidazoles, indoles, hydroxyls, etc. [10]Silver is also
know to cause pits in bacterial cell wall leading to increased permeability and cell death.
[11]Silver has low toxicity towards mammalian cells [12]and does not easily provoke
microbial resistance. [13]Hence silver containing materials have been widely used by the
biomedical industry in catheters, [14]dental material, [15]medical devices and
implants,[16],[17]and wound and burn dressings. [18],[19]Most of the techniques used to
incorporate silver into polymeric matrices involve either chemical workups like reduction
[20],[21],[22],[23]or synthesis of complex silver compounds, [24]mixing preformed
silver particles with polymers, [25],[26]or complicated physical techniques [27]like
sputtering [28]and plasma deposition. [29]All these techniques add time, cost and
complexity to the overall process of fabrication of the antimicrobial material. Hence a
simpler method to incorporate silver into polymers is desirable.
Most silver-containing antimicrobial polymers consist of either elemental silver
which has a very low rate of dissolution in aqueous environment, or highly water-soluble
silver salts or silver(I) complexes. Substitution by a sparingly soluble silver salt in place
of elemental silver should significantly increase the rate of generation of biocidal Ag+ ion
over that from elemental silver, while limiting uncontrolled dissolution as would be the
case for freely soluble silver species. In particular, silver halides have the potential to be
antimicrobial by providing a constant concentration of biocidal Ag+ ions in aqueous
environments [Ksp (AgBr), 5 × 10-13]. [30] Additionally, it should be possible to tailor the
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rate of release of Ag+ ion into the surrounding medium by appropriate choice of the
encapsulating polymer and the size of the embedded silver halide particles.

Here we describe cationic polymer/silver bromide nanoparticle composites having
potent long-lasting antibacterial activity towards both gram-positive and gram-negative
bacteria. The two component composites consist of a cationic polymer, poly(4-vinyl-Nhexylpyridinium bromide), and embedded silver bromide nanoparticles. Poly(4-vinyl-Nalkylpyridinium)-based polymers have been shown to have potent antibacterial activity
towards both gram-positive and gram-negative bacteria due to their membrane disrupting
ability. [31], [32]At the same time pyridinium polymers are non-toxic towards
mammalian cells. [33]Silver bromide nanoparticles serve as a source of strongly biocidal
but non-toxic Ag+ ions. The water insoluble composites form good coatings on glass and
exhibited long lasting antibacterial properties towards both airborne and waterborne
bacteria. A simple technique of on-site precipitation was used to synthesize the polymernanoparticle composites. This technique forms the composite from the starting materials
in one-pot and significantly reduces the difficulties associated with forming organicinorganic hybrids with embedded nanoparticles. We also demonstrate the ability to tune
the antibacterial activity of these composites by controlling the size of the embedded
AgBr nanoparticles.
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5.2 Results and Discussions

5.2.1 AgBr/Polymer Composite Synthesis
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*

*
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Figure 5-1: Schematic of on-site precipitation method for the synthesis of dual action
antibacterial composite material, AgBr/NPVP (NPVP = poly (4-vinylpyridine) -co- poly
(4-vinyl-N-hexyl pyridinium bromide).

The on-site precipitation technique is schematically depicted in (Figure 5-1). In
our “on-site precipitation” method, the bromide anions associated with the cationic
NPVP polymer side chains was precipitated by the addition of a silver salt. The resulting
silver bromide nanoparticles are stabilized by the capping and steric effect of the
polymer. Although precipitation chemistry has been widely used in synthesis of
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nanoparticles, [34],[35]to our best knowledge this is the first example of use of
precipitation technique to directly synthesize polymer-nanoparticle composites in a single
step. The starting polymer, poly(4-vinylpyridine)-co-poly(4-vinyl-N-hexylpyridinium
bromide), NPVP, was prepared by partially N-alkylating the pyridine nitrogens of
commercially available polymer poly(4-vinylpyridine) (MW: 60,000). Two different
starting NPVP polymers with 21% and 43% N-alkylation were synthesized and
characterized by 1H-NMR spectroscopy. Then the bromide counter anion of NPVP was
precipitated on-site as silver bromide by the slow addition of silver paratoluenesulphonate solution to the polymer solution, yielding composites abbreviated as
AgBr/21% NPVP and AgBr/43% NPVP, respectively. For each NPVP polymer two
different AgBr/NPVP composites with silver ion to polymer bromide ion molar ratios of
1:2 and 1:1 were prepared by adding different amounts of silver para-toluenesulphonate.
The 1:2 composites yielded clear yellow solutions, whereas the 1:1 composites gave
translucent yellow colloidal solutions. Both solutions were stable at room temperature for
up to 5 d. Solid AgBr/NPVP composites were obtained by precipitation upon addition to
diethyl ether. Thus four different AgBr containing composites, 1:1 AgBr/21% NPVP, 1:2
AgBr/21% NPVP, 1:1 AgBr/43% NPVP and 1:2 AgBr/43% NPVP, were prepared and
studied. Solid AgBr/NPVP composites could be redissolved in methanol, ethanol,
nitromethane or DMSO to give back the clear/colloidal solutions. The composite
solutions in methanol were used to form coatings on glass.
The adhesive properties of AgBr/NPVP composite films on glass were evaluated
using standard Scotch®-tape test. [36]Standard sized microscope glass slides were
cleaned with 3:1 sulfuric acid/ 30% hydrogen peroxide, and were coated with 5 wt %
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solution of the composites in methanol using a Laurell WS 400B spin coater at 1500 rpm.
A strip of Scotch®-tape 3M-Catlog No. 810 was placed over the coated surface and was
rubbed in with continuous motion to attach it firmly to the slide. The strip was then
peeled of by lifting the tape from one end to the other. The slide and the tape were then
visually inspected under a dissecting microscope (Olympus S7-PT) to observe any
peeling from the surface of glass or any pieces sticking to the tape. Almost negligible
peeling was observed in all of the AgBr/NPVP composite films. Glass surfaces are
negatively charged due to the presence of surface Si-O¯ groups. Hence strong adhesion is
expected due to electrostatic attraction between glass and the cationic polymer.

5.2.2 Transmission Electron Microscopy of AgBr/Polymer Composites
Representative solid composite monoliths were sectioned into thin slices to
enable electron microscopy imaging. TEM images clearly indicate the presence of
spherical nanoparticles embedded inside the solid polymer and suggest that precipitation
is taking place on-site very close to the polymer chains (Figure 5-2). If AgBr had
precipitated in solution away from the polymer chains, high and uniform distribution of
nanoparticles throughout the polymer matrix would not have been expected. Since the
precipitation takes place in the vicinity of the polymer chains, the growing AgBr
nanoparticles are stabilized and prevented from aggregating by the capping action of the
coordinating pyridine groups. Steric isolation by the comb-shaped polymer also helps in
the stabilization of the nanoparticles. Similar stabilization of nanoparticles in polymer
matrices has been documented previously for metal nanoparticles in polysiloxane
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solutions.[37],[38]Both the degree of polymer N-alkylation (21% vs. 43%) and bromide
to added silver molar ratio ( 1:1 vs. 1:2) had significant effect on the size of embedded
nanoparticles (Table 5-1, Figure 5-2). The lower the degree of N-alkylation of the
polymer (21% vs. 43%), the smaller were the resulting nanoparticles. This can be
attributed to a higher proportion of coordinating pyridine groups in 21% NPVP over 43%
NPVP, which would result in higher capping efficiency for the growing nanoparticles.
For same the NPVP polymer, the lower the Ag+ to Br- (polymer) ratio (1:2 vs. 1:1) the
smaller were the nanoparticles. This is presumably a result of lower AgBr: capping agent
ratio in the former. Interestingly, there appears to be a lower size limit for the AgBr
particles since the 1:2 composites of both 21% NPVP and 43% NPVP have similar sized
particles.

Table 5-1: Average particle sizes for AgBr/21% NPVP and AgBr/43% NPVP
composites. The standard deviations are given in parenthesis.
Ag/Br ratio
1:2
1:1

N-alkylation
43%
AgBr size (nm)
10(4)
71(11)

21%
AgBr size (nm)
9(4)
17(9)
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(a)

(c)

(b)

(d)

Figure 5-2: TEM images of micro sections of the solid AgBr/NPVP composites. (a) 1:2
AgBr/21% NPVP, (b) 1:1 AgBr/21% NPVP, (c) 1:2 AgBr/43% NPVP, and (d) 1:1
AgBr/43% NPVP.

5.2.3 Characterization of AgBr/Polymer Composites
Energy dispersive X-ray spectroscopy (EDS) and powder X-ray diffraction
(XRD) were employed to establish the chemical identity of the observed nanoparticles.
EDS spectra of the composite sections were taken during TEM imaging. The electron
beam was focused on an approximately 100 nm x 100 nm particle rich region and
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backscattered X-ray information was collected to get qualitative elemental information
about the composite sections. The EDS spectra showed the presence of significant
amounts of silver and bromine (Figure 5-3) consistent with the presence of AgBr
nanoparticles. The sulfur signal is from the para-toluenesulphonate counterion.

Br Lα

Cu Kα

Ag Lα

Cr Kα

Br Kα

Fe Kα
Cu Kβ

Cr Kβ
Fe Kβ

0

keV

Br Kβ
10.0

Figure 5-3: Energy Dispersive X-ray spectra (EDS) of
1:1 AgBr/43% NPVP
microsection showing the presence of significant amounts of Ag and Br.

To establish whether the nanoparticles were those of AgBr or some other silver
species like oxide or metallic silver, XRD spectra of 1:1 AgBr/43% NPVP and 1:1
AgBr/21% NPVP were recorded. The XRD diffraction patterns (Figure 5-4) are
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consistent with the presence of cubic AgBr (Bromargyrite, Z = 4, space group Fm-3m).
[39]
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Figure 5-4: X-ray diffraction pattern of (a) 1:1 AgBr/43% NPVP composite having an
average AgBr particle size of 71 nm (b) 1:1 AgBr/21% NPVP composite having an
average AgBr particle size of 17 nm.

To quantify the amount (weight%) of AgBr present in the composites,
thermogravimetric analysis of the 1:1 and 1:2 AgBr/21% NPVP composites were
performed using a heating rate of 20 °C/min under an argon flow of 100 ml/min. The
sharp weight loss between 250 to 400 °C corresponds to the decomposition of the
polymer matrix, leaving back AgBr residue (Figure 5-5). Pure 21% NPVP polymer left
negligible residue as char (2%). After accounting for 2% of residual char due to the
polymeric NPVP matrix, the weight percent of AgBr in the 1:1 composite was estimated
to be 18% (80% weight loss between 200 and 450 °C), and 12% (86% weight loss
between 200 and 450 °C) for the 1:2 composite. This was in good agreement with
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theoretically calculated values of residual AgBr in the 1:1 and 1:2 composites (19.9 and
11.7 wt%, respectively). Thus, the precipitated AgBr is quantitatively embedded inside
the polymer matrix during the synthetic step and is not lost as some soluble species.

100

Weight (%)

80
60
40
20

(a) 80%
(b) 86%
(c) 98%

0
0

100

200

300

400

500

Temperature (°C)
Figure 5-5: Thermogravimetric analysis curves showing % weigh loss between 200 and
450 oC (a) 1:1 AgBr/21% NPVP, (b) 1:2 AgBr/21% NPVP, and (c) pure 21% NPVP.
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5.2.4 Antibacterial Activity Towards Surface and Airborne Bacteria
A modified Kirby Bauer disc diffusion technique as described previously by
Melaiye et. al. [24] was used to probe the bactericidal effect of the composites. Identical
sized filter papers were coated with same amounts of AgBr/43% NPVP composites
solutions in methanol and were dried. These filter papers were then placed on bacteriainoculated agar plates and were visualized for antibacterial activity after incubating
overnight. The bacteria spread on agar plates closely resemble real world situations in
which pathogenic bacteria are often present on receptive nutrient surfaces in biomedical
implants, medical devices or food packaging surfaces. The NPVP/AgBr composites
placed on the bacteria inoculated surfaces killed all the bacteria under and around them.
We observed distinct zones of inhibition (clear areas with no bacterial growth) around the
composite samples for both E. coli and B. cereus (Figure 5-6). High bacterial growth as
indicated by bacterial growth lawn (large indistinguishable collection of colonies) was
observed everywhere else. Also no bacterial growth was observed under/within the
composites. Controls consisting of sodium para-toluene sulfonate and 21% and 43%
NPVP impregnated filter papers exhibited no zones of inhibition. The poor solubility of
43% NPVP in LB broth, coupled with slow diffusion of the comb-shaped polymer
macromolecule through solid agar results in the lack of a zone of inhibition. On the other
hand Ag+ ions are highly soluble in LB broth and can diffuse readily, thereby exhibiting
clear zone of inhibition. However 43% NPVP does kill bacteria in presence of liquid LB
broth, although much less effectively than AgBr/NPVP composites (Table 5-3).
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(a)

(b)

(c)

(d)

(e)

Coated

Uncoated

Figure 5-6: Antibacterial activity of AgBr/NPVP composites. Zone of inhibition is indicated
by arrows. (a) 1:2 AgBr/43% NPVP composite-coated paper placed on LB-agar plate
inoculated with E. coli showing a comparatively large zone of inhibition, (b) 1:1 AgBr/43%
NPVP composite showing a comparatively small zone of inhibition, (c) 1:2 AgBr/43% NPVP
composite-coated paper placed on LB-agar plate inoculated with B. cereus showing a
comparatively large zone of inhibition, and (d) 1:1 AgBr/43% NPVP composite showing a
comparatively small zone of inhibition. (e) Glass slide coated with 1:1 AgBr/21% NPVP and
sprayed with airborne E. coli mist also exhibiting a zone of inhibition. E. coli colonies can be
seen in uncoated area.

We also tested the ability of these composites to serve as antibacterial coatings on
surfaces. The antibacterial activity of coated glass slides towards airborne E. coli was
tested using a slight modification of assay described by Tiller et. al.[31] Glass slides were
partially coated by evaporating 3 × 50 μL of 5 wt % composite solution in methanol.
Airborne E. coli bacteria were then sprayed on the surface of the coated discs and
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bacterial growth was visualized after overnight incubation in LB agar. No bacterial
growth was observed on top of the coatings, as well as adjacent to the coatings (zone of
inhibition) (Figure 5-6). Bacterial growth was seen on uncoated glass surface as indicated
by the presence of colonies. In both the Kirby Bauer testing with composite-coated paper
and glass slide testing, the observed zone of inhibition is a result of the leaching of active
biocidal species Ag+ ion from the embedded AgBr nanoparticles present in the composite
into the surrounding aqueous medium. The presence of the inhibition zone clearly
indicates that the mechanism of the biocidal action of the composite is not merely due to
membrane disruption by the amphiphilic NPVP but also due to the leached Ag+ ion.
The size of the zone of inhibition for different AgBr/43% NPVP composites are
given in (Table 5-2). Interestingly, the size increased with decrease in the size of the
AgBr nanoparticles. We attribute this to higher rate of leaching from the smaller particles
due to their higher surface to volume ratio. Thus, it is possible to control the leaching rate
of Ag+ ion by varying the size of the embedded AgBr particles.

Table 5-2: Correlation of the size of the zone of inhibition with the AgBr particle size in
AgBr/43% NPVP composites. The standard deviations are given in parenthesis.
AgBr size
(nm)
10(4)
71(11)

Zone of inhibition E.
coli (mm)
3.1(0.1)
1.9(0.2)

Zone of inhibition B.
cereus (mm)
2.3(0.7)
0.9(0.1)

Atomic emission spectrometry further indicated that for same weight of AgBr,
composites with smaller AgBr nanoparticles produced a higher concentration of Ag+ ions
in the surrounding medium than composites with larger AgBr nanoparticles. 1:1 and 1:2
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AgBr/43% NPVP composites were selected for this study due to the size difference in
AgBr nanoparticle present in them (71 nm and 10 nm respectively). TGA analysis of
composites indicated presence of 18.9 wt% AgBr in 1:2 composite and 28.3 wt % AgBr
in 1:1 composite. Measured weights of 1:1 and 1:2 AgBr/43% NPVP composites were
incubated with calculated volumes of LB broth, such that the ratio between the volume of
LB broth (mL) and weight of AgBr (g) was kept constant. The concentration of soluble
Ag+ in broth was then measured by emission spectrometry. The 1:2 composites
generated a higher average soluble Ag+ concentration of 3.65±0.47 ppm/ g AgBr,
whereas 1:1 composite generated a smaller soluble Ag+ concentration of 2.84±0.44 ppm /
g AgBr. Thus higher concentration of soluble species were generated from the 1:2
composite (AgBr size, 10 nm) than from the 1:1 composite( AgBr size, 71 nm).

5.2.5 Antibacterial Activity Towards Water Borne Bacteria
The relative antibacterial activities of AgBr/NPVP composites, NPVP alone, and
AgBr alone towards gram-negative E. coli and gram-positive B. cereus were studied in
aqueous LB broth using the minimum inhibitory concentration (MIC) test. A standard
testing protocol for water insoluble antimicrobials was used. [40] MIC is the lowest
concentration (μg/mL) at which a compound will kill more than 99% of the added
bacteria. A lower MIC corresponds to a higher antibacterial effectiveness. Different
weights of AgBr/NPVP composites, NPVP alone and AgBr alone, corresponding to
anticipated MIC values of 50 to 10,000 μg/ml were incubated with E. coli and B. cereus
in aqueous LB broth. Bacterial growth was studied by visually inspecting the LB broth
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for turbidity (bacterial growth causes clear LB broth to turn turbid). Lack of turbidity
may correspond to either very low bacterial growth (bacteriostatic effect) or complete
killing of bacteria (bactericidal effect). To establish whether the composites were
bacteriostatic or bactericidal, 100 μL aliquots were taken from the incubated LB broth
and were plated on nutrient agar plates. The plates were then incubated at 37 °C (E. coli)
or 30 °C (B. cereus) for 16-20 h and colonies were counted. Bacterial colonies indicate
the presence of live bacteria in the aliquots which were plated. If the material being tested
doesn’t kill but inhibits the growth of bacteria (bacteriostatic), bacteria will grow when
removed from the solution containing the material and the colonies will be observed upon
plating the aliquot. If the material being tested is bactericidal, no bacterial colonies would
be observed upon plating. The results are given in (Table 5-3). All the AgBr/NPVP
composites were bactericidal at MIC of 50 μg/ml. AgBr alone was bactericidal at MIC of
100 μg/ml. 21% and 43% NPVP were antibacterial at a much higher MIC values of 1000
and 250 μg/ml, respectively. Poly(4-vinylpyridine) and sodium para-toluenesulphonate
were ineffective even at 10,000 μg/ml and showed large bacterial growth. Clearly, the
AgBr/NPVP composites exhibit a higher antibacterial activity than 21% or 43% NPVP
polymer alone for both E. coli and B. cereus. These tests also support the dual action
mechanism of antibacterial activity viz. the bactericidal effect of Ag+ and membrane
disrupting effect of the amphiphilic cationic polymer.
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Table 5-3: Comparison of the antibacterial activity (minimum inhibitory concentration,
MIC) of AgBr/NPVP composites, NPVP, and AgBr alone towards gram-negative E. coli
and gram-positive B. cereus.
Sample

1:2
AgBr/21%
NPVP
1:1
AgBr/21%
NPVP
1:2
AgBr/43%
NPVP
1:1
AgBr/43%
NPVP
21% NPVP
43% NPVP
AgBr
1

MIC
(μg/ml)

LB broth turbidity
after 18 h of
incubation1
E. coli
B. cereus
clear
clear

Colonies on agar
plate after plating
100 μL of aliquot
E. coli
B. cereus
None2
None2

E. coli
50

B. cereus
50

50

50

clear

clear

None

None

50

50

clear

clear

None

None

50

50

clear

clear

None

None

1000
250
100

1000
250
100

clear
clear
clear

turbid
clear
clear

453
113
None

Lawn4
none
None

LB broth before incubation was clear with bacterial concentration of 5 × 105 cfu/ml;
after 18 h incubation clear = no bacterial growth, turbid = large bacterial growth. 2No
colonies imply the material is bactericidal. 3Visible colonies imply the species is
bacteriostatic at the given concentration. 4Lawn denotes a large indistinguishable
collection of colonies indicating high bacterial growth in the plated aliquot.
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5.2.6 Long Lasting Antibacterial Activity of AgBr/Polymer Composites
One of the original premise of incorporating AgBr in our polymer system was that
it would retain activity for extended periods due to limited solubility of silver bromide.
We decided to test this outcome by studying the antibacterial properties of the materials
in aqueous LB medium over an extended period of time. Solid 1:1 and 1:2 AgBr/21%
NPVP composites, 21% NPVP alone, and AgBr alone in LB broth were inoculated daily
with freshly grown bacteria. At the end of each inoculation/incubation cycle (18-20 h) the
LB broth was inspected for bacterial growth (turbidity). 100 μL of the medium was then
plated on LB agar plates and incubated to visualize bacterial colonies. This was done to
differentiate between bactericidal and bacteriostatic effect in cases where LB broth was
still clear. At the end of each daily cycle, the old LB broth was discarded and fresh LBbacteria suspension was added. This protocol allowed us to unambiguously test the
ability of the composites to generate sufficient amounts of bio-available Ag+ ion each day
without getting depleted. Bio-available silver released each day would be removed with
the old LB and the ability of the composite to generate more active species would be
tested. Simply adding fresh bacteria without removing the old LB solution would not
prove the ability of the composites to generate active silver species as silver was not
being removed from the medium. As can be seen in (Table 5-4), both the 1:2 and 1:1
AgBr/21% NPVP composites were completely bactericidal (no colony formation on
plating) until 17 d. AgBr was bactericidal for the first two inoculations, bacteriostatic
from day 3 – day 15 (i.e. LB broth remained clear but colonies were observed on plating),
and was ineffective from day 15. Thus clearly both the 1:1 and 1:2 AgBr/21% NPVP
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composites sustained a sufficient concentration of bioavailable Ag+ ions in the medium
for days to kill both E. coli and B. cereus. It is interesting to note that even though the
tested AgBr/21% NPVP composites had a lower amount of AgBr per ml of bacterial cell
suspension (90 and 60 μg/ml encapsulated AgBr in the composites vs. 250 μg/ml for
AgBr alone), the composites were bactericidal for a longer period amount of time than
AgBr alone. 21% NPVP alone was bacteriostatic on day 1 and was ineffective after that.
The reason for this short duration of 21% NPVP can be explained as follows: The
mechanism for antibacterial action of cationic NPVP polymers is bacterial membrane
disruption by the polymers. Also NPVP polymers have been shown to have bacteria
adsorbing effects (capture of negatively-charged bacteria by cationic polymer). Once the
polymer kills/captures the bacteria, the cell membrane remnants/dead bacteria
presumably remain tightly adsorbed on the polymer surface preventing further
antibacterial action. In contrast AgBr/NPVP composites continue to release Ag+ ions into
the medium even after the surface is completely covered by dead bacteria, thereby
showing long lasting activity.
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Table 5-4: Comparison of extended antibacterial activity of AgBr/21% NPVP composites
with that of AgBr and 21% NPVP alone.
Sample

1:1
AgBr/21%
NPVP
1:2
AgBr/21%
NPVP
AgBr
21%
NPVP
1

Conc.
of
sample
in 4mL
LB
broth
(μg/ml)
500

Conc.
of
AgBr1
(μg/ml)

Day
1

E. coli growth
Day
Day
3
17

B. cereus growth
Day
Day
Day
1
3
17

90

-

-

-

-

-

-

500

60

-

-

-

-

-

-

250

250

-

+++

-

0

+
(169)

+++

+
(209)

+
(154)
+++

+++

1000

+
(107)
+++

+++

1:1 and 1:2 AgBr/21% NPVP composites have 18 weight% and 12 weight% of AgBr,
respectively as shown by TGA. 2Cell growth was quantified by visual inspection (LB
broth turbidity) and by counting colonies after plating 100 μL of broth. - = no growth
indicating bactericidal effect; + = LB broth clear, bacteriostatic effect with the number of
colonies observed on plating of aliquot given in parenthesis; ++ = LB broth clear, number
of colonies observed on plating of aliquot too large to count. +++ = LB broth turbid, lawn
of colonies observed on plating of aliquot.
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5.2.7 Bacterial Kill Rates of AgBr/Polymer Composites
An effective antimicrobial material should not only kill bacteria for extended
periods, it should kill microbes rapidly. The kinetics of antibacterial activity of different
composites and polymers towards E. coli was investigated. The AgBr-containing
composites are antibacterial because of the leaching of Ag+ ion and the membrane
disrupting property of the amphiphilic cationic polymer. The antibacterial kill rates of 1:1
AgBr/43% NPVP and 1:1 AgBr/21% NPVP composites were compared with those of
ionic silver species and cationic polymers alone. Known amount of each species i.e. 1:1
AgBr/43% NPVP, 1:1 AgBr/21% NPVP, 43% NPVP, 21% NPVP, AgNO3 and AgBr
were separately incubated with 4 ml E. coli. in LB broth in 15 ml culture tubes (E. coli
concentration, 5 × 105 cfu/ml) to yield a series of suspensions. Aliquots from each
suspension were withdrawn at set time intervals, plated on to LB-agar plates and
incubated overnight. Colonies formed after overnight incubation were counted and these
corresponded to the number of live bacteria in each suspension at the time of aliquot
withdrawal. A plot of colony forming units (cfu/mL) of E. coli versus time was
constructed (Figure 5-7) to visualize the kill rates of each species. As Figure 7 shows, the
composites had a much faster bacterial suppression rate at a lower equivalent
concentration (faster reduction in number of colony forming units with time) than both
the polymers and AgBr alone. The 1:1 AgBr/21% NPVP composite has a slightly faster
suppression rate than 1:1 AgBr/43% NPVP composite. This is again due to the smaller
AgBr particles in 1:1 AgBr/21% composite leaching at a faster rate. Interestingly, the
kinetics for both the composites were nearly as fast as that for water soluble AgNO3. The
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advantage of the composites lies in their extended time-release properties. Thus by
encapsulating AgBr nanoparticles in the cationic amphiphilic polymer matrix one can
achieve both fast, as well as long-lived, antibacterial effectiveness.

4

cfu/mL X 10 for E. coli

50

(a) 1:1 AgBr/43%NPVP
(b) 1:1 AgBr/21%NPVP

25

(c) 43% NPVP
(d) 21% NPVP
(e) AgNO3
(f) AgBr

0
0

50

100

150

200

250

Time (min)

Figure 5-7: Kinetics of antibacterial activity of different silver species and polymers
towards E. coli. Concentration of each species in LB broth-bacterial suspension was as
follows (a) 100 μg/mL (contains 18 μg/mL of AgBr) (b) 100 μg/mL ( contains 12 μg/mL
of AgBr) (c) 250 μg/mL (d) 1000 μg/mL (e) 18 μg/mL - molar equivalent of silver
present in 1:1 AgBr/43% NPVP (f) 100 μg/mL.
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5.2.8 Performance of AgBr/Polymer Composites in Mammalian Fluids
A major concern of the health industry is surface-centered infections associated
with implants and biomedical devices coming in contact with body fluids. Hence we
decided to briefly investigate the antibacterial activity of AgBr/NPVP composites
towards methicillin resistant Staphylococcus aureus after exposure to mammalian fluids.
S. aureus is a clinically relevant gram-positive bacterium which is difficult to kill, and
has been implicated in a range of infections related to biomedical device and implant use
in human patients.[41] Different weights of AgBr/NPVP composites and NPVP alone
corresponding to anticipated MIC values of 50 to 10,000 μg/ml were incubated with
human serum and human saliva, for 5 h at room temperature. A suspension of methicillin
resistant S. aureus (5 × 105 CFU/mL) in minimum essential medium (MEM) containing
30% v/v human serum was then added to the composites. The contents were incubated
for 18-20 h to allow bacterial growth. To quantify the bacteriostatic or bactericidal effect,
100 μL aliquots were plated on nutrient agar plates and incubated at 37 °C for 16-20 h.
Plates were then visually inspected for any colony formation. Bacterial colonies indicate
the presence of viable bacteria in the aliquots which were plated. The results are given in
(Table 5-5). All the composites retained antibacterial activity after exposure to
mammalian fluids. Polymer controls: 21% and 43% NPVP were completely ineffective
in killing bacteria after exposure to human serum. Presumably negatively charged
proteins and macromolecules in human serum tightly bind to the cationic polymers,
thereby deactivating them towards membrane disruption of bacteria. However in case of
AgBr/NPVP composites, Ag+ ions are still generated and the composites exhibit potent
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antibacterial effect. However, the composites are more active in the absence of
mammalian fluids; composites exhibited a MIC of 50 μg/ml towards S. aureus in LB
broth. This decrease in activity in presence of mammalian fluids may be attributed to the
partial capture of soluble biocidal Ag+ ions by coordinating groups (thiols, acids, etc) of
proteins and other macromolecules present in mammalian fluids.

Table 5-5: Antibacterial activity of AgBr/NPVP composites towards S. aureus after
exposure to mammalian fluids.
Sample

Human Serum

Human Saliva

AgBr/21%
NPVP and
AgBr/43%
NPVP
composites
43% NPVP
21% NPVP

Bactericidal1 at 150 μg/ml;
Bacteriostatic2 at 100 μg/ml

Bactericidal1 at 100 μg/ml;
Bacteriostatic2 at 50 μg/ml

Lawn3
Lawn3

Bactericidal1 at 1000 μg/ml
Bactericidal1 at 5000μg/ml

1

Bactericidal: < 10 colonies observed after plating 100 μL; sample kills > 99.99%
bacteria at the given concentration. 2Bacteriostatic: ~ 300-400 colonies observed on
plating100 μL; sample kills/inhibits growth of >98% bacteria. 3Lawn denotes a large
indistinguishable collection of colonies on agar plate indicating high bacterial growth in
the plated aliquot; the sample is not active at 10,000 μg/ml.
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5.2.9 Ability of Composites to Prevent Biofilm Formation
The ability of AgBr/NPVP composite coated surfaces to resist biofilm formation
was evaluated using scanning electron microscopy(SEM), a well known technique to
study biofilm formation.[42] Pseudomonas aeruginosa is gram-negative bacteria which is
widely present in the environment and is known to form tough biofilms on most
surfaces.[43] P. aeruginosa biofilms have been implicated in chronic lung infections in
patients suffering from cystic fibrosis.[44]Glass surfaces were coated with 1:1 AgBr/21%
NPVP, and 21% NPVP alone. These were then incubated for 24-72 hours with P.
aeruginosa suspension (1 × 107 CFU/ml) in LB broth. Fresh bacterial suspension was
added after every 24 h. The coated slides were removed from the bacterial suspension
after 24 h, 48 h and 72 h; and SEM images of surfaces were recorded after fixation to
study extent of biofilm formation. Extensive biofilm formation was observed on 21%
NPVP coated surfaces (Figure 5-8). Nearly the entire surface was covered with compact
bacterial biofilm after 48 h of incubation. No biofilm formation was observed on 1:1
AgBr/21% NPVP coated surfaces after 72 h (Figure 5-8). Although a few bacteria were
found scattered all over the surface, no colonization or bacterial aggregation was
observed for the silver-containing composite. The cationic polymer-21% NPVP will
initially kill bacteria in immediate contact with its surface due to its membrane disrupting
effect. However, dead cells and cellular debris adhering to the positively charged polymer
surface would attenuate any further membrane disrupting action. Moreover dead cells and
debris on surface of the polymer provides an organic conditioning layer – a necessary
first step in biofilm formation. Hence a compact biofilm forms on 21% NPVP coated
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surfaces. In case AgBr/NPVP coated surfaces, constant diffusion of Ag+ ion creates an
antibacterial zone extending some distance beyond immediate surface, and hence
prevents biofilm formation.

(a) 21% NPVP 24 h

(c) AgBr/NPVP 24 h

(b) 21% NPVP 48 h

(d) AgBr/NPVP 72 h

Figure 5-8: SEM image of coated glass surfaces after incubation with P. aeruginosa. (a),
(b) Biofilm on 21% NPVP coated glass surfaces after 24 and 48 h incubation. Dense
collection of rod shaped bacteria can be seen colonizing the surface. (c) (d) No biofilm
formation observed on 1:1 AgBr/21% NPVP coated glass surfaces even after 72 h
incubation. Scale bar is 10 μm.
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5.3 Conclusion
We discovered a novel highly potent dual action antibacterial composites
consisting of a cationic polymer matrix and embedded silver bromide nanoparticles. A
simple and novel technique of on-site precipitation of AgBr was used to synthesize the
polymer-nanoparticle composites. These composites are different from other silver
containing antibacterial materials both in the ease of synthesis and in the use of a silver
salt nanoparticle instead of elemental silver or complex silver compounds. The
composites were capable of killing both gram-negative and gram-positive bacteria on
surfaces and in solution. The kill rates of these composites were comparable to that of
highly active soluble silver salts. Additionally, the composites gave a sustained release of
biocidal silver ion in aqueous LB media and were bactericidal for days without loss of
activity. The rate of release of the biocidal Ag+ ion can be tuned by varying the size of
the polymer-embedded nanoparticles. The AgBr/NPVP composites retained their
antibacterial activity after exposure to mammalian fluids and also inhibited biofilm
formation. These composites may find use as antimicrobial coatings for a wide variety of
biomedical and general use applications. The on-site precipitation method described may
also have potential application in the synthesis of other kind of polymer-nanoparticle
composites having interesting optical, electronic and catalytic properties.
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5.4 Experimental

5.4.1 Materials and Instrumentation
Polyvinylpyridine (MW, 60,000), silver para-toluenesulphonate (99+%) and
sodium para-toluenesulphonate were purchased from Aldrich. 1-bromohexane (99+%),
methanol, nitromethane and dimethylsulfoxide (all ACS grade) were purchased from
Acros Organics. Bacterial growth media and agar were purchased from Difco. 1H and 13C
NMR spectra were recorded on a Brucker DPX-300 instrument. A Reichart-Jung Ultracut
E Microtome was used for sectioning the composite samples for TEM imaging. TEM
imaging and EDS analysis were done on a JEOL JEM 1200EXII electron microscope
equipped with an energy dispersive X-ray system operating at an accelerating voltage of
80 kV. X-ray diffraction spectra were recorded on a Philips X’Pert–MPD diffractometer
using monochromatized CuKα (λ=1.5418 Ao) radiation. Thermogravimetric analysis was
performed on a TA Instruments TA250 F unit under a 100 ml/min Argon flow. A JEOL
JSM5400 scanning electron microscope operating at 10 kV in high vacuum mode was
used for obtaining the biofilm images.

5.4.2 Synthesis of NPVP polymer
43% NPVP was synthesized by heating polyvinylpyridine (1.5 g, 0.014 mol) in
25 mL nitromethane with 0.5 equivalents of 1-bromohexane (1.17 g, 0.007 mol) at 60 °C
for 24 h. The polymer was isolated by precipitation in diethyl ether and dried under
vacuum for 24 h. Yield: 2.4 g, 90%. A similar procedure was followed to synthesize the
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21% NPVP. The degree of N-alkylation was determined by 1H NMR peak ratios. 1H
NMR (300 MHz, DMSO-d6, ppm): 8.95 (br, 2H) , 8.26 (br, 2H), 7.66 (br, 2H), 6.70 (br,
2H), 4.54 ( br, 2H), 2.2 – 1.17 (br, 11H), 0.89 (br, 3H). 13C NMR (75 MHz, DMSO-d6,
ppm): 162.23, 150.34, 145.25, 127.76, 123.87, 60.68, 42.76, 35.63, 31.48, 26.04, 22.77,
14.74.

5.4.3 Synthesis of AgBr/NPVP polymer composites
To prepare the AgBr containing composites, NPVP (0.5 g) was dissolved in 5 mL
of dry nitromethane. Required amount of AgPTS was dissolved in 5 mL of a 1:1 (v/v)
mixture of dimethylsulfoxide/nitromethane. AgPTS solution was then added dropwise to
the stirring polymer solution over a time period of 15 min. The mixture was stirred for
another 30 min at room temperature. The polymeric composite was precipitated in diethyl
ether and was dried under vacuum for 24 h to yield a yellow solid. This solid was then
redissolved in methanol and the resultant solution was used to cast composite films for
antibacterial testing. For TEM imaging, pieces of solid polymer monoliths were sectioned
into thin slices using the ultracut microtome. XRD diffraction patterns were obtained on
finely ground solid composite samples placed on a glass holder.
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5.4.4 Atomic Emission Spectrometry
Ag+ ions concentration in broth was measured using a Leeman Labs RS 3000UV
inductively coupled plasma emission spectrophotometer (Argon Plasma, Ag 328.068 nm
excitation, Ag sensitivity of 0.005 ppm). 1:2 AgBr/21% NPVP (0.425 g, containing
0.080 g AgBr) and 1:1 AgBr/21% NPVP (0.279 g, containing 0.079 g AgBr) were taken
in 50 ml Corning polypropylene tubes. Required amount of LB broth was added to each
tube such that the ratio between volume (mL) of LB broth and weight (g) of AgBr
present in the composites was kept constant at 100:1 (8.00 ml for 1:2 AgBr/21% NPVP
and 7.90 ml for 1:1 AgBr/21% NPVP). The tubes were then incubated at 37 °C in a
shaker operating at 250 rpm. After 24 h, the suspension was filtered through a 0.2 micron
filter to remove solid insolubles, and concentration of soluble Ag+ ions in broth was
measured using the emission spectrophotometer. The observed concentration of Ag+ in
ppm was divided by the weight of AgBr present in the composite to get ppm of Ag+
generated per gram of AgBr present. This was repeated 2 more times for each composite,
and average of 3 measurements is reported.
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5.4.5 Biosafety Considerations
Bacteria are potentially hazardous (especially methicillin resistant S. aureus) and
care should be taken while working with them. Standard biosafety lab techniques were
followed while handling bacteria, human mammalian fluids and various media. Gloves
were used during all experimentation and any accidental spills were immediately
sterilized using 70% ethanol-water followed by bleach. Work area was also sterilized
with 70% ethanol-water after completion of work. Unused media and bacterial
suspensions were first deactivated with commercial bleach for 1 h before disposing in
biosafety bags. All material which had come in contact with bacteria e.g. pipette tips,
tubes, agar plates etc were also thrown in biosafety bags in tightly closed bins. Biosafety
bags were autoclaved for 2 h before final disposal

5.4.6 Bacterial Culture
Escherichia coli DH5-α (Clontech) were grown at 37 °C and maintained on LB
plates (Luria-Bertani broth, Lennox modification, with 1.5% agar). Bacillus cereus
UW85 (ATCC 53522, a kind gift of Dr. J. Handelsman) were grown at 30 °C and
maintained on LB plates. Staphylococcus aureus (ATCC BAA-811) and Pseudomonas
aeruginosa wild-type strain PAO1 were grown in LB broth at 37 °C for 18-20 h from
previously frozen inoculums. The relation between absorbance at 590 nm (OD590) and
colony forming units (CFU) per mL was determined using the plate count method as
described by Herigstad et. al.[45] This allowed the standardization of assay inoculums by
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measurements of OD590. Bacteria were cultured for 16-18 h in LB broth (Luria-Bertani
broth, Lennox modification), and cell counts were quantified by OD590 measurement.
The cultures were then diluted to the appropriate density in LB broth.

5.4.7 Kirby Bauer Testing
A modified Kirby Bauer disc diffusion method was used to study the antibacterial
activity of the composites.24 Square pieces of Whatman filter paper were coated with
respective composites and control solutions by placing 3 × 50 μL of a 5% w/v solution in
methanol on the paper and allowing the solvent to evaporate. Freshly grown bacteria
were diluted by LB broth to yield stock solutions having approximate concentration of 5
× 107 and 7 × 107 colony forming units per ml for E. coli and B. cereus respectively. 100
μL of this stock solution was plated on LB-agar growth plates (1% agar). The composite
and control-coated papers were placed on top of the inoculated agar plates and incubated
overnight at 37 °C for E. coli and 30 °C for B. cereus. Colonies were visualized the next
day and digital images of the plates were captured. Image J 1.34n, a free software
available by NIH was used to measure zone of inhibition in digital pictures of the plates.
A vernier caliper with an error of 0.1 mm was used for measurements.

5.4.8 Airborne Bacteria Testing
For surface testing of composite coating on glass, 150 μL of a 5 wt % composite
solution in methanol was coated on a glass slide. Saturated suspension of E. coli was
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centrifuged at 4000 rpm for 5 min. The cells were resuspended in nanopure water to yield
a concentration of 106 cfu/ml. A sterilized chromatography sprayer (General
Glassblowing, Richmond, CA) was used to spray a fine mist of the above cells
suspension onto the slides, which were then placed into empty polystyrene Petri dishes
(VWR, 100 x 15 mm) and air dried for five minutes. Autoclaved LB broth (with 1%
agar) that had been allowed to cool to approximately 40 °C was added to the bacteria
exposed slides. After the agar had solidified, the slides were incubated at 37 °C for 18 h
and colonies quantified.

5.4.9 Minimum Inhibitory Concentration Testing
Water insoluble compounds were assayed in a modified macrodilution broth
format.33 Compounds (~2-10 mg) were added to sterile polypropylene tubes, 14 ml
(Falcon) or 50 ml (Corning), and the appropriate volume of a solution containing
approximately 5 × 105 CFU/ml of E. coli or B. cereus in LB broth was added.
Compounds were tested in triplicate at final concentrations of 50, 100, 250, 500, 1,000
and 10,000 μg/ml. Negative control tubes contained only inoculated broth. The tubes
were incubated at 37 °C (E. coli) or 30 °C (B. cereus) with shaking at 250 rpm for 18-20
h. The visual turbidity of the tubes was noted both before and after incubation. Aliquots
from tubes (100 μl) that appeared to have little or no cell growth were plated on LB agar
plates to distinguish between bacteriostatic or bactericidal effects. These were incubated
at 37 °C (E. coli) or 30 °C (B. cereus) for 16-20 h and then colonies quantified.
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5.4.10 Extended Antibacterial Testing
Required amounts of solid samples (~2 mg) were added to sterile polypropylene
tubes, 14 ml (Falcon). 4 ml of a solution containing approximately 5 × 105 CFU/ml of E.
coli or B. cereus in LB broth was added and the tubes were incubated for 18-20 h at 37
°C (E. coli) or 30 °C (B. cereus) with shaking at 250 rpm. Turbidity was visually noted
after incubation was complete. Aliquots of tubes (100 μl) that appeared to have little or
no cell growth ( LB broth clear) were plated on LB plates. The plates were incubated at
37 °C (E. coli) or 30 °C (B. cereus) and then colonies quantified. The tubes were then
centrifuged at 400 rpm for 3 min to settle any possible piece of floating composite. The
old LB was then carefully decanted (composites and polymers were insoluble and
remained behind) and fresh bacterial suspension in LB (4 ml of 5 × 105 CFU/ml of E. coli
or B. cereus) was added. The cycle was then repeated as described above for 17days.

5.4.11 Bactericidal Kinetics Testing
Measured amounts of solid samples were added to sterile polypropylene tubes, 14
ml (Falcon). 4 ml of a solution containing approximately 5 × 105 CFU/ml of E. coli in LB
broth was added and the tubes were kept in a incubated shaker at 37 °C. The initial time
of addition of the LB- E. coli broth to the tubes was taken as zero and 10 µL aliquots
were withdrawn from each of the tubes at set time intervals. These aliquots were added
immediately to 990 µL LB broth which had been maintained at 4 °C to arrest further
bacterial cell division. This solution was further diluted by a factor of 10, and 100 µL of
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the final solution were plated on LB agar plates. The plates were incubated at 37 °C for
18-20 h and bacterial colonies were counted. A plot of CFU versus time was then plotted
(Figure 5-7).

5.4.12 Testing in Mammalian Fluids
Minimum Essential Medium (MEM) was purchased from GIBCO. Human serum
was purchased from Sera Care Life Science Inc. Saliva was provided by human donors.
Different weights of composites and polymers (0.4 – 2 mg) corresponding to MIC
concentrations of 50-10,000 μg/mL were added to sterile polypropylene tubes, 14 ml
(Falcon). Respective mammalian fluid (0.5 ml) – serum or saliva sufficient to cover the
composites was added to each tube and incubated at room temperature in a shaker at 500
rpm for 5 h. Then 4 ml of suspension of S. aureus (5 × 105 CFU/ml) in MEM containing
30% human serum was added, and tubes were incubated at 37 °C in a shaker at 250 rpm
for 18 h. 100 μl aliquots were plated on LB-agar plates, incubated at 37 °C for 16-20 h
and colonies were counted.

5.4.13 Biofilm Formation Testing
Glass surfaces (~ 1 × 1 cm) were coated with 3 × 150 μL of a 5 wt % of 1:1
AgBr/21% NPVP composite or 21% NPVP solution in methanol. Pseudomonas
aeruginosa was cultivated at 37 °C for 20 h in LB broth. It was then diluted with LB to
yield a final concentration of 1 × 107 CFU/ml. 5 ml of this bacterial suspension was
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transferred to sterile polypropylene tubes. Coated glass pieces were then placed in these
tubes for biofilm formation, and were incubated at 37 °C in a shaker at 250 rpm. Old
media was decanted and 5 mL fresh LB was added after every 24 h. Coated pieces were
removed after 24 h , 48 h and 72 h. The pieces were gently rinsed by dipping 3 times in
phosphate-buffered saline PBS (pH 7.4), and were placed in a fixative (1% v/v
glutraldehyde and 4% v/v formaldehyde) overnight. The pieces were then rinsed 3 times
with 0.1 M phosphate buffer and were then dehydrated in a series of acetone washes
(25% for 5 min, 50% for 5 min, 75% for 5 min, 90 % for 5 min, and 100% for 2 × 5 min).
Finally the samples were dried by CO2 critical point (BAL-TEC CPD 030 Critical Point
Drier), mounted on aluminum stubs, coated with gold/palladium and imaged in high
vacuum mode at 10 kV.
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Chapter 6
Novel Glass Binding Polymers with Reactive Methoxysilane Groups

6.1 Introduction
Polymer coatings on surfaces play a central role in large number of applications in
medicine, in biomaterials, in controlling surface interfacial properties and in synthesizing
novel surface responsive materials. [1] In this thesis one of the underlying themes has
been to generate surfaces having long lasting and renewable antimicrobial action. Coating
organic polymers on surfaces such as glass, ceramics and metals have been used to render
surfaces antimicrobial or anti adhesive. A wide variety of polymers and self assembled
monolayers have been used to modify surfaces, so as to display desired properties like
antimicrobial action [2],[3] or anti-adhesive action[4],[5]. However, a variety of
mechanisms lead to the eventual degradation and loss of the organic coating material
from the surface. These processes include poor interfacial adhesion due to incompatibility
between hydrophobic polymer and hydrophilic substrate, water seepage in between the
polymer-surface interface leading to loss of adhesion, cleavage of covalent bonds
anchoring the organic moiety to the surface, etc. Hence the design of coating materials
with strong adhesive properties is of vital importance in developing long-lasting and
durable antimicrobial surfaces. One method to increase durability of the polymer coating
is to covalently anchor the polymer to the surface of interest.
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Traditional methods used to anchor polymer chains to oxide surfaces consist of
(a) surface initiated polymerizations [6],[7],[8], (b) covalently linking polymer to
chemically modified surfaces [9], [10],[11], and (c) covalently linking polymers having
end-functionalized groups to surfaces[12]. These methods are schematically depicted in
(Figure 6-1). All of these methods suffer from one drawback or the other. In both surface
initiated polymerizations (a) and covalent binding of polymer (c), the coated surface has
to go through a complex chemistry to generate appropriate surface functionalities which
can react further. Moreover surface initiated polymerizations have to be performed in
tightly controlled conditions (absence of water, air). All these factors place severe
constraint on the type and size of the substrate being coated. Grafting end functionalized
polymers is inefficient and slow, as the chain end has to diffuse to the surface and react.
Also polymer films resulting from these methods usually have just a single point of
attachment to the surface and hence the grafted polymer chains may eventually break
away to expose the surface.
In this chapter, I describe a novel copolymer containing reactive methoxysilane
groups, which forms excellent and durable coating on oxide surfaces. Not only does the
polymer form multiple point covalent linkages to the surface, it also uses a cross-linking
methodology to form persistent interlinked coats. The coatings are retained even after
repeated washing with solvents, and remain antibacterial for extended periods of time.
Moreover this strategy can be used as a general technique to tailor any oxide (glass,
ceramic, metal) surface with durable coatings of a specific polymer of interest.
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Figure 6-1: Common methods used to covalently anchor polymer films to oxide surfaces.
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6.2 Results and Discussions

6.2.1 Synthesis of Glass Binding Polymers NPVP-Si
The general methodology entails incorporating reactive methoxysilane groups
into poly (4-vinylpyridine). Polyvinylpyridine was heated with bromopropyltrimethoxysilane and different haloalkanes (iodomethane or 1-bromohexane) to yield different glass
binding polymers 1, called NPVP-Si. (Figure 6-2)
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Figure 6-2: Schematics of the synthesis of glass binding polymer, NPVP-Si.

By varying the amounts of the haloalkane, we generated a library of different
NPVP-Si polymers, given in (Table 6-1). All the NPVP-Si polymers were soluble in
aprotic polar solvents like DMSO, nitromethane, methanol, etc. However after exposure
to ambient atmosphere, the polymer chains slowly cross-linked in a couple of days to
yield insoluble gels. Hence, these polymers were stored under dry nitrogen atmosphere.
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Table 6-1: Library of different glass binding NPVP-Si polymers.
Polymer
1#
1a
1b
1c
1d
1

R
C6H13
C6H13
CH3
CH3

x
85%
37%
4%
37%
4%

y
50%
85%
50%
87%

z
15%
15%
11%
13%
9%

H NMR spectrum of polymer 1# with peak assignments is shown in (Figure 6-3)

below. The amount of the silane (N-alkylation) was established by comparing peak
integration between the pyridine protons a & b, and the –OCH3 protons d.
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Figure 6-3: 1H NMR (400 MHz, DMSO-d6, ppm) of NPVP-Si polymer 1#.
13

C NMR of polymer 1# (75 MHz, DMSO-d6, ppm): 162.3, 158.1 147.8, 143.9,

127.0, 124.1, 58.9, 51.3, 48.3, 41.1, 30.9, 9.1.
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Heating polymer 1# with the required amount of 1-bromohexane yielded the
polymer 1b. 1H NMR spectrum of polymer 1b with peak assignments is shown in (Figure
6-4) below. The amount of the N-hexylation was established by comparing peak
integration of the pyridinium protons a’, and the –OCH3 protons d.
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Figure 6-4: 1H NMR (400 MHz, DMSO-d6, ppm) of NPVP-Si polymer 1a.

13

C NMR of polymer 1b (75 MHz, DMSO-d6, ppm): 163.4, 157.0 147.2, 142.2,

127.5, 123.6, 60.8, 57.1, 51.3, 48.3, 40.3, 31.7, 25.9, 22.4, 13.8, 8.3.

139
6.2.2 Cross-Linked Surface Anchored NPVP-Si Films
As characterized from 1H NMR, the NPVP-Si polymers had around 10-15% of
the reactive methoxysilane groups on the pyridinium side chains. It is well known that
methoxysilane groups condense irreversibly with free –OH or other –Si(OR)3 groups to
form strong Si-O-Si linkages[13]. This reaction is facile and is catalyzed by traces of
water, or added bases or acids. Hence NPVP-Si polymers can condense with free –OH
groups on oxide surfaces (glass, ceramics, metals, cellulosic material, etc) to covalently
anchor the polymer chains to the surface through Si-O-Si linkages. This is shown
schematically in (Figure 6-5) below. Moreover, methoxysilane groups on neighboring
polymer chains can further react with each other to form a uniform cross-linked polymer
network which remains covalently anchored to the surface. The use of a different crosslinking chemistry to form insoluble polymer coats on surfaces has been described
previously by Ryu et al. [14]
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Figure 6-5: Schematics of surface anchoring of NPVP-Si polymers by Si-O-Si covalent
bonds.
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For forming coatings, glass or silicon pieces were cleaned with Piranha
(H2SO4/H2O2), and solutions of the respective polymers in methanol/water (99/1) were
either spin coated or cast by spreading the polymer solution on surface and allowing the
solvent to evaporate. The substrates were then placed in oven set at 70o C for 1-3 hours.
The baking step promoted the condensation of the –Si(OMe)3 groups to yield Si-O-Si
covalent linkages both between the polymer and the surface, and in-between the polymer
chains. The surfaces were then washed exhaustively with methanol and water for up to 3
days. Finally, the silicon or glass pieces dried in nitrogen stream and kept in Teflon boxes
for further testing and characterization.
The proposed advantage of our method over more traditional methods of
anchoring polymers to surfaces can be gleaned from studying (Figure 6-6). Our
methodology is proposed to be superior over the existing methodologies of
functionalizing the surface with a silane followed by reaction with a polymer, [11] or
grafting polymer brushes by surface initiated polymerization [7] for several reasons. One
benefit is that the NPVP-Si polymer chains have multiple points of covalent linkages to
the surface, as compared to single point attachments in case of covalently grafted
polymer brushes – a vs. b (Figure 6-6). As a result the polymer chains remain anchored to
the surface even if one or more of the anchoring linkages break apart. Secondly, interchain cross linking produces a dense uniform multilayer coat structure rather than a
single layer of polymer attached to the surface – a vs. c (Figure 6-6). Hence the
multilayer cross-linked coatings which are covalently anchored to oxide surfaces are
expected to have long lasting durability. Our coating method is fast and can be applied to
coat nearly any oxide surface irrespective of shape and size. Also covalent attachment of
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the polymer to the surface does not require any toxic heavy metal catalysts (a vital
requirement for coating biomedical surfaces), and rigorously controlled conditions like
absence of oxygen and water.

Verses
(a) NPVP-Si
multipoint attachment
Crosslinked layers

(b) Grafted polymer brushes
single point attachment
no crosslinking

(c) Polymer monolayer
multipoint attachment
no crosslinking

Figure 6-6: Schematic comparison of surface anchored coatings of NPVP-Si with
traditional methods of attaching polymers to surfaces.

It is important that all the bonds linking the polymer to the surface are stable
under harsh conditions. The stability of the alkylpyridinium (N+-CH2) bonds was
confirmed by stirring a test pyridinium polymer viz. 45%C6 NPVP at pH 14 and 70o C
for 24 hours. NMR of the sample taken before and after this corrosive treatment showed
no significant changes in polymer structure, thereby indicating stability of pyridinium
linkages under harsh conditions. Therefore NPVP-Si polymers will likely remain linked
to surface even under harsh conditions.
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6.2.3 Coating Analysis: Ellipsometry and Contact Angle
Glass slides and silicon pieces were cleaned and were coated with
different NPVP-Si polymer solutions (0.5 wt % in 99/1 methanol/water). The coated
pieces were washed rigorously for 3 days with water and methanol. Ellipsometry was
carried out on polymer coated silicon substrates to determine the thickness of the polymer
coating. A thickness of ~ 20-30 nm was observed for single coats of different NPVP-Si
polymers. (Table 6-2) Contact angle measurements for deionized water also supported
the presence of organic polymer film on surface. (Table 6-2) Water contact angles were
consistent with the degree of hydrophobicity / hydrophilicity of the polymers. Coatings of
polymer 1d exhibited the lowest water contact angle among the four polymers. This was
to be expected since polymer 1d is most hydrophilic due to the presence of high amounts
of N-methylpyridinium groups. Hence by changing the chemical structure of the
polymer, one can in principle tailor the surface free energies of the substrate. This
methodology may be used to permanently modify and control the interfacial properties of
an oxide substrate.

Table 6-2: Ellipsometry and contact angle measurements of oxide substrates coated with
different NPVP-Si polymer.
Polymer
No coat
1#
1a
1b
1c
1d

Ellipsometry Thickness
(nm)
0
35
29
27
21
31

Contact Angle
(o degree)
11
51
59
63
41
33
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6.2.4 Coating Analysis: X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) was used to study the surface chemistry
of the polymer coatings. Glass samples were coated with different NPVP-Si polymers,
and XPS spectra were recorded after rigorous methanol/ water washing cycle. XPS
analysis indicated the presence of substantial polymer coating attached to the surface.
Surface elemental compositions of the polymers (atomic %) are given in (Table 6-3)
below.

Table 6-3: Surface elemental composition (atomic percentage) from XPS of some NPVPSi coated glass surfaces. Xt is the total amount of halogen.
1#
1b
1d

C
N
83.68 8.60
84.12 5.99
77.73 7.52

O
5.34
4.01
6.20

Si
Br
I
Xt
1.60 0.78 0.00 0.78
0.97 4.91 0.00 4.91
1.48 1.59 5.49 7.08

The observed and calculated (from polymer composition) atomic percentages
ratios of different elements for each polymer are given in (Table 6-4) below. It was
observed that for all NPVP-Si polymers, the theoretical N/Si and C/Si ratios observed by
XPS were lower that those calculated from the theoretical polymer compositions. This
suggests a possible surface enrichment of methoxysilane groups. This observation is
important because it suggests that the polymer coated surfaces may have additional silane
groups capable of reacting further. This could potentially yield interesting covalently
linked layer-by-layer assemblies of different NPVP-Si polymers, and is discussed later in
(Section 6.2.5). However, it should be mentioned that this surface enrichment of
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methoxysilane groups for polymers 1a and 1b was not obvious from contact angle
measurements (Table 6-2). Surfaces coated with polymers 1a and 1b had somewhat
higher contact angles of 59o and 63o, than what would be expected for a surface rich in
hydrophilic methoxysilane.

Table 6-4: Observed and calculated atomic percentage elemental ratios of NPVP-Si
coated surfaces from XPS analysis of polymer coated glass surfaces.
C/Nobs C/Ncal
9.7
7.9
1#
12.8
1b 14.0
8.4
1d 10.3

N/Siobs N/Sical
5.4
6.7
6.2
9.1
5.1
11.1

C/Siobs C/Sical
52.3
52.7
86.7
116.4
52.5
93.4

N/Xtobs N/Xtcal
11.0
6.7
1.2
1.0
1.1
1.0

6.2.5 Coating Analysis: Fourier Transform Infra Red Spectroscopy
Fourier Transform Infrared Spectroscopy (FTIR) was also used to characterize the
polymer films on surfaces. NPVP-Si polymer 1b was coated on cleaned silicon substrate.
The substrates were subjected to exhaustive washing cycles – 24 hour in methanol, 24
hours in water/ detergent, 24 hours with sodium bromide solution (to ion-exchange any
detergent ions that may have been present) and finally 24 hours with deionized water.
FTIR spectra of the same substrate before and after wash cycles were compared. FTIR
spectroscopy clearly indicated that polymer coating was chemically intact after the
rigorous washings (Figure 6-7). The polymer film formed is covalently anchored to the
surface, and is also cross-linked leading to additional stability of the coating. Both these
factors result in the formation of highly durable, solvent resistant polymer coatings on
surfaces.
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Figure 6-7: ATR-FTIR spectrum of coatings of 1b on silicon wafer (a) Spectrum of 1b
after methanol wash, and (b) Spectrum of 1b after rigorous detergent washing (c)
spectrum of pure poly(4-vinylpyridine) from IR database.
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6.2.6 Generation of Covalently Linked Layer by Layer Polymer Assemblies
As discussed earlier, XPS results had indicated a possible surface enrichment of
methoxysilane groups. Since the coated surfaces may have free silane groups, we decided
to explore the possibility of forming covalently linked layer by layer assemblies of
polymers on surfaces. Layer by layer assemblies of polymers is a well established
technique having a wide variety of applications in several areas. [15] Since a NPVP-Si
coated surface may have free reactive silane groups, one can expect the second coating to
covalently link with the underlying coating. This can be used to form assemblies of
chemically distinct polymers which are durable and are covalently linked to each other.
This strategy is highly generalized as the reactive pyridinium-methoxysilane group can
be easily incorporated into any free radical copolymer by reacting vinylpyridine with
different radical monomers e.g. vinyls, acrylates, cyanoacrylates etc. To prove this proof
of principle, we formed sequential layer by layer covalently linked polymer assemblies of
NPVP-Si polymers 1#, 1b and 1d. We coated glass surfaces sequentially with polymers
1d, 1# and 1b and studied the properties of the resulting surface. (Figure 6-8).
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Figure 6-8: Schematics of covalently linked, layer by layer assemblies of NPVP-Si
polymers on glass surface.

The surface properties after each sequential coating step were investigated using
ellipsometry, contact angle measurements and XPS. It was observed that each coating
step did indeed change the surface properties depending on the polymer being coated.
(Table 6-5) Ellipsometry indicated that the thickness of the coat increased incrementally
after each coat/wash step, indicating that the coated polymer was covalently attached to
the underlying polymer layer, and was not removed during the washing step. Moreover
the water contact angle after each coat/wash step was similar to that of the last polymer
coated, rather than the underlying polymer. Thus we were able to modify the existing
interfacial surface properties by covalently linking a new polymer layer at each step.
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Table 6-5: Ellipsometry thickness and water contact angle measurements of coated glass
surfaces after sequential deposition of different NPVP-Si polymers.

STEP 1
STEP 2
STEP 3

Polymer
Coated
1d
1#
1b

Ellipsometry Thickness
(nm)
23
37
59

Water Contact Angle
(o Degree)
33
51
59

XPS analysis of the surfaces after each step is given in (Table 6-6) below. XPS
results clearly indicated that surface compositions were changing after each coat/wash
step, supporting the covalent grafting of the new polymer. The XPS atomic percentages
were consistent with the presence of coating of the last polymer deposited. The surface
elemental atomic percentages after STEP 1 were similar to coatings of 1d alone. (ref.
Table 6-3) After step 2, the surface concentration of halide ions reduced drastically as the
coated polymer 1# has only ~ 15% of pyridinium bromide groups. Interestingly, although
1# does not have any I- ions, iodine signal was still observed in XPS spectra. This
suggested that the ions between the two layers (1d and 1#) are mobile, and some I- ions
migrated through to the surface. Surface elemental compositions after step 3 are similar
to those of polymer 1b alone.

Table 6-6: Surface elemental composition (atomic percentage) from XPS of coated glass
surfaces after sequential deposition of different NPVP-Si polymers.
STEP 1
STEP 2
STEP 3

Polymer
1d
1#
1b

C
77.7
83.2
82.8

N
7.5
9.4
5.9

O
6.2
4.9
5.4

Br
1.6
0.3
3.6

Si
1.5
1.5
1.3

I
5.5
0.6
1.0
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Hence, from contact angle measurements and XPS analysis, it is clear that the
property of the surface was similar to the last polymer coated. This indicated that the
coated polymer was completely attaching to and covering the previous polymer film. By
controlling the concentration of the coated polymer solution, one can in principle obtain
even thinner nanometer sized layer-by-layer assemblies of chemically distinct polymers.
These polymer assemblies would have the added advantage of being covalently linked,
while having the general applicability of using a wide variety of random copolymers.

6.2.7 NPVP-Si Coatings Containing Silver Bromide
Cationic amphiphilic pyridinium polymers have been shown to have membrane
disrupting properties and hence coatings of 1a and 1b are expected to be antibacterial due
to this effect. [2] In addition we also decided to incorporate silver bromide as an
additional antibacterial component. Silver bromide based antimicrobials have been shown
to have potent bactericidal activity towards a range of pathogenic bacteria. [16] AgBr was
incorporated into the polymer coatings by using the “on-site precipitation” technique
described in Chapter 5. (Figure 6-8). NPVP-Si polymer 1b was dissolved in methanol.
Required amount of AgNO3 (1/2 molar w.r.t. polymer bromide ions) was dissolved in
water. AgNO3 solution was then added dropwise to the stirring polymer solution over a
time period of 15 min. The bromide ion of the cationic polymer is precipitated as silver
bromide upon addition of the silver salt. The solvent composition of final polymer
solutions was 99% methanol-1% water.
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Figure 6-9: Synthesis of AgBr/NPVP-Si coated glass surfaces.

This colloidal solution was coated on glass slides and was baked at 70oC to give
composite films containing AgBr. The coatings had a yellow tinge. XPS was performed
on this coating to confirm the presence of silver. The elemental atomic percentages of 1:2
AgBr/1b composite films were C (74.1), N (6.6), O (14.0), Br (2.6), Si (0.9) and Ag
(2.0). The observed and calculated (from polymer composition and added AgNO3)
atomic percentages ratios between of different elements is give in (Table 6-7) below.

Table 6-7: Observed and calculated atomic percentage elemental ratios obtained from
XPS of 1:2 AgBr/NPVP-Si 1b coated glass surfaces.
C/Agobs C/Agcal
38.2
25.6

N/Agobs N/Agcal
3.4
3.0

Si/Agobs Si/Agcal
0.4
0.2

Ag/Brobs Ag/Brcal
0.7
0.5

We observed that the C/Ag and N/Ag atomic percentage ratios were higher than
those calculated from the starting polymer and added silver nitrate compositions
suggesting that silver was embedded inside the polymer film and was not exposed on the
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surface. XPS ratios also suggested that silane groups were again preferentially
segregating on the surface due to lower observed C/Si and N/Si ratios than those
calculated from theoretical compositions.
Characteristic Ag+ 3d binding energy lines were observed at 372.17 and 366.21
eV in the high resolution scan of AgBr/NPVP-Si 1b coated surfaces. The line positions
were consistent with those reported in literature for AgBr. [17] The antimicrobial
properties of coatings containing silver are discussed in (Section 6.2.9).

6.2.8 I-/OCl- Ion Exchange on NPVP-Si Coatings
In many types of coatings, the mode of antimicrobial action is leaching of a
biocidal species from the polymeric layer. [18],[19],[20] However depletion of the
species with time results in loss of antibacterial potency. One could, in theory replenish
the biocidal species thereby restoring antimicrobial potency. However in reality,
reintroducing the biocidal species which is usually an antibiotic, metal ion, peptide or
small molecule proves difficult and time consuming. Hence a simple method to renew the
surface bactericidal activity is a highly desirable goal. Ion-exchanging the biocidal
species can be one such simple method to replenish the activity. We decided to ion
exchange iodide ions of the polymeric coating with highly biocidal hypochlorite OCl- ion
(Figure 6-9). One could, in theory just wipe a coated surface with solution of commercial
bleach (NaOCl) to replenish the used OCl- ions by ion-exchange.
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Figure 6-10: Schematics of I-/OCl- ion-exchange on NPVP-Si 1d coated glass surfaces.

The hypochlorite anion is a well known oxidizing species which is known to kill
nearly every type of microorganism. [21] Bleach is widely used in homes and hospitals to
disinfect surfaces. NPVP-Si polymer 1d was coated on glass surfaces as described
before. Polymer coated glass/silicon pieces were dipped in 5% sodium hypochlorite for
2h to enable I-/OCl- ion exchange. These surfaces were found to be antibacterial (Section
6.2.9). However over time the polymer was degraded by the highly oxidizing OCl- ions
as shown by degradation of polymer signal in FTIR of ion-exchanged silicon surfaces.
Hence, the above strategy to generate persistently renewable antibacterial surfaces was
not successful using OCl- ions. However this strategy might work if one uses a less
oxidizing anion like triiodide (I3⎯), which is also highly biocidal. [22]
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6.2.9 Antibacterial Activity of NPVP-Si Coatings
Antibacterial activity of AgBr/NPVP-Si 1b coated glass pieces towards gram
negative E. coli was studied. A modified Kirby Bauer disc diffusion technique as
described previously by Melaiye et. al. [23] was used to probe the bactericidal effect of
the composite coated surfaces. E. coli (100 μL of 5 x 104 cfu/mL) were spread on
nutrient agar-LB plates. AgBr/1bNPVP-Si coated surfaces were then placed coating side
down on the bacteria-inoculated agar plates. The plates were incubate at 37oC and were
visualized for antibacterial activity after incubating overnight. The bacteria spread on
agar plates closely resemble real world situations in which pathogenic bacteria are often
present on receptive nutrient surfaces in biomedical implants, medical devices or food
packaging surfaces. The coated pieces placed on the bacteria inoculated surfaces killed
all the bacteria under and around them. We observed distinct zones of inhibition (clear
areas with no bacterial growth) around the coated pieces (Figure 6-11). Also no bacterial
growth was observed under the pieces. Controls consisting of uncoated glass and NPVPSi coated pieces exhibited no zones of inhibition. Ag+ ions slowly diffuse out into the
agar surface and kill E. coli cells in vicinity of the glass pieces. The slides retained
activity up to 7 days, after which testing was stopped.
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Figure 6-11: Antibacterial activity of AgBr/ 1bNPVP-Si coated glass slides towards
surface borne E. coli (a) Day 1 (b) Day 3 (c) Day 5.

We also tested the activity of coated surfaces towards airborne E. coli. Glass
slides were partially coated with AgBr/NPVP-Si 1b solutions as described before.
Airborne E. coli bacteria were then sprayed on coated surfaces and bacterial growth was
visualized after overnight incubation in LB agar. No colony growth was observed on the
part of glass slide which was coated (Figure 6-12). Bacterial growth was seen on
uncoated glass surface as indicated by the presence of colonies. The AgBr/NPVP-Si
coatings kill bacteria by biocidal Ag+ ion diffusion as mentioned before.
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Figure 6-12: Antibacterial activity of AgBr/NPVP-Si 1b coated glass slide towards
airborne E. coli.

Antibacterial activities of OCl- ion-exchanged slides were determined by a slight
modification of the above method. Polymer 1d was coated on glass surfaces as described
before. The surfaces were kept in a 5% bleach solution for 2 hours to ion exchange I- with
OCl-. E. coli (100 μL of 5 x 104 cfu/mL) was spread on nutrient agar-LB plates, and the
OCl- coated pieces were then placed coating side down on the agar surface for 3 hours at
37oC. During this period, OCl- ions slowly diffused out into the agar surface and killed E.
coli cells in contact with the coated glass piece. No such bactericidal effect would be
observed for uncoated surfaces. After 3 hours, the glass pieces were carefully lifted off
and the plates were incubated overnight to promote bacterial growth. Fewer colonies
were observed where the coated ion-exchanged glass piece was kept. (Figure 6-13). This
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clearly indicated that OCl- ions containing coatings killed the bacteria in contact.
Bacterial colonies were observed if just uncoated glass pieces were kept.

Figure 6-13: Antibacterial activity of coated surfaces towards surface borne E. coli (a)
AgBr/1b coating, (b) 1d-OCl- coating, (c) uncoated glass.

NPVP-Si 1d ion exchanged coatings were much less active than AgBr/NPVP-Si
1b coatings. The reason for their lower activity could be that some of the highly oxidizing
OCl- ions reacted and degraded the polymer, and fewer ions were left for killing bacteria.
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6.3 Conclusion
In summary we have demonstrated a novel methodology to form long
lasting coatings on oxide surfaces. These novel pyridinium-methoxysilane polymers form
strong Si-O-Si links to oxide surfaces, thereby anchoring the polymer chains at multiple
points. In addition, inter chain cross-linking of the methoxysilane groups provides
additional durability to these coating, and makes the coatings highly resistant to solvents.
By using precipitation chemistry (AgBr) we created persistent and durable antibacterial
surfaces. The use of ion-exchange strategy to create renewable antimicrobial surfaces was
developed. These antimicrobial polymer coatings may find several uses in settings like
hospitals, homes, industry, etc to make surfaces antibacterial. In addition, we synthesized
covalently linked layer by layer polymer assemblies from these novel silanol polymers.
These assemblies can have wide ranging applications in modifying surface interfacial
properties and creating novel surface-responsive materials.
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6.4 Experimental

6.4.1 Materials and Instrumentation
Polyvinylpyridine (MW, 60,000), silver para-toluenesulphonate (99+%) and
sodium para-toluenesulphonate were purchased from Aldrich. Iodomethane, 1bromohexane (99+%), sodium hypochlorite solution, methanol, nitromethane and
dimethylsulfoxide (all ACS grade) were purchased from Acros Organics. 1bromopropyltrimethoxy silane was purchased from Gelest. All solvents were rigorously
dried by distilling from CaH2 prior to use. Bacterial growth media and agar were
purchased from Difco. 1H and 13C NMR spectra were recorded on a Brucker DPX-300 or
CDPX-300 instrument. XPS spectra were recorded on a Kratos Analytical Axis Ultra
instrument. FTIR spectra were recorded on a Bruker IFS 66/s spectroscope. A Laurell
WS5000 spin coater was used for making polymer coatings on surfaces.

6.4.2 Synthesis of NPVP-Si polymer
All reactions were performed in inert atmosphere in a glove box. Poly (4vinylpyridine) (MW 60,000 from Aldrich) was dried for 3 days under vacuum at 60oC. 1g
polymer was then dissolved in 15 ml dry nitromethane (distilled from CaH2) and 0.35g of
1-bromopropyltrimethoxy silane was added to it. The contents were heated at 65oC for
5h. After this required amounts of the 1-bromohexane or iodomethane were added. The
contents were then heated at 65oC for 18 h. These polymers can also prepared by heating
poly (4-vinylpyridine) polymer with 1-bromopropylytrimethoxy silane and 1-
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bromoalkane in a single one- step reaction. The final polymers were precipitated in dry
ether, and were dried under vacuum for 2 days. Polymers were characterized by 1H and
13

C NMR. The polymers were stored under atmosphere of dry nitrogen to prevent inter

chain cross-linking.

6.4.3 Synthesis of AgBr/NPVP-Si Composites
NPVP-Si 1b was dissolved in methanol. Required amount of AgNO3 (1/1 or 1/2
molar w.r.t. polymer bromide ions) was dissolved in water. AgNO3 solution was then
added dropwise to the stirring polymer solution over a time period of 15 min. The solvent
composition of final polymer solutions was 99% methanol-1% water. This solution was
coated on glass slides and was baked to give composite films containing AgBr. The slides
had a yellowish color.

6.4.4 Coating Procedure
Glass and silicon surfaces were precleaned with piranha- 30%H2O2-70% H2SO4.
A 0.5wt% or 1wt% solution of the NPVP-Si polymer or AgBr/NPVP-Si composite was
made in 99% methanol-1%water. Various substrates were then coated by either using
spin coating (3000 rpm for 45 s) or by simply spreading 300 µL polymer solution and
allowing the solvent to evaporate. The substrates were baked in an oven at 70oC for 1-3 h.
The substrates were rinsed rigorously with methanol and water for 1-2 days, and were
dried for further tests.
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6.4.5 FTIR Measurements
ATR-FTIR was performed on polymer coated silicon samples. Silicon substrates
were coated as describe above. Measurements were first taken on freshly coated silicon
substrates. The substrate was subjected to exhaustive washing cycles – 24 h methanol, 24
h water/ detergent, 24 h with sodium bromide solution ( to ion-exchange any detergent
ions that may have been present) and finally 24 with deionized water. During each wash
step, solution was changed 2-3 times.

6.4.6 XPS Measurements
The XPS analysis was performed a Kratos instrument using a monochromatic Al
X-ray source (1486.7 eV) operated at 280 W and at a pressure of 10-9 Torr. The analysis
was performed at takeoff angles of 90o with respect to the sample surface plane, resulting
in an approximate sampling depth of 50 Ao. Quantification was performed using relative
sensitivity factors (RSFs) given by the instrumentation facility. XPS data processing was
carried out on CASAXPS software. The C-C carbon 1s peaks were shifted to 285.0 eV to
correct for any charging effects.

6.4.7 Antibacterial Activity Against Surface Borne Bacteria
100 µL of E. coli (5 x 104 cfu/mL) were spread on LB agar growth plates.
AgBr/NPVP-Si coated glass pieces were placed on top of the agar paltes. Plates were
then incubated at 37oC overnight. Colonies were visualized the next day and digital

161
images of the plates were captured. The glass pieces were carefully lifted of and rinsed
with ethanol, methanol and water sequentially. These washed and cleaned pieces were
placed on a new plate innnoculated with freshly grown E. coli. The process was repeated
for 7 days.

6.4.8 Antibacterial Activity Against Air Borne Bacteria
Glass slides were partially coated with AgBr/NPVP-Si 1b solution as described
before. Saturated suspension of E. coli was centrifuged at 4000 rpm for 5 min. The cells
were resuspended in nanopure water to yield a concentration of ~106 cfu/ml. A sterilized
chromatography sprayer (General Glassblowing, Richmond, CA) was used to spray a fine
mist of the bacteria suspension onto the slides, which were then placed into empty
polystyrene Petri dishes (VWR, 100 x 15 mm) and air dried for five minutes. Autoclaved
LB broth (with 1% agar) that had been allowed to cool to approximately 40 °C was added
to the bacteria exposed slides. After the agar had solidified, the slides were incubated at
37 °C for 18 h and colonies quantified. No colony growth was observed on the part of
glass slide which was coated.
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Chapter 7
Quantification of Carbon Dioxide Poisoning in Alkaline Fuel Cells

7.1 Introduction

7.1.1 Alkaline Fuel Cells
Alkaline fuel cells (AFC) are an attractive, non-conventional source of energy.
AFC offer several advantages over the more commonly used and researched proton
exchange membrane fuel cell (PEMFC). [1], [2],[3],[4] The kinetics of the electrode
reactions are superior in an alkaline environment (AFC) compared to acidic environment
(PEMFC) [5]. The inherently faster kinetics of the reactions in an alkaline fuel cell
allows the use of non-noble metal catalysts, like nickel, silver etc. [6],[7],[8],[9]. AFC
also exhibit much higher current densities and electrochemical efficiencies at comparable
temperatures over PEMFC. In addition, the liquid KOH electrolyte used in AFC is much
cheaper than the polymer electrolyte (Nafion) used in PEMFC’s Nafion membranes are
fragile, expensive and need constant humidification for proper functioning [10]. Water
management is also not a major issue with AFC as with PEMFC, thus allowing simplicity
in design and fabrication. AFC can be operated at a higher temperature (100°C -120°C),
thereby using the Arrhenius effect to the advantage and obtaining higher efficiencies.
PEMFC cannot be operated above 90°C due to problems with the hydration of the nafion
membrane. Moreover, AFC electrodes are stable and not prone to the poisoning caused
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by carbon monoxide (CO) which poisons the platinum catalyst of the PEMFC [10].
Hence, considering the cost and the simplicity of operation, AFC are more advantageous
as compared to PEMFC and have better prospects in the commercialization of fuel cells.

7.1.2 Carbon Dioxide Poisoning Problem in Alkaline Fuel Cells
Unfortunately, AFC are inherently plagued by the problem of carbon dioxide
poisoning which limits their use as air-breathing energy sources. The poisoning reaction
depletes the alkaline KOH electrolyte directly by the following reaction [11],[12],[13]:
CO2+ 2KOH (aq) Æ K2CO3 (aq) +H2O
This reaction reduces the number of hydroxyl ions available for reaction at the
electrodes. This conversion from hydroxide to carbonate also reduces the ionic
conductivity of the electrolyte solution increasing ohmic loses. In a very concentrated
electrolyte solution, it may also have the effect of blocking the pores of the gas diffusion
layer by the precipitation of K2CO3 salt [14]. However, Gülzow et al. reported that,
although carbon dioxide poisoning decreases an AFC performance, it does not cause any
degradation of the electrodes [15]. Therefore, the most probable reason for the decrease
in the cell performance is the change in electrolyte composition. Conversion of the
electrolyte, from KOH to K2CO3, by the absorption of carbon dioxide slows down the
rate of oxidation of fuel at the anode [5],[16]. The sluggish anode kinetics decreases the
performance of a fuel cell as a whole unless the electrolyte is being circulated
continuously. In addition, decreased electrolyte conductivity also increases the ohmic
polarization leading to lower cell efficiency.
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One of the major handicaps in studying and quantifying the CO2 poisoning in
AFCs is the length of time it takes to manifest when the cell is operated in ambient
atmosphere. Air has only 0.03% CO2, and hence the process of poisoning is very slow.
Typically a cell had to be run for several hundreds of hours before the poisoning effect
can be studied and quantified. Hence, a quick and efficient method to study and quantify
the poisoning effect is desirable for developing effective remediation measures. Here we
describe a method to study and quantify the carbon dioxide poisoning effect in AFC with
a non-circulating electrolyte under conditions of accelerated poisoning by operating the
fuel cell in atmosphere enriched in carbon dioxide. Using this method, the carbon
dioxide poisoning can be completely quantified in 2-5 hours. We have defined two
variable parameters, tmax and Rmax, which precisely describe the onset and the magnitude
of carbon dioxide poisoning in AFC. Consequently, the efficacy of a method (like
changing electrode catalyst or using filtration systems for carbon dioxide removal) to
decrease the carbon dioxide poisoning can be determined on the basis of these
parameters. We have also investigated the effect of electrolyte composition on the
performance of AFC. Additionally preliminary electrode polarization studies were also
carried out to understand the underlying electrochemical basis of the carbon dioxide
poisoning effect.
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7.2 Results and Discussions

7.2.1 Accelerated Testing Method for Studying CO2 Poisoning
Small bench top AFC with methanol as fuel was used in the experiments. To
enable accelerated study of CO2 poisoning on air breathing AFC, we designed a
controlled atmosphere chamber for the cell. The AFC could be operated in atmospheres
with known compositions of oxygen and carbon dioxide. A schematic of our
experimental setup is shown in (Figure 7-1). The chamber had an inlet for the gases
mixed in different ratios, and was maintained at a slightly positive pressure by dipping
the outlet 2cm deep in a bubbler. This was done to prevent any gases in the atmosphere
from leaking inside, and to maintain the chamber at a constant pressure. Appropriate
metal contacts were provided so the cell could be connected to an external load and an
electrochemical data recorder which were placed outside. Different volumes of oxygen
and carbon dioxide were mixed in known ratios using a gas proportioner (accuracy of 1 2%) and were introduced into the test chamber with the fuel cell operating inside. The gas
inlet pressure was kept constant in all runs. A load of known resistance was then applied
across the fuel cell and an automated electrochemical data recorder was used to measure
and record the cell current for approximately 5 hours at an interval of 4 seconds each.
Cell runs with carbon dioxide levels in the atmosphere at 5%, 15%, 25%, 30%,
50% and 80% v/v were carried out as described above. For every atmospheric
composition, an external load of 1.3 Ω was applied and the cell current was recorded. In
this way, we generated a data set of the fuel cell performances in different atmospheres of
carbon dioxide.
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Figure 7-1: Schematics of the experimental setup used for accelerated CO2 poisoning
experiments.

7.2.2 Accelerated Testing Parameters: tmax and Rmax
The current vs. time plots for a fuel cell running in air and in 85% O2-15% CO2 is
shown in (Figure 7-2). The plot of the fuel cell running in a carbon dioxide enriched
atmosphere has a sigmoid shape, which is a characteristic of the fuel cells undergoing
carbon dioxide poisoning without replenishment of the electrolyte. In the beginning,
when most of the electrolyte was KOH, the current output was 83 mA. As the poisoning
proceeded, current output decreased gradually for the first hour but then started falling
rapidly at around 1.5 hours. At the end of the run, the current stabilized at 15 mA and
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remained stable no matter how long the carbon dioxide enriched oxygen was fed into the
fuel cell. At this time, all the KOH had been completely converted to K2CO3.
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Figure 7-2: Current vs. Time plots for fuel cells running in air and 85% O2–15% CO2 at
298 K with an applied load of 1.3 Ω.

We have defined two parameters, tmax and Rmax, to describe the onset and the
magnitude of carbon dioxide poisoning in our system. The time at which the current
decay rate (dI/dt) was highest is referred to as tmax and the value of current decay rate at
this time is Rmax. The tmax and Rmax values for a fuel cell running in air and in 85% O215% CO2 are shown in (Figure 7-3), in which rate of current decay is plotted with time.
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Figure 7-3: Current Decay Rate vs. Time plot for the fuel cells running on Air (◊) and
85% O2–15% (□) CO2 at 298 K with an applied load of 1.3 Ω.

The value of the current decay rate was highest at 1.5 hours (tmax) and had a value
of 33.5 mA/hr (Rmax). Since the CO2 “poisoning” was negligible in the fuel cell running
in air (0.03% CO2), tmax and Rmax were essentially absent as shown in (Figure 7-3). This
the inverted bell shaped curve (Figure 7-3), was a characteristic for a fuel cell being
poisoned in an atmosphere enriched with CO2 and was observed in all accelerated
poisoning cell runs.
We then studied the dependence of tmax and Rmax on the atmospheric carbon
dioxide concentration. The quantities tmax and Rmax serve as important benchmarks to
compare the performance of an AFC. Any improvement in the cell performance (e.g. due
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to electrode modification, catalyst modification, electrolyte change etc) at a given
atmospheric composition and load will be reflected on the values of these quantities. If
the process or effect of poisoning is delayed, the value of tmax goes up and Rmax goes
down, accordingly. Study of these values would enable quicker screening of superior
alkaline fuel cells which are more tolerant to CO2.

7.2.3 Dependence of tmax on Carbon Dioxide Concentration
It is logical to think that tmax should vary inversely with the concentration of
carbon dioxide in the atmosphere. The value of tmax would be smaller for a faster rate of
poisoning i.e current would decay faster. Accordingly, as the percentage of carbon
dioxide in the atmosphere increases, the value of tmax decreases. (Figure 7-4) The same
fuel cell was operated in the controlled atmosphere chamber with different amounts of
carbon dioxide with an applied load of 1.3 Ω. All other experimental parameters were
kept identical for all runs.

172

4
3.5
3

tmax (hours)

Quasi-linear Region
2.5
2
1.5
1
0.5
0
0

10

20

30

40

50

60

70

80

90

%CO2 in Atmosphere

Figure 7-4: Dependence of tmax on the carbon dioxide concentration in the atmosphere at
298 K with an applied load of 1.3 Ω.

As shown in (Figure 7-4), tmax varied quasi-linearly with the carbon dioxide concentration
between 10% and 30%. tmax values decreased as the % of CO2 was increased in the
atmosphere. As the concentration went higher than 30%, the relation lost linearity and
eventually stabilized at 0.8 hours. The deviation from the linearity above 30% can be
explained by the fixed permeability of the carbon dioxide through the air cathode. Even
though the amount of carbon dioxide in the atmosphere increased, its entry into the cell
(electrolyte) was limited by the permeability of the air cathode. On the other hand, at
carbon dioxide concentrations below 10%, the plot again deviated from linearity and
touched the Y-axis asymptotically. The reason for the sharp increase in tmax values below
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10% is that, as the carbon dioxide concentration approaches zero, a fuel cell would take
an infinitely long time to degrade, consequently, tmax approaches infinity

7.2.4 Dependence of Rmax on Carbon Dioxide Concentration
The dependence of Rmax on the concentration of carbon dioxide in the atmosphere
was studied. Higher concentrations of carbon dioxide would lead to faster poisoning
rates i.e. larger Rmax values. (Figure 7-5) shows the variation in Rmax with atmospheric
carbon dioxide concentration when the applied load was 1.3 Ω. It is observed that Rmax
varied quasi-linearly with carbon dioxide concentration between 5% and 30% in the
atmosphere. As the concentration of carbon dioxide was increased further, the linearity
was lost and Rmax stabilized at approximately -65 mA/hour. This observation indicates
that at very high concentrations of carbon dioxide (> 60%), Rmax essentially becomes
constant at a specified load. The reason for this departure from linearity at high CO2
concentrations is similar to that observed with tmax in the preceding section, i.e. limited
permeability of the air cathode.
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Figure 7-5: Dependence of Rmax on the atmospheric carbon dioxide concentration at 298
K with an applied load of 1.3 Ω.

Thus, the above studies lead us to conclude that for any future testing of AFC
using the accelerated poisoning methodology, the best region to study the cell is between
10%–30% of carbon dioxide in the atmosphere, where Rmax and tmax vary linearly.
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7.2.5 Contribution of Methanol Oxidation to CO2 Poisoning
One possible complication in interpreting the results could arise because of the in
situ carbon dioxide production by the oxidation of the methanol. Since methanol was
used as the fuel, carbon dioxide was produced as a by-product of the anodic oxidation of
methanol according to the following reaction.
CH3OH + 6OH- Æ

CO2 + 5H2O + 6e-

Therefore, it is necessary to quantify the cumulative production of carbon dioxide
by the oxidation of methanol and separate its contribution to the total carbon dioxide
poisoning measured. We estimated the CO2 contribution from methanol by running the
AFC in a 100% O2 environment and measuring K2CO3 in the electrolyte resulting from
the CO2 poisoning solely due to methanol oxidation. We started each run with 1M of
KOH fresh solution as the electrolyte. At the end of the experiment, the electrolyte was
sampled out and its composition was determined using Winkler’s method of volumetric
hydroxide/carbonate estimation [17].
The time dependence of K2CO3 formed due to methanol oxidation at an applied
load of 1.3 ohm is shown in (Figure 7-6). The K2CO3 contribution increases linearly and
reaches up to 0.13M after 6 hours. Hence for the range of operating conditions in our
experiments (Load = 1 to 10Ω and %CO2 in atmosphere = 10% to 50%), the contribution
of the internally generated carbon dioxide in the total carbon dioxide poisoning was
determined to be between 6% and 14% depending on the CO2 concentration and the
applied load.
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Figure 7-6: Time dependence of K2CO3 formed/KOH remaining as a result of methanol
oxidation at an applied load of 1.3Ω and 100% O2 atmosphere.

7.2.6 Static Electrolyte Analysis
The variation in a cell performance is primarily attributed to the change in the
composition of its electrolyte with the progress in poisoning. Hence, we decided to study
the dependence of the current output of a cell on the compositional changes of its
electrolyte due to carbon dioxide poisoning. In static electrolyte analysis, we made
solutions of KOH (aq) and K2CO3 (aq) of determined molarities to mirror electrolyte
composition during different stages of poisoning. Using each mixture as an electrolyte,
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we measured the steady state current given by a fuel cell being operated in a 100% O2
environment. To simulate the compositional changes of the electrolyte in a fuel cell
undergoing poisoning, the mixtures were made in such a way that the conversion of 1
mole of KOH would give us 0.5 moles of K2CO3. The results of static analysis are
tabulated in (Table 7-1).

Table 7-1: Composition of different electrolytes in terms of KOH and K2CO3
concentrations and the steady state currents obtained using these mixtures as electrolytes.
Electrolyte
Mixture
Mix. 1
Mix. 2
Mix. 3
Mix. 4
Mix. 5
Mix. 6
Mix. 7
Mix. 8
Mix. 9
Mix. 10

KOH molarity KOH molarity
1.0
0.87
0.8
0.6
0.5
0.4
0.3
0.2
0.1
0.0

0.0
0.065
0.1
0.2
0.25
0.30
0.35
0.40
0.45
0.5

Steady State
Current (mA)
60.0
59.1
58.2
53.9
47.6
41.3
35.0
25.2
18.1
15.2

(Figure 7-7) shows the plot of steady state current with variation in the KOH
concentration of the electrolyte. It can be seen that decreasing the KOH concentration
decreases the current output of a cell, as expected. But the current did not drop
appreciably until the KOH concentration was reduced from 1 M to 0.6 M. This suggests
that a fuel cell undergoing poisoning would continue to give the desired current output
until the KOH concentration in the electrolyte reached a threshold value (≈0.6 M for our
fuel cell system).
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Figure 7-7: Variation of steady state current output of a fuel cell with the KOH
concentration in its electrolyte. The inflection point at which the cell current starts to
decrease rapidly with further change in electrolyte composition is indicated by the arrow.

This dependence of the cell current on the KOH concentration also explains the
sigmoidal current vs. time plots obtained for the fuel cells being poisoned under
accelerated conditions (Figure 7-2). It clearly indicates that the curves we obtained for
fuel cell poisoning reflect electrolyte compositional changes. We called this analysis
static because in each case, while measuring the steady state current, the electrolyte
composition in the vicinity of the anode and cathode was the same. This will not be true
in the case of a fuel cell undergoing dynamic carbon dioxide poisoning because the
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majority of K2CO3 would be formed at the cathode, which would then diffuse to the
anode through the electrolyte. Therefore, at any time, the concentration of K2CO3 around
the cathode would be higher than the anode. Thus, we also carried out dynamic
electrolyte analysis for a better understanding of the current dependence on
compositional changes of the electrolyte.

7.2.7 Dynamic Electrolyte Analysis
In dynamic analysis of the electrolyte, we started with a fuel cell having 1 M
KOH as the electrolyte and operating in a 70%O2-30%CO2 atmosphere with an applied
load of 1.3 Ω. The fuel cell was stopped at different time intervals and the composition
of the electrolyte was determined. (Table 7-2) summarizes the results of the dynamic
electrolyte analysis.

Table 7-2: Dynamic analysis of the electrolyte composition of a fuel cell undergoing
poisoning.
Time
(s)
250
500
1000
2000
3000
4500

Observed Electrolyte Composition
0.87 M KOH-0.65 M K2CO3
0.78 M KOH-0.11 M K2CO3
0.70 M KOH-0.15 M K2CO3
0.56 M KOH-0.22 M K2CO3
0.44 M KOH-0.28 M K2CO3
0.28 M KOH-0.36 M K2CO3

Current
Output
(mA)
59.0
54.9
54.0
52.5
50.1
46.8

(Table 7-2) shows the conversion rate of KOH to K2CO3 is higher in the
beginning, at a value of 1.87 M/hour, as compared to 0.38 M/hour towards the end.
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Current output of the cell also changed accordingly with the change in KOH
concentration. (Figure 7-8) shows a plot of current output with KOH concentration
observed in dynamic electrolyte analysis. This dynamic analysis plot is compared with
the static analysis plot in (Figure 7-8) below.
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Figure 7-8: Plot of Current output vs. KOH concentration for static and dynamic
electrolyte analysis.
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A difference in the results obtained from static and dynamic analysis can be
observed in this plot at lower concentrations of KOH in the electrolyte. At the same
composition of electrolyte, the current output given by a cell is higher in dynamic
analysis than in static analysis. This can be explained by the non-uniform concentration
distribution of K2CO3 between the electrodes in a dynamically studied fuel cell, as
explained earlier. Although the overall concentration of K2CO3 was the same in both
static and dynamic analysis, K2CO3 was mainly present in the vicinity of the cathode in
dynamic analysis tests. Therefore, the concentration of KOH around the anode is higher
in this case as compared to static analysis tests. Since it is the kinetics of methanol
oxidation at the anode which is affected by K2CO3 concentration [1-4], the current output
was found to be higher in dynamic analysis at the same electrolyte composition. This
difference would diminish if the electrolyte is stirred or if the distance between the
cathode and anode is reduced, which would decrease the concentration gradient of K2CO3
between the two electrodes.

7.2.8 Electrode Polarization and Electrolyte Conductivity Analysis
Polarization curves for the fuel cells with different electrolytes were established
by plotting steady state current at different voltages. (Figure 7-9) shows the polarization
curves for these fuels with three different electrolyte solutions. We observed that as the
K2CO3 concentration increased in the electrolyte, both activation polarization and ohmic
polarization increased, resulting in lower current output at a given voltage.
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Figure 7-9: Polarization curves of the fuel cells (HKU-002C) with different electrolytes at
298K.

The static and dynamic analysis of the electrolyte showed a strong dependence of current
output of a fuel cell on its electrolyte composition. The conversion of KOH to K2CO3 by
carbon dioxide poisoning makes the oxidation of fuel at the anode difficult. This
conclusion is supported in the potentiostatic polarization curves of the anode and cathode
for operating in 1M KOH, or 0.5M K2CO3 as electrolytes (Figure 7-10). Methanol
concentration in both the cases was 2.47M. (Figure 7-12) Polarization curves clearly
suggest that the reason for low current output given by a cell in the presence of K2CO3 is
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the sluggish kinetics of methanol fuel oxidation at the anode. The kinetics of oxygen
reduction at the cathode remained unchanged for both KOH and K2CO3 electrolytes.
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Figure 7-10: Anodic and cathodic potentiostatic polarization curves of the fuel cell with
1M KOH, or 0.5M K2CO3 as electrolytes with 2.47M CH3OH in both cases. Cathodic
Polarization was done at potential values between cathode OCP and -300mV. Anodic
polarization was done between anode OCP and -550 mV (for KOH) / -400 mV (for
K2CO3) w.r.t SCE.

Another factor which may decrease the current output of a fuel cell with K2CO3 as
the electrolyte is the increased ohmic loss because of the lower conductivity of CO32- ions
as compared to OH(-) ions [18]. (Figure 7-11) plots the conductivities of mixtures
tabulated in (Table 7-1), against the KOH concentration in the particular mixtures. It was
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observed that the conductivity of the electrolyte decreased linearly as the mole fraction of
KOH decreased in the electrolyte mixtures. Therefore, lesser conductivity lowered the
overall performance of a fuel cell by increasing ohmic losses in the electrolyte.
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Figure 7-11: Variation of electrolyte conductivity with KOH concentration.
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7.3 Conclusion
In this study, we describe a novel, fast method to study carbon dioxide poisoning
of AFC. Under these accelerated testing conditions, the otherwise slow poisoning effect
could be completely quantified in 3-5 hours. Two important parameters, i.e. tmax and
Rmax, describing the poisoning affect under accelerated testing conditions, were defined.
A lower value of tmax or a higher value of Rmax would indicate a higher rate of carbon
dioxide poisoning. With the knowledge of these quantities, carbon dioxide poisoning can
be defined, provided the other operating parameters, viz. temperature, electrolyte
concentrations etc., remain the same. The efficacy of a method (like changing electrode
catalyst or using filtration systems for carbon dioxide removal) to decrease the carbon
dioxide poisoning may be determined on the basis of this method. The effect of
electrolyte composition on the current output of the AFC was also investigated. It was
observed that a significant decrease in the cell current starts to occur only after about
40% of KOH has been converted to K2CO3. This yields important practical information
about the time to replenish the electrolyte in AFC such that no change in power output
takes place. Potentiostatic polarization study of the cathode and anode in the presence of
KOH (aq) and K2CO3 (aq) electrolytes was carried out indicated that the primary reason
for decreases in the cell current during poisoning was sluggish methanol oxidation
kinetics at the anode in the presence of carbonate.
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7.4 Experimental

7.4.1 Materials and Instrumentation
Small bench top alkaline fuel cells operating on methanol as a fuel were
purchased from the Department of Chemistry at The University of Hong Kong (Model #
HKU-002C). A gas proportioner, model no. 7951-4-4, was obtained from Specialty Gas
Equipment (Ohio). Oxygen and carbon dioxide (99.99% purity) were purchased from
MG Industries, PA. The automated electrochemical data recorder Auto AC DSP was
purchased from ACM Instruments (UK). The air tight controlled atmosphere chamber
was designed and built by a local glass shop. Conductivity was measured using a
conductivity meter (CON 200, Oakton). Potassium hydroxide (98+%), potassium
carbonate (99+%) and methanol ( 99.8%) were purchased from Aldrich.

7.4.2 Accelerated CO2 Poisoning Studies
Small alkaline fuel cells operating on methanol as a fuel were purchased from the
Department of Chemistry at The University of Hong Kong (Model # HKU-002C). The
AFC cathode was an AC-65 air cathode manufactured by Alupower Inc. [19]. The anode
was fabricated on a nickel foam mat with a mixture of Pt/Co/Ni catalyst for methanol
oxidation. The area of the anode was 18 cm2 as compared to 10 cm2 of the cathode. The
anode and cathode were separated by approximately 0.8 cm of an alkaline electrolyte.
The cell body was made of plexiglass, which could be hermetically sealed during
operation. The fuel cells were soaked with deionized water for 24 hours prior to each cell
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run in order to ensure that the air-cathode had been properly soaked and wetted so as to
maximize the active area for electrochemical reactions. For each cell run, a mixture of 30
ml of 1 M potassium hydroxide (purchased from Aldrich) and 3 ml of 99.8% anhydrous
methanol (purchased from Aldrich) was used as the electrolyte. The amount of methanol
added was equivalent to a concentration value of 2.47 M.

7.4.3 Electrolyte Analysis
In static electrolyte analysis, samples of the electrolyte reflecting the change in
electrolyte composition with the progress of the CO2 poisoning in a fuel cell were made
by mixing KOH (aq) and K2CO3 (aq) in different quantities. The chemical equation of
the electrolyte degradation is given by the equation 2KOH + CO2 Æ K2CO3 + H2O.
Therefore, to simulate the compositional changes of the electrolyte in a fuel cell
undergoing poisoning, mixtures were made in such a way that the conversion of 1 mole
of KOH would give us 0.5 moles of K2CO3. A series of electrolyte solutions representing
0 – 100% conversion of KOH to K2CO3 were made and the steady state current given by
a fuel cell operating on each electrolyte with methanol as fuel was recorded. The cells
were operated in a 100% oxygen atmosphere inside the controlled atmosphere chamber
so as to prevent any further variation in the electrolyte composition with time.
Dynamic analysis of the electrolyte was also performed to study the variation in
electrolyte composition with the progress in poisoning. In the dynamic analysis of the
electrolyte, a fuel cell having 1 M KOH as the electrolyte with 3 ml methanol was
operated in a 70%O2-30%CO2 atmosphere in the airtight chamber. An external load of
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1.3 Ω was applied across the cell and the cell current was recorded using the
electrochemical data recorder. The fuel cell was stopped after different time intervals and
the composition of the electrolyte (concentrations of KOH and K2CO3) was determined.
The composition of the electrolyte was determined by analyzing its composition by the
Winkler method of volumetric hydroxide/carbonate estimation using Bromocresol green
and Phenolphthalein as the indicators [17]. Conductivity analysis was based on a
calibration curve of conductivity of different mixtures of KOH and K2CO3 of known
compositions.

7.4.4 Electrode Polarization Studies
Cathodic and anodic potentiostatic polarization curves for KOH and K2CO3 fuel
cells were obtained independent of each other. A three electrode setup was used for
polarization studies. The methodology was similar for both KOH and K2CO3 cells. To
obtain the cathodic polarization curve, open circuit potentials (OCP) of the cathode were
determined. For KOH cells, it came out to be around -90mV w.r.t. calomel electrode.
The first reading was obtained by polarizing the cathode at a lower potential than the
OCP i.e. at -50 mV (w.r.t calomel) with the help of a potentiostat and the steady state
current was noted. The next reading was obtained by increasing the polarization potential
by -50 mV to -100mV. A steady state current value was noted for this potential also.
Subsequent steady state current values were noted for every -50mV increment and up to 350 mV to obtain the cathodic polarization curve for the KOH cell. A similar strategy
was followed to obtain the anodic polarization curve.
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