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ABSTRACT

The thesis presents the development of functionalized electrospun nylon 6 nanofibers for the
eradication of pathogenic microorganisms in drinking water. Imidazole derivatives were
synthesized as the antimicrobial agents and were characterized by means of NMR
spectroscopy, IR spectroscopy, elemental analysis and X-ray crystallography. The first set of
compounds (2-substituted N-alkylimidazoles) consisted of imidazole derivatives substituted
with different alkyl groups (methyl, ethyl, propyl, butyl, heptyl, octyl, decyl and benzyl) at
the 1-position and various functional groups [carboxaldehyde (CHO), alcohol (CH,OH) and
carboxylic acid (COOH)] at the 2-position. It was observed that the antimicrobial activity of
the compounds increased with increasing alkyl chain length and decreasing pK, of the 2-
substituent. It was also observed that the antimicrobial activity was predominantly against a
Gram-positive bacterial strains [Staphylococcus aureus (MIC = 5-160 pug/mL) and Bacillus
subtilis subsp. spizizenii (MIC = 5-20 pg/mL)], with the latter being the more susceptible.
However, the compounds displayed poor antimicrobial activity against Gram-negative
bacterial strain, E. coli (MIC = 150- >2500 pg/mL) and did not show any activity against the
yeast, C. albicans. The second set of compounds consisted of the silver(l) complexes
containing 2-hydroxymethyl-N-alkylimidazoles. The complexes displayed a broad spectrum
antimicrobial activity towards the microorganisms that were tested and their activity [E. coli
(MIC = 5-40 pg/mL), S. aureus (MIC = 20-80 pg/mL), Bacillus subtilis subsp. spizizenii
(MIC = 5-40 pg/mL) and C. albicans (MIC = 40-80 pg/mL)] increased with the alkyl chain
length of the 2-hydroxymethyl-N-alkylimidazole. The third set of compounds consisted of the
vinylimidazoles containing the vinyl group either at the 1-position or at the 4- or 5- position.
The imidazoles with the vinyl group at the 4- or 5-position contained the alkyl group (decyl)
at the 1-position. For the fabrication of the antimicrobial nanofibers, the first two sets of
imidazole derivatives (2-substituted N-alkylimidazoles and silver(l) complexes) were
incorporated into electrospun nylon 6 nanofibers while the third set (2-substituted
vinylimidazoles) was immobilized onto electrospun nylon 6 nanofibers employing the graft
polymerization method. The antimicrobial nylon nanofibers were characterized by IR
spectroscopy and SEM-EDAX (EDS). The electrospun nylon 6 nanofibers incorporated with
2-substituted N-alkylimidazoles displayed moderate to excellent levels of growth reduction
against S. aureus (73.2-99.8%). For the electrospun nylon 6 nanofibers incorporated with

silver(l) complexes, the levels of growth reduction were >99.99%, after the antimicrobial
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activity evaluation using the shake flask method. Furthermore, the grafted electrospun nylon
6 nanofibers showed excellent levels of growth reduction for E. coli (99.94-99.99%) and S.
aureus (99.93-99.99%). The reusability results indicated that the grafted electrospun nylon 6
nanofibers maintained the antibacterial activity until the third cycle of useage. The
cytotoxicity studies showed that grafted electrospun nylon 6 nanofibers possess lower
cytotoxic effects on Chang liver cells with 1C50 values in the range 23.48-26.81 ug/mL. The
thesis demonstrated that the development of antimicrobial electrospun nanofibers, with
potential for the eradication of pathogenic microoganisms in water, could be accomplished by

incorporation as well as immobilization strategies.
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CHAPTER1 METHODS FOR THE CONTROL OF PATHOGENS
IN DRINKING WATER

1.1  Pathogenic microorganisms in water

The challenges associated with drinking water are compounded by prospects of pathogenic
contamination. Pathogens are classified as the microorganisms that can lead to diseases, and
these microorganisms include bacteria, viruses and protozoa. Table 1.1 illustrates some
microorganisms found in water and their associated health effects to humans. Some of the
various pathways by which these pathogens end-up in drinking water are through human or
animal wastes, sewage treatment systems, septic treatment discharges as well as storm water

run-offs after heavy rains or floods.

In urban communities water is processed in water treatment plants to ensure the supply of
safe and good quality drinking water. However, water supply systems from the treatment
plants to households are susceptible to the growth of a layer of biological material (biofilm)
from inside.”® Generally, the biofilm cannot be detected or treated and could lead to the
presence of total coliform cells in drinking water. Once the biofilm has grown inside the
water supply systems, it becomes a breeding substrate for microorganisms. Moreover, in
most rural communities, water is still obtained from rivers and is not treated; causing an

increase in the probability of consumption of water contaminated with pathogens.
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Table 1.1. Some waterborne pathogenic microorganism and associated health effects’

Microorganism

Associated Health Effect

<E6> Virus </E6>
Coxsackie

Echo

Norwalk
Hepatitis A
Hepatitis E
Rota

Enteric adeno

Calici
Astro

<E6> Bacteria </E6>
Escherichia coli
Salmonella spp.

Yersinia spp.
Legionella spp.

Vibrio cholera

<E6> Protozoa </E6>

Cryptosporidium parvum

Gardia Lamblia

Hemorrhagic ~ conjunctivitis,  fever,  rash,
pharyngitis (sore throat) rash, respiratory
disease,myocarditis, pericaritis, aspetic
meningitis, encephalitis, hand, foot and mouth
disease, reactive insulin-dependn diabetes
Respiratory disease, aspetic meningitis, rash,
fever

Gastroenteritis (fever, vomiting, diarrhoea)

Fever, nausea, jaundice, liver failure

Fever, nausea, jaundice, liver failure
Gastroenteritis (fever, vomiting, diarrhoea)
Respiratory disease, gastroenteritis, hemorrhagic
conjunctivitis

Gastroenteritis (diarrhoea)

Gastroenteritis (diarrhoea)

Gastroenteritis (diarrhoea)

Enterocolitis  (diarrhea,  fever,  vomiting),
Guillain-barre syndrome

Diarrhoea, reactive athritis

Legionnaires’ disease, Pontiac fever, death

Diarrhoea, vomiting, death

Diarrhoea

Chronic diarrhoea

Drinking water that is contaminated with pathogens results in waterborne disease outbreaks

such as diarrhea, tuberculosis, cholera, hepatitis and typhoid fever. It has been estimated that

there are 34 million deaths per annum associated with waterborne diseases worldwide.® Of
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the total deaths per annum, 2-3 million deaths are associated with diarrhoea and the majority
are children.® Due to these adverse health effects of pathogens to humans, WHO has
established international guidelines for the quality standards of drinking water.” Typically,
the maximum contaminant levels (MCL) for bacteria must be zero total coliform colonies per
100 mL of drinking water.” There exists, therefore, a need for frequent monitoring, detection

and treatment of pathogen levels to provide safe and good quality drinking water.

In 2008, UNICEF compiled and published a document in which it recommends household
water treatment and safe storage.® The document also states that encouraging household
water treatment and safe storage will enable vulnerable communities to be responsible for the
quality of their drinking water. In turn, there would be an enormous reduction in reported

cases of waterborne disease outbreaks.

1.2 Eradication of pathogens in water

Eradication of pathogens in drinking water can be achieved using two ways, namely: (i)
physical removal (filtration) or (ii) inactivation (killing or disinfection). Conventional
eradication methods that are currently being employed in water treatment plants have high
efficiencies, but suffer some disadvantages. The conventional methods, their advantages and

disadvantages are discussed in the following subsections.

1.2.1 Coagulation and flocculation

Coagulation and flocculation are used for the removal of suspended particles in water. The
appropriate selection and application of coagulation and flocculation is dependent on the
understanding of the interaction between factors such as the source, the surface charge, the
size, the shape and the denstity of the particles.>*® Coagulation and flocculation are carried

out in successive steps to overcome the stabilizing forces on suspended particles.

The suspended particles are first coagulated by the addition of a coagulant such as aluminium
sulfate, ferric sulfate, ferric chloride, poly(aluminium chloride) and polymers to destabilize
(and neutralize) the particle charges.®** When mixed rapidly with water the coagulant forms

hydroxide precipitates which trap the particles and microorganisms (Fig. 1.1). The
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microorganism-trapping hydroxide precipitates, also known as flocs, which are capable of

sticking together.

In the flocculation step, the flocs are allowed to grow by gently mixing and high molecular
weight polymers (coagulant aids) may be added to enhance bridging binding and
strengthening the flocs, as well as accelerating the settling rate. Heavy flocs are removed by
sedimentation followed by direct filtration. The removal of very light flocs is achieved by
first carrying them to the water surface using air flotation, and subsequently skimming them
off.

Turbid Clean
surface water Pre-treated water drinking water
N N N

® kK T -

* ¥ E I .

“--——-—-—-"‘** e Stage 1 S ~—— . — Stage 2 S ~——
¥ ok % k% Tk oo

¥ ww .

% # ok ok % . . . .

- & **** .

v v
Removal of solids Removal of microorganisms
(turbidity reduction) (pathogens)

Figure 1.1. Schematic illustration of a coagulation process™

The utilization of toxic metals poses health hazards to humans since, for example, exposure

1314 although there are some

to aluminium is known to cause Alzheimer’s disease
contradictions.” Inorganic coagulant may either lower (e.g. aluminium sulfate and ferric
sulfate)) or raise (e.g. sodium aluminate) the pH.° Very high alkalinity (pH 10-11) is required
when removal of algae is performed using the coagulation method.'® Polymers are more
effective over a broader pH range but more expensive than inorganic coagulants. Coagulation

can remove particles and dissolved matter, but may not completely remove pathogens.
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1.2.2 Boiling

Water often becomes contaminated by pathogenic microorganisms after some emergency
situations. A typical emergency could include natural disasters (floods, earthquakes, damage
to electrical equipment due to lightning strikes), accidents (spillages in water dams) and
damage to treatment plants and water supply systems.” In such cases of emergency,
communities have always been advised to boil tap water for at least one minute before
consumption. Although boiling water kills most of pathogenic microorganisms, it is time
consuming and energy intensive. Boiled water can be susceptible to recontamination by
microorganisms particularly in environments with low hygiene activities.'”*® Boiling usually
provides small quantities of water and thus cannot be considered a long-term option for
disinfection of water supply. It is however the most common method for home-based
disinfection of water and a benchmark against new point-of-use technologies for water

treatment.*”8

1.2.3 Chlorination

For many years, chlorination has been the most commonly used method for disinfection of
water worldwide. The method of disinfection is used in water treatment plants but could also
be used in households, provided strict dosages are adhered to. Chlorine can be used as a
secondary disinfectant since it maintains an adequate residual in water to prevent
recontamination.’® The chlorination agents used for disinfection of water are chlorine,
hypochlorite, chloramine and chlorine dioxide.**?° Chlorination is highly effective against
enteric bacteria, however, enteric viruses may be resistant. Moreover, microorganisms
encapsulated in particles may be protected from the action of chlorination agents. Some
carcinogenic organic (e.g. trihaloalkanes, trichloroacetic acids and haloacetonitriles) and
inorganic (chlorite and chlorate ions) by-products may result from the chlorination method.™

22 It could also result to unpleasant taste of water.
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1.2.4 Ozonation

Ozonation is another method that has been used for the disinfection of water for many
decades. It is very effective against Gram-negative E. coli but Gram-positive bacteria
(Staphylococci, Streptococci, Bacilli) and mycobacteria are highly resistant to ozone.”*?
Since ozone is a highly unstable gas, disinfection requires a continuous supply of ozone. For
a continuous supply of ozone to be achieved, it must be generated on-site which is very costly
and energy intensive. It can form bromates in water if bromide is present, and is less effective

in cold water.*

1.2.5 Ultraviolet disinfection

Ultraviolet disinfection uses UV light to irradiate contaminated water which Kills pathogenic
microorganisms. Three types of UV lamps are used, namely, low-pressure mercury lamps,
medium-pressure lamps and pulsed lasers. This method of disinfection has gained popularity
over the years since it does not introduce chemical agents into water.”>?® However, the
efficiency of UV disinfection is dependent on the ability of water to transmit UV light.*®
Water with high turbidity does not transmit UV light efficiently resulting in survival of some
microorganisms. Moreover, it has been observed that most bacteria have developed damage
repair mechanisms against UV disinfection.”® UV disinfection is also expensive and energy

intensive.

However, the efficiency of disinfection methods (except for UV irradiation) is always
dependent on the concentration (dose), temperature, contact time and pH.?%" Moreover, the
disinfectant concentration and contact time play a crucial role in understanding the
disinfection kinetics. Disinfection kinetics is defined as the product of the residual
disinfectant concentration (mg/L) and the contact time (min) that the residual disinfectant is

in contact with water.

1.2.6 Filtration

Filtration is a method in which microorganisms and particulate matter are physically removed
from water by passing through a membrane. There are various filtration processes that are

used for physical removal of microorganisms from water, namely, membrane filtration
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(reverse osmosis, micro-, ultra- and nanofiltration) and granular filtration. The suitability of
the type of filtration process to be used for removal of microorganisms is dependent on the

size of the microorganism detected in water, as illustrated in Figure 1.2.
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Figure 1.2. Pore sizes of microorganism and filtration medium. DE = diatomaceous earth, RO =

reverse osmosis, MF = microfiltration, NF = nanofiltration, UF = ultrafiltration?®

1.2.6.1 Granular filtration

Granular filtration is a process whereby water is passed through a packed bed of granular
material (e.g., sand) and suspended solids (including microorganisms) are trapped. The
suspended solids are then biochemically decomposed and the removal of pathogenic
microorganisms is achieved by cleaning the filtration beds. The filtration beds are regularly
cleaned to prevent the hydraulic resistance from becoming too high or the breakthrough of
suspended solids. When the maximum hydraulic resistance is reached, due to clogging, the
filtration bed must be cleaned by backwashing. The performance of a granular filter usually
deteriorates, during a ‘ripening period’, before recovering to a stable level.” The adverse

consequence is that during the ‘ripening period’ the number of microorganisms that pass
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through can be very high. Filters for the granular filtration process can be constructed as
monomedium (silica sand), dual media (sand and anthracite coal) and trimedia (sand, coal

and garnet).'

Two types of granular filtration processes for water purification are slow and rapid sand
filtration; with the latter being the most commonly used process.*® Besides one process
requiring a slow flow rate and the other a fast flow rate, there are other differences between
them. For instance, for rapid sand filtration, chemical coagulation pre-treatment is required
while slow granular filtration does not require coagulation. In slow sand filtration water is
passed through the filtration bed under gravity and requires a large surface area. On the other
hand, in rapid sand filtration, water is forced through under pressure and requires a small
surface area. In slow sand filtration, the filtration bed is cleaned by scraping off the top layer

of sand.*°

1.2.6.2 Membrane filtration

Membrane filtration is a process where water is passed through a thin semi-permeable film
for the removal of suspended particulate matter. In membrane filtration, removal of
microorganisms is based upon size-exclusion; that is, microorganisms larger than the
membrane pores are trapped. As a result of small pores, the membrane filtration process has
the capability of removing almost any contaminant. The main challenge in the membrane
filtration process is loss of performance due to fouling which results from accumulation of
particulate matter on the membrane.** However, the challenge can be prevented by pre-
treatment through coagulation, microstraining, addition of biocides or pH adjustment.®*3* The
most extensively used membrane filtration processes for the removal of microorganisms are
reverse osmosis, microfiltration, ultrafiltation and nanofiltration.** The choice of a suitable
membrane process depends on the type of available membrane material. The most important
properties of a membrane include a high permeate flux, high contaminant rejection, great

durability, good chemical resistance and low cost.

Microfiltration membranes (>0.1 um) can remove most of the microorganisms except viruses
which have sizes smaller than the membrane pores (Figure 1.2). The performance of the
microfiltration membrane can be affected by growth of bacteria in the membrane system.

Ultrafiltration membranes (>0.01 pm), with pore sizes smaller than microfiltration
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membranes, have the capability of removing most microorganisms including some viruses.
Both nanofiltration (>0.001 pum) and reverse osmosis (>0.0001 um) have membranes pores
smaller than microfiltration and ultrafiltrarion membranes, thus they can remove most
microorganisms. However, nanofiltration and reverse osmosis membranes can be very
expensive in comparison to both microfiltration and ultrafiltration membranes. Because of
very small pores, reverse osmosis also removes essential nutrients which are needed in the
human body. While all membrane filtration processes operate under pressure, nanofiltration
and reverse osmosis require higher pressures than both micro- and ultrafiltration.® Moreover,
separation in nanofiltration and reverse osmosis occurs mainly by diffusion through the

membrane and not by the principle of filtration through pores.

The conventional methods for controlling pathogenic microorganisms in water have certainly
yielded desirable results since they came into existence. However, each one of the methods
has its own merits as well as limitations. For example, the filtration methods suffer largely
from biofouling which subsequently results in replication of microorganisms. Therefore, the
limitations necessitate more research to develop new technologies that are low cost, energy
efficient and environmentally friendly for controlling pathogenic microorganisms in water.
Table 1 summarises the strengths and limitations of the convetional methods for the removal
of pathogens in water. Electrospun nanofibers have, over the years, emerged as possible
alternatives to develop new technologies for contolling pathogenic in water due to their high

permeate flux rate and low trans-membrane pressure.®
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Table 1.2. Summary of convetional methods for the removal of pathogen in water

Method Strength Limitation
Coagulation Removes most microorganisms Uses toxic metal salts, may not
completely remove pathogens
Boiling Kills most microorganisms Provides smaller volumes of water,
time- and energy-intensive
Chlorination Kills most microorganisms, | Formation of carcinogenic
maintains adequate residual to prvent | (in)organic species, unpleasant taste
recontamination and odour
Ozonation Effective against Gram-negative and | Requires continuous supply,
gram-positive bacteria expensive and energy-intensive
Ultraviolet Kills most microorganisms Efficieny affected by turbidity,

expensive and energy-intensive

Granular filtration

Removes most microorganisms

Requires chemical pre-treatment and

regular cleaning

Membrane filtration High filter small

contaminant

permeate flux, high

great

May not very

rejection, microorganisms, biofouling
durability, good chemical resistance

and low cost

1.3 Electrospun nanofibers with antimicrobial properties

It is well documented that some naturally occurring polymers (e.g., chitosan, cellulose,
peptides) have inherent antimicrobial properties. The antimicrobial properties of natural
polymers, together with their biodegradability and biocompatibility, make them excellent
candidates for the control of pathogenic microorganisms in water. Although synthetic
polymers may not have antimicrobial properties, it could be induced by functionalization
(blending or immobilization) with biologically active molecules, metal ions or nanoparticles.
Using the electrospinning process, the nanofibers obtained from the polymers (natural and
synthetic) can be used for controlling pathogenic microorganisms in water. When used for the
control of pathogenic microorganisms in water, antimicrobial electrospun nanofibers could
eliminate the challenge of biofouling by killing the microorganisms instead of trapping them.
The antibiofouling properties and high porosity of electrospun polymer nanofibers renders

them as ideal alternatives to the conventional methods for the treatment of water.
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1.3.1 Antimicrobial natural polymer nanofibers

Chitosan is obtained by alkaline deacetylation of chitin, the most abundant natural amino
polysaccharide after cellulose. It is widely known to exhibit antibacterial and antifungal
properties and its electrospun nanofibers were wused for controlling pathogenic

microorganisms either on its own or blended with other polymers.*”

Desai et al.*® fabricated electrospun polyethylene oxide (PEO):chitosan nanofiber filters and
investigated their heavy metal binding, antimicrobial and physical filtration efficiencies. The
efficiency of the nanofiber filters was correlated to the surface chemistry of the electrospun
nanofibers. Electrospun polyacrylonitrile (PAN) nanofibers coated with a thin layer of
chitosan have been evaluated as high flux ultrafiltration membranes for water treatment.*
The ultrafiltration nanofiber composite system was made up of a three-tier composite
structure, namely, non-porous hydrophilic coating that is water permeable (chitosan), an
electrospun nanofibrous support (PAN) and a non-woven microfibrous substrate
(polyethylene terephthalate (PET)). The role of the chitosan layer was to act as an
antibiofouling agent because of its antimicrobial properties.

Ma et al.*>*! demonstrated that electrospun cellulose and chitin nanofibers fabricated from
electrospinning (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO)/NaBr/NaClO oxidized
cellulose were 2-3 times better as high flux micro-and ultrafiltration membranes compared to

commercial microfiltration membranes.

1.3.2 Antimicrobial synthetic polymer nanofibers

Most synthetic polymers (e.g., polystyrene, nylon 6, polysulfone) have no inherent
antimicrobial properties, thus antimicrobial activity could be induced by functionalization of
the polymers with biocides. Nylon 6 is among many other synthetic polymers that have been
functionalized and evaluated for antimicrobial properties and other potential applications.**>*
Nylon 6 was chosen as a solid support material because of its biocompatibility,

biodegradability, mechanical stability, electrospinnability and insolubility in water.>>®’

Some well known biocides that were used for functionalization of synthetic polymers include
organic molecules (e.g., quaternary ammonium salts, imidazoles), metal oxides (e.g., TiOo,

ZnO, CuO) and metal nanoparticles (e.g, silver nanoparticles).’®®? Synthetic co-polymers
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functionalized with furanone derivatives have also been developed for inhibition of cell

adhesion in water filtration systems.®*®

1.3.2.1 Organic and inorganic compounds with antimicrobial properties

The discovery of organic and inorganic compounds with antimicrobial properties dates back to many
decades and some are still being discovered. Although a large number of biocides (compounds with
antimicrobial properties) have been reported, the focus of the current thesis will mainly be on
imidazoles (organic) and metallic silver (inorganic). The use of imidazole compounds is well
established in the field of medicinal chemistry, finding applications as anticancer,

|,67 |’68

antibacterial,’” antifungal,”® antiparasitic®® and antidiabetic’® drugs, to name a few. The

discovery of azole antibacterial and antifungal agents began with benzimidazole in 1944."™

Since then there have been several reports noting the antifungal activity of imidazoles,” " th

e
action of which is suspected to be due to interference with ergosterol synthesis and membrane

damage.”™

Azoles inhibit lanosterol demethylase, a cytochrome P-450 dependent enzyme which is
responsible for the synthesis of ergosterol. Ergosterol is a major sterol of the cytoplasmic
membrane and is responsible for a variety of cellular functions. It is responsible for the
*"fluidity and integrity of the cytoplasmic membrane, as well as the proper functioning of
chitin synthetase. Chitin synthetase is in turn responsible for cell growth and division.”"
The mechanism of antibacterial action of azoles is believed to be through the inhibition of

enoyl acyl carrier protein reductase (Fabl), a novel antibacterial target.”

Further development and modification of antimicrobial agents that possess broad spectrum
antimicrobial properties remains very important.”” Derivatizing the imidazole group, at the 1-
position, with long alkyl chains has dramatically improved the antibacterial activity of simple
imidazoles.®” It was observed that the antimicrobial activity increased as the alkyl chain
length was increased up to nine carbons and began to decrease thereafter. Several substituents
at the 2-position of N-alkylimidazole derivatives such as the methyl group and the ether
moiety have also been investigated for their effect on the antimicrobial activity.®”*® It was
observed N-alkyimidazoles with medium alkyl chain length at 1-position and a methyl
substituent at the 2-position as well as methyl substituent at the 2-position and nitro group at

the 4-position also exhibited an increase in antimicrobial activity.?’ Samant et al.®®
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demonstrated that N-methylimidazoles with various substituents at the 2-, 4- and 5-position

exhibited enhanced activity against the human African trypanosomiasis.

Silver and its salts have been used as antimicrobial agents for many centuries.”®” Silver has
the most superior properties among all metals with antimicrobial activity because of its
higher toxicity to microorganisms and lower toxicity to mammalian cells.**® The ancient
Phoenicians used silver-coated containers to store water so as to prevent spoiling.®? Storing
water in silver-coated containers aided in the prevention of contamination by
microorganisms. Aqueous silver nitrate was used as an eye drop to newly born babies for the
prevention of Neisseria gonorrhoeae transmission from infected mothers.2*3 lonic silver is

reportedly the active species while metallic silver is inert.®

There are several reported mechanisms by which silver acts on the microorganisms.®*# One
proposed mechanism involves the reversible binding of silver to the nucleotide bases of the
bacterial DNA. The reversible binding results in the denaturation by displacement of

hydrogen bonds between adjacent purines and pyrimidines®. Davis et al.”’

proposed that the
destruction of bacteria occurs through silver-catalyzed oxidation of sulfhydryl (S-H) moieties
on the surface of the membrane. Atomic oxygen in the aqueous medium oxidizes Ag(0) to
Ag(l) which readily reacts with adjacent S-H groups by replacing the hydrogens. Consequent
coupling of the adjacent S-groups results in the formation of S-S bond, thereby blocking

respiration and electron transfer.

Silver sulfadiazine was the first silver complex to be used as an antimicrobial agent.®®® It is

currently clinically administered for the treatment of burn wounds. Due to the emergence of
resistant microorganisms, new broad spectrum antimicrobial agents are necessary.
Consequently, many silver complexes have been investigated for their antimicrobial
activity.*>*® The reported silver(l) complexes exhibited superior antibacterial activity against
the Gram-positve than Gram-negative bacteria.”® In contrast, the silver(I) complexes
reported by Kazachenko et al.®® displayed superior antibacterial activity against Gram-
negative bacterial. Interestingly, silver complexes containing imidazole ligands have
demonstrated remarkable broad spectrum antimicrobial activity.”**% The silver(l)-imidazole
complexes displayed broader spectra of antibacterial and antibacterial properties. Thus
imidazole derivatives, silver and its complexes as well as other biocidal compounds are ideal
candidates for the functionalization of electrospun nanofibers to produce materials with

antimicrobial (antibiofouling) properties.
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1.3.2.2 Electrospun nanofibers functionalized with antimicrobial organic molecules

Tan and Obendorf'®® fabricated nylon 6 nanofibers incorporated with three structurally
different N-halamines using the electrospinning technique. They observed that the
electrospun nylon 6 nanofiber composites inhibited the growth of E. coli and S. aureus within
a contact time of 40 min. A log 8 reduction for both bacteria was achieved. They also
observed that the activity of the nylon 6 nanofiber composites increased with the addition of

|.104

more chlorine. Sun et a conducted similar work where electrospun cellulose acetate

nanofibers blended with N-halamines were investigated for antimicrobial activity.

Electrospun  polyurethane cationomer (PUCs) containing quaternary ammonium
functionalities were fabricated and investigated for their potential use as antimicrobial
nanofilters.”® The electrospun PUC nanofibers demonstrated very high antimicrobial activity

against Gram-negative E. coli and Gram-positive S. aureus.

In a similar study Kim et al.'®

investigated the potential application of electrospun
polycarbonate nanofibers containing a quaternary ammonium salt as ultrafiltration
membranes. The electrospun nanofibers demonstrated a filtration efficiency of 99.97% at 0.3
um particle size which is the requirement for HEPA (high efficiency particulate air) filters.

The electrospun polycarbonate nanofibers were suitable to be used as HEPA filters.

Electrospun polyamide 6 (nylon 6) nanofibers were blended with various organic bactericides
(thiocyanatomethylthiobenzothiazole (TCMBT), dibromocayanoacetamide (DBNPA),
bronopol (BR), unspecified proprietary quaternary ammonium salt by Buckman (WSPC) and
chlorhexidine (CH) and were investigated for water filtration and removal of
microorganisns.” The nanofiber membranes were compared with polyamide 6 nanofibers
incorporated with silver nanoparticles (AgNPs) as a reference. It was observed that the
electrospun polyamide 6 nanofibers incorporated with the organic bactericides displayed

better filtration efficiencies than other traditional microfiltration membranes.

Mei et al.'® fabricated electrospun PAN nanofibrous membranes with high water flux,
relative flux recovery and antifouling properties. Surface-modification of PAN nanofibers
was achieved by immobilizing polyhexamethylene guanidine hydrochloride (PHGH) through
hydrophilic flexible spacer groups. The spacers also demonstrated cell-resistant properties by

removing attached dead cells. Polyhexamethylene guanidine hydrochloride imparted
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antibacterial properties to the electrospun nanofibers. Therefore, they concluded that the

electrospun nanofibers possessed both antibacterial and easy-cleaning properties.

Surface-modified electrospun polyethersulfone (PES) nanofibrous membranes with
antifouling properties were prepared by photochemical graft polymerization of two different
hydrophilic monomers, 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) and
quaternary 2-dimethylaminoethylmethacrylate (QIDMAEMA).'%" The antifouling properties of
the electrospun nanofibrous membrane were studied in the presence of E. coli, and the
dDMAEMA-grafted membranes were found to have better efficiency compared to pristine

PES nanofibrous membranes.

Graft polymerization is a post-functionalization technique used for the modification of
polymeric material surfaces.’®®*® The grafting method has received much attention as a
preferred surface-modification method of electrospun nanofibers for various applications

111 tissue engineering,**? as well as

including adsorption™® and ion exchange membranes,
antimicrobial activity.™**** Both natural and synthetic polymer surfaces could be modified
using the graft polymerization technique to induce or enhance their antimicrobial
properties.****>117 Of the synthetic polymers that were modified to induce antimicrobial

activity, nylon 6 is the most commonly chosen.***’

Several vinyl monomers have been grafted on the surface of polymer nanofibers using the
graft polymerization technique and the grafted polymer nanofibers evaluated for the
antimicrobial properties. Azole monomers have received much attention for the surface
modification of electrospun nanofibers via graft polymerization technique. For example,
indole was grafted onto chitin and chitosan and the antimicrobial activity of the grafted
polymer composites was evaluated.'® Saad et al.*® reported the antimicrobial activity of
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) copolymer grafted with N-vinylpyrrolidone.
N-vinylimidazole is the most commonly explored azole monomer for fabrication of grafted
electrospun nanofibers with antimicrobial activity because of the inherent antimicrobial

properties of the imidazole moiety.**#*%

1.3.2.3 Electrospun nanofibers blended with metal oxides and nanoparticles

Several metals, metal oxides, metal complexes and metal nanoparticles, such as Ag, Cu

121-123 of

(Cu0), Zn (ZnO) and Ti (TiO,) are known to possess antimicrobial properties. all
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known antimicrobial metals, Ag is the most toxic element to microorganisms.®®

Electrospun nanofibers incorporated with metals, metal oxides, metal complexes or their
nanoparticles were investigated for application as membrane filters in water

purification, >80

Electrospun nylon 6 nanofibers incorporated with ZnO nanoparticles were fabricated and
investigated for antibacterial, air permeability and water vapour transmission properties.>* It
was observed that ZnO nanoparticles were evenly distributed but not necessarily
encapsulated into the nanofibers. The electrospun nylon 6/ZnO nanoparticles displayed
excellent antibacterial, air permeability and water vapour transmission properties. However,
Franklin et al.>® issued a caution about the application of ZnO nanoparticles for water

treatment, due to their high solubility in aqueous media.

Titanium oxide (TiOy) is known for its powerful photocatalytic inactivation of pathogenic
microorganisms such as bacteria and viruses.'**!*®* Alrousan et al.** demonstrated the
photocatalytic disinfection ability of TiO, nanoparticle film immobilized onto borosilicate
glass sheets against E. coli in surface and distilled water. It was observed that the addition of
nitrate and sulfate anions resulted in the reduction of photocatalytic inactivation in distilled
water. Even varying the pH was observed to have no effect on the photocatalytic inactivation.
Interestingly, stand-alone TiO, electrospun nanofibers were developed for photocatalytic
pre-treatment of synthetic hospital wastewater.'?®

Silver nanoparticles are the most extensively explored antimicrobial agents when embedded

or immobilized on electrospun nanofibers. Lala et al.®

performed a comparative study
between three different electrospun polymer (cellulose acetate, polyacrylonitrile and poly
vinyl chloride) nanofibers incorporated with AgNPs for the potential application in the
disinfection of water. They observed that the electrospun PAN nanofibers containing AgNPs
were the most effective of the prepared materials. Silver nanoparticles were found to have

more inactivation power against Gram-negative bacteria (e.g. E. coli).*° Gule et al.®*

reported
the fabrication of antimicrobial electrospun poly(vinyl alcohol) incorporated with AquaQure
(a reagent consisting predominantly Zn®* and Cu®* ions) for use as water filtration media.
They observed up to a 5log reduction of the population of microorganisms that the

electrospun nanofibers were evaluated against.

There have been instances where silver complexes were embedded into electrospun

nanofibers and investigated for their antimicrobial efficacy. For example, silver(l)-imidazole
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cyclophane gem-diol complexes have been incorporated into electrospun tecophilic

nanofibers and were demonstrated to inhibit both bacterial and fungal growth.®

Most recently, Dasari et al.? demonstrated the antifouling properties of electrospun poly(L-
lactic acid) (PLA) nanofiber membranes encapsulating Cu and Ag nanoparticles. The
nanoparticles were capped in situ using sepiolite fibrillar nanoparticles. The membranes were
biofouled within a cross-flow filtration device by pumping biofoulants (Saccharomyces
cerevisiae (pH 4.5) and Pseudomonas putida as biofoulants (pH 7.5)) across the membranes
for 24/48 h. They observed that nanofiber membranes containing AgNPs performed better
than those containing CuNPs.

1.4 Scope and objectives of the thesis

The perception that some things which may seem obvious to one’s eye may not necessarily
be that obvious to someone else’s eye can somehow be real. Although the antimicrobial
properties of azoles are well documented, the compounds have not been extensively explored
in the modern quest to develop new technologies for water purification, particularly for the
eradication of pathogenic microorganisms. On the other hand, electrospun nanofibers have
over the past decade received much attention in modern scientific research because of their
versatility in many applications. Thus the two points provoked the idea for the development
of electrospun nylon 6 nanofiber/imidazole composites as new materials to address the
challenge of pathogenic microorganisms in drinking water. The focus will be to explore the
possibility of developing functionalized electrospun nylon 6 nanofibers that have a potential
to be used as filtration membranes with antibiofouling properties. The specific tasks of the

thesis were:

(1) To synthesize N-alkylimidazole with various substituents (carboxaldehyde (CHO),
alcohol (CH,OH) and carboxylic acids (COOH)) at the 2-position and their silver(l)
complexes, as well as screening them for antimicrobial properties.

(2) To investigate the possibility of using electrospun nylon 6 nanofibers as solid support
materials to host antimicrobially active 2-substituted N-alkylimidazoles and silver(l)
complexes for microbial growth inhibition in drinking water.

(3) To investigate the effect of the immobilization of 2-substituted N-alkylimidazoles
onto electrospun nylon 6 nanofibers on the antimicrobial activity.
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(4) To investigate the cytotoxic effects of the developed antimicrobial electrospun nylon

6 nanofibers on human cells.

The experimental pathway which the thesis will follow is outlined in Scheme 1.1.

Selected

N-alkylimidazoles .
’ Incorporation into

Synthesis of 2-substituted Antimicrobial activity
N-alkylimidazoles evaluation — electrospun nylon 6
nanofibers

Synthesis of 2-substituted

.‘\'-\'m)’]lmldﬂlﬂ]?s \'inylimidamles

Grafting onto electrospun 4(5)-vinylimidazoles
nylon 6 nanofibers

Antimicrobial activity
evaluation

Cytotoxicity evaluation

Scheme 1.1. The experimental outline of the thesis
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CHAPTER 2 THE ELECTROSPINNING PROCESS

2.1  History of electrospinning

Electrospinning is a method of producing fibers, with diameters in the nanometer range, by
applying electric charges to a polymer solution. The first documented account on
electrospinning was carried out by Cooley and Morton in the early 1900s.'*# I|n 1914,
Zeleny reported the effect of electric field on the behaviour of a fluid droplet and the study
paved the way to mathematical modelling of the behaviour of the fluid droplet under the
influence of electric field.®® Between the years 1931 and 1944, Formhals filed a series of
patents describing various experimental apparatus for electrospinning of polymer

filaments. 12"1?8

In 1969, Taylor reported the production of a nanofiber jet from a polymer solution. He found
that a polymer jet was ejected from the cone-shaped droplet, later referred to as the Taylor
cone, when the electric forces overcome the surface tension of the droplet. The findings
contributed significantly towards the fundamental understanding of the behaviour of a
polymer droplet under the influence of electric field and subsequently the electrospinning
process. In 1987, Hayati explored the factors affecting the jet stability and the electrospinning
process.'?’ He reported that as the applied voltage increased, superconducting fluids produced
very unstable jets that whipped around in different directions, while semiconducting and
nonconducting fluids produced stable jets. Hohman et al.,"***** Yarin et al.'*? and Feng'****
would later contribute immensely to the in-depth understanding of the electrospinning

process through experimental characterization and evaluation of jet instability.

The subsequent years saw an upsurge of research activity on electrospinning due to the
potential application of electrospun nanofibers in various fields.*? Figure 2.1 illustrates how
the patent and publication growth on electrospinning has been increasing over the past

decade.
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Figure 2.1. Electrospinning patents and publications in the past decade obtained from
SciFinder Scholar search using the search terms “electrospinning and electrospun”

2.2  The electrospinning process

Electrospinning is a simple technique of producing nanofibers, from a polymer melt or
solution under the influence of electric forces.*®* The electrospinning apparatus consists of
three components, namely; the polymer reservoir (syringe) connected to a spinneret (needle),
a high voltage power supply as well as a collector (usually a grounded metal sheet). In the
electrospinning process a polymer droplet is suspended at the tip of a spinneret by its surface

tension which is initially in equilibrium with the gravitational force.**®

When the applied
voltage increases to a critical value the polymer droplet at the tip of the spinneret becomes
cone-shaped (Taylor cone) due to repulsive forces between surface charges. When the
applied voltage surpasses the critical value a jet emerges from the Taylor cone, which after a

short distance experiences bending instability due to surface charge perturbation (Fig. 2.2).
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Figure 2.2. A schematic of an electrospinning apparatus for the fabrication of nanofibers

The helical loop formed by the Taylor cone as a result of bending instability increases the
path of the jet allowing for its elongation and hence the formation of a continuous nanofiber.
The parameters that affect the electrospinning process and morphology of nanofibers are
classified as polymer solution (viscocity, conductivity, surface tension), process conditions
(voltage, flow rate, needle diameter, temperature) and ambient conditions (humidity).
However, the electrospinning process is most significantly affected by the polymer solution

parameters.t*>*3

2.3  Factors affecting the electrospinning process
2.3.1 Solution parameters

The major solution properties of a polymer solution that significantly affect the
electrospinning process include the viscocity, the conductivity and the surface tension. The
manner in which the solution parameters affect the electrospinning process is discussed in the
following subsections.
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2.3.1.1 Viscosity

For the electrospinning process to take place a sufficiently high molecular weight polymer
and viscosity are necessary.’®* However, the viscosity of the polymer solution is dependent
on the molecular weight of polymer. The viscosity and the molecular weight are related by
the Mark-Houwink-Sakurada equation (Eqgn. 2.1);

[n] = KM*® (2.1)

where [#] is the viscocity of the solution, M is the molecular weight, K and a are constants
that depend on the polymer, solvent and temperature.”***3® The solution of a polymer
exhibiting higher molecular weight has a higher viscosity than that of a lower molecular
weight polymer with the same concentration. The role played by the chain entanglements to
the electrospinning process was explained by Shenoy et al.**® They noted that at low
concentration or volume fraction of the polymer, chain entanglements are non-existent
(viscosity is low) leading to polymer solution break up (Fig. 2.3). However, above the critical
concentration or volume fraction chain entanglements are present (higher viscosity), thus the
charged jet stretches as it is ejected from the tip of the spinneret to the collector, and is
prevented from breaking by the polymer entanglements resulting in a continuous polymer
jet. 191 When the viscosity of the polymer solution is low, the polymer nanofibers that are
formed become highly beaded.
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Figure 2.3. Plot of calculated number of entanglements (n.) as a function of solution
concentration*

The formation of beads along the nanofibers is attributed to the presence of fewer solvent
molecules along the polymer chains and the dominance of surface tension.!3!38139142
However, at higher solution viscosity, smooth (beadless) nanofibers are obtained due to more
polymer chain entanglements. An increase in the polymer concentration and molecular
weight results in higher polymer chain entanglements and subsequently to higher solution
viscosity. However, for any electrospinnable polymer solution there is an optimum viscosity
beyond which the solution becomes difficult to electrospin. The difficulty to electrospin the
polymer solution above the optimum viscosity is attributed to solidifying of the solution at
the tip of the spinneret. A very high viscosity also leads to the formation of polymer

nanofibers with larger diameters.
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2.3.1.2 Surface tension

Electrospinning takes place when the electric charges (forces) on the surface of the polymer
solution overcome the surface tension of the polymer solution. Surface tension could cause
the formation of beads, along the jet’s stretching path to the collector, due to the reduction of
the surface area per unit mass.”***" At a lower concentration of the solvent molecules,
aggregation of the molecules tends to occur with the formation of beads along the nanofiber
jet due to surface tension (Fig. 2.4B). A higher viscosity prevents the aggregation of solvent
molecules under the influence of surface tension, resulting in smooth (beadless) nanofibers
(Fig. 2. 4A).

Solvent " Polymer

Figure 2.4. Interaction of solvent molecules with chain entanglements; (A) at high viscosity

and (B) at low viscosity*®

However, the formation of beads could be circumvented by the use of solvents with low

surface tension or by the addition of a surfactant to the polymer solution. Fong et al.**®

observed that the addition of ethanol, a low surface tension solvent, in an aqueous
polyethylene oxide (PEO) solution resulted in smooth nanofiber although they had larger

145

diameters. Kriegel et al.*** as well as Jia and Qin'* investigated the influence of a surfactant

on electrospinning and reported that the addition of a surfactant in the electrospinning
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solution remarkably reduced the surface tension of the solution and the diameters of the

nanofibers obtained.

2.3.1.3 Conductivity

The formation of nanofibers during the electrospinning process is a result of the stretching of
the polymer solution due to the repulsive forces between electric charges on the surface. Thus
increasing the conductivity of the polymer solution increases the electric charges on the jet
and consequently the repulsive forces between them. Uyar and Besenbacher'* investigated
the effect of solution conductivity on the morphology of electrospun polystyrene (PS)
nanofibers. Of all the solvents employed, dimethylformamide (DMF) (with the highest
conductivity) gave smooth (beadless) polystyrene nanofibers (Fig. 2.5). An increase in the
conductivity of the polymer solution was found to increase the Coulombic force (responsible
for the stretching of the polymer jet) that overcomes the viscoelastic force which is

accompanied by the formation of smooth nanofibers with smaller diameters.

e
e
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Figure 2.5. SEM images of electrospun PS nanofiber in (a) THF, (b) CHCI; and (c) DMF™

Moreover, an increase in conductivity reduces the critical applied voltage required for
electrospinning as well as the increase in the bending instability of the jet. The greater
bending instability, in turn, results in the larger deposition area of the nanofibers. It was also

demonstrated that the conductivity could be increased by the addition of ionic salts,*#*43
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ionic surfactants,™" changing the pH of the polymer solution as well as the addition of

solvents with high dielectric constants.™

2.3.2 Processing parameters
2.3.2.1 The applied voltage

For the electrospinning process to occur a high voltage must be applied to the polymer
solution and the electric charges produced in the solution have to overcome the surface
tension. The stability of the Taylor cone formed at the tip of the spinneret is ensured by
finding the optimal flow rate of the solution and the applied voltage.” Low flow rates
require lower applied voltages while high applied voltages are required when higher flow
rates are used. It was observed by Zong and co-workers that when the voltage is higher and
the flow rate is lower, the electric charges on the polymer jet causes the jet to accelerate
faster.™®® The acceleration of the jet then results in the instability of the Taylor cone due to

lack of the polymer solution at the tip of the spinneret.

The applied voltage would also have an influence on the morphology of the resultant
nanofibers since it influences the stretching and acceleration of the polymer jet. The higher
voltage causes a greater stretching of the polymer jet due to an increase in the Coulombic
force and hence the formation of thinner nanofibers.”®*>**>* However, there were reported
instances where the diameter of the nanofibers was found to increase with increasing applied
voltage.’>>™" The observation was attributed to the drawing of a greater solution volume at
higher applied voltages.™® It was also observed that higher voltages could result in the
9

formation of beaded nanofibers,®
obtained.'®

although in some cases beadless nanofibers were

The electric charges on the jet are influenced by the external electric field which
consequently affects the jet path. The effect inspired several attempts to control the
electrospinning jet, by varying the electric field profile between the spinneret and the
collector.® The formation of aligned and patterned nanofibers was achieved by the

manipulation of the electric field using auxiliary electrodes®®!¢?

or by altering the speed,
orientation or the shape of the collector.®**®" Figure 2.6 illustrates aligned electrospun

nanofibers collected using patterned gold electrodes.
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Figure 2.6. Aligned electrospun nanofibers collected using patterned gold electrodes®

2.3.2.2 The flow rate

The stability of the Taylor cone at the tip of the spinneret is dependent on the flow rate and
the applied voltage. At a particular flow rate there exists an optimum (critical) applied
voltage to maintain a stable Taylor cone. At a lower flow rate and a higher applied voltage
the polymer jet recedes into the spinneret while at a higher flow rate and at lower applied
voltage the solution has a tendency to electrospray. Electrospraying of the polymer jet is due
to the imbalance between the viscoelastic force and the Coulombic force, i.e., the viscoelastic
force overcomes the Coulombic force. There have been several studies that investigated the
influence of solution flow rate on the magnitude and morphology of electrospun

nanofibers.1%>168
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An increase in the flow rate also results in the fusion of the nanofibers on the collector due to
slow evaporation of the solvent when the spinneret tip to collector distance is decreased.
Higher flow rates result in thicker nanofibers while at lower flow rates nanofibers with
thinner diameters are obtained.’®® Therefore, it is evident that lower flow rates are
desirable since the solvents evaporate quicker and nanofibers with thinner diameters were

usually obtained.*?

2.3.2.3 The collector

A collector is mostly made up of a conducting material, usually an aluminium foil, which is
grounded to maintain a constant potential difference between the spinneret and the collector.
Sometimes a non-conducting material is used as a collector and in such cases the electric
charges on the jet rapidly accumulate on the collector causing fewer nanofibers to be
deposited.™*® Moreover, the nanofibers deposited on such materials have a lower packing
density compared to when a conducting material is used. It is thought that the lower packing
density could be due to the repulsive forces of the accumulated electric charges on the
collector as electrospun nanofibers are being deposited.*®® However, the packing density of
the deposited nanofibers increases when a conducting material is used since the charges
would be dissipated. Deitzel et al."®® also observed that the repulsion on the subsequent
nanofibers resulted in the formation of honeycomb structures (Fig. 2.7) when there was
sufficient density of electric charges on the initially collected nanofibers.

Rhodes University Page 29



Figure 2.7. Honeycomb structures on nanofibers collected onto a non-conducting material**®

The accumulation of electric charges causes the formation of dimples on the nanofiber mesh
if the rate of deposition is higher and the nanofiber mesh is sufficiently thick, even when a
conducting collector is used, since polymer nanofibers are generally non-conducting.*® It has
also been observed that porous collectors result in a lower packing density of nanofibers.'®
The lower packing density of nanofibers was attributed to the diffusion and faster evaporation
rate of the residual solvent on the collected nanofibers. The motion of the collector also
affects the electrospinning process. The formation of aligned or non-aligned electrospun
nanofibers can be achieved by varying the speed of the rotating collector while a stationary
collector results in a nanofiber mesh.*®*%® A rotating collector is also believed to increase the

rate of evaporation of the residual solvent resulting in the collection of individual nanofibers.

2.3.2.4 The spinneret (needle) diameter

The internal diameter of the spinneret affects the electrospinning process. When a spinneret
with a smaller internal diameter is used, it reduces clogging due to minimum exposure of the

polymer solution to the external environment. A smaller internal diameter also reduces the

Rhodes University Page 30



number of beads formed on electrospun nanofibers. The diameters of electrospun nanofibers
were found to decrease when a spinneret with a smaller internal diameter was used.”® In
contrast, Macossay et al.*”* found that there was no correlation between the diameters of the
electrospun nanofibers and the radii sizes of the three different spinnerets they used for the
electrospinning of poly(methylmethacrylate) nanofibers. However, too small a diameter

makes it difficult to pump the polymer solution from the tip of the spinneret.’*®

2.3.2.5 Spinneret tip-to-collector distance

The time of flight of the polymer jet and the strength of the electric field have a direct effect
on the electrospinning process.’? Both the time of flight and the electric field can be
influenced by varying the distance between the spinneret tip and the collector. When the
distance between the spinneret tip and the collector is decreased the distance that the jet
travels to the collector is shortened resulting in insufficient time for the residual solvent to
evaporate.*®*?°13> Moreover, the electric field strength increases as the distance between the
spinneret tip and the collector is reduced resulting in a similar effect which causes the
merging of the nanofibers. Whether or not varying the distance between the spinneret tip and
the collector has an influence on the nanofiber morphology depends on the solution
properties.’***** There have been reported cases where shorter distances between the
spinneret tip and the collector were found to decrease the nanofiber diameter.>****1"2 Other
researchers have observed an increase in nanofiber diameter as the distance was increased.
However, if the distance between the spinneret tip and the collector results in an optimum
electric field strength, the possibility of the formation of beads is significantly reduced since

the electrostatic field provides sufficient stretching force to the polymer jet.'?

2.3.2.6 Temperature

Increasing the temperature of the polymer solution increases the evaporation rate**'"® of the

173 174 of the solution. A lower

solvent and the reduction in the viscosity ** and the surface tension
viscosity, as already mentioned previously, results in the viscoelastic force being overcome

by the Coulombic force thereby forming nanofibers with smaller diameters.
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2.3.3 Ambient parameters
2.3.3.1 Humidity

The humidity of the electrospinning environment has an influence on the polymer solution
during the electrospinning process. It was observed that at higher humidity there is a
tendency for the nanofibers to have circular pores.*” This effect has been attributed to the
condensation of water molecules on the surface of the nanofibers. De Vrieze et al.'” reported
that the relative humidity could result in either smaller or larger diameter nanofibers,
depending on the chemical nature of the polymer. It was also observed that the pore sizes
increased with increasing humidity to a point where they coalesced to form large, non-

17
|.176

uniformly shaped structures. Casper et al.”™ reported that the depth of the pores, the diameter

size and the number of pores begin to saturate above a certain humidity.

The humidity of the electrospinning environment also affects the evaporation of the residual
solvent. Volatile solvents evaporate very rapidly at very low humidity and the effect could

I 135,175

lead to clogging of the spinneret. Li et a suggested the possibility of using humidity to

discharge electrospun nanofibers.'®!

2.3.3.2 Type of atmosphere

The electrospinning process can also be influenced by the composition of air in the
environment. It has been reported that in the presence of a gas with low breakdown voltage,
such as helium, the electrospinning process was difficult.”*> Moreover, the diameter of

nanofibers increases when a high breakdown gas, such as CO, and freons, is used.!’

2.3.3.3 Pressure

It is generally understood that when the pressure is below atmospheric pressure, the polymer
solution in the syringe has a tendency to extrude from the spinneret causing an unstable jet
initiation.’® At the same time, electrospinning is not possible at very low pressure due to the

discharging of electric charges.
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2.4  Functionalization of electrospun nanofibers

Most often the polymers used for the fabrication of electrospun nanofibers do not have the
necessary functional groups required for various applications. For this reason, the
introduction of functional groups in the polymer nanofibers, without altering the bulk
properties, becomes inevitable. The functionalities can either be introduced before (pre-
electrospinning functionalization method) or after (post-electrospinning method)
electrospinning of the nanofibers. After functionalization the electrospun nanofibers possess a
potential for application in a wide variety of fields such as filtration, sensing devices, drug

delivery, tissue engineering, biomaterials, catalysis and electronics.'®""®

2.4.1 Pre-electrospinning functionalization method

In the pre-electrospinning functionalization method (sometimes referred to as pre-
functionalization method), the functionality is introduced first in the polymer and then the
functionalized polymer is electrospun. In most cases the functional molecules are introduced
into the electrospinning polymer solution before being electrospun and the method is referred

to as ‘blending’.

2.4.1.1 Blending

Pre-functionalization of nanofibers is carried out by blending of the molecules containing the
target functionality in the electrospinning polymer solution (Fig. 2.8). Blending ensures that

the functional molecules remain incorporated within the electrospun nanofibers.

However, blending of the functional molecules poses some challenges due to various factors
including the leaching of the molecules from nanofibers, the uncertainty over the interaction
of the blended molecules with the polymer and the availability of the molecules on the
surface of the nanofiber. However, blending of functional molecules into electrospun
nanofibers still remains the preferred method of functionalization in fields such as drug
delivery systems.*®*"® The reason is that the nanofibers would have the ability to release the

active molecules at the target site, preferably over prolonged periods.*”
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Figure 2.8. Blending technique for the surface functionalization of electrospun nanofibers*®

Sometimes polymers could have the required functionalities for a particular application, but
would prove very difficult to electrospin. In such a case, the polymers are usually blended

with electrospinnable polymers to produce composite polymer nanofibers. ™"

To circumvent the challenges posed by blending functional molecules within the nanofibers,
the method of covalently linking functional molecules onto the polymer could be used. A
crucial requirement for this method of functionalization is the systematic choice of a polymer
with appropriate reactive sites for successful attachment of functional molecules. For
example, poly(vinylbenzyl chloride) (PVBC) has been extensively used for the
immobilization of various functional groups.'®*#2 PVBC has chloride groups that can easily
be substituted by several functionalities. Another important requirement for immobilization
of functional molecules in a covalent linkage technique is the solubility of the polymer before
and after functionalization.'®® The polymer must be soluble before electrospinning for the
reaction with the molecule being immobilized (covalently linked) to occur. Consequently, for
the product to be fabricated into nanofibers, it has to be soluble. The major challenge with
pre-functionalization is the uncertainty over the orientation of the functionalities on the
surface of the electrospun polymer nanofibers. Recently, due to these challenges, the most
commonly adopted method of functionalization of electrospun nanofiber is the post-

electrospinning functionalization method.'®**%
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2.4.2 Post-electrospinning functionalization method

In the post-electrospinning functionalization method (also referred to as post-
functionalization method) the polymer is electrospun first and then the functionality is
subsequently introduced. It is worth noting that there are several techniques that could be
used for the post-functionalization of the electrospun nanofibers. The techniques include,
amongst others, physical adsorption, chemical vapour deposition, chemical treatment and
graft polymerization. The major advantage of the post-functionalization method is that the
functionalities are always exposed on the surface of the electrospun nanofibers resulting in
performance enhancement of the nanofibers. Moreover, the functionalities remain
immobilized on the surface of the electrospun nanofiber and hence there is no leaching
(except in physical adsorption) of the functional molecules and thus the nanofibers can be

used repeatedly without loss of performance.

2.4.2.1 Physical adsorption

Physical surface adsorption is the simplest post-functionalization technique commonly used
for loading drugs onto electrospun nanofibers. The interaction of functional molecules
(drugs) and the polymer nanofibers is generally through hydrogen bonding, Van der Waal’s

forces, hydrophobic and electrostatic interactions.*"

As with the blending technique, physical adsorption has been extensively used for the
functionalization of electrospun nanofibers for drug delivery purposes. Typically, laminin (a
neurite promoting extracellular matrix protein) was physically adsorbed on poly(L-lactic
acid) (PLLA) nanofiber scaffolds that were used for mimicking the extracellular matrix in the

process of repairing and regeneration of damaged tissue.®

Adsorption of nanoparticles on
the surface of electrospun nanofibers, for application in various fields, has also been

attempted. 8%

2.4.2.2 Chemical vapour deposition (CVD)

Chemical vapour deposition is a technique where a solid substrate is exposed to volatile
gaseous precursors which react on contact with the surface of the substrate forming a thin

film.'** The process is usually promoted by heat (thermal CVD), ultraviolet (UV, photo-
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assisted) or plasma (plasma-assisted CVD). The thickness of the deposited film is dependent

on factors, such as the type of precursor, the carrier gas flow rate and the deposition time.

Ma et al.®®? produced superhydrophobic electrospun nanofiber fabrics using a chemical
vapour deposition technique. They coated electrospun polycaprolactone (PCL) nanofibers
with a thin layer of hydrophobic poly(perfluoroalkyl ethyl methacrylate) using t-butyl

peroxide as an initiator.

2.4.2.3 Chemical Treatment

The functionalization of electrospun nanofibers by chemical treatment is similar to the
previously described covalent linking of functional molecules (pre-functionaliztion), except
that the immobilization of functional molecules is done onto already fabricated nanofibers. It
IS imperative, in this chemical immobilization technique, that the solvents used do not
dissolve the nanofibers so as to maintain their integrity (nanofibrous structure).
Functionalization using this technique results in non-leachable functional molecules,
however, the immobilized molecules could partially lose their activity.'’”® Moreover,

functionalization is usually not complete even after long treatment periods.

Various functional molecules were immobilized on the surface of electrospun nanofibers for
potential applications in many research fields. Proteins were immobilized on the surface of
PCL nanofibers, after the plasma treatment, and were found to have a potential to be used as

tissue engineering scaffolds to control cellular adhesion and differentiation.**

Another method for post-functionalization of electrospun nanofibers that recently received
much attention is the graft (co)polymerization method. This post-functionalization method

will be dealt with extensively in the following section.

2.5 Graft polymerization

Grafting is a process by which functionalized monomers are covalently attached on the
surface of polymers. The graft polymerization process could be achieved by two approaches,
namely; ‘grafting onto’ or ‘grafting from’ (Fig. 2.9). In the ‘grafting onto’ approach

functionalized monomers react directly with the polymer backbone while in the ‘grafting

Rhodes University Page 36



from’ approach the initiator is first immobilized on the polymer, followed by polymerization

of the functionalized monomers.'® Graft polymerization can be achieved using several

techniques such as chemical, plasma, enzymatic and radiation treatment.*%**%’

initiator

AN AN AN

A B

Figure 2.9. Schematic diagrams of grafting approaches; 'grafting onto' (A) and 'grafting from' (B)*®

2.5.1 Grafting polymerization techniques
2.5.1.1 Grafting by chemical treatment

The chemical grafting technique can be accomplished either by a free radical or ionic
pathway. In the free radical grafting pathway, free radicals are produced from the initiator
and transferred to the substrate (polymer) followed by the reaction with the monomer. The
formation of free radicals is induced by thermal decomposition (Scheme 2.1) of the initiator

198 or benzoyl peroxide (BPO).'*® However, the two

such as azobisisobutyronitrile (AIBN)
initiators are known to result in lower degrees of grafting, with BPO being more reactive than
AIBN.1% Azobisisobutyronitrile is less reactive than BPO due to resonance stabilization of its
primary radical. The low degree of grafting is attributed to the fact that not all of the free

radicals formed are involved in grafting.
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Scheme 2.1. Thermal decomposition of AIBN and BPO

The formation of free radicals could also be induced by redox initiators. Redox initiators
consist of a mixture of metal ion and hydrogen peroxide, thiosulfate or persulfate ions
(M™/H,0,, S,035% or S,08°, M™ = Cu®, Fe?"). 01920202 The active species in the
decomposition of H,0, and S,0g* induced by metal ions have been proposed to be OH® and
SO, * respectively (Eqns 2.2 & 2.3).

M™ + H,0, — M™* + OH* (2.2)

M™ + S,0¢8 —» M™* + s0,° (2.3)

The SO4° radical is thought to react in two different ways; either it reacts with H,O to form
OH* which subsequently produces free radicals on the polymer backbone or the SO, ® radical
reacts directly with the polymer backbone to produce radicals on the polymer backbone.
There are many other redox initiator systems that have been employed for graft
polymerization and all react in a similar manner.’®® Some transition metal ions have also been
used for the oxidation of the polymeric backbone resulting in graft polymerization.?®*2% The
important requirement is that the transition metal ion must have a low oxidation potential.

Metal chelates with low oxidation potentials have also been reported to induce free radicals
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on the polymer backbone.?®®?%" |t has also been reported that high redox potentials enhance

the formation of the homopolymers.

Grafting has over the years been achieved by a ‘living polymerization” method, and in the
method graft polymerization occurs in a controlled manner such that polymer chains can be
grown to a desired length. A ‘living polymer’ is described as the polymer that retains its
ability to be propagated for a lengthy period and grows to a desired maximum chain size
while the degree of termination or chain transfer remains insignificant.”®® Atom transfer
radical polymerization (ATRP) has been the commonly used technique for grafting of living
polymers with regulated molecular weights.”*** In the ATRP technique, the important

reaction is the activation-deactivation dynamic equilibrium process (Eqn 2.4):

P-X + Cu(l)2L — P,° + Cu(ll)/2L (2.4)

where P,-X is a polymeric halide [e.g. polyvinylchloride (PVC)] and Cu(l) complex CuX/2L
(X = Cl, Br and L = 2,2"-bipyridine or 4,4’-disubstituted bipyridine). The role of the Cu
complex is to act as a reversible halogen transfer reagent between the active and dormant
polymer chains. Other multidentate amine-based ligands such as tetraethylenediamine,
N,N,N’,N’,N"-pentamethyltetraethylenediamine as well as (tris-2-aminoethyl)amine were also

used in the Cu-mediated ATRP of monomers.”*#?*?

2.5.2 Grafting by photochemical treatment

Some polymers contain chromophores (e.g. double bonds) that can absorb light and the
electrons excited from a ground state into an excited state. While at the excited state, the
chromophores then cleave into free radicals which could promote graft polymerization. In
cases where absorption of light by the chromophores does not yield free radicals,
photosensitizers are then used to mediate in bond cleavage and thus forming reactive free
radicals. Several photosensitizers that were used in graft polymerization are the aromatic
ketones (benzophenone and xanthones), dyes (sodium anthraquinone sulfonate or acrylated
azo dyes), benzoin ethylether and metal ions such as UO,** %8 |n the absence of a

photosensitizer, free radicals are generated on the polymer backbone and subsequently react
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with the monomer to produce a grafted polymer. On the other hand, in the presence of a
photosensitizer the free radicals formed by the photosensitizer induce free radicals on the

polymer backbone which then react with monomers yielding a grafted polymer.

2.5.3 Grafting with radiation treatment

Over the years, graft polymerization has been achieved using radiation-mediated techniques
such as electron beam, plasma, y-rays and UV irradiation. Irradiating macromolecules can
cause homolytic fission (or cleavage) and therefore generate free radicals on the polymer
backbone. The initiator need not be present when grafting is carried out under radiation
conditions*®. In the absence of the initiator, however, the grafting environment is important.
For example, grafting in the presence of molecular oxygen or air generates peroxides on the
polymer backbone. There are three different ways with which radiation-mediated graft
polymerization can proceed, namely, (i) pre-irradiation, (ii) peroxidation and (iii)

simultaneous irradiation.'****

2.5.3.1 Pre-irradiation

In the pre-irradiation technique, the polymer is subjected to radiation in an inert gas or under
reduced pressure (vacuum), followed by treatment with the monomer in the vapour or liquid
state or in solution (Scheme 2.2).°%#9 Several polymers have been functionalized by pre-

irradiation graft polymerization to afford functionality for different applications. 919222
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Scheme 2.2. Schematic representations of irradiation techniques for graft polymerization

2.5.3.2 Peroxidation

As with the pre-irradiation grafting technique, peroxidation is carried out in two steps
(Scheme 2.2); the polymer is irradiated in an oxygen or air atmosphere which results in the
generation of hydroperoxides or diperoxides, depending on the nature of the polymer
backbone.’®®?* The second step involves the treatment of the irradiated polymer with the
monomer at elevated temperatures. The peroxides then decompose to form free radicals with
subsequent graft polymerization. The advantage with the peroxidation technique is that the

peroxidated polymers obtained can be stored over long periods. The peroxidation technique
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has been utilized by several groups for functionalization of different polymers.?2*2%°

However, the pre-irradiation and peroxidation methods could result in cleavage of the

polymer chains.'%#?

2.5.3.3 Simultaneous (mutual) irradiation

The simultaneous irradiation grafting technique involves the irradiation of the polymer and
the monomer in a single step, with subsequent graft polymerization (Scheme 2.2). The major
disadvantage of the simultaneous irradiation technique is the formation of a homopolymer.
However, the simultaneous irradiation technique is faster than the peroxidation and pre-

irradiation methods and also results in a lower level of polymer chain cleavage.?*

2.6 Characterization of electrospun nanofibers

Although the electrospinning process dates back to the early 1900s, the resurgence of interest
only began in the mid 1990s as qualitative and quantitative techniques that enabled
characterization of nanomaterials became available. The surface roughness of two-
dimensional polymers, porosity, pore size and distribution, the specific surface area for
porous and non-woven polymer membranes, and the intra-fiber surface roughness can all be
classified under geometric and topographic properties.??” The surface chemical properties and
chemical composition of electrospun nanofibers can be different from the bulk polymer,
moreover, in some cases can be transformed by surface modification.?”® Therefore, the
understanding of the topology, morphology and surface chemistry of electrospun nanofibers

is very important for the determination of their suitability in a particular field of application.

2.6.1 Surface area and porosity

Electrospun nanofibers are highly porous materials, thus they have very large surface area-to-
volume ratios (Fig. 2.10). The large surface area-to-volume ratio is the main property that is
exploited for applications such as filtration and adsorption. Thus, it is always very important
to accurately characterize the electrospun nanofibrous materials so as to optimize their use in

different fields of application. There are several available techniques for more in-depth
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characterization of electrospun nanofibers, including Brunauer-Emmet-Teller (BET) gas

adsorption, capillary flow porometry and mercury flow porosimetry.

Closed Pores  Blind Pores  Cross-linked Pores Through Pores

Figure 2.10. Schematic representation of pores®?

2.6.1.1 Mercury porosimetry

Mercury porosimetry is a conventional technique used for the characterization of surface
porosity, pore volume and pore size distribution.?? It is a liquid intrusion method in which
mercury is used for the determination of pore volume and pore size distribution. Mercury is a
suitable liquid as it has a high surface tension and thus makes larger contact angles with many
materials. The high surface tension results in mercury not being able to spontaneously
penetrate pores by capillary action and therefore has to be forced into the pores by applying
an external pressure.??” Based on the assumption that the pores are cylindrically shaped, the

diameter penetrated by mercury could be related to the applied external pressure (Egn 2.5):

D= —4y cosf 2.5)

where D is the pore diameter, y is the surface tension of mercury, 6 is the contact angle
between mercury and the material and p is the applied external pressure.?”’ The pore volume

is obtained from the measurement of the volume of mercury that penetrates the porous
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material. The pore size distribution can be obtained from the relationship between log
differential intrusion volume and log pore diameter, dV/d(log D).?*” Using the data obtained
for the pore diameter and the mercury intrusion volume, the wall area of the pore can be
calculated from Eqn 2.6;

A== (2.6)

where A is the surface area of the pore, V is the intrusion volume and D is the pore
diameter.?** The major limitations of mercury porosimetry arise from the assumption that the

227

pores are cylindrical since not all pores adopt the shape.”*" Moreover, due to the ‘bottle neck’

effect Eqn 2.6 may not provide accurate surface area results.”*"**°

2.6.1.2 Capillary flow porometry

Contrary to mercury porosimetry, capillary flow porometry is a liquid extrusion technique
commonly used for pore size determination.®® In capillary flow porometry, all the pores must
first be completely filled with a wetting liquid. The liquid is then forced out of the pores
using an inert gas. The hypothesis is that the work done to force the liquid out of the pores is
equal to the surface free energy when the sample liquid interface is substituted by the sample-

gas interface. The pore diameter can be determined from Eqn 2.7 below:

4yl/g cos @
p=—t— (2.7)

where yq i the liquid gas interfacial tension or liquid surface tension; @ is the contact angle
between mercury and the material and D is the diameter of the equivalent circular area of the
pore cross-section.”®*?*! Capillary flow porometry is only appropriate for the measurement of
‘through pores’, but cannot measure closed or blind pores and it also suffers from the ‘bottle

neck’ effect.??’




2.6.1.3 Brunauer-Emmet-Teller (BET) gas adsorption

Named after its inventors, Brunauer, Emmet and Teller, the BET gas adsorption technique, is
the most commonly used technique for the measurement of surface areas of porous
materials.??"#*2 The technique is based on the principle of adsorption of gas molecules of the
sample on the surface. By integration of the concept of multilayer adsorption of gas
molecules as well as knowing the area covered by a single gas molecule to Langmuir’s

assumption of monolayer formation, the BET equation can be written as follows:

P 1 C-1(P
Va(Po—P)  VpnC t VinC (P_o) (2:8)

where P is the gas pressure, P, is the saturated (equilibrium) gas pressure at a given
temperature, V, is the volume of gas adsorbed at pressure P, Vp, is the volume of gas required
for the monolayer adsoption on the surface of the sample and C is the constant related to the
monolayer adsorption.””’ V;, and C can be obtained from the intercept and slope of the curve
of the plot of P/V,(P,-P) versus (P/P,).

The data obtained from the BET gas adsorption technique is usually more reliable in
comparison to the mercury porosimetry and capillary flow techniques.??’ The reason is that in
the BET gas adsorption technique, no assumption is made about the cylindrical shape of the
pores. However, the BET gas adsorption technique cannot distinguish between pores within
the nanofibers and spaces between the individual nanofibers. The major challenge associated
with the BET technique is that there is no clear distinction between pores within electrospun
nanofibers and the interstitial spaces between nanofiber strands. Thus, the surface area values

and the pores volume sizes obtained for electrospun nanofibers may not be accurate.

2.6.2 Surface morphology
2.6.2.1 Scanning electron microscopy (SEM)

Scanning electron microscopy is a technique extensively used for imaging the surface of solid

materials or samples.??”#* A variety of information about electrospun nanofibers can be
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obtained with SEM, including the nanofiber diameter, texture (smoothness (beadfree) or
roughness (beaded)) and chemical composition. A high energy stream of electrons is
bombarded on a selected region of the sample’s surface under high vacuum conditions. On
hitting the solid surface, the incident electron beam is reflected and backscattered. Secondary
electrons (electrons ejected from the sample) that are reflected from the surface of the solid
are detected and then converted into an image. Depending on the type of detector used,
information about the surface morphology, chemical composition (energy dispersive
spectroscopy (EDS)), crystalline structure and crystal orientation (electron backscattered
diffraction spectroscopy (EBDS)) can be obtained. SEM micrographs of electrospun

nanofibers with different morphologies are illustrate in Fig. 2.11.

Figure 2.11. SEM micrographs showing different surface morphologies of electrospun

nanofibers*™®

One major advantage of using SEM is that various types of detectors can be used to reveal
characteristics of the sample. However, SEM is only limited to solid dry samples which must
be stable under vacuum. The environmental scanning electron microscope (ESEM) was
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developed to allow analysis of environmental and live biological samples.?** Although non-
conducting solid surfaces result in poor resolution, the challenge is curbed by coating the

non-conducting surface with a conducting material (gold sputter coating).

2.6.2.2 Transmission electron microscopy (TEM)

Transmission electron microscopy is another technique widely used for imaging not only
solid but liquid samples as well.*>?® |n the TEM technique a thin sample is irradiated with
an electron beam of uniform energy. The incident beam of electrons interacts with atoms of
the sample as it travels through before being emitted (transmitted) on the other side of the
sample. The transmitted electrons, unlike in SEM technique which relies on deflected

electrons, are then detected and converted into an image.

Transmission electron microscopy is mostly used for imaging of electrospun
nanofiber/nanoparticle composites.**#*" Because it relies on transmitted electrons, TEM has
the capability of imaging the distribution of nanomaterials embedded within other materials
(Fig. 2.12). However, the major limitation of TEM is that the sample has to be very thin and

stable under high vacuum.
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Figure 2.12. TEM micrographs of electrospun TiO,/PtNPs nanofiber composites*®®

2.6.2.3 Atomic force microscopy (AFM)

Invented in 1985 by Binnig and Rohrer,”® AFM uses a tip mounted in a cantilever to
measure surface morphology (roughness and hardness) and other properties (such as the
distribution of a chemical of interest in blended mixtures, distribution of crystalline and
amorphous regions on a polymer surface, elasticity, adhesion and surface charge density) of
solid materials.??"?**?%° There are various modes by which the tip interacts with the surface
of the materials, namely, contact and non-contact modes. The contact mode is the simplest
form of AFM imaging and is similar to feeling the surface texture by moving fingers over it.
The contact mode has been employed to determine the adhesion force on electrospun
nanofibers after plasma treatment.?* However, the contact modes are usually considered
inappropriate for electrospun nanofibers since even soft cantilevers cause damage to the
sample. The damaging effect of the cantilevers has been attributed to the lateral friction

forces.??’

Non-contact modes use an oscillating AFM tip to examine the attractive forces near the
surface of the materials and generally cause less structural damage. A non-contact mode most
commonly used for imaging of electrospun nanofibers is the amplitude modulation (also

referred to as intermittent contact or tapping mode).?*” In the tapping mode the tip is moved
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at a constant frequency which permits simultaneous monitoring of the amplitude and phase
changes. Fig. 2.13 illustrates AFM images of electrospun poly(vinyl acetate)/titanium oxide

(PVAC/TIO,) nanofiber composites using a tapping mode.

Figure 2.13. AFM images of electrospun PVAc/TiO, nanofiber composites®*

Another non-contact mode called the phase imaging allows creation of the image by
comparing the phase of the cantilever excitation with that of the response oscillation. Phase
imaging allows many different surface properties to be examined. However, phase imaging
does not permit direct investigation of the chemical composition of the sample and the
drawback has been solved by combining AFM with spectroscopic techniques such as IR**®
and X-ray spectroscopy®** which has allowed the investigation of physicochemical properties
of nanomaterials. The major limitation of the AFM technique for the analysis of electrospun
nanofibers is that there are always slight distortions in both the vertical and horizontal

directions when a non-ideal tip interacts with the surface.?*’
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2.6.3 Surface chemical composition
2.6.3.1 Attenuated total reflectance (ATR) Fourier transform infrared spectroscopy

Attenuated total reflectance (ATR) Fourier transform infrared spectroscopy (FTIR) is a
technique in which the infrared radiation interacts with molecules by exciting their vibration
modes, when it is reflected between the surface of the sample and the internal reflection
element (or ATR crystals).?"*** The most commonly used internal reflection elements are
zinc selenide (ZnSe) or germanium (Ge). ATR-FTIR provides information about the presence
or absence of specific functional groups (-OH, -NH,, -CHO, -COOH, -CONHR).?2":245:246
Because of its simplicity, ATR-FTIR has been widely used for the characterization of

functionalized electrospun nanofibers. 95247249

Since the mean-free-path of infrared radiation is about 2 pum, it is usually not a very sensitive
technique for surface characterization. For example ATR-FTIR is often not sensitive enough
to detect the surface chemistry of grafted nanofibers/polymer in which the grafted layer is

only several tens of nanometers.?*°

2.6.3.2 Energy dispersive spectroscopy (EDS)

Energy dispersive (X-ray) spectroscopy (EDS or EDX) is a technique that is commonly used
in conjuction with scanning electron microscopy (SEM) and transmission electron
microscopy (TEM), for the analysis of the surface composition of electrospun nanofibers. It
uses the principle of the bombardment of solid surfaces with a beam of electrons. The emitted
X-rays have unique energies that are characteristic to specific elements that are present on a
solid sample. The emitted X-rays are detected, sorted based on their energies and then
converted to signals that identify the elements present in a sample. EDS can also be used for
the mapping of the elemental distribution on the surface of the solid sample. However, for the
EDS analysis, samples should be perfectly flat so that surface roughness does not affect the
results since the electron probe analyzes only to a shallow depth. Non-conducting samples
should not be coated since the coating introduces unwanted element lines on the spectrum.
Furthermore, the operators should have a clear understanding of what elements they are
analyzing in the sample so as to eliminate unwanted elements. EDS is more accurate for

heavy elements but less accurate for light elements.
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2.6.3.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is the most extensively used technique for the analysis of
chemical composition of electrospun nanofibers.??"?%2424% The technique is based on the
photoelectron effect where the photons (Mg Ka and Al Ka lines) are used to eject electrons
from the surface when the photons strike the surface of the material. The binding energies of
the electrons ejected from the surface of the material are measured and then converted into a
spectrum with a sequence of photoelectron peaks. These peaks (binding energies) are
characteristic of specific elements present on the surface (Fig. 2.14).2*%%* Figure 1.14
illustrates the XPS spectra depicting the binding energies of the elements (C1s, N1s and O15s)
obtained for the surface chemistry characterization of electrospun collagen nanofibers,

polyurethane (TPU) nanofibers and collagen/TPU nanofiber composite.
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Figure 2.14. XPS spectra obtained for (a) collagen nanofibers, (b) collagen/TPU nanofiber

composite and (c) TPU nanofibers®®

The peak areas can be used to quantify the elemental composition on the surface provided

appropriate sensitivity factors are taken into consideration. Depending on the chemical
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environment of the emitting atom or element, the peak shape and binding energy can be
slightly shifted, thus providing chemical bonding information. X-ray photoelectron
spectroscopy (XPS) was used for surface characterization of functionalized electrospun
nanofibers.?4"#%2°2 XPg is a highly sensitive technique for surface characterization since the
mean-free-path of photoelectrons is small. Thus photoelectrons penetrate about 10 nm below

the surface.??’

Moreover, broad poorly resolved binding energies (peaks) can be
deconvoluted by curve fitting procedures. However, XPS is very expensive and requires ultra

high vacuum conditions.

2.6.3.4 Time of flight secondary ion mass spectrometry (ToF-SIMS)

Secondary ion mass spectrometry is a technique used for molecular surface chemistry
characterization and to develop a spatial distribution of the position of different chemical
components.??"?* In ToF-SIMS a high energy beam of primary ions is used to bombard the
surface of a material, resulting in the removal of secondary ions or molecules in the vicinity
of the impact site (Fig. 2.15). Some of the molecules are ionized and the ions are separated
based on their mass per charge ratio (m/z) and analyzed. Uyar et al.”>* have used static ToF-
SIMS to investigate the presence of cyclodextrin on the surface of electrospun polystyrene

(PS) nanofibers after incorporation.
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Figure 2.15. Schematic representation of time of flight secondary ion mass spectrometry
(ToF-SIMS) technique®*

There are two types of SIMS: static (low flux) and dynamic (high flux) SIMS. Dynamic
SIMS has higher energy primary ion beam, thus results in greater damage of the surface than
static SIMS. 22724625525 Aq g result of etching of the surface due to the high energy ion beam
in dynamic SIMS, it can be used for depth profiling of material surfaces. ToF-SIMS can also
be used to determine covalent bonding of molecules to surfaces, as well as to predict
wettability, adhesiveness and biological reactivity of surfaces.?*® Although it can be used for
identification of all elements including hydrogen as well as atomic or molecular ions, it
usually damages material surfaces. Moreover, quantification of mass spectra requires

standards that must be obtained for the sample matrix.*’

It is clear from the surface characterization techniques discussed that none can be used
independently to provide full and accurate information about the surface of electrospun
nanofibers. Thus, a combination of several of these techniques is often necessary for a
complete and accurate characterization of the surface chemistry. There are also other surface
characterization techniques (surface energy analysis and mechanical properties) that have not

been discussed but they have been comprehensively reviewed elsewhere,?2":233:246
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2.7  Applications of electrospun nanofibers

Nanofibers obtained by the electrospinning process have attractive properties such as high
porosity, high surface area-to-volume ratio and their surfaces are easily modified. Because of
the properties of the electrospun nanofibers, they have gained popularity for application in
various research fields. Exploitation of the nanofiber properties could make them better
alternatives for specific applications compared to conventional methods. For example, the
highly porous nature of electrospun nanofibers makes them suitable alternatives as drug
delivery systems due to controlled release of incorporated drugs (pharmaceuticals) over
time.”’ The surface of electrospun nanofibers can be modified with various functionalities to
make them selective sorbents for specific analytes in sample clean-up.?®**®® Moreover,
increased surface area of electrospun nanofibers enhances the surface interaction with
targeted analytes, and improves the enrichment factors and therefore the sensitivity in trace
analysis. In trace analysis, the selectivity and sensitivity of electrospun nanofibers can be
tuned by a systematic choice of ligands that selectively bind to metal ions.?®* Some of the

various application fields of electrospun nanofibers are illustrated in Fig. 2.16.
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Figure 2.16. Some application fields of electrospun nanofibers
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2.7.1 Textiles

Fire, chemical and biological threats pose huge challenges to firefighters, law enforcement,
medical and military workforces. Therefore, a high level of protection is paramount in
ensuring the safety of the personnel whenever they have to deal with such threats. The
challenges of the present protective clothing which contains charcoal as absorbent include
permeability to water and being too heavy.'®"?%? In recent years, electrospun nanofibers have
played an important role in the textile industry for the manufacture of thermal fabrics,

protective clothing, waterproof materials and sportswear.

2.7.1.1 Protective clothing

Electrospun polyurethane (PU) nanofibers were fabricated and their properties as potential
alternatives for breathable windproof protective clothing investigated.?®>? It was found that
air permeability decreased with increasing processing time (or nanofiber web density). It was
also observed that the hydrostatic pressure increased and water vapour permeability remained

constant.

Gallo et al.?®

prepared halogen-free fire retardant electrospun nanofibers by depositing
nanofiber layers of polyacrylic acid (PAA) and polyimide (PI) onto polyamide 6,6 (PA66).
They investigated the fire resistance behaviour of the nanofiber layer and concluded that
PAA and PI coatings function by physical effects that alter the mass or heat transport
between the pyrolysis and the flame zone. Moreover, both nanofiber coatings were sacrificial

and protective layers due to advance thermal insulation.

Waterproof and breathable polyurethane materials suitable for sportwear design have been
prepared via the electrospinning of layered fabric systems with varying composite
nanostructures.?®® By varying the layer structure and substrates in the electrospun nanofiber

layered system, different breathability and barrier performance levels were achieved.

2.7.2 Environmental systems

The porous structure, surface adhesion and high surface area-to-volume ratio of electrospun

nanofibers make the nanofibers suitable alternatives for gas filter and sensor systems for
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environmental pollution. Various types of materials including semiconductors, carbon
graphites, (in)organic composites have been used as sensory devices to detect polluting gases
in the environment; based on various sensing techniques and principles.?®® In recent years,
electrospun nanofibers have also gained more popularity for application in gas filter systems
since they were found to be more competitive compared to conventional techniques such as

ion exchange, adsorption and sand filtration.?®’

2.7.2.1 Sensors

A gas sensor is a device that detects the presence of polluting or hazardous gases in an
environment. The performance characteristics of a chemical gas sensor (selectivity,
sensitivity, response time, stability, reversibility and reproducibility) are influenced by the
type of sensing material used.”® The most commonly used gas sensors are electrospun

ceramic nanofibers which are produced by sol-gel and the electrospinning technique.?®

Electrospun nanofibers of tungsten oxide (WOs3) and molybdenum oxide (MoO3) were
prepared and shown to possess the ability to detect ammonia (NH3) and nitrogen dioxide
(NO,) in the atmosphere, respectively.?®**"® The sensors were found to be capable of
detecting low concentrations of NH3 (10 ppm) and NO; (50 ppm). It was also shown by
Medrignac-Conanec et al.>”* that mixed MoOz; and WO; nanofibers had a capability of

simultaneous detection of several gases (NO, NO; and O3).

Electrospun nanofibers of PAA and PVA were deposited on quartz crystal microbalances
(QCM) and also used for the detection of NH; gas.>”? The nanofiber sensors were found to
have a rapid response to NH; and they interacted with NHj3 through PAA, a weak
polyelectrolyte. Another nanofiber sensor for hydrogen sulfide (H,S) gas was also fabricated
by deposition of polyethyleneimine (PEI)/polyvinyl alcohol (PVA) nanofibers on QCM.2"”

The limit of detection of the nanofibrous sensor for H,S was 500 ppb.

Electrospun nanofiber sensors were also used for the detection of water pollutants such as
pharmaceuticals, cosmetics and hormones.?®®?"*2’> \When encapsulated into electrospun
nanofibers, molecularly imprinted nanoparticles were found to have the ability to detect trace
concentrations of propanolol.?”® Electrospun nanofibers with a potential of being used as

thermal,?’” biochemical*® and fluorescence®”® sensors were also reported.
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2.7.2.2 Filtration

The presence of chemical and biological contaminants in the environment (air and water) can
be harmful to human and animal health. Thus, removal of contaminants from the
environment is very critical in ensuring a clean and breathable environment. The use of
electrospun nanofibers as filters has gained momentum in recent years. Mostly, the filtration
membranes were produced by deposition of electrospun nanofibers on a substrate material
whose pore size was often larger than the nanofibers being deposited.?®*?” It is worth noting
that only the use of electrospun nanofibers as gas filters will be discussed in this section while
their application in water filtration will be discussed in Chapter 2.

Han et al.?”®

produced core-shell structured nanofiber membranes by co-axial electrospinning
of polycarbonate (PC) (core) and polyurethane (PU) (shell) onto cotton. They observed that
the core-shell nanofiber composite had good water vapour transmission performance in the
removal of gaseous contaminants. Electrospun polyvinyl alcohol (PVA) nanofibers were
deposited onto two differently prepared polypropylene (PP) sublayers (spun-bonded and
melt-blown).?®® The filtration efficiencies of both nanofiber composites were compared. The
filtration efficiency of the spun-bonded nanofiber composite was almost 100% after 2.9 g/m?
of PVA nanofiber web was deposited, while that of melt-blown nanofiber composite required

2.4 g/m? of PVA nanofiber for the same result.

Electrospun nylon 6 nanofibers were also fabricated and their filtration efficiency and
pressure drop investigated. Nylon 6 nanofibers were found to have better filtration efficiency
(99.993%) than the commercially available high-efficiency particulate air filter (HEPA).?!
Patanaik et al.?®? fabricated electrospun polyethylene oxide (PEO) nanofibers and evaluated
the effect of diameters on filtration efficiency and pressure drop. They observed that the
filtration efficiency and the pressure drop decreased as the diameter of the nanofibers

increased.

2.7.3 Energy

With the rapid depletion of fossil fuel reservoirs due to the ever-escalating global energy
demands, there exists a need to find new technologies to generate renewable and clean energy
resources. In addition, the storage of energy is another critical issue that requires attention as

well. The highly attractive properties of electrospun nanofibers have received much attention
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and are regarded as excellent alternatives to address the challenges. Scientists have studied
electrospun nanofibers for potential use in fuel cells, Li-ion batteries, piezoelectric and

thermoelectric materials, dye-sensitized solar cells and supercapacitors.'®7178283

2.7.3.1 Fuel cells

Electrospun Nafion/polyphenyl sulfone (PPSU) nanofiber composites were fabricated using
two different approaches; (i) Nafion nanofibers were reinforced with PPSU nanofibers and
(i) Nafion nanofibers were embedded into PPSU nanofibers.?®* The two nanofiber
composites were evaluated for their proton conductivity and other properties (including
swelling and mechanical properties). Results showed that the proton conductivity of the two
nanofiber composites increased linearly with Nafion volume ratio. Tamura and Kawakami
prepared novel nanofiber composite membranes from uniaxially aligned sulfonated
polyimide nanofibers as proton exchange membrane fuel cells.?® The nanofiber composite
membranes exhibited high proton conductivity, good chemical and thermal stability as well
as low gas permeability. It was also concluded that the properties suggested that the
composite nanofibers were promising polymer electrolyte membranes and have a potential to

be used as fuel cells.

2.7.3.2 Lithium-ion batteries

Energy storage devices such as rechargeable lithium-ion batteries are regarded as an efficient
solution to the increasing demand for high-energy electrochemical power sources. Recently,
more focus has been directed towards the development of Li-ion batteries from electrospun
nanofibers. Bonino et al.?®® fabricated electrospun carbon-tin oxide (C-SnO.) nanofiber
composites and evaluated them as anodes in Li-ion battery half-cells. They found that the
incorporation of SnO, enhanced the performance of carbon nanofibers as anodes in Li-ion

batteries.

Thermally-treated electrospun LiFePO,4-C nanofiber composite (using PAN as a precursor)
were evaluated as cathodes in Li-ion battery half cells. It was observed that the electrospun
LiFePO,-C nanofiber composites displayed satisfactory capacity and good cycling stability as
cathodes in Li-ion battery half cells. Li-ion battery separators have also been fabricated by
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incorporating Perovskite-type lithiumlanthanum titanate LisxLays«TiO3 (LLTO) into
electrospun PAN naofibers.”®” These nanofiber composites were found to perform well as

separators and also assisted in Li ion conduction, which could enhance battery Kinetics.

2.7.3.3 Dye-sensitized solar cells

Much attention has been focused on dye-sensitized solar cells as potential low cost
alternatives to silicon solar cells.?2®%*° Other advantages include easy manufacturing process
and simple large-scale production. Electrospun anatase TiO, nanofibers were deposited
directly onto a thick nanoparticle electrode using a sol-gel method.?® The nanofibers were
evaluated as dye-sensitized solar cells and the results showed that the nanofibers exhibited an
incident photon coversion efficieny (IPCE) of 85% at a wavelength of 540 nm. For areas of
0.25 and 0.052 cm?, conversion efficiencies were 8.14 and 10.3%, respectively. From the
results, it was deduced that the light harvesting nanofiber-modified TiO, nanoparticles had a
potential to be used as dye-sensitized solar cells. Joshi et al.?®° demonstrated that electrospun
carbon nanofibers could be an alternative low cost electrocatalyst to Pt for triiodide reduction
in dye-sensitized solar cells.

2.7.3.4 Piezoelectric and thermoelectric materials

Recent technological innovations have moved towards miniaturization of portable and
wireless electronic devices which are self-powered energy sources.?**?** The materials have
the capability of harvesting energy from the environment and converting it to a different form
of energy. Such materials are said to have piezoelectricity; that is, the ability of some
materials to convert electrical energy to mechanical energy. On the other hand, thermoelectric
materials have the ability to convert waste heat energy into electricity in an effective,
economical and environmentally benign manner.?**?*® Electrospun nanofibers are potential
candidates for fabricating piezoelectric and thermoelectric materials since they are

lightweight (for easy transportability) and mechanically flexible.

Electrospun lead zirconate titanate nanofibers were demonstrated as new piezoelectric

nanogenerators (Fig. 2.17).** Some interesting properties of the electrospun piezoelectric
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nanofibers include a peak output voltage of 1.63 V and the output power of 0.03 uW with a

load resistance of 6 Q.

PDMS polymer

PZT nanofibers

Extraction electrodes

Figure2.17. Schematic view of the piezoelectric (PZT) nanogenerator®*

Yin et al.?*® developed nanocrystalline thermoelectric CasC04Osg ceramics by sol-gel based
electrospinning and spark plasma sintering. The nanofiber-sintered ceramic materials

demonstrated simultaneous Seebeck coefficient, electric conductivity and thermal resistivity.

2.7.3.5 Supercapacitors

Electrospun nanofibers have also gained much popularity in developing another type of
energy storage device known as the supercapacitor. Supercapacitors are considered as
potential energy storage solutions since they possess higher power density and long cycle life
compared to secondary batteries and traditional capacitors.?** Electrospun V,Os nanofibers
were developed and demonstrated to have a potential for use as supercapacitors.?®* They were
also shown to perform better in neutral electrolyte KCI, producing a capacitance of 190 F/g

and an energy density of 5 Wh/kg. Laforgue et al.®® demonstrated the capability of
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electrospun poly(3,4-ethylenedioxythiophene) (PEDOT) nanofibers to be used as active
materials of all-textile supercapacitors.”®® These electrospun nanofibers displayed very high

flexibility and conductivity.

2.7.4 Biomedicine and biotechnology

The attractive properties including high porosity, large surface area-to-volume ratio,
interconnectivity and microscale interstitial spaces render electrospun nanofibers as excellent
materials for biomedicine and biotechnology applications. Biomacromolecules, enzymes or
cells can be used to functionalize electrospun nanofibers for application in protein
purification, enzymatic catalysis, diagnostics and chemical analysis.”® Functionalized
electrospun nanofibers have also found application in the areas of wound dressing, tissue

engineering and drug delivery.?02%27

2.7.4.1 Enzymatic catalysis

Enzymes are outstanding biocatalysts capable of catalyzing a broad spectrum of complex
reactions with excellent selectivity. The immobilization of enzymes is desirable in the
industry since it offers recyclability, reusability, simple purification and prevents leaching.?®
The excellent selectivity, recyclability and reusability, simple purification, as well as the
large surface area-to-volume ratio of electrospun nanofibers make them ideal solid supports

for immobilization of enzymes.

Co-axially electrospun nanofibers containing PEO (core) and diisopropylfluorophosphatase
(DFPase) (sheath) have demonstrated very promising catalytic activity in the deactivation of
chemical agents.?”® Electrospun polycaprolactone (PCL) nanofiber encapsulated lipase from
B. cepacia displayed enhanced catalytic activity in the hydrolysis of p-nitrophenyl palmitate

in an aqueous medium compared to the trans-esterification reaction in an organic medium.**

2.7.4.2 Protein purification

Biotherapeutic products (recombinant human immunoglobulins, fusion proteins, viruses and

cell therapies) can be derived from genetically engineered bacteria, fungi, cells or
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recombinant DNA technology.'®’ The products are used to improve human and animal health,

and therefore purification methods to separate them in large quantities are in great demand.

Schneiderman et al.*®’

reported the development of electrospun carbon nanofibers for protein
purification with high capacity and throughput. The selectivity of the nanofibers was
enhanced by increasing the ligand concentration or by addition of a non-ionic surfactant to
the adsorption environment. Electrospun polystyrene-poly(styrene-co-maleic anhydride)
nanofibers were functionalized by immobilization of aptamers (Fig. 2.18).%% The electrospun

nanofibers were demonstrated to be successful in the purification of thrombin.
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Figure 2.18. Schematic illustration of the protein purification process using nanofiber-aptamer

composite®®

2.7.4.3 Diagnostics

It is very important to detect diseases (acute or chronic) at an early stage in order to
administer proper treatment and save human lives. The diagnostic probes are also needed for
monitoring of health hazards present in the environment. Therefore, the development of

rapid, sensitive, low cost and easy to use diagnostic probes has become the subject of
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research activity. In recent years, electrospun nanofibers have received much attention as

potential alternatives for application in medical diagnostics.>™*

Fluorescence resonance energy transfer (FRET) detection of proteins (haemoglobin,
myoglobin cytochrome C, bovine serum albumin (BSA) and avidin) was demonstrated using
an electrospun cellulose acetate nanofiber doped with dendritic fluorescent
diphenylacetylenic systems.**> The fluorescent-doped electrospun nanofibers displayed good
reproducibility (RSD was ~5% between separate measurements on different days), reusability
(<15% loss of fluorescence signal) and stability (no observable leaching). Recently, a CdSe
quantum dot/polycaprolactone (PCL) composite nanofiber for the ‘turn-on’ fluorescent

detection of lactase dehydrogenase was reported by He et al.*%

2.7.4.4 Wound dressing

Growth of pathogenic microorganisms on wound surfaces causes inflammation and hence
prolongs the healing process. Thus prevention of microbial growth on the wound surface is
critical for the wound’s healing process. Electrospun nanofibers could be utilized for
biomedical applications as wound dressing materials for humans. For example, a hand-held
electrospinning device was manufactured for directly electrospinning polymer nanofibers
onto the affected skin area (Fig. 2.19).%%’
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Figure 2.19. A hand-held electrospinning devices for wound dressing®’

Khil et al.** reported electrospun PU nanofibrous membranes for the treatment of wounds.
They observed that wounds that were treated with PU nanofibers were covered by a thinner
scab and milder infiltration by inflammatory cells was observed compared to wounds treated
with a control material. A recombinant human epidermal growth factor (rhEGF) was
immobilized onto electrospun nanofibers prepared from a mixture of polycaprolactone and
poly(ethyleneglycol)-polycaprolactone block polymer.”®” The resultant nanofiber-rhEGF
composite was evaluated for the wound healing properties on diabetes ulcers. The nanofiber
composite demonstrated better wound healing properties compared to control materials or
rhEGF solutions.

2.7.4.5 Tissue engineering

To date, some of the most amazing applications of electrospun nanofibers have been for
tissue engineering where they are used as biomimetic scaffolds for regeneration of human

organs including, nerves, blood vessels, bones, and cartilage. Tissue engineering using
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electrospun nanofibers scaffolds has gradually aided in minimization of dependence on donor

organs.>®

Tubular vessel-like electrospun poly(L-lactic acid-co-(e-caprolactone)) (P(LLA-CL))
nanofibersgrafted with collagen after plasma treatment (Fig. 2.20), were reported.*® The
nanofiber scaffolds were demonstrated to be suitable for seeding of human endothelial cells

with the possibility of application as blood vessels.

Figure 2.20. Dimensions and SEM micrograph of the P(LLA-CL) tubular nanofiber

scaffold®*®

Zhang et al.*" developed biomimetic electrospun hydroxyapatite/chitosan nanofiber
composites using a two-step process; an in situ co-precipitation synthetic strategy and
electrospinning process. Results obtained from cell proliferation, mineral deposition and
morphology investigations suggested the feasibility of using the biomimetic nanofibers
composites for bone tissue regeneration. Prabhakaran et al.*®® demonstrated the ability of
electrospun poly(L-lactic acid)-co-poly(e-caprolactone)/collagen nanofiber scaffolds to
support neuronal differentiation of mesenchymal stem cells (MSCs). They concluded that
differentiation of MSCs to neuronal cells could be very attractive on electrospun nanofiber
scaffolds for transplantation after nerve repair to the location of the injury.
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2.7.4.6 Drug delivery

The highly porous structure of nanofibrous materials presents them as highly attractive hosts
for drugs or pharmaceuticals. The ability of electrospun nanofibers to sustain and control the
release mechanism at the targeted site makes them potential alternatives as drug delivery

systems.

Electrospun poly(e-caprolactone) nanofibers incorporated with metronidazole benzoate were
developed and investigated for their drug release properties.®*® Results obtained from in vitro
drug release experiments carried out in phosphate buffer demonstrated that the Kinetics of
drug release were influenced by the solvent ratio and metronidazole benzoate concentration

(Fig. 2.21). Moreover, metronidazole release was also sustained for at least 19 days.
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Figure 2.21. Effect of the solvent ratio and concentration on metronidazole release from

electrospun nanofibers®®

Biodegradable electrospun poly(L-lactic acid) nanofibers blended with a protein (cytochrome
C) were fabricated and investigated for protein release properties.®'® Protein release studies in
a phosphate buffer demonstrated that the hydrophilicity of the poly(L-lactic acid) nanofibers

was highly influential.

Electrospun polypropylene membranes were fabricated by grafting 1-vinylimidazole onto

polypropylene followed by treatment with an antimicrobial drug ciprofloxacin.*** The
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antimicrobial potency of the membranes was investigated against E. coli by the disk diffusion
method. The polypropylene membranes displayed a gradual release of the antimicrobial drug

over a period of 4-5 days.

The examples illustrated in the preceding sections clearly demonastrated how the electrospun
nanofibers have been harnessed to systematically address a variety of real-life challenges. In
the same vein, the thesis attempts to exploit electrospun nanofibers for the development of

materials that can be potential alternatives for water purification application.
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CHAPTER 3 EXPERIMENTAL

3.1 Reagents and instrumentation

Alkylbromides, n-butyllithium (2.5 M in hexane), imidazole (99.5%), 1-vinylimidazole
(99%), urocanic acid (99%), nylon 6 (Mw = 11200 Da) and acetone (laboratory reagent,
>99.5%) were obtained from Sigma Aldrich (Milwaukee, USA). Hydrogen peroxide (30%),
sodium borohydride, silver nitrate, benzophenone, hydrochloric acid (32%), potassium
carbonate, sodium  sulfate  (anhydrous), potassium  hydroxide, diethylether,
dimethylformamide, formic acid (85%), acetic acid (95%) and chloroform were obtained
from Merck Chemicals (Johannesburg, SA) and were used as received. E. coli (ATCC 8793),
S. aureus (ATCC 6538), B. subtilis, subsp. spizizenii (ATCC 6633) and C. albicans (ATCC
2091) were obtained from Microbiologics Inc. (Minnesota, USA). Meuller-Hinton, Nutrient
(agar/broth) and Potato dextrose agar (Merck, SA), metronidazole discs (50 pg) and blank
discs (6.5 mm) were sourced from Davies Diagnostics (Johannesburg, SA). 2,5-
Dimethylthiazol-2,5-diphenyltetrazolium bromide (MTT) was purchased at Sigma Aldrich
(Milwaukee, USA). Metronidazole (for preparing 100 pg discs) was purchased from
Changzhou Longcheng Medicine Raw Material Co., Ltd. (Changzhou City, Jiangsu, China),
and ketoconazole was purchased from Oman Chemicals and Pharmaceuticals (Al Buraimi,

Sultanate of Oman).

The NMR spectra were recorded on a Bruker Avance 400 NMR spectrometer. Infrared
spectra were obtained with a Perkin Elmer Spectrum 400 FT-IR spectrometer. Microanalysis
was carried out using a Vario Elementar Microtube ELIII. Potentiometric titrations were
performed using a Metrohm 794 Titrino equipped with a Metronm LL Ecotrode. The
morphology of electrospun nanofibers was studied using the Tescan (TS5136ML) Scanning
Electon Microscope (Brno, Czech Republic) operating at an accelerated voltage of 20 kV
after gold sputter coating. The surface chemistry of grafted electrospun nanofibers was
characterized using an Environmental Scanning Electron Microscopy (SEM/ESEM-EDAX)
Quanta 200 operating at an accelerated voltage of 20 kV. The silver nanoparticle-adsorbed
grafted electrospun nanofibers were characterized using an Oxford Instruments
INCAPentaFET x3 Energy dispersive spectroscope fitted with INCA Analyzer software. The
silver nanoparticles desorbed from the grafted electrospun nylon 6 nanofibers were

characterized using a Zeiss Libra 120 Transmission electron microscope. The minimum
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inhibitory concentrations were measured using a LEDETECT96 microplate reader, equipped
with CAPTURE96 software. The voltage was applied using a Glassman EL40P01-22 High
Voltage Power Supply (0-40 kV, 0-1 mA) (Eagle Appliances (Pty) Ltd, SA). The electrospun
nanofibers were collected on a home-made rotating drum. The flow rate of the polymer
solution was controlled using a NE-300 Just Infusion™ syringe pump (New York, USA).
Viable bacterial colonies were enumerated using a Synbiosis aCOLade colony counter
(Cambridge, UK). Grafting was initiated by UV radiation using a 400 W mercury vapour
lamp (Osman, SA). For the cytotoxicity experiments, absorbance was measured using a
Biotek Powerwave XS Spectrophotometer and the results were analyzed using Graphpad

Prism 5 software.

3.2 Syntheses, protonation constants and antimicrobial activity of 2-substituted N-
alkylimidazole derivatives

3.2.1 Synthesis of 2-substituted N-alkylimidazole derivatives

N-alkylimidazole-2-carboxaldenyde and N-alkylimidazole-2-methanol derivatives were
prepared using literature methods.*"* Several new N-alkylimidazole-2-carboxylic acids
were prepared from the corresponding N-alkylimidazole-2-carboxaldehydes, by hydrogen
peroxide facilitated oxidation in aqueous conditions at room temperature. The only
purification necessary was the removal of residual water in vacuo, at room temperature. This

afforded the N-alkylimidazole-2-carboxylic acid derivatives in quantitative yields.

3.2.1.1 Synthesis of N-alkylimidazoles

Imidazole (0.088 mol) was dissolved in 50 mL acetone and powdered KOH (0.10 mol) was
added and the mixture allowed to stir for 2 h. Thereafter, alkyloromide (0.090 mol) was
added dropwise and the solution stirred overnight. The white precipitate was removed by
filtration and the filtrate evaporated. The resulting brown oil was distilled under vacuum
(150-200 °C, 4.7x1072 mbar) to afford clear oil.

3.2.1.2 Synthesis of N-alkylimidazole-2-carboxaldehydes

To a suspension of N-alkylimidazole (0.020 mol) in dry diethyl ether (50 mL) was added 2.5
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M butyllithium (0.021 mol) at -78 °C (dry ice/acetone slurry). After stirring for 1 h, DMF
(0.030 mol) was added and the resulting solution was stirred overnight. After completion of
the reaction, water (2 mL) was added followed by 15 mL of 4 N HCI. The aqueous layer was
made basic by the addition of potassium carbonate, subsequently; the product was extracted
into chloroform. The organic layer was concentrated and the product was distilled at 3.0x10™

mbar and 80 °C to yield brown oil and in other cases the oil crystallized after cooling.

N-Methylimidazole-2-carboxaldehyde (1a)

N-Methylimidazole-2-carboxaldehyde was synthesized using the general method in 3.2.1.2.
N-Methylimidazole (0.025 mol), n-butyllithium (0.026 mol) and DMF (0.038 mol). The
product was obtained as a brown solid (76.1%). *"H NMR (400 MHz, CDCls, ¢) 4.03 (3H, s,
NCHs), 7.16,7.27 (2H, s, Im-H), 9.81 (1H, s, CHO); *C NMR (400 MHz, CDCls, 6) 35.20,
127.69, 131.74, 144.00, 182.37. IR (cm™, KBr disk) 1686 v(C=0). Anal. Calcd (found) for
CsHsN,0: C, 54.54 (54.25); H, 5.49 (5.65); N, 25.44 (25.19).

N-Ethylimidazole-2-carboxaldehyde (1b)

N-Ethylimidazole-2-carboxaldehyde was synthesized using the general method in 3.2.1.2. N-
Ethylimidazole (0.031 mol), n-butyllithium (0.033 mol) and DMF (0.047 mol). The product
was obtained as a brown solid (46.1%). *H NMR (400 MHz, CDCls, ¢) 1.44 (3H, t, J 8.0,
NCH,CHs), 4.46 (2H, g, J 8.0, NCH,CHs), 7.25, 7.28 (2H s, Im-H), 9.81 (1H, s, CHO); **C
NMR (400 MHz, CDCls, 6) 16.08, 42.60, 125.54, 131.37, 142.93, 181.60. IR (cm™, KBr
disk) 1684 v(C=0). Anal. Calcd (found) for CsHgN,O: C, 58.05 (57.90); H, 6.50 (6.74); N,
22.57 (22.46).

N-Propylimidazole-2-carboxaldehyde.H,0 (1c)

N-Propylimidazole-2-carboxaldehyde was synthesized using the general method in 3.2.1.2.
N-Propylimidazole (0.027 mol), n-butyllithium (0.028 mol) and DMF (0.041 mol). The
product was obtained as a brown oil (77.4%). *H NMR (400 MHz, CDCls, ¢) 0.93 (3H, t, J
8.0, N(CH,),CHa), 1.81 (2H, m, NCH,CHy), 4.37 (2H, t, J 8.0, NCH,), 7.21, 7.28 (2H, s, Im-
H), 9.81 (1H, s, CHO); *C NMR (400 MHz, CDCls, ) 11.30, 24.77, 49.71, 126.92, 131.96,
143.83, 182.38. IR (cm™, KBr disk): 1686 v(C=0). Anal. Calcd (found) for C;H1,N,0,: C,
58.83 (58.50); H, 7.74 (7.66); N, 17.94 (18.04).
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N-Butylimidazole-2-carboxaldehyde.H,O (1d)

N-Butylimidazole-2-carboxaldehyde was synthesized using the general method in 3.2.1.2. N-
Butylimidazole (0.033 mol), n-butyllithium (0.035 mol) and DMF (0.049 mol). The product
was obtained as a brown oil (82.8%). *"H NMR (400 MHz, CDCls, 6) 0.94 (3H, t, J 8.0,
N(CH2)sCH3), 1.33 (2H, m, CH,CH,CHy), 1.77 (2H, m, N CH,CH,), 4.40 (2H, t, J 8.0,
NCH,) 7.20, 7.28 (2H, s, Im-H), 9.81 (1H, s, CHO); *C NMR (400 MHz, CDCls, ) 13.81,
19.85, 33.30, 47.77, 126.61, 131.78, 143.61, 182.19. IR (cm™, KBr disk) 1686 v(C=0). Anal.
Calcd (found) for CgH14N20,: C, 56.45 (56.96); H, 8.29 (7.99); N, 16.46 (16.95).

N-Heptylimidazole-2-carboxaldehyde.H,O (1e)

N-Heptylimidazole-2-carboxaldehyde was synthesized using the general method in 3.2.1.2.
N-Heptylimidazole (0.030 mol), n-butyllithium (0.031 mol) and DMF (0.045 mol). The
product was obtained as a brown oil (74.2%). *H NMR (400 MHz, CDCls, ¢) 0.88 (3H, t, J
8.0, N(CH,)sCHj3), 1.28 (8H, m, NCH,CH,(CH,),), 1.78 (2H, m, NCH,CH), 4.38 (2H, t, J
8.0, NCH,) 7.15, 7.27 (2H, s, Im-H), 9.81 (1H, s, CHO); *C NMR (400 MHz, CDCls, 9)
14.36, 22.88, 26.73, 29.11, 31.41, 31.99, 48.18, 126.55, 131.91, 143.70, 182.28. IR (cm™,
KBr disk): 1685 v(C=0). Anal. Calcd (found) for C;1H20N20,: C, 62.23 (62.01); H, 9.50
(9.56); N, 13.20 (13.29).

N-Octylimidazole-2-carboxaldehyde (1f)

N-Octylimidazole-2-carboxaldehyde was synthesized using the general method in 3.2.1.2. N-
Octylimidazole (0.029 mol), n-butyllithium (0.030 mol) and DMF (0.043 mol). The product
was obtained as a brown oil (53.3%). *H NMR (400 MHz, CDCls, 6) 0.90 (3H, t, J 8.0,
N(CH2)7CHj3), 1.30 (10H, m, N CH,CH,(CH,)s), 1.79 (2H, m, NCH,CHy), 4.40 (2H, t, J 8.0,
NCH,) 7.16, 7.29 (2H, s, Im-H), 9.83 (1H, s, CHO); *C NMR (400 MHz, CDCls, ) 14.39,
22.96, 26.78, 29.41, 29.45, 48.19, 126.55, 131.91, 143.82, 182.39. IR (cm™, KBr disk): 1687,
v(C=0). Anal. Calcd (found) for Cio,H2N20O: C, 69.19 (69.12); H, 9.68 (9.87); N, 13.45
(13.25).

N-Decylimidazole-2-carboxaldehyde (19)
N-Decylimidazole-2-carboxaldehyde was synthesized using the general method in 3.2.1.2. N-
Decylimidazole (0.028 mol), n-butyllithium (0.029 mol) and DMF (0.042 mol). The product
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was obtained as a brown oil (54.2%). *H NMR (400 MHz, CDCl; ¢) 0.85 (3H, t, J 8.0,
N(CH2)9CHj3), 1.24 (14H, m, NCH,CH,(CH,);), 1.76 (2H, m, NCH,CH,), 4.46 (2H, t, J 8.0,
NCH,) 7.14, 7.25 (2H, s, Im-H), 9.78 (1H, s, CHO); **C NMR (400 MHz, CDCls, ) 14.50,
23.05, 26.78, 29.48, 29.65, 29.86, 31.42, 32.24, 48.22, 126.67, 131.90, 143.71, 182.38. IR
(cm™, KBr disk) 1687, v(C=0). Anal. Calcd (found) for C14H2sN,O: C, 71.14 (71.24); H,
10.23 (10.26); N, 11.85 (11.90).

N-Benzylimidazole-2-carboxaldehyde (1h)

N-Benzylimidazole-2-carboxaldehyde was synthesized using the general method in 3.2.1.2.
N-Benzylimidazole (0.038 mol), n-butyllithium (0.040 mol) and DMF (0.057 mol). The
product was obtained as a brown crystalline solid (75.1%). M.p. 88-90°C, *H NMR (400
MHz, CDCls, 6) 5.61 (2H, s, NCH-Ph), 7.30-7.33 (4H, m, Ar-H), 7.21, 7.19 (2H, s, Im-H),
7.14 (1H, s, Ar-H), 9.84 (1H, s, CHO); **C NMR (400 MHz, CDCls, 6) 51.00, 126.41,
127.85, 128.48, 129.10, 132.02, 135.89, 143.39, 182.31. IR (cm™, KBr disk) 1685 v(C=0).
Anal. Calcd (found) for C13H10N,O: C, 70.95 (70.91); H, 5.41 (5.44); N, 15.04 (14.96).

3.2.1.3 Synthesis of 2-hydroxymethyl-N-alkylimidazoles

To a stirred solution of the N-alkylimidazole-2-carboxaldehyde (3.4 mmol) in methanol (10
mL) at 0°C was added NaBH, (3.4 mmol). After stirring at 0 °C for 2.5 h the solution was
concentrated. The residue was taken up in Et,O and extracted three times with H,O. The
ethereal solution was dried with anhydrous Na,SQ,, filtered and Et,O removed in vacuo to

obtain a pure product without further purification.

2-Hydroxymethyl-N-methylimidazole (2a)

2-Hydroxymethyl-N-methylimidazole was synthesized using the general method in 3.2.1.3.
N-Methylimidazole-2-carboxaldehyde (3.1 mmol) and NaBH, (3.1 mmol). The product was
obtained as a white crystalline solid (56.1%). M.p. 107-110 °C, *H NMR (400 MHz, CDCls,
8) 3.75 (3H, s, NCH3), 4.66 (2H, s, CH,0H), 6.84, 6.89 (2H, s, Im-H); *C NMR (400 MHz,
CDCls, ¢) 32.97, 55.60, 121.58, 126.65, 148.28. IR (cm™, KBr disk) 3417 v(O-H); 1637
v(C=N); 1499. Anal. Calcd (found) for CsHgN,O: C, 53.56 (53.19); H, 7.19 (7.10); N, 24.98
(24.52).
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2-Hydroxymethyl-N-ethylimidazole (2b)

2-Hydroxymethyl-N-ethylimidazole was synthesized using the general method in 3.2.1.3. N-
Ethylimidazole-2-carboxaldehyde (3.3 mmol) and NaBH; (3.3 mmol). The product was
obtained as a white crystalline solid (57.3%). M.p. 83-86 °C, *H NMR (400 MHz, CDCls, 9)
1.44 (3H, t, J 8.0, NCH,CHj3), 4.05 (2H, g, J 8.0, NCH,CHj3), 4.66 (2H, s, CH,OH), 6.16
(1H, s, CH,OH), 6.87, 6.91 (2H, s, Im-H); **C NMR (400 MHz, CDCls, 6) 16.54, 41.08,
55.62, 119.40, 126.81, 147.77. IR (cm'l, KBr disk): 3429 v(O-H); 1639 v(C=N); 1497. Anal.
Calcd (found) for CgH1oN,O: C, 57.12 (56.95); H, 7.99 (8.08); N, 22.21 (21.98).

2-Hydroxymethyl-N-propylimidazole (2c)

2-Hydroxymethyl-N-propylimidazole was synthesized using the general method in 3.2.1.3.
N-Propylimidazole-2-carboxaldehyde (3.4 mmol) and NaBH, (3.4 mmol). The product was
obtained as clear oil (62.7%). 'H NMR (400 MHz, CDCl;, 6) 0.93 (3H, t, J 8.0,
N(CH.).CHj3), 1.79 (2H, q, J 8.0, NCH,CH,), 3.96 (2H, t, J 8.0, NCHy), 4.61 (2H, s,
CH,0H), 6.82, 6.93 (2H, s, Im-H); *C NMR (400 MHz, CDCls, 6) 11.04, 23.68, 49.71,
53.69, 119.04, 121.61, 146.34. IR (cm'l, KBr disk) 3417 v(O-H); 1635 v(C=N); 1497. Anal.
Calcd (found) for C;H12N,0: C, 59.98 (59.55); H, 8.63 (8.97); N, 19.98 (19.37).

2-Hydroxymethyl-N-butylimidazole (2d)

2-Hydroxymethyl-N-butylimidazole was synthesized using the general method in 3.2.1.3. N-
Butylimidazole-2-carboxaldehyde (3.1 mmol) and NaBH; (3.1 mmol). The product was
obtained as clear oil (52.6%). 'H NMR (400 MHz, CDCls;, 6) 0.94 (3H, t, J 8.0,
N(CH,)3CHjs), 1.36 (2H, m, NCH,CH,CHy), 1.76 (2H, m, NCH,CH), 3.99 (2H, t, J 8.0,
NCH,), 4.62 (2H, s, CH,OH), 6.85, 6.83 (2H, s, Im-H); *C NMR (400 MHz, CDCls, 6)
13.97, 20.22, 33.42, 46.25, 55.96, 120.24, 126.96, 148.05. IR (cm™, KBr disk) 3485 v(O-H);
1638 v(C=N); 1495. Anal. Calcd (found) for CgH14N,O: C, 62.31 (62.11); H, 9.15 (9.45); N,
18.17 (17.91).

2-Hydroxymethyl-N-heptylimidazole.H,O (2e)

2-Hydroxymethyl-N-heptylimidazole was synthesized using the general method in 3.2.1.3. N-
Heptylimidazole-2-carboxaldehyde (3.1 mmol) and NaBH,; (3.1 mmol). The product was
obtained as clear oil (61.7%). 'H NMR (400 MHz, CDCls;, 6) 0.88 (3H, t, J 8.0,
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N(CH.)6CHs), 1.29 (8H, m, NCH,CH,(CH,)s), 1.78 (2H, m, N CH,CHj), 3.99 (2H, t, J 8.0,
NCH,), 4.62 (2H, s, CH,OH), 6.84, 6.82 (2H, s, Im-H); *C NMR (400 MHz, CDCls, o)
14.10, 22.63, 26.73, 28.93, 31.14, 31.76, 46.25, 55.68, 119.93, 126.67, 147.86. IR (cm™, KBr
disk) 3486 v(O-H); 1638 v(C=N); 1494. Anal. Calcd (found) for Ci;Hx,N,0,: C, 61.65
(61.53); H, 10.35 (10.30); N, 13.07 (13.12).

2-Hydroxymethyl-N-octylimidazole.2H,0 (2f)

2-Hydroxymethyl-N-octylimidazole was synthesized using the general method in 3.2.1.3. N-
Octylimidazole-2-carboxaldehyde (3.6 mmol) and NaBH; (3.6 mmol). The product was
obtained as clear oil (68.6%). ‘H NMR (400 MHz, CDCls;, J) 0.88 (3H, t, J 8.0,
N(CH2)7CHj3), 1.29 (10H, m, NCH,CH,(CHy)s), 1.78 (2H, m, NCH,CH,), 3.99 (2H, t, J 8.0,
NCH,), 4.62 (2H, s, CH,OH), 6.85, 6.82 (2H, s, Im-H); *C NMR (400 MHz, CDCl;, )
14.17, 22.74, 26.83, 29.26, 29.29, 31.88, 46.29, 55.74, 119.95, 126.77, 147.97. IR (cm™, KBr
disk) 3602 v(O-H); 1638 v(C=N); 1494. Anal. Calcd (found) for C;oHsN,O3: C, 58.51
(58.55); H, 10.64 (10.63); N, 11.37 (11.59).

2-Hydroxymethyl-N-decylimidazole (29g)

2-Hydroxymethyl-N-decylimidazole was synthesized using the general method in 3.2.1.3. N-
Decylimidazole-2-carboxaldehyde (3.0 mmol) and NaBH; (3.0 mmol). The product was
obtained as clear oil (79.2%). 'H NMR (400 MHz, CDCl;, 6) 0.88 (3H, t, J 8.0,
N(CH,)eCHs), 1.22 (14H, m, NCH,CH,(CH>);), 1.78 (2H, m, NCH,CH,), 3.99 (2H, t, J 8.0,
NCH,), 4.63 (2H, s, CH,OH), 6.83, 6.86 (2H, s, Im-H); *C NMR (400 MHz, CDCls, 6)
14.30, 22.86, 26.86, 29.37, 29.46, 29.66, 46.32, 55.17, 120.05, 126.80, 147.88. IR (cm™, KBr
disk) 3636 v(O-H); 1637 v(C=N); 1494. Anal. Calcd (found) for Ci4H;sN,O: C, 70.54
(69.96); H, 10.99 (10.43); N, 11.75 (11.48).

2-Hydroxymethyl-N-benzylimidazole (2h)

2-Hydroxymethyl-N-benzylimidazole was synthesized using the general method in 3.2.1.3.
N-Benzylimidazole-2-carboxaldehyde (3.1 mmol) and NaBH, (3.1 mmol). The product was
obtained as a white powder (93.1%). M.p. 85-88°C, *H NMR (400 MHz, CDCls. 6) 4.62 (2H,
s, CH,OH), 5.22 (2H, s, Ph-CH,), 6.80, 6.88 (2H, s, Im-H), 7.14-7.34 (5H, m, Ar-H); **C
NMR (400 MHz, CDClj3, ) 50.07, 56.26, 120.98, 127.37, 127.62, 128.45, 129.31, 136.78,
148.55. IR (cm™, KBr disk) 3485 v(O-H); 1638 v(C=N); 1495. Anal. Calcd (found) for
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CuH1N,0: C, 70.19 (70.07); H, 6.43 (6.16); N, 14.88 (14.14).

3.2.1.4 Synthesis of N-alkylimidazole-2-carboxylic acids

N-Alkylimidazole-2-aldehyde (3.0 mmol) was dissolved in water (1 mL). To the solution was
added 30% H,0, (1 mL). The solution mixture was allowed to stir overnight, followed by the
removal of water using a high vacuum pump to produce (without further purification) a pure

white crystalline product, white paste or colourless oil.

N-Methylimidazole-2-carboxylic acid.H,O (3a)

N-Methylimidazole-2-carboxylic acid was synthesized using the general method in 3.2.1.4.
N-Methylimidazole-2-carboxaldehyde (3.0 mmol) and 30% H,O, (1 mL). The product was
obtained as a white crystalline solid (99.9%). M.p. 105-108°C, *H NMR (400 MHz, D,0, 9)
4.01 (3H, s, NCHs), 7.46, 7.41 (2H, s, Im-H); *C NMR (400 MHz, D,0, ¢) 36.73, 118.45,
125.83, 139.68, 158.67. IR (cm™, KBr disk) 3189 v(OH); 1655 v(C=0); 1517 v(C=C); 1464.
Anal. Calcd (found) for CsHgN,Os: C, 41.67 (41.58); H, 5.59 (5.53); N, 19.44 (19.42).

N-Ethylimidazole-2-carboxylic acid.2H,0 (3b)

N-Ethylimidazole-2-carboxylic acid was synthesized using the general method in 3.2.1.4. N-
Methylimidazole-2-carboxaldehyde (3.3 mmol) and 30% H,O, (1 mL). The product was
obtained as a white fatty solid. Yield 99.9%. M.p. 68-70°C, *H NMR (400 MHz, D,0) 6 1.45
(3H, t, J 8.0, NCH,CHs), 4.56 (2H, g, J 8.0, NCH,), 7.40, 7.51 (2H, s, Im-H); *C NMR (400
MHz, D,0) 6 15.62, 45.05, 118.84, 124.05, 139.19, 158.59. IR (cm™, KBr disk) 3186 v(OH);
1657 v(C=0); 1508 v(C=C); 1465. Anal. Calcd (found) for CsH1,N,0O4: C, 40.91 (40.82); H,
6.87 (6.82); N, 15.90 (15.89).

N-Propylimidazole-2-carboxylic acid.2H,0 (3c)

N-Propylimidazole-2-carboxylic acid was synthesized using the general method in 3.2.1.4. N-
Propylimidazole-2-carboxaldehyde (3.0 mmol) and 30% H,O, (1 mL). The product was
obtained as clear oil (99.9%). 'H NMR (400 MHz, D,O, ¢) 0.84 (3H, t, J 8.0,
NCH,CH,CHj3), 1.80 (2H, m, NCH,CH,), 4.47 (2H, t, J 8.0, NCH,), 7.38, 7.47 (2H, s, Im-
H); *C NMR (400 MHz, D,0, ) 10.33, 23.95, 50.95, 118.75, 124.56, 139.39, 158.56. IR
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(cm™, KBr disk) 3143 v(OH), 1658 v(C=0), 1509 v(C=C); 1465. Anal. Calcd (found) for
C7H1sN204: C, 44.20 (44.18); H, 7.42 (7.57); N, 14.73 (14.94).

N-Butylimidazole-2-carboxylic acid.3H,0 (3d)

N-Butylimidazole-2-carboxylic acid was synthesized using the general method in 3.2.1.4. N-
Butylimidazole-2-carboxaldehyde (3.0 mmol) and 30% H,O, (1 mL). The product was
obtained as a white paste (99.9%). ‘H NMR (400 MHz, DO, &) 0.86 (3H, t, J 8.0
NCH,CH,CH,CHj), 1.25 (2H, m, NCH,CH,CH,), 1.78 (2H, m, NCH,CH,), 4.51 (2H, t, J
8.0, NCH,), 7.38, 7.47 (2H, s, Im-H), 14.53 (1H, s, COOH); *C NMR (400 MHz, D,0, §)
13.16, 19.34, 32.51, 49.27, 118.82, 124.53, 139.44, 158.63. IR (cm™, KBr disk): 3177 v(OH);
1660 v(C=0); 1506 v(C=C); 1462. Anal. Calcd (found) for CgH1sN,Os: C, 43.24 (43.34); H,
8.16 (7.94); N, 12.61 (12.62).

N-Heptylimidazole-2-carboxylic acid.H,O (3e)

N-Heptylimidazole-2-carboxylic acid was synthesized using the general method in 3.2.1.4. N-
Heptylimidazole-2-carboxaldehyde (3.1 mmol) and 30% H,0, (1 mL). The product was
obtained as clear oil (99.9%). *H NMR (400 MHz, D,0, ) 0.87 (3H, t, J 8.0, N(CH,)sCHs),
1.27 (8H, m, NCH,CH,(CH,)4), 1.87 (2H, m, NCH,CH,), 4.66 (2H, t, J 8.0, NCH,), 7.10,
7.47 (2H, s, Im-H), 9.87 (1H, s, COOH):; *C NMR (400 MHz, D,0, §) 14.36, 22.87, 26.71,
29.09, 31.21, 31.95, 49.77, 119.89, 122.83, 140.76, 156.98. IR (cm™, KBr disk) 3148 v(OH);
1663 v(C=0); 1507 v(C=C); 1464. Anal. Calcd (found) for C1;H»0N,03: C, 57.87 (57.93); H,
8.83(8.99); N, 12.27 (12.29).

N-Octylimidazole-2-carboxylic acid.H,O (3f)

N-Octylimidazole-2-carboxylic acid was synthesized using the general method in 3.2.1.4. N-
Octylimidazole-2-carboxaldehyde (3.1 mmol) and 30% H,O, (1 mL). The product was
obtained as a white fatty solid (99.9%). M.p. <40°C, *H NMR (400 MHz, D,0) ¢ 0.85 (3H,
t, J 8.0, N(CH,);CHs), 1.25 (10H, m, NCH,CH2(CH,)s), 1.82 (2H, m, NCH,CHy), 4.60 (2H,
t, J 8.0,NCH,), 7.18, 7.49 (2H, s, Im-H), 8.29 (1H, s, COOH); *C NMR (400 MHz, D,0) ¢
14.39, 22.95, 26.78, 29.43, 29.45, 31.13, 32.10, 49.77, 119.93, 123.36, 140.23, 157.59. IR
(cm™, KBr disk) 3140 v(OH); 1639 v(C=0); 1508 v(C=C); 1464. Anal. Calcd (found) for
C12H2N,03: C, 59.48 (59.71); H, 9.15 (9.51); N, 11.56 (11.51).
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N-Decylimidazole-2-carboxylic acid.H,O (3g)

N-Decylimidazole-2-carboxylic acid was synthesized using the general method in 3.2.1.4. N-
Decylimidazole-2-carboxaldehyde (3.0 mmol) and 30% H,O, (1 mL). The product was
obtained as a white paste. Yield 99.9%. *H NMR (400 MHz, CDCl3) ¢ 0.88 (3H, t, J 8.0,
N(CH2)9CH3), 1.25-1.33 (14H, m, NCH,CH,(CH,);), 1.88 (2H, m, NCH,CH,), 4.71 (2H, t, J
8.0, NCHy), 7.06, 7.41 (2H, s, Im-H), 9.34 (1H, s, COOH); *C NMR (400 MHz, CDCls) ¢
14.26, 22.83, 26.55, 29.27, 29.58, 29.79, 29.85, 31.07, 32.01, 49.44, 119.37, 122.23, 141.07,
156.05. IR (cm™, KBr disk) 3137 v(OH); 1672 v(C=0); 1508 v(C=C); 1464. Anal. Calcd
(found) for C14H26N,O3: C, 62.19 (62.15); H, 9.69 (9.64); N, 10.36 (10.33).

N-Benzylimidazole-2-carboxylic acid (3h)

N-Methylimidazole-2-carboxylic acid was synthesized using the general method in 3.2.1.4.
N-Methylimidazole-2-carboxaldehyde (3.0 mmol) and 30% H,O, (1 mL). The product was
obtained as a white powder (99.9%). M.p. 72-73°C, *H NMR (400 MHz, CDCls, &) 5.89
(2H, s, Ph-CH,), 7.34-7.51 (7H, m, Ar-H); *C NMR (400 MHz, CDCls, §) 36.73, 118.45,
125.83, 139.68, 158.67. IR (cm™, KBr disk) 3137 v(OH); 1656, v(C=0); 1498, v(C=C); 1460.
Anal. Calcd (found) for C13H10N20,: C, 65.34 (65.10); H, 4.98 (5.05); N, 13.85 (13.64).

3.2.2 Potentiometric studies

The protonation constants for the imidazole compounds were determined by potentiometric
titration (mV) of approximately 25 ml samples at 25(+0.1) °C. All solutions were prepared
using freshly boiled and degassed deionized milli-Q water to ensure the removal of dissolved
oxygen and carbon dioxide. Titrations were performed over the pH range of 2-11 under a
continuous flow of purified nitrogen using HCI and tetramethylammonium hydroxide
(TMAOH). The ligand solution was acidified by the addition of 0.1 M HCI (1 mL) followed
by titration with 0.1 M TMAOH. The ionic strength of the titration solutions was kept
constant at 0.10 M tetramethylammonium chloride (TMACI). Titrations were controlled
using Tiamo software. The glass electrode was calibrated for a strong acid—base reaction by
the Gran-method®* using the program GLEE,*" to determine the standard potential E°. The
ionic product of water (pKy,) of 13.83(1) at 25.0(= 0.1) °C in 0.10 M TMACI was used in all

calculations.®® The titration data were resolved using the computer program
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HYPERQUAD.*'" The final values of the constants were obtained from an average of six

independent titrations using an average of 400 data points in total for each refinement.

3.2.3 Antimicrobial activity evaluation
3.2.3.1 Disk diffusion and minimum inhibitory concentration (MIC) methods

The antimicrobial activity of the compounds was investigated against a Gram-negative (E.
coli ATCC 8793), Gram-positive (S. aureus ATCC 6538 and B. subtilis subsp. spizizenii
ATCC 6633) bacteria and yeast (C. albicans ATCC 2091) using the disk diffusion and the
broth microdilution methods. To determine the zones of inhibition, blank disks (6.5 mm)
were impregnated with 20 pL. of a methanolic solution containing the various compounds
(including ketoconazole and ampicillin) such that 50 pg and 100 pg of the pure compound
remained on the disk. Disks containing 100 pg of metronidazole were prepared in a similar
manner as the disks for the 100 pg of test compounds. The disks were left overnight at room
temperature to allow the methanol to evaporate, and then placed onto Mueller-Hinton agar
plates streaked with the various bacteria. The plates were incubated at 37 °C for 18 h after
which the zones of clearance were measured. For C. albicans, potato dextrose agar plates
were streaked and incubated at 30 °C for 48 h. A 0.5 McFarland standard (ODg25 = 0.08-0.13,
1.5 x 10® CFU/ml) was used to match the turbidity of the culture suspensions.

The minimum inhibitory concentrations were determined using the broth microdilution
method. Single colonies were suspended in the Mueller-Hinton or Nutrient broth and
incubated over a period of 2-6 h until an appropriate optical density (OD = 0.6-0.8) at 625 nm
was achieved. Methanolic solutions of test compounds (2.5 mg/mL) were serially diluted in
96 well microplates using the broth. The bacterial suspension (5 pL) was added and the plates
incubated at 37 °C for 18 h. Metronidazole was used as a negative control for antibacterial

318 319

activity, and Ampicillin®* and ketoconazole®™ were used as positive controls for bacteria and

yeast, respectively.
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3.3 The fabrication and antimicrobial activity evaluation of electrospun nylon 6

nanofibers incorporated with 2-substituted N-alkylimidazoles

3.3.1 Incorporation of 2-substituted N-alkylimidazoles into electrospun nylon 6

nanofibers

The polymer solution for electrospinning was prepared by dissolving nylon 6 (1.6 g, 16%
(w/v)) and the selected compounds (0.08 g, 5% (w/w)) in 10 mL of HCOOH/CH3;COOH
mixture (1:1). The electrospinning parameters were optimized at ambient conditions as
follows: flow rate (0.75 mL/h), applied voltage (+22.5 kV, -5 kV), tip-to-collector distance (8
cm). The flow rate of the polymer solution was controlled using a digital pump. The

nanofibers were collected on a rotating drum covered with an aluminium foil.

Figure 3.1. Electrospinning set-up for fabrication of nylon 6 composite nanofibers
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3.3.2 Antimicrobial activity evaluation
3.3.2.1 Disk diffusion method

The disk diffusion method, for the antimicrobial activity evaluation of electrospun nylon
6/imidazoles nanofiber composites (diameter of disk = 7.0 £ 0.1 mm), was carried out as
already described in 3.2.3.1.

3.3.2.2 AATCC Test Method 100

The antimicrobial activity of electrospun nylon 6/imidazoles nanofibers was investigated
using a modified version of the American Association of Textile Chemists and Colorists
(AATCC) Test Method 100-2004.%° E. coli and S. aureus were used as model challenge
microorganisms. A diluted bacterial suspension with about 1x10® CFU/mL concentration was
used, and (500 pL) of this suspension was loaded onto the electrospun nylon 6 nanofiber
swatches (diameter = ~4.8 cm) surface in the presence of a nonionic wetting agent (Triton X-
100). The inoculum on the surface was then carefully covered with another identical nylon 6
nanofiber in a sterialized glass jar. After incubation for 24 h contact time, 0.02 N sodium
thiosulfate was added in excess to quench the biological growth. The mixture was then
vortexed vigorously for 2 min. An aliquot of the solution was serially diluted plated onto
nutrient agar plates. Electrospun nylon 6 nanofibers with no additives were used as a negative
control and were evaluated using same procedure. Viable bacterial colonies on the agar plates
were counted after incubation at 37 °C for 48 h. The reduction rate in the number of bacteria

was calculated using Eqgn 3.1:

R (%) = Jo—Nt

x 100 (3.2)

No
where R is the reduction rate, N; the number of bacteria recovered from the inoculated
electrospun nylon 6 nanofibers over 24 h of contact time, and N, is the number of bacteria

recovered from the inoculated electrospun nylon 6 nanofibers at zero contact time.
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3.4 Syntheses and antimicrobial activity evaluation of silver(l) complexes containing 2-

hydroxymethyl-N-alkylimidazole ligands
3.4.1 Synthesis of silver(l) complexes containing 2-hydroxymethyl-N-alkylimidazoles

To a solution of AgNO3 (1 mol equivalent) in ethanol (15 ml) was added 2-hydroxymethyl-
N-alkylimidazole (2 mol equivalents). The reaction mixture was stirred at room temperature
for 24 h. The reaction mixture was filtered, ethyl acetate (15 ml) was added to the mother
liquor and the solvent evaporated slowly at atmospheric pressure to obtain a pure product in

good yield.

[Ag2(2-hydroxymethyl-N-methylimidazole),] (NO3), (C1)

The complex C1 was synthesized using the general method in 3.4.1 and was obtained as a
white crystalline solid (82.3%). M.p. 134-138°C. Anal. Calc. (found) for CyH32Ag2N10010
(%): C, 30.47 (30.50); H, 4.09 (4.19); N, 17.77 (17.75). IR (cm™) 3330, 3124, 2951, 1545,
1505, 1455, 1367, 1310, 1286, 1233, 1188, 1158, 1070, 1024(vs), 977, 827, 767, 702(w),
664.

[Ags(2-hydroxymethyl-N-ethylimidazole)s] (NO3)s (C2)

The complex C2 was synthesized using the general method in 3.4.1 and was obtained as a
white crystalline solid (78.6%). M.p. 94-96°C. Anal. Calc. (found) for C3sHgoAQsN15015 (%):
C, 34.14 (34.08); H, 4.77; N (4.84), 16.59 (16.59). IR (cm™) 3306, 3126, 2980, 2934, 1498,
1441, 1351, 1319, 1292, 1261, 1222, 1180 1157, 1029, 1007, 928, 823, 768, 755, 692.

[Ag2(2-hydroxymethyl-N-propylimidazole),] (NOs), (C3)

The complex C3 was synthesized using the general method in 3.4.1 and was obtained as a
white crystalline solid (58.2). Anal. Calc. (found) for CjsH4sAg2N10010 (%): C, 37.35
(37.12); H, 5.37 (5.23); N, 15.55 (15.48). IR (cm™) 3331, 3134, 2960, 2932, 2873, 1498,
1456, 1368, 1307, 1277, 1168, 1157, 1079, 1033, 976, 826, 751, 662.
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[Ag2(2-hydroxymethyl-N-butylimidazole),] (NO3), (C4)

The complex C4 was synthesized using the general method in 3.4.1 and was obtained as
yellow oil (64.1%). Anal. Calc. (found) for C3,HssAg2N10010 (%): C, 40.18 (40.18); H, 5.90
(5.82); N, 14.64 (14.44). IR (cm™) 3358, 3124, 2960, 2934, 2874, 1520, 1454, 1366, 1323,
1236, 1173, 1153, 1115, 1092, 1033, 948, 826, 747, 656.

[Ag2(2-hydroxymethyl-N-heptylimidazole)s] (NO3), (C5)

The complex C5 was synthesized using the general method in 3.4.1 and was obtained as light
yellow oil (87.7%). Anal. Calc. (found) for C44Hg0Ag2N10010 (%): C, 46.98 (47.05); H, 7.17
(7.22); N, 12.45 (12.83). IR (cm™) 3382, 3118, 2957, 2927, 2857, 1517, 1457, 1335, 1235,
1111, 1088, 1038, 828, 748, 660.

[Ag2(2-hydroxymethyl-N-octylimidazole),] (NOs), (C6)

The complex C6 was synthesized using the general method in 3.4.1 and was obtained as
colourless oil (89.3%). Anal. Calc. (found) for CsgHgsAg2N10010 (%): C, 48.82 48.32); H,
7.51 (6.88); N, 11.86 (11.73). IR (cm™) 3485, 3123, 2925, 2855, 1520, 1454, 1331, 1287,
1237, 1113, 1091, 1030, 948, 819, 738, 655.

[Ag2(2-hydroxymethyl-N-decylimidazole),] (NO3), (C7)

The complex C7 was synthesized using the general method in 3.4.1 and was obtained as a
grey needle-like solid (84.4%). M.p. 75-77°C. Anal. Calc. (found) for CsgH104Ag2N10010 (%):
C, 52.01 (52.19); H, 8.11 (7.85); N, 10.83 (10.51). IR (cm™) 3384, 3122, 2919, 2851, 1498,
1466, 1351, 1318, 1284, 1153, 1115, 1039, 975, 827, 772, 743, 689, 657.

[Ag2(2-hydroxymethyl-N-benzylimidazole)4] (NO3), (C8)

The complex C8 was synthesized using the general method in 3.4.1 and was obtained as a
white crystalline solid (72.8%). M.p. 142-145°C. Anal. Calc. (found) for C44H40N10Ag2010
(%): C, 48.73 (48.19); H, 3.72 (4.00); N, 12.91 (12.80). IR (cm™) 3367, 3199, 3126, 1495,
1454, 1399, 1324, 1294, 1268, 1156, 1127, 1081, 1026, 976, 824, 751, 706, 657.
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3.4.2 X-ray crystal structure determination

Intensity data was collected on a Bruker APEX Il CCD area detector diffractometer with
graphite monochromated Mo K, radiation (50kV, 30mA) using the APEX 2% data collection
software. The collection method involved m-scans of width 0.5° and 512x512 bit data frames.

322 and face indexed

Data reduction was carried out employing the program SAINT+
absorption corrections were made using XPREP.*** The crystal structure was elucidated by
direct methods using SHELXTL.*® Non-hydrogen atoms were first refined isotropically
followed by anisotropic refinement employing full matrix least-squares calculations based on
F? using SHELXTL. For complex C2, the oxygen atom O2 was found to be disordered and
was refined over two positions with final occupancies of 0.888(3) and 0.112(3) for O2 and
O2B respectively. Hydrogen atoms were first located in the difference map, then positioned
geometrically and allowed to ride on their respective parent atoms. Diagrams and publication

material were generated using SHELXTL, PLATON.3

3.4.3 Antimicrobial activity evaluation

The antimicrobial activity of silver(l) complexes containing 2-hydroxymethyl-N-
alkylimidazoles was evaluated using the disk diffusion and minimum inhibitory concentration

methods. The procedures for both methods were the same as those in 3.2.3.1.

3.5 The fabrication and antimicrobial activity evaluation of electrospun nylon 6

nanofibers incorporated with silver(l) complexes and silver nanoparticles

3.5.1 Incorporation of Ag(l) complexes containing 2-hydroxymethyl-N-alkylimidazoles

into electrospun nylon 6 nanofibers

The incorporation of selected silver(l) complexes (C6 and C7) into electrospun nylon 6
nanofibers was performed as already described in 3.3.1 with slight adjustments in the applied
voltage, to maintain a stable jet. The applied voltage was increased by +0.5 to +1 kV from

(+22.5 kV, -5 kV) while the negative voltage was kept constant.
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3.5.2 Incorporation of silver nanoparticles (AgNPs) onto electrospun nylon 6

nanofibers

The AgNPs were prepared by in situ reduction of AgNOg; in the presence of formic acid
without the addition of any reducing agent.® The polymer solution for electrospinning was
prepared by dissolving nylon 6 (16% (w/v)) and AgNOs; (5% (w/w)) in 10 mL of
HCOOH/CH3COOH mixture (1:1). The electrospinning conditions were the same as those

used in 3.3.1 with slight adjustments to the applied voltage as already mentioned.

3.5.3 Antimicrobial activity evaluation
3.5.3.1 Disk diffusion method

The disk diffusion method, for the antimicrobial activity evaluation of electrospun nylon
6/silver(l) complexes nanofiber composites (disk diameter = 7.0 £ 0.1 mm) , was carried out

as already described in 3.2.3.1.

3.5.3.2 AATCC test method 100

The AATCC test method 100, for antimicrobial evaluation of electrospun nylon 6/silver

complexes nanofiber composites, was performed as already described in 3.3.2.2.

3.5.3.3 Dynamic shake flask test method (ASTM E2149-10)

The antimicrobial activity of electrospun nylon 6 nanofiber grafted with vinylimidazole
derivatives was evaluated using the dynamic shake flask test method (American Society for
Testing and Materials (ASTM) E2149).%®> A working suspension was prepared by diluting,
with a sterile 3 mM phosphate buffer (pH 7.2 £0.1), a 24 h culture to an optical density of
0.28 at 475 nm (1.5-30 x 10® CFU/mL). Further appropriate dilution using a sterile phosphate
buffer gave a final concentration of 1.5-30 x 10° CFU/mL. Electrospun nylon 6 nanofiber
composites (0.2-0.3 g) were placed into flasks containing 20 mL of the working dilution. The
flasks were incubated with continuous shaking at 37 °C for 1 h. After serial dilutions using
the phosphate buffer, the bacterial suspensions (0.1 mL) were plated in nutrient agar. The

inoculated plates were incubated at 37 °C for 24 h and surviving bacterial cells counted using
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a colony counter. The percentage reduction of the microorganisms after contact with the test
specimen (nanofiber composites) was compared to the number of bacterial cells surviving
after contact with the control. Equation 3.2 in paragraph 3.6.2 was used to calculate the
percentage reduction of microbial growth.

3.6 The fabrication and antimicrobial activity evaluation of electrospun nanofibers by

immobilization of N-vinylimidazoles using graft polymerization
3.6.1 Synthesis of vinylimidazole derivatives

4(5)-Vinylimidazole

4(5)-Vinylimidazole was synthesised by decarboxylation of urocanic acid, a method obtained
from literature.®® Urocanic acid (5.0 g, 0.053 mol) was placed into a short distillation
apparatus and then heated in vacuo at 230°C. The resulting 4(5)-vinylimidazole which
solidified in the condenser was washed off with THF. After removal of the solvent, the crude
4(5)-vinylimidazole syrup was placed in a refrigerator overnight to induce crystallization.
The purification of crude 4(5)-vinylimidazole was done by sublimation in a 70°C oil bath
under a vacuum of (~1.5 x 102 mbar). 4(5)-vinylimidazole was obtained as colourless
crystals. Yield 45.6%. White crystalline powder, *H NMR (400 MHz, D,0) 6 7.66 (s, Im-H),
7.07 (s, Im-H), 6.66-6.59 (m, vinyl-CH), 5.63 (d, J 16, vinyl-CH,), 5.14 (d, J 8.0, vinyl-
CH,); **C NMR (400 MHz, D,0) ¢ 137.19 (Im-N=CH), 136.73 (Im-CH), 127.34 (vinyl-CH),
118.42 (Im-CH), 112.37 (vinyl-CH,). IR (cm™) 3088, 3033, 2942, 2815, 2679, 2610, 1807,
1644, 1540, 1524, 1505, 1469, 1464, 1352, 1286, 1249, 1166, 1108, 1024, 985, 940, 899,
833, 788, 723.

N-Decyl-4(5)-vinylimidazole

N-Decyl-4(5)-vinylimidazole was synthesized using 4(5)-vinylimidazole, by employing the
same procedure as in 3.2.1.1 and was obtained a white crystalline powder (88.3%). ‘*H NMR
(400 MHz, CDCls3) 6 7.37 (s, Im-H), 6.83 (s, Im-H), 6.59-6.54 (m, vinyl-CH), 5.77 (d, vinyl-
CHy), 5.07 (d, vinyl-CHy), 3.84 (t, CH), 2.06 (s, CHy), 2.15 (s, CH), 1.75-1.68 (m, CHy),
1.27-1.23 (m, CHy), 0.86 (t, CH3); *C NMR (400 MHz, CDCl3) ¢ 140.81 (Im-N=CH),
137.18 (Im-CH), 128.68 (vinyl-CH), 116.54 (Im-CH), 111.64 (vinyl-CH,), 53.87, 47.62,
31.81, 30.96, 29.34, 29.21, 21.03, 26.47, 22.63, 14.07. IR (cm™) 3089, 3028, 2942, 2820,
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2775, 2673, 2610, 1810, 1644, 1537, 1523, 1507, 1464, 1352, 1286, 1252, 1163, 1109, 1024,
985, 940, 899, 833, 788, 723, 650.

N-Vinylimidazole-2-carboxaldehyde

N-vinylimidazole-2-carboxaldehyde was synthesized using the same procedure as in 3.2.1.2
and was obtained as colourless crystals (73.4%). *H NMR (400 MHz, CDCls) § 9.88 (CHO),
7.99-7.93 (m, vinyl-CH), 7.56 (s, Im-H), 7.35 (s, Im-H), 5.43 (d, J 16, vinyl-CH,), 5.13 (d, J
8.0, vinyl-CH,); **C NMR (400 MHz, CDCl; § 182.76 (CHO), 142.83 (Im-N=CH), 132.73
(Im-CH), 130.25 (vinyl-CH), 121.30 (Im-CH), 105.84 (vinyl-CH,). IR (cm™) 3122, 3092,
1800, 1674, 1640, 1500, 1474, 1412, 1378, 1342, 1320, 1285, 1152, 1099, 1050, 969, 956,
893, 780, 685, 671.

2-Hydroxymethyl-N-vinylimidazole

2-hydroxymethyl-N-vinylimidazole was synthesized using the same procedure as in 3.2.1.3
and was obtained as a white hygroscopic solid (97.1%). *H NMR (400 MHz, D,0) 6 7.45 (s,
Im-H), 7.17-7.11 (m, vinyl-CH), 6.98 (s, Im-H), 5.43 (d, J 16, vinyl-CH), 5.03 (d, J 8.0,
vinyl-CH,), 4.69 (s, CH,OH); *C NMR (400 MHz, D,0) ¢ 146.46 (Im-N=CH), 128.81
(vinyl-CH), 127.77 (Im-CH), 118.07 (Im-CH), 104.56 (vinyl-CH,), 55.28 (CH,0OH). IR (cm
1) 3347, 3112, 2922, 2854, 2236, 1646, 1528, 1493, 1434, 1342, 1276, 1161, 1060, 1037,
954, 879, 731, 689, 662.

N-Vinylimidazole-2-carboxylic acid

N-Vinylimidazole-2-carboxylic acid was synthesized using the same procedure as in 3.2.1.4
and was obtained as white hygroscopic (98.6%). *H NMR (400 MHz, D,0) § 7.85-7.79 (m,
vinyl-CH), 7.74 (s, Im-H), 7.40 (s, Im-H), 5.69 (d, J 16, vinyl-CH,), 5.36 (d, J 8.0, vinyl-
CH,). *C NMR (400 MHz, D,0) § 215.82 (COOH), 158.64 (Im-N=CH), 139.20 (Im-CH),
129.66 (vinyl-CH), 120.34 (Im-CH), 110.12 (vinyl-CH,). IR (cm™) 3112, 2804, 1644, 1605,
1578, 1496, 1457, 1424, 1379, 1340, 1313, 1295, 1274, 1125, 1022, 966, 906, 805, 760, 668.
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N-Decyl-4(5)-vinylimidazole-2-carboxaldehyde
N-Decyl-4(5)-vinylimidazole-2-carboxaldehyde was synthesized using the same procedure as
in 3.2.1.2 and was obtained as brown oil (94.2%). *H NMR (400 MHz, CDCls) 6 8.01 (s,
CHO); 7.37 (s, Im-H), 7.26 (s, Im-H), 6.59-6.52 (m, vinyl-CH), 5.81 (d, vinyl-CH>), 5.08 (d,
vinyl-CH), 3.85 (t, CH,), 2.93 (s, CHy), 2.85 (s, CH,), 1.27-1.23 (m, CHy), 1.73 (m, CHy,),
0.85 (t, CH3); *C NMR (400 MHz, CDCls) 6 182.91 (CHO) 140.71 (Im-N=CH), 137.15
(Im-CH), 128.56 (vinyl-CH), 116.52 (Im-CH), 111.81 (vinyl-CH,), 47.11, 35.51, 30.94,
29.44, 29.38, 29.22, 29.02, 26.48, 22.62, 14.08. IR (cm™) 2924, 2854, 1673, 1537, 1493,
1457, 1406, 1386, 1348, 1256, 1228, 1163, 1149, 1090, 1062, 1047, 1024, 986, 971, 897,
822, 771, 722.

N-Decyl-2-hydroxymethyl-4(5)-vinylimidazole

N-Decyl-2-hydroxymethy-4(5)-vinylimidazole was synthesized using the same procedure as
in 3.2.1.3 and was obtained as yellow oil (86.7%). *H NMR (400 MHz, CDCls) 6 7.37 (s, Im-
H), 6.84 (s, Im-H), 6.60-6.53 (m, vinyl-CH), 5.82 (d, vinyl-CH), 5.29 (s, CH,0OH), 5.10 (d,
vinyl-CH,), 3.85 (t, CH,), 1.73 (m, CH,), 1.24 (m, CH,), 0.87 (t, CHs); *C NMR (400 MHz,
CDCl3) 6 140.77 (Im-N=CH), 137.9 (Im-CH), 128.60 (vinyl-CH), 116.51 (Im-CH), 111.78
(vinyl-CHy), 53.44 (CH,0OH), 47.71, 31.82, 30.96, 29.46, 29.39, 29.23, 29.04, 26.49, 22.64,
14.09. IR (cm'l); 3099, 2924, 2854, 1712, 1676, 1641, 1539, 1496, 1465, 1404, 1371, 1224,
1450, 1119, 1048, 1027, 985, 898, 821, 753, 722.

N-Decyl-4(5)-vinylimidazole-2-carboxylic acid

N-Decyl-4(5)-vinylimidazole-2-carboxylic acid was synthesized using the same procedure as
in 3.2.1.4. and was obtained as yellow oil (94.9%). *H NMR (400 MHz, CDCls) § 7.60 (s,
Im-H), 6.94 (s, Im-H), 6.62-6.55 (m, vinyl-CH), 5.83 (d, vinyl-CH>), 5.31 (s, COOH), 5.14
(d, vinyl-CH,), 3.90 (t, CH,), 1.76 (m, CH,), 1.31-1.25 (m, CH,), 0.87 (t, CH3); *C NMR
(400 MHz, CDCl3) 6 174.36 (COOH), 137.21 (Im-CH), 128.29 (vinyl-CH), 116.52 (Im-CH),
112.19 (vinyl-CH,), 47.23, 31.84, 30.93, 26.47, 29.40, 29.24, 29.05, 26.50, 22.65, 14.10. IR
(cm'l) 3369, 3124, 2923, 2854, 1751, 1669, 1542, 1501, 1465, 1411, 1377, 1257, 1223, 1166,
1118, 1090, 1047, 986, 931, 888, 817, 761, 722.
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3.6.2 Grafting of vinylimidazole derivatives onto electrospun nylon 6 nanofibers

Electrospun nanofibers with dimensions 5 cm x 5 cm were immersed in test tubes containing
vinylimidazoles (1 g) and benzophenone (0.015 g) in H,O/MeOH mixture (80/20). The test
tubes were purged with N, gas and placed in the oven preheated to 70°C. The test tubes were
allowed to equilibrate at the set oven temperature for about 30 min. A 400 W mercury vapour
UV lamp was used to irradiate the solution and the radiation distance was 10 cm. At the end
of the experiment, the grafted nanofibers were washed with hot water, Soxhlet extracted with
methanol overnight and then dried at 60 °C. The percentage grafting was calculated using
Eqgn 3.2.

Grafting (%) = == x 100 (3.2)

where A is the initial mass of electrospun nylon 6 nanofiber and B is mass of the grafted

nylon 6 nanofiber.

3.6.3 Adsorption of silver nanoparticles (AgNPs) onto grafted nylon 6 nanofibers

Grafted nylon 6 nanofibers were placed in a solution of AgNOj3 (0.1 g) in methanol (20 mL)
and shaken at room temperature for 48 h. Methanol acted as both a solvent and a reducing
agent. The nanofibers were then washed with methanol and subsequently dried at room
temperature in the dark.

3.6.4 Antimicrobial activity evaluation
3.6.4.1 Shake flask method (ASTM E2149-10)

The dynamic shake flask method, for antimicrobial activity evaluation of grafted electrospun

nylon 6 nanofibers was carried out as already described in 3.5.3.3.
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3.6.5 Cytotoxicity studies

Chang liver cells were seeded in 10 cm diameter culture dishes, maintained in Roswell Park
Memorial Institute (RPMI) medium supplemented with 10% foetal bovine serum (FBS).
Cells were incubated in a humidified atmosphere containing 5% CO, at 37 °C. Chang liver
cells were seeded at a density of 6000 cells/200 uL in 96 well microplates. After 24 h,
medium was removed from the cells and replaced with RPMI medium containing each test
compound ranging from a concentration of 100 pg/mL to 0.098 pg/ml. Viable cells were
determined using the 4,5-dimethylthiazol-2,5-diphenyltetrazolium bromide (MTT) assay.*?’
The assay is based on a metabolic reduction of tetrazolium salt by a mitochondrial reductase
in living cells. The yellow MTT was reduced to dark purple formazan. The formazan product
was extracted from the cells by addition of dimethyl sulfoxide (DMSO). After the various
treatments, the medium in all the wells was aspirated, replaced with 100 pl of 0.5 mg/mL
MTT, and incubated at 37°C for 1 h, after which the MTT was removed through aspiration.
The formazan crystals were solubilized by the addition of 100 uL DMSO and the absorbance
measured at 570 nm. All results were analysed using the Graphpad Prism 5 data analysis

program.
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CHAPTER 4 THE DEVELOPMENT OF ANTIMICROBIAL
ELECTROSPUN NYLON 6/BIOCIDE NANOFIBER
COMPOSITES

4.1 Overview

The chapter will summarize the data for the synthesis and antimicrobial activity studies of 2-
substituted N-alkylimidazoles and their silver(l) complexes. It will discuss the incorporation
of the 2-substitued N-alkylimidazoles and the silver(l) complexes into electrospun nylon 6
nanofibers as solid support materials. Furthermore, the evaluation of the antimicrobial
properties of the electrosspun nylon 6 nanofibers incorporated with 2-substituted N-
alkylimidazoles and silver(l) complexes will be discussed. It will conclude by discussing the
fabrication of antimicrobial electrospun nylon 6 nanofiber composites, by immobilization
(using the graft polymerization technique) of selected 2-substituted vinylimidazoles, and the

evaluation of their antimicrobial activity, together with the cytotoxicity experiments.

4.1.1 Synthesis and characterization of 2-substituted N-alkylimidazoles

The synthesis of N-alkylimidazole-2-carboxaldehydes (1a-h) and N-alkylimidazole-2-
methanols (2a-h) was carried out according to previously reported methods.*****3 Scheme 4.1
illustrates the synthesis steps of the 2-substituted N-alkylimidazole derivatives. The first step
was the synthesis of N-alkylimidazole which was carried out by the reaction of imidazole and
alkylbromides in the presence of potassium hydroxide. The second step involved the
synthesis of N-alkylimidazole-2-carboxaldehydes (l1a-h) by the acylation of N-
alkylimidazole. Subsequently, N-alkylimidazole-2-methanols (2a-h) and N-alkylimidazole-2-
carboxylic acids (3a-h) were obtained by the reduction and oxidation of N-alkylimidazole-2-
carboxaldehydes (1a-h), respectively.
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Scheme 4.1. Synthesis of 2-substituted N-alkylimidazole derivatives

The characterization of the 2-subtituted N-alkylimidazole derivatives was carried out using
'H and **C NMR, IR and elemental analysis. *"H NMR spectra of 1a-h showed the appearance
of a singlet in the region 9.7-9.9 ppm for one proton indicative of an aldehydic proton
(CHO). Furthermore, the disappearance of the singlet in the region 7.5-8.0 ppm indicated to
the substitution of the imidazole proton at the 2-position (Figure 4.1).**C NMR spectra of 1a-
h showed the appearance of a signal in the region 180-185 ppm indicating the presence of the
carbonyl carbon (CHO). For 2a-h, the *H NMR spectra showed the disappearance of the
aldehydic proton singlet, in 1a-h, and the appearance of a new singlet in the region 4.5-4.7
ppm, indicative of the two methylene protons (CH,OH). **C NMR of 2a-h exhibited the
disappearance of the carbonyl carbon signal and the appearance of a new signal in the region
146-149 ppm for the methylene carbon (CH,OH). **C NMR showed a marked upfield shift of
the carbonyl carbon to the region 156-159 ppm for the carboxylic carbon (COOH) compared
with the aldehydic carbons in the range 180-185 ppm. The signals for the alkyl group (octyl)
were observed in the region 0-2 ppm. Figure 4.2 illustrates the *C NMR spectra of 2-

substituted N-decylimidazoles.
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Figure 4.1. "H NMR spectra of 2-substituted N-alkylimidazoles (R = octyl)
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Figure 4.2. The *C NMR spectra of 2-substituted N-decylimidazole

IR spectra showed absorption bands as follows: 1680-1690 cm™ (C=0) confirming the
formation of N-alkylimidazole-2-aldehydes 1a-h, 3650-3480 cm™ (OH) which confirmed the
formation of N-alkylimidazole-2-methanols 2a-h, and 1639-1673 cm™ (C=0) and 3137-3190
cm™ (OH) which the confirmed the formation N-alkylimidazole-2-carboxylic acids 3a-h. In
view of the study, the compounds were a representation of a simple synthetic strategy
through which the antimicrobial compounds based on azoles can be prepared. The approach
was based on simply tuning the lipophilicity (alkyl chain)/hydrophilicity (2-substituent)
balance, compared with current imidazole-based antimicrobial agents which require specific
configurations for the substituents.®?® Tuning the lipophilicity of imidazole by increase the
alkyl chain length at the 1-position ensures easy diffusion through the membrane of the
microorganism while tuning the hydrophilicity by substituting an ionizable group at the 2-

position enhances the ionazability in the cytoplasm. In turn, the two parameters enhance the
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interaction of the molecule with the cells of the microorganism and subsequently the

antimicrobial activity.

4.1.2 Potentiometric studies (protonation constants)

The pK, values, which may relate to drug solubility, permeability and protein binding,**°
were determined for all the synthesized imidazole compounds. Scheme 4.2 depicts the
protonation reaction equilibria for the 2-substituted N-alkylimidazole derivatives. The
imidazole-nitrogen showed pK, values of 6.72-7.9 for the N-alkylimidazole-2-carboxylic acid
derivatives, and similar values of 6.20-6.96 for the N-alkylimidazole-2-methanol derivatives
(Table 4.1). For the N-alkylimidazole-2-carboxaldehyde derivatives, however, the constant
shifted to significantly lower values (pK, = 5.19-5.37) due to the electron withdrawing effect
of the aldehyde group. Similarly, the electron withdrawing benzyl substituent decreased the
pK, values for the carboxylic acids, aldehydes and alcohols. The pK, values for the
carboxylic acid group were in the range 1.25-3.38, while for the alcohol group the values fell
in the range 9.50-11.49. The pK, values of compounds 3a and 2d were in accordance with
literature values.** In the current study, compound 3a displayed pK, value of 6.75 while the

literature pK, value was 6.88 for the same compound.
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Scheme 4.2. The protonation reaction equilibria for the N-alkylimidazole derivatives. The
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Table 4.1. Protonation constants (pK,) for 2-substituted N-alkylimidazole derivatives
determined at 25+0.1°C and 1 = 0.10 M (TMACI)

Compound R pKa PKaz

la Methyl 5.12(2) -

1b Ethyl 5.11(3) -

1c Propyl 5.37(4) -

1d Butyl 5.32(4) -

le Heptyl 5.36(8) -

1f Octyl 5.39(7) -

1g Decyl 5.50(3) -

1h Benzyl 5.06(9) -

2a Methyl 6.61(1) 10.91(3)
2b Ethyl 6.94(9) 10.49(9)
2c Propyl 6.92(9) 10.15(8)
2d Butyl 6.95(6) 10.40(2)
2e Heptyl 6.96(7) 10.22(7)
2f Octyl 6.87(7) 11.32(6)
29 Decyl 6.75(9) 11.49(8)
2h Benzyl 6.20(5) 9.50(3)
3a Methyl 1.25(6) 6.75(4)
3b Ethyl 3.03(6) 7.08(5)
3c Propyl 3.00(5) 7.50(5)
3d Butyl 2.90(1) 7.90(1)
3e Heptyl 3.10(2) 7.50(1)
3f Octyl 2.82(6) 7.77(6)
3g Decyl 3.38(5) 7.68(9)
3h Benzyl 2.37(6) 6.72(9)

4.1.3 Antimicrobial evaluation

The antimicrobial activity of 2-substituted N-alkylimidazoles was evaluated using the disk
diffusion and microdilution methods. The disk diffusion method is a qualitative antimicrobial
test, that is, it gives an indication about the activity (diameter of the zone of clearance), or
lack thereof, of biocides towards a particular microorganism. The diameter of the zone of
clearance is linked to the susceptibility of the microorganism and to the diffusion rate of the

biocide through the agar medium.**! The microdilution method is a quantitative method
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which gives the minimum inhibitory concentration (MIC), that is, the lowest concentration of

the antimicrobial agent required to inhibit the growth of microorganisms.

4.1.3.1 Disk diffusion method

The antimicrobial activity of 2-substituted N-alkylimidazole derivatives was tested against
Escherichia coli, Bacillus subtilis subsp. spizizenii, Staphylococcus aureus and Candida
albicans using the disk diffusion and microdilution methods. A summary of the antimicrobial
activity data appears in Table 4.2. The N-alkylimidazole-2-carboxaldehydes (le-g), 2-
hydroxymethyl-N-alkylimidazoles (2e-g) and N-alkylimidazole-2-carboxylic acids (3e-Q)
derivatives showed excellent concentration dependent antibacterial activity against the Gram-
positive bacteria, as evidenced by the zones of clearance. The activity was also highly
dependent on the length of the alkyl chain, a trait previously observed.®”” Figure 4.3
illustrates the effect of the alkyl chain length on the antimicrobial activity of the imidazole

derivatives.

It could clearly be seen that the activity increased, irrespective of the substituent at the 2-
position, as the alkyl chain length increased. The trend can be observed for all the bacterial
strains (S. aureus and B. subtilis subsp. spizizenii) that the test compounds were active
against. The antimicrobial activity also increased as the pK, of the 2-substituent decreased
because the test compounds were fully ionized at the pH (~7.3) of the culture medium.
However, it was also observed that, for B. subtilis subsp. spizizenii, compounds with the
aldehyde substituent exhibited similar activities as those of the compounds with carboxylic
acid substituent (Figure 4.3 B). This anomaly could probably be due to the oxidative
environment in the B. subtilis subsp. spizizenii cell; resulting to the oxidation of the

carboxaldehyde to carboxylic acid.

At both concentrations (50 and 100 pg), the compounds showed excellent activity against B.
subtilis subsp. spizizenii, with the exception of 3e which showed little activity (Table 4.2).
Substitution of the alkyl chain with a benzyl group (1h, 2h, 3h) eliminated antibacterial

activity completely.
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Figure 4.3. The effect of the alkyl chain length on the antimicrobial activity of 2-substituted
N-alkylimidazole derivatives at 50 pg against S. aureus (A) and B. subtilis, subsp. spizizenii
(B), CHO = N-alkylimidazole carboxaldehydes, CH,OH = 2-hydroxymethyl-N-
alkylimidazole and COOH = N-alkylimidazole-2-carboxylic acids.

Generally, imidazole compounds are more active against Gram-positive bacteria,’? as was the
case in the study. The Gram-negative bacteria, E. coli proved to be the most resistant of all
the bacteria tested. The resistance of E. coli has been attributed to it having an outer cell
membrane which regulates the contents that enter or leave the cell.*** Only compound 3g
showed slight activity at 50 pg against E. coli, while all the other compounds showed slight
activity only at 100 pg. C. albicans was also highly resistant towards the compounds tested,

with only compounds 1g and 3g showing a slight activity at 100 pg.
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Table 4.2. Zones of inhibition (mm) of N-alkylimidazole derivatives using 50 and 100 ug of compounds, and MIC values

Compound E. coli S. aureus B. subtilis subsp. Spizizenii C. albicans
2- R No. 50 100 MIC 50 100 MIC 50 100 MIC 50 100
substituent
(ng/mL) (ng/mL) (ng/mL)
-CHO | Heptyl | 1e | 6.5(x0) | 7.3(x0.3) | >2500 | 8.7(+0.6) | 10.8(0.3) 40 20.7(x1.2) | 23.7(x0.6) 20 6.5(=0) 6.7(0)
Octyl | 1f | 6.5(x0) | 7.2(x0.3) | >2500 | 9.7(0.6) | 11.5(+0.5) 10 22.0(x0) | 25.7(x0.6) 5 6.5(x0) | 8.7(x0.6)
Decyl | 1g | 6.5(x0) | 7.8(x0.3) | >2500 | 11.7(x0.6) | 13.3(0.6) 5 24.0(x0) | 28.0(z0) 5 8.2(+0.3) | 10.3(+0.6)
Benzyl | 1h | 6.5(x0) 6.5(0) nd 6.7(x0.6) | 8.5(+0.6) nd 9.3(+0.6) | 11.3(+0.6) nd 6.5(+0) 6.5(+0)
-CH,OH | Heptyl | 2¢ | 6.5(x0) | 8.7(x0.3) 500 | 9.3(x0.6) | 11.5(=0) 160 | 13.7(x0.6) | 17.3(x1.2) 20 6.5(+0) 6.5(+0)
Octyl | 2f | 6.5(=0) 9.0(0) 400 | 8.7(x0.6) | 12.0(=0) 80 15.7(x0.6) | 17.7(x0.6) 10 8.3(x0.6) | 8.7(x0.6)
Decyl | 2g | 6.5(x0) | 8.3(x0.3) 200 12.7(+0.6) | 12.3(+0.6) 10 18.0(+0) | 17.3(z0.6) 5 8.3(x0.3) 8.0(x0)
Benzyl | 2h | 6.5(x0) | 6.8(x0.3) nd 6.7(x0.6) | 8.5(x0) nd 6.5(x0) 6.5(x0) nd 6.5(x0) 6.5(x0)
-COOH | Heptyl | 3e | 7.3(x0.3) 7.0(x0) 300 8.2(0.3) | 9.0(0.3) 30 9.0(x0) | 8.8(x0.3) 20 6.5(x0) | 6.5(x2.6)
Octyl | 3f | 8.2(x0.3) | 8.5(0.5) 150 11.7(x0.6) | 19.2(+0.3) 20 18.0(x0) | 23.7(0.6) 5 6.5(x0) 8.0(x0)
Decyl | 3g | 9.7(x0.3) | 8.0(x0) 400 | 18.8(+1.2) | 22.7(x0.3) 10 22.7(x0) | 21.8(x0.3) 5 9.7(+0.6) | 10.8(x0.3)
Benzyl | 3h | 7.8(x0.3) | 7.2(x0.3) nd 8.3(0) 8.0(+0) nd 6.8(+0.3) | 7.3(x0.6) nd 6.5(+0) 6.5(+0)
Metronidazole 6.5(x0) | 7.3(x0.6) | 650 6.5(x0) | 8.0(x0.) 300 6.5(x0) | 11.3(x1.2) | 300
Ampicillin 29.7(x15) | 40.0(x2.0) | 40 [ 33.3(x1.2) | 38.7(x1.2) | >2500 | 29.3(+1.2) | 32.7(+2.3) 5
Ketoconazole 16.3(x0.6) | 17.7(0.6)

MIC means minimum inhibitory concentration; nd means not determined; 50 and 100 refer to the mass (ug) of compound used
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Generally, the active 2-substituted N-alkylimidazole derivatives exhibited excellent
antibacterial activity compared to metronidazole, a commercial imidazole-containing
antibacterial agent, which was used as a negative control in this study. It is well known that
metronidazole possesses no activity against the chosen microorganisms but has been used for
treatment of protozoan infections such as Entamoeba hystolica, Giardia lamblia and
Trichomonas vaginalis.*** Metronidazole, in this case, was chosen to illustrate how the
effects of derivatization of imidazole could impact a wide spectrum antimicrobial activity.
Ampicillin, a commercial antimicrobial agent used as a positive control, however showed

superior antibacterial activity compared to the 2-substituted N-alkylimidazole derivatives.

4.1.3.2 Microdilution method (minimum inhibitory concentration)

The microdilution method displayed a similar trend (alkyl chain dependence and
susceptibility of bacteria) to that observed in the disc diffusion method (Figure 4.4). Very low
concentrations of le-g, 2e-g and 3e-g (5-20 pg/mL) were required for the inhibition of the
growth of Gram-positive B.subtilis subsp. spizizenii. The concentration ranges were better
than those reported by Sharma et al.”” for their imidazole derivatives. For example the
concentration range for the inhibition of the growth of B.subtilis subsp. spizizenii was 2-702
ug/mL. As expected, the minimum inhibitory concentrations decreased as the alkyl chain
length on imidazole was increased. Higher concentrations of N-alkylimidazole-2-
carboxaldehydes le-g (>2500 ug/mL) were required to inhibit the growth of E. coli (Table
4.2). The 2-hydroxymethyl-N-alkylimidazoles 2e-g (200-500 pg/mL) and N-alkylimidazole-
2-carboxylic acids 3e-g (40-300 pg/mL) showed lower minimum inhibitory concentrations
against E. coli, compared to N-alkylimidazole-2-carboxaldehydes le-g (>2500 pg/mL). Since
only compounds 1g and 3g showed a slight activity (at 100 ug) against C. albicans, in the

disc diffusion method, the MICs were not determined.
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Figure 4.4. MIC profile of 2-hydroxymethyl-N-alkylimidazoles for S. aureus (alcohols 2e-g)

In an attempt to establish the effect of the substituents at the 2-position of imidazole on the
antimicrobial activity, N-alkylimidazole derivatives with the same alkyl chain but different
substituent at the 2-position, were grouped together and their MICs compared (Figure 4.5). It
was observed that the carboxylic acid derivatives 3e-g (with lowest pKa; values in the range
1.25-3.38) generally had the greatest activity at least for the octyl and decyl derivatives
(Figure 4.5) which was in agreement with the disc diffusion method. The superior activity of
the carboxylic acids could be because at the pH (~7.3) conditions of the culture medium the
carboxylic acids were fully ionized, which probably allowed for interaction with reactive
residues on the surface of the cell membrane. Compounds with longer alkyl chain length and
the carboxylic acid substituent exhibited enhanced antimicrobial activity compared to
compounds with the same alkyl chain length and the other substituents (carboxaldehydes and
alcohols). Compounds with shorter chain length exhibited poor antimicrobial activity, even
with the carboxylic acid at the 2-position. It was postulated that increasing the alkyl chain
length increased the lipophilicity of the compounds, allowing for easy diffusion through the

membrane.
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The low pKj, of the carboxylic acid substituent allowed for easy ionizability which enhanced
binding to the proteins in the cell membrane. The pK, dependence of the activity of
antimicrobial agents is well documented and, in general, a reduction in the pK, of the
antimicrobial agent enhances its penetration of the microorganism membrane which results in
increased activity.*?®334%% On the other hand, the antimicrobial activities of the aldehyde and
alcohol derivatives were comparable to each other and under the pH conditions employed the

two derivatives would remain non-ionized.
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Figure 4.5. The effect of the 2-substituent (pK, effect) on antimicrobial activity of N-
alkylimidazole derivatives [N-decylimidazole-2-carboxaldehyde (1g), N-decylimidazole-2-

methanol (2g) and N-decylimidazole-2-carboxylic acid (3g)]

In summary, the results clearly showed that a simple N-alkylation of imidazoles with long
alkyl chains at the 1-position, coupled with derivatization at the 2-position with low pK,
subtituents resulted in an enhanced antimicrobial activity. Therefore, the imidazole
derivatives with long alkyl chain length (octyl and decyl) were selected for use in the

fabrication of antimicrobial electrospun nylon 6 nanofibers composites.
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4.2 The fabrication and antimicrobial activity evaluation of electrospun nylon 6

nanofibers containing 2-substituted N-alkylimidazoles

4.2.1 Incorporation of 2-substituted N-alkylimidazoles into electrospun nylon 6

nanofibers

The polymer solution for electrospinning was prepared by dissolving nylon 6 and the 2-
substituted N-alkylimidazole (alkyl = octyl and decyl) in a HCOOH/CH3;COOH (1:1)
mixture. Nylon 6 was the polymer of choice because of its biocompatibility, biodegradability,
mechanical stability, electrospinnability and insolubility in water.>>>" The characterization of

the electrospun nylon 6 nanofibers was performed using known techniques.

The morphology of the electrospun nylon 6 nanofiber composites was characterized using
scanning electron microscopy. SEM micrographs (Figure 4.6) showed that smooth or
beadless nanofibers with uniform diameters were obtained under the electrospinning
conditions. The diameters ranges of the electrospun nanofibers incorporated with 2-
substituted N-alkylimidazoles were N-octylimidazole-2-carboxaldehyde (39-155 nm), 2-
hydroxymethyl-N-octylimidazole (59-150 nm) and N-octylimidazole-2-carboxylic acid (72-
146 nm) using the ImageJ software.

Figure 4.6. Electrospun nanofibers incorporated with, (A): N-octylimidazole-2-carboxalehyde
(1g9), (B): 2-hydroxymethyl-N-octylimidazole (2g) and (C): N-octylimidazole-2-carboxylic
acid (3g)
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The electrospun nanofiber composites were also characterized using ATR-FTIR to ascertain
the presence of the compounds within the electrospun nanofiber matrix (Figure 4.7).
Incorporation of 2-substituted N-alkylimidazoles could have easily been done, by
idendification of the C=0 band for N-alkylimidazole-2-carboxaldehydes (~1700 cm™), the
OH band for 2-hydroxymethyl-N-alkylimidazoles (3500-3000 cm™) and C=0 and/or OH for
the N-alkylimidazole-2-carboxylic acids (~1700 and 3500-3000 cm™, respectively).
However, the bands could not be identified; instead, two bands were observed in the region
1200-1000 cm™ and one band in the region 800-650 cm™ in the electrospun nylon 6 nanofiber
composite which coincided with bands observed in 2-hydroxymethyl-N-octylimidazole (2f).
The bands were a confirmation that the compound was successfully incorporated into the
electrospun nylon 6 nanofibers. The intensities of the bands were however very low; this
effect was expected considering the mass of the compounds (5% wi/w) used with respect to
the mass of polymer (nylon 6). The band intensities associated with incorporated compounds
were believed to have been suppressed by those of the polymer. Once incorporation of the 2-
substituted N-alkylimidazoles had been ascertained, the antimicrobial activity of the

electrospun nanofiber composites was evaluated.
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Figure 4.7. ATR-FTIR spectra of (A): nylon 6 nanofiber composite, (B): nylon 6 and (C) 2-
hydroxymethyl-N-octylimidazole (2f)

4.2.2 Antimicrobial activity studies

The antimicrobial activity of electrospun nylon 6 nanofibers incorporated with selected 2-
substituted N-alkylimidazoles was investigated using the disk diffusion and AATCC Test
100-2004 methods. The AATCC test method 100-2004, like the microdilution method, is
quantitative as it illustrates the extent of reduction of microbial growth by a biocide towards a
particular microorganism. It is also a method suitable for testing the antimicrobial activity of

fabrics containing leachable biocides.**

4.2.2.1 Disk diffusion method

Disks (diameter = 7.0 £0.1 mm) were cut from the electrospun nylon 6 nanofiber composites
and used for antimicrobial testing. Disk diffusion results showed that the 2-substituted N-

alkylimidazoles maintained the antimicrobial properties even when incorporated into polymer
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nanofibers as solid support. It was also observed that the antimicrobial activity remained
predominantly against Gram-positive bacteria (S. aureus and B. subtilis subsp. spizizenii)
with the latter being the most susceptible (Fig. 4.8, Table 4.3).

Figure 4.8. Zones of inhibition illustrating antimicrobial activity for electrospun nylon 6
nanofiber composites containing 2-substituted N-alkylimidazoles towards E. coli (A & B), S.
aureus (C & D), B. subtilis subsp, spizizenii (E & F) and C. albicans (G & H)
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Table 4.3. Diameters of zones of clearance for the electrospun nylon 6 nanofiber containing
2-substituted N-alkylimidazoles

Nanofibers E. coli S. aureus B. subtilis subsp. C. albicans
composite spizizenii
Diameter Diameter Diameter Diameter (mm)
(mm) (mm) (mm)
nylon 6 + 1f 7.2 (+0.3) 12.7 (+0.3) 29.7 (+0.6) 7.0 (+1.0)
nylon 6 + 1g 7.0 (+0.1) 11.8 (+1.0) 22.7 (+0.6) 7.2 (+0.2)
nylon 6 + 2f 8.3 (+0.6) 12.8 (+1.2) 22.0 (¥1.7) 7.0 (+0.2)
nylon 6 + 2g 7.7 (+0.6) 12.2 (+1.0) 24.0 (£1.7) 7.1 (+0.1)
nylon 6 + 3f 7.3 (+0.6) 16.7 (+0.6) 23.3 (¥2.3) 7.1 (+0.1)
nylon 6 + 3g 8.0 (+0.1) 15.7 (+0.8) 28.7 (+0.6) 7.2 (+0.1)

In addition, the electrospun nylon 6 nanofiber composites showed poor antimicrobial activity
towards E. coli and C. albicans as was the case with free 2-substituted N-alkylimidazoles.
The advantage of using electrospun nanofibers incorporated with biocides was attributed to
the interesting capability of controlled release of biocides due to their highly porous
nature. 11427337338 Once the antimicrobial activity of the electrospun nylon 6 nanofiber
composites was established, the AATCC test method 100, a method suitable for evaluating
the antimicrobial properties of treated fabrics, was used to investigate the reduction of
microbial growth by the electrospun nanofiber composites.

4.2.2.2 AATCC test method 100

The American Association of Textile Chemists and Colorists (AATCC) Test Method 100-
2004 was used to investigate the antimicrobial activity of the electrospun nylon 6
nanofibers incorporated with 2-substituted N-alkylimidazoles. In the AATCC test method, the
antimicrobial activity of electrospun nanofibers was depicted by the percentage reduction of
the microbial growth. The percentage reduction of microbial growth was calculated using
Eqn 3.2.

The electrospun nanofiber composites were first cut into swatches (diameter = 4.8 +0.1 cm)
and the swatches were used for conducting the experiments. Since disk diffusion results
showed that the electrospun nylon 6 nanofiber composites were active against Gram-positive

bacteria (S. aureus and B. subtilis subsp. spizizenii), only one strain was chosen for AATCC
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experiments. Staphylococcus aureus was the easier of the two Gram-positive strains to work
with and hence chosen to perform the experiments. The results showed that the percentage
reduction of bacterial growth against S. aureus ranged between 73.2-99.8% for the 2-
substituted N-alkylimidazoles, with electrospun nylon 6 nanofibers containing the carboxylic
acid derivatives demonstrating the largest growth reduction. Figure 4.9 illustrates the
reduction of bacterial growth due to electrospun nylon 6 nanofiber composites in comparison

to pristine nylon 6 nanofibers.

Figure 4.9. Bacterial growth after 24 h contact time with antimicrobial nanofibers. (A) nylon 6
nanofibers; (B) nylon 6 nanofibers incorporated with 1g; (C) nylon 6 nanofibers incorporated with 2g

and (D) nylon 6 nanofibers incorporated with 3g

It was demonstrated that incorporating 2-substituted N-alkylimidazoles into electrospun
nylon 6 nanofibers did not affect their antimicrobial activity. The carboxylic acid derivatives
still demonstrated the highest antimicrobial activity. The 2-substituted N-alkylimidazoles
were then used to synthesize silver(l) complexes, in an attempt to effect broad spectrum

antimicrobial properties.

Rhodes University Page 110



4.3 The fabrication and antimicrobial activity evaluation of nylon 6/silver(l)-(2-

hydroxymethyl-N-alkylimidazoles) nanofiber composites
4.3.1 Synthesis of silver(l) complexes containing 2-hydroxymethyl-N-alkylimidazoles

The initial idea was to synthesize silver(l) complexes using imidazoles containing all the
various substituents (-CHO, -CH,OH and COOH) at the 2-position. However, due to the well
known reduction of Ag(l)-Ag(0) by the carbonyl compounds, only the imidazoles with the
alcohol substituent could be used for the synthesis. Thus, only silver(l) complexes containing
2-hydroxymethyl-N-alkylimidazoles were synthesized and evaluated for their antimicrobial

properties.

The silver(l) complexes containing 2-hydroxymethyl-N-alkylimidazole ligands were prepared
by the reaction of 1 mole equivalent of silver nitrate and 2 mole equivalents of the ligands
(Scheme 4.3). IR spectra of the silver(l) complexes showed bands in the 3500-3100 cm™
region depicting the presence of —OH functional groups. This also indicated that the —OH
groups were not participating in the coordination to the metal centre. The vibrational bands of
imidazole at 1450-1300 cm™ appeared slightly shifted to lower frequencies in the complexes
compared to the free ligands and also appeared to exhibit a marked broadening. The two
phenomena indicated to coordination of the ligands through the C=N nitrogen atoms of

imidazoles.>*°

F OH HO
N X A
N Y (NO3)
AgNO;  + 2 [ >—\ __BoH R~N" SN——ag——N R ¥z
N OH RT, overnight \__/ \__/

2

R = Me (C1); R = Et (C2); R =Pr (C3); R =But (C4); R = Hep (C5); R =0Oct (C6); R = Dec (C7); R =Bz (C8)

Scheme 4.3. Synthesis scheme of silver(l) complexes containing 2-hydromethyl-N-alkylimidazole
ligands

4.3.2 X-ray crystallography

X-ray crystal structures of complexes C2 and C8 were obtained from single crystals which
were grown by the addition of ethyl acetate to their mother liquors, followed by slow

evaporation of the solvent mixture. Table 4.4 shows the crystallographic and structure
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refinement data for complexes C2 and C8. The crystal structure of C2 (Figure 4.10) revealed
a dimeric complex [Ag2(L)s]J(NO3), where an Ag-Ag bond was formed, as well as a
monomeric [Ag(L)2JNOs; complex (L = 2-hydroxymethyl-N-ethylimidazole), while C8
(Figure 4.11) showed only a dimeric [Ag2(L)s](NO3), complex (L = 2-hydroxymethyl-N-
benzylimidazole). The Ag(1)-Ag(1) bond distances for the dimeric complexes C2 and C8
were 3.1749(3) and 3.2009(3) A, respectively (Table 4.5). The metal-metal interactions were
due to the presence of -m interactions between the imidazoles,” and the distances between
the imidazole rings were ~3.6 and ~3.4 A for complexes C2 and C8 respectively. The Ag-Ag
bond distances were similar to those previously reported by others.?*%"*434! The dimeric unit
of complex C2 had N(1)-Ag(1)-N(3) bond angle of 170.27(6)° and the monomeric unit had
N(5)-Ag(2)-N(5) bond angle of 161.17(9)°. Complex C8 had N(5)-Ag(2)-N(5) bond angle of
173.91(6)°. The bond angles indicated that in both complexes, Ag(l) was linearly coordinated
to the C=N nitrogens of imidazoles.**® The bond angles were slightly distorted probably due
to the imidazoles being slightly out of plane.**! The dihedral angles between the imidazoles
in the monomeric and the dimeric unit of C2 were 76.64 and 8.54°, respectively. For C8 the
interplanar angle between the imidazoles was 8.21°. The Ag-N bond distances (~2.1 A) for
both complexes were similar to those previously reported in the literature.®”1923% There
appeared to be some long range interaction between the nitrate ions and the metal centre in
the dimeric units. The Ag-O bond distances were 2.884 and 2.720 A for C2 and CS8,
respectively. The other two oxygen atoms of the nitrate ions were involved in H-bonding
with the hydroxyl groups in both complexes (Figure 4.11).
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Table 4.4. Crystallographic data and structure refinement for C2 and C8

Compound C2 Cc8
Empirical formula CasHs0Ag3N15015 Cy Hos Ag N5 Os
Formula weight 1266.60 546.33
Temperature (K) 173(2) 173(2)
Wavelength (A) 0.71073 0.71073
Crystal system Monoclinic Triclinic
Space group C2/c P-1

a (A) 36.6084(6) 9.9792(2)

b (A) 8.95010(10) 10.0353(2)
c (A) 16.2218(2) 13.1525(2)
a (%) 90 70.2900(10)
B (°) 114.7500(10) 86.8700(10)
v () 90 62.9010(10)
Volume (A3) 4826.83(11) 1096.12(4)
Z 4 2

Density (Mg/cm®) 1.743 1.655
Absorption coefficient (mm™ 1.286 0.965
F(000) 2568 556

Crystal size (mm3)

Theta range data for collection (°)
Reflections collected

Independent reflections
Completeness of theta = 28.00°
Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F?

R1, WR2 [I>25(1)]

R1, wR2 (all data)

0.30x0.16 x 0.14

2.36-28.00

45274

5830 [R(int) = 0.0449]

99.9%

0.8604 and 0.7312

5830/0/319
1.058
0.0251, 0.0602

0.0318, 0.0626

0.40x0.27 x0.11

1.66-28.00

36626

5288 [R(int) = 0.0501]

100%

0.9058 and 0.7491

5288 /1/305
1.105
0.0279, 0.0673

0.0323, 0.0692
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Figure 4.10. ORTEP diagram of C2 showing the atom labelling scheme. Displacement
ellipsoids are drawn at the 50% probability level

Figure 4.11. ORTEP diagram of C8 showing the atom labelling scheme, long range
interaction of the nitrates with the metal centers, as well as hydrogen bonding of the ligand
hydroxyl groups with the nitrates. Displacement ellipsoids are drawn at the 50% probability
level
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Table 4.5. Selected bond lengths (A) and angles (°) for C2 and C8

Bond lengths
Ag(1)-Ag(1)#2
N(1)-Ag(1)
N(3)-Ag(1)
N(5)-Ag(2)
C(3)-N(1)
CB)-N(2)
C(9)-N(3)
C(9)-N(4)
C(15)-N(5)
C(15)-N(6)
Bond angles
N(1)-Ag(1)-N(3)

N(5)-Ag(2)-N(5)

3.1749(3)
2.0973(17)
2.1063(16)
2.1238(15)
1.330(2)
1.349(2)
1.328(2)
1.343(2)
1.328(2)

1.348(2)

170.27(6)

161.17(9)

Ag(1)-Ag(1)#1
N(1)-Ag(1)
N(3)-Ag(1)
C(3)-N(1)
CB3)-N(Q)
C(14)-N(3)

C(14)-N(4)

N(1)-Ag(1)-N(3)

3.2009(3)
2.1145(16)
2.1108(16)
1.328(2)
1.352(3)
1.334(3)

1.347(3)

173.91(6)

Symmetry transformations used to generate equivalent atoms: C2: #1 -x+1,y,-z+1/2 #2 -x+1/2,-y+3/2,-z+1

#3 -x+1,y,-z+3/2; C8: #1 -x+1,-y,-z+2

4.3.3 Antimicrobial activity evaluation

4.3.3.1 Disk diffusion method

The antimicrobial activity of the silver(l) complexes was investigated against E. coli, S.
aureus, B. subtilis subsp. spizizenii and C. albicans. A summary of the results for the in vitro
antimicrobial activity experiments is presented in Table 4.6. The Ag(l) complexes containing
2-hydroxymethyl-N-alkylimidazole ligands displayed antimicrobial activity against a broad
spectrum of microorganisms (Fig. 4.12, Table 4.6). The antimicrobial activity against E. coli

and C. albicans was entirely due to Ag(l) for all the complexes (C1-C8) since the free 2-

substituted N-alkylimidazoles did not display any activity against the two microorganisms.
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Figure 4.12. Zones of clearance for antimicrobial activity of silver(l) complexes against E.
coli (A & B), S.aureus (C & D), B. subtilis subsp, spizizenii (E & F) and C. albicans (G & H)

It was shown, in 4.1.3, that the metal-free 2-hydroxymethyl-N-alkylimidazoles exhibited poor
activity against E. coli and C. albicans. It was also shown that only metal-free ligands with
long alkyl chain length displayed excellent activity against S. aureus and B.subtilis subsp.
spizizenii. Therefore, it was anticipated that the Ag(l) complexes containing 2-hydromethyl-
N-alkylimidazole ligands (C5-C8) would display better activity than AgNO; (Table 4.6)
because the antimicrobial activity of the complexes C5-C8 should be impacted by both Ag(l)
and the ligands. It was observed that against E. coli the antimicrobial activity of the silver(l)
complexes was comparable with that of AgNO3;. However, silver(l) complexes displayed
better antimicrobial activity against S. aureus and B. subtilis subsp. spizizenii compared
AgNOs3.

There have been reports showing that the Ag(l) complexes were better antifungal than
antibacterial agents.®*** Other reports have shown that the Ag(l) complexes possess
antimicrobial activity predominantly against Gram-negative than Gram-positive bacteria® or
vice versa.® In the current study, it was observed that the silver(l) complexes possessed
better antibacterial than antifungal properties and the antibacterial activity was predominantly
against Gram-positive bacteria. Furthermore, the predominance of activity towards a
particular microorganism was dependent on the alkyl chain length of the ligand. The
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minimum concentration (MIC) required for the silver(l) complexes to inhibit microbial

growth was also determined using the microdilution method.

4.3.3.2 Microdilution method

The microdilution results (Table 4.6) showed that for complexes containing ligands with
shorter alkyl chain length (C1-C4), the activity was in the order E. coli (MIC =20 pg/mL), B.
subtilis subsp. spizizenii (MIC = 40 pg/mL), S. aureus and C. albicans (MIC = 80 pg/mL).
Since the antimicrobial activity of silver(l) complexes containing imidazoles with short alkyl
chains was entirely due to the silver(l) ions; the result is consistent with literature that
silver(l) ions were predominantly active against Gram-negative bacteria. For complexes
containing longer alkyl chain length (C5-C7), the activity order was B. subtilis subsp.
spizizenii (MIC =5 pg/mL), E. coli (MIC =10 ug/mL), S. aureus (MIC = 20 pg/mL) and C.
albicans (MIC = 40 pg/mL).

In summary, it has been shown that the antimicrobial activity of silver(l) complexes
containing imidazoles with long alkyl chain length was due to both the silver(l) ions and the
2-hydroxymethyl-N-alkylimidazoles. Therefore, the silver(l) complexes C6 (L = 2-
hydromethyl-N-octylimidazole)and C7 (L = 2-hydroxymethyl-N-decylimidazole) were

selected for the fabrication of antimicrobial electrospun nylon 6 nanofiber composites.

Rhodes University Page 117



Table 4.6. Zones of clearance and MICs for the silver(l) complexes containing 2-hydroxymethyl-N-alkylimidazoles (C1-C8)

Complex R E. coli S. aureus B. subtilis subps. spizizenii C. albicans
Diameter MIC Diameter MIC Diameter MIC Diameter MIC
(mm) (ng/mL) (mm) (ng/mL) (mm) (ng/mL) (mm) (ng/mL)

C1 Methyl 13.0(+0.1) 20 12.0(+0.3) 80 11.0(+0.2) 40 11.0(+0.1) 80
c2 Ethyl 12.3(+0.6) 20 12.0(+0.2) 80 11.3(+0.6) 40 11.3(+0.6) 80
C3 Propyl 10.0(+0,3) 20 11.0(+0.2) 80 10.5(+0.3) 40 10.7(+0.1) 80
C4 Butyl 10.2(+0.3) 20 11.5(=0.1) 80 11.3(+0.6) 40 11.5(+0.6) 80
C5 Heptyl 12.0(0.1) 10 12.2(+0.3) 40 17.3(+0.6) 20 12.0(+0.2) 40
C6 Octyl 13.7(+0.6) 5 19.7(+0.6) 20 18.0(+0.2) 5 12.3(+0.6) 40
c7 Decyl 12.0(0.1) 10 18.0(0.2) 20 16.3(+0.3) 5 12.7(+0.6) 40
c8 Benzyl 11.0(0.1) 40 12.0(0.3) 80 11.0(x0.1) 80 10.3(+0.6) 40

AgNO, 12.7(+0.6) 10 12.0(0.2) 20 11.0(x0.1) 10 14.0(=0) 20

MIC means minimum inhibitory concentration

Disk diameter = 7.0 £ 0.1 mm
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4.4 The fabrication of antimicrobial electrospun nylon 6 nanofibers incorporated with

silver(l) complexes and silver nanoparticles

Electrospun nylon 6 nanofibers incorporated with Ag(l) complexes containing 2-
hydroxymethyl-N-alkylimidazoles (C6 and C7) were fabricated using the optimized
conditions as described in 3.5.1. The morphology of the electrospun nylon 6 nanofibers was
characterized using scanning electron microscopy (Fig. 4.13) while the presence of the Ag(l)

complexes after electrospinning was ascertained using ATR-FTIR spectroscopy (Fig. 4.14).

SEM micrographs revealed that the nanofibers obtained had uniform diameters with A (52-
141 nm) and B (74-187 nm) using the ImageJ software. Ascertaining the incorporation of the
silver(l) complexes into the electrospun nylon 6 nanofibers should have easily been done,
from the ATR-FTIR spectra, by identifying two bands. One band was the vibrational
frequency of the hydroxyl group (-OH) in the region 3500-3000 cm™ and the other one was

the broad imidazole band due coordination with the silver(l) ions (1450-1300 cm™).

However, it was very difficult to identify bands belonging to the silver(l) complexes used for
the fabrication of the antimicrobial nylon 6 nanofibers. The challenge was attributed to the
suppression of the bands belonging to the silver(l) complexes due to the relative mass (5%
w/w) of the compounds that was incorporated into the nanofibers. Nonetheless, a low
intensity band could be identified in the region 1000-1200 cm™ which corresponded to a band
from the spectrum of the compound used (Fig. 4.14). The band was taken as a confirmation that

the silver(l) complexes were successfully incorporated into the electrospun nylon 6 nanofibers.
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Figure 4.13. SEM micrographs of electrospun nylon 6 nanofibers incorporated with silver(l)-
imidazole complex; (A) nylon 6/complex C6 nanofiber and nylon 6/complex C7 nanofiber
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Figure 4.14. ATR-FTIR spectra of (A) nylon 6; (B) silver(l)-imidazole complex (C7) and (C)
nanofiber composite

Electrospun nylon 6 nanofibers incorporated with AgNPs were also fabricated for

comparison with antimicrobial activity of electrospun nanofibers incorporated with silver(l)
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complexes. The silver nanoparticles were prepared by in situ reduction of AgNOg3 in nylon 6
solution without the addition of a reducing agent.*® Formic acid, one of the solvents used for
dissolution of nylon 6, is known to be capable of reducing Ag(l)-Ag(0). Figure 4.15 presents
a UV spectrum of AgNPs in nylon 6 solution before electrospinning. The UV spectrum
indicated that the AgNPs experienced a sharp surface plasmon resonance at 410 nm;
indicative of spherically-shaped nanoparticles with a narrow size distribution.?*?
Transmission electron microscopy could have been used to further confirm the presence of
the AgNPs within the electrospun nylon 6 nanofibers as well as their shape and size
distribution. However, due to sample preparation challenges pertaining to the lack of
availability of a proper sample holder for electrospun nanofibers, TEM micrographs could

not be obtained.
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Figure 4.15. UV spectrum of AgNPs in nylon 6 solution

The incorporation of the AgNPs into electrospun nylon 6 nanofibers was also confirmed
using SEM-EDS. Figure 4.16 depicts an SEM-EDS histogram which illustrated the presence

of electrospun nylon 6 nanofibers. The relative intensities of the silver signals were lower
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compared to the intensities of the elements for nylon 6 due to the mass of AgNO3; (5% w/w)

used for the fabrication of electrospun nanofiber composites.
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Figure 4.16. SEM-EDS histogram of electrospun nylon 6 nanofibers incorporated with AgNPs

4.4.1 Antimicrobial activity evaluation

The antimicrobial activity of electrospun nylon 6 nanofibers incorporated with selected Ag(l)
complexes containing 2-hydroxymethyl-N-alkylimidazoles (C6 and C7) with long chains was
investigated using the disk diffusion and AATCC Test 100 methods. The AATCC Test
method 100 is suitable for evaluating the antimicrobial activity of fabrics or textile materials
with leachable antimicrobial agents.

4.4.1.1 Disk diffusion method

The disk diffusion method showed that the silver(l) complexes maintained their broad
spectrum antimicrobial properties after being incorporated into electrospun nylon 6
nanofibers as solid support (Table 4.7). The electrospun nylon 6 nanofiber composites
remained predominantly active against Gram-positive bacteria (S. aureus and B. subtilis
subsp. spizizenii). The antimicrobial activity of the electrospun nylon 6 nanofibers
incorporated with silver(l) complexes was compared with that of electrospun nylon 6

nanofibers incorporated with silver nanoparticles (AgNPs).
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Table 4.7. Diameters of the zones of clearance for the electrospun nylon 6 nanofibers incorporated

with Ag(l) complexes (C6 & C7)

Nanofiber composite E. coli S. aureus B. subtilis subsp. C. albicans
spizizenii
Diameter Diameter Diameter Diameter
(mm) (mm) (mm) (mm)
Nylon 6 + C6 13.3(+0.6) 22.3 (£0.6) 24.3 (£1.5) 13.3 (+0.6)
Nylon 6 + C7 10.7 (+0.6) 15.7 (+0.6) 16.7 (+0.6) 12.7 (+0.6)
Nylon 6 + AgNPs 9.7 (+0.6) 12.0 (+0) 11.0 (+0) 7.2 (+0.3)

The electrospun nylon 6 nanofibers incorporated with AgNPs exhibited poor antimicrobial
activity in comparison to the electrospun nylon 6 nanofibers incorporated with silver(l)
complexes (Table 4.7). The observation was, however, not surprising since silver(0) does not
have antimicrobial activity unless it is oxidized to silver(l) by moisture.®* The poor
antimicrobial activity of the nanoparticles suggested that there was not sufficient moisture to
oxidize Ag(0)-Ag(l) in the culture medium. Further evaluation of the antimicrobial activity of

electrospun nylon 6 nanofibers was performed using the AATCC test method 100-2004.

4.4.1.2 AATCC test method 100-2004

The American Association of Textile Chemists and Colorist (AATCC) Test Method 100-
2004 was also used to investigate the antimicrobial activity of the electrospun nylon 6
nanofibers incorporated with silver(l)-imidazole complexes.*® The nanofiber composites
were first cut into swatches (diameter ~4.8 cm) and the swatches were used for conducting
the experiments. The antimicrobial activity of the nylon 6 nanofiber composites was tested
against a Gram-negative bacterium (E. coli) and one Gram-positive bacterium (S. aureus).
The results showed that the percentage reduction of bacterial growth against E. coli and S.
aureus was significantly low (Fig. 4.17).

The low percentage reduction of bacterial growth for the nanofiber composites was attributed
to poor contact of the bacteria with the Ag(l) complexes encapsulated within the electrospun
nylon 6 nanofibers. The effect was probably due to lack of moisture on the nanofibers
resulting to low diffusibility of the Ag(l) complexes. It was previously reported that moisture

is necessary for the release of Ag(l) ions from the electrospun nanofibers.”® Moreover, the
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hydrophobicity of nylon 6 could have also contributed significantly to the observed effect.
Even the presence of a surfactant (Triton X100), which was added to enhance the wettability
of the polymer nanofibers, seemed not to have assisted probably due to lack of solubility of

the Ag(l) complexes in it.

Figure 4.17. Bacterial growth after 0 and 24 h contact times with antimicrobial nanofibers. At
time t =0 h: E. coli (A-C), S. aureus (G-I) and time t = 24 h: E. coli (D-F), S. aureus (J-L)

It was concluded, based on the results obtained, that the AATCC test method 100 was not
suitable for evaluating the antimicrobial activity of the electrospun nylon 6 nanofibers
incorporated with both the silver(l) complexes and silver nanoparticles. A different method
for evaluating the antimicrobial activity of electrospun nanofiber composites was therefore

necessary, and the shake flask method was employed.
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4.4.1.3 Dynamic shake flask testing method (ASTM E2149-10)

The dynamic shake flask testing method (American Society for Testing and Materials
(ASTM) E2149-10) is an approved method for evaluation of the antimicrobial activity of
immobilized antimicrobial agents.** The method is performed under dynamic conditions to
allow efficient contact of the microorganisms with the treated antimicrobial materials.
Moreover, the method has also been used to evaluate the antimicrobial activity of electrospun
nanofibers incorporated with AgNPs.***® The shake flask method, as with AATCC test
method 100, expresses the antimicrobial activity as the percentage reduction of the growth of

microorganisms.

The results showed that there was tremendous improvement in the antimicrobial activity of
electrospun nylon 6 nanofibers (Fig. 4.18). All the electrospun nylon 6 nanofiber composites,
incorporated with silver(l) complexes and AgNPs, that were evaluated, displayed a very high

percentage reduction of microbial growth (>99.99%) for both E. coli and S. aureus.

Figure 4.18. Bacterial growth after 1 h contact time with antimicrobial nanofibers. E. coli (A-
D) and S. aureus (E-H). A and E represent the bacterial growth for the untreated suspensions

The results obtained from the shake flask test method showed that electrospun nylon 6

nanofibers incorporated with silver(l)-imidazole complexes retained the antimicrobial activity
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after incorporation into electrospun nylon 6 nanofibers. However, it was observed in 4.1.3
and 4.4.1 that the antimicrobial compounds have to diffuse out of the electrospun nanofiber to
exhibit the antimicrobial activity. The limitation is that diffusion exhausts the biocides in the
polymeric material which could result in development of resistance by the microorganisms.**®
Moreover, for drinking water applications, the leaching of antimicrobial compounds from
electrospun nanofibers could have adverse health effects to humans. The challenge could be
averted by immobilization of the antimicrobial compounds onto the surface electrospun

nanofibers.

4.5 The fabrication of antimicrobial electrospun nanofibers by immobilization of N-

vinylimidazoles using graft polymerization
4.5.1 Synthesis of 2-substituted vinylimidazoles

It was demonstrated in the study that the antimicrobial activity of the 2-substituted N-
alkylimidazoles increased with the increase in the length of the alkyl chain at the 1-position
of imidazoles. The idea was then to immobilize the imidazoles with the longest alkyl chain
length (decyl) and the different substituents (-CHO, -CH,OH, COOH) at the 2-position onto
electrospun nylon 6 nanofibers. There were 2 possibilities that could be explored: (1) to
attach the vinyl group at the 1-position, and (2) to attach the vinyl group at the 4 or 5-position
(Fig. 4.19). In the first possibility the role of the alkyl chain would be played by the polymer
backbone while in the second possibility the alkyl chain would be attached at 1-position.
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Figure 4.19. Two possibilties for the synthesis of 2-substituted vinylimidazoles

4.5.1.1 The 2-substituted 1-vinylimidazoles (N-vinylimidazoles)

The 2-substituted N-vinylimidazoles were synthesized using the synthetic route in Scheme
4.4. Briefly, the acylation of N-vinylimidazole (1-VIm) resulted in the production of N-
vinylimidazole-2-carboxaldehyde (1-VImCHO). Furthermore, the reduction of 1-VImCHO
resulted in the formation of 2-hydroxymethyl-N-vinylimidazole (1-VImCH,OH) while the
oxidation of 1-VImCHO gave N-vinylimidazole-2-carboxylic acid (1-VImMCOOQOH).
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Scheme 4.4. Synthesis of 2-substituted N-vinylimidazoles

The synthesized 2-substituted N-vinylimidazoles were characterized using NMR (Fig. 4.20)
and IR spectroscopic techniques. The *H NMR spectrum of 1-VImCHO displayed a singlet at
9.88 ppm which indicated the presence of the aldehydic CHO proton. The multiplet at 7.99-
7.93 ppm (CH) and the two doublets at 5.43 and 5.13 ppm (CHy>) indicated the presence of
the vinyl group. The *H NMR spectrum of 1-VImCH,OH exhibited a multiplet at 7.17-7.11
ppm (CH) and two doublets at 5.43 and 5.03 ppm (CH>) which indicated the presence of the
vinyl group. The singlet at 4.69 ppm indicated the presence of methylene protons (CH,OH).
For 1-VImCOOH, the presence of the vinyl group was indicated by the multiplet at 7.85-7.79
ppm(CH) and the two doublets at 5.69 and 5.36 ppm (CHy,).
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Figure 4.20. 'H NMR spectra of 2-substituted N-vinylimidazoles

Figure 4.21 illustrates the *C NMR spectra of 2 the 2-substituted N-vinylimidazoles. The
spectrum of 1-VImMCHO showed a signal at 182.76 ppm indicating the presence of a carbonyl
group (C=0). The signals at 130.25 and 105.84 ppm indicated the presence of the vinyl group
carbons; CH and CHy, respectively. For 1-VImCH,OH, the signal at 128.81 (CH) and 104.56
ppm (CHy) indicated the presence of the vinyl group. The signal at 55.28 ppm indicated the
presence of the methylene carbon (CH,OH). The C NMR spectrum of 1-VImCOOH
displayed a signal at 215.82 ppm indicating the presence of C=0, while the presence of the
vinyl group was indicated by the signals at 129.66 (CH) and 110.12 (CH;) ppm.
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Figure 4.21 The *C NMR spectra of 2-substituted N-vinylimidazoles

The IR spectrum of 1-VImMCHO exhibited a band at 1674 cm™ confirming the C=0O group,
while the spectrum of 1-VImCH,OH displayed two bands at 3347 and 3112 cm™ which
indicated the presence of the hydroxyl group (-OH). The bands at 3112 and 1644 cm™, in the
spectrum of 1-VImMCOOH, indicated the presence of the hydroxyl (-OH) and carbonyl (C=0)
groups, respectively. The synthesis of 2-substituted N-alkylimidazoles was then followed by

the synthesis of 2-substituted N-alkyl-4(5)-vinylimidazoles.

4.5.1.2 The 2-substituted N-alkyl-4(5)-vinylimidazoles

The synthesis of 2-substituted N-alkyl-4(5)-vinylimidazoles was achieved as outlined in
Scheme 4.5. Briefly, 4(5)-vinylimidazole (4(5)-VIm) was synthesized by decarboxylation of
urocanic acid.*® The N-alkylation of 4(5)-VIm using bromodecane gave N-decyl-4(5)-
vinylimidazole (1-dec-4(5)-VIm). In the following step, 1-dec-4(5)-VIm underwent acylation
at the 2-position to produce N-decyl-4(5)-vinylimidazole-2-carboxaldehyde (1-dec-4(5)-
VIMCHO). The reduction and oxidation of 1-dec-4(5)-VImMCHO gave 2-hydroxymethyl-N-
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decyl-4(5)-vinylimidazole (1-dec-4(5)-VImCH,OH) and N-decyl-4(5)-vinylimidazole-2-
carboxylic acid (1-dec-4(5)-VImCOOH), respectively.
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Scheme 4.5. Synthesis of 2-substituted N-alkyl-4(5)-vinylimidazoles
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NMR and IR spectroscopic techniques were used for the characterization of the 2-
substituted N-alkyl-4(5)-vinylimidazoles. The 'H NMR spectrum of 4(5)-VIm
showed two singlets at 7.66 and 7.07 ppm representing the imidazole protons at the
2- and 4(or 5)-positions, respectively. The presence of the vinyl group at the 4(5)-
position was indicated by a multiplet at 6.66-6.59 ppm (CH) and two doublets at
5.63 and 5.14 ppm (CH,). The *H NMR spectrum of 4(5)-VIm is illustrated in Fig.
4.22.

o .

N

DE B

Figure 4.22. 'H NMR spectrum of 4(5)-VIm

The alkylation of 4(5)-VIm using bromodecane resulted in the formation of 1-decyl-
4(5)-vinylimidazole (1-dec-4(5)-VIm). The *H NMR spectrum displayed new signals
between 4.0 and 0.5 ppm, in addition to the signals observed for 4(5)-ViIm,
indicating the presence of the alkyl (decyl) group. The **C NMR showed two signals
at 137.18 and 116.54 ppm which represented the imidazole moiety (Fig. 4.23).
Furthermore, the two signals that appeared at 128.68 (CH) and 111.64 ppm (CHy)

indicated the presence of the vinyl group.
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Figure 4.23. The *C NMR spectrum of 4(5)-VIm

1-Decyl-4(5)-vinylimidazole-2-carboxaldehyde (1-dec-VImMCHO) was synthesized
by the acylation of 1-dec-VIm. The *H NMR spectrum of 1-dec-4(5)-VImCHO
exhibited the disappearance of the proton signal at the 2-position and the emergence
of a new signal at 8.01 ppm. The new signal confirmed the presence of the aldehyde
(CHO) group at the 2-position. 1-Decyl-4(5)-VImMCH,0H (1dec-VImMCH,0OH) and 1-
decyl-4(5)-VImMCOOH (1-dec-4(5)-VImCOOH) were produced by the reduction and
oxidation of 1-dec-4(5)-VImCHO, respectively. The *H NMR spectra of both 1-dec-
4(5)-VImMCH,0OH and 1-dec-4(5)-VImMCOOH both showed the disappearance of the
CHO signal. For 1-dec-4(5)-VImCH,0H, a new signal was observed at 5.29 ppm
indicating the methylene protons of the CH,OH group. The hydroxyl (OH) groups
for both 1-dec-4(5)-VIMCH,0H and 1-dec-4(5)-VImCOOH were not observed. The
reason is that the —OH proton is easily exchangeable and is sometimes replaced by

deuterium, which is not observable on the *H NMR spectrum.

The formation of 1-dec-4(5)-VIm, 1-dec-4(5)-VImMCHO, 1dec-4(5)-VImCH,0H and
1-dec-4(5)-VImCOOH were also confirmed by *C NMR spectroscopy. Figure 4.24
illustrates the **C NMR spectra for the 2-substituted 1-decyl-4(5)-VIm derivatives.
The two substituents were identified by the carbon signals: 182.23 ppm (CHO) for 1-
dec-4(5)-VImMCHO, 53.44 ppm (CH,OH) for 1-dec-4(5)-VImMCH,OH and 174.36
(COOH) for 1-dec-4(5)-VImMCOOH. The vinyl group signals were 128.68 ppm (CH)
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and 111.64 ppm (CH;) for -1-dec-4(5)-VIm; 128.56 ppm (CH) and 111.81 ppm
(CHy) for 1-dec-4(5)-VImCHO; 128.60 ppm (CH) and 111.78 ppm (CH,) for 1-dec-
4(5)-VImCH,0H, and 128.29 ppm (CH) and 112.19 ppm (CH;) for 1-dec-4(5)-
VImMCOOH. The alkyl group signals appeared in the normal region (50-10 ppm) for

all the compounds.

Figure 4.24. *C NMR spectra of 2-substituted N-vinylimidazoles (1-vinylimidazoles)

After the successful synthesis and characterization of the 2-substituted N-

vinylimidazoles, the compounds were grafted onto electrospun nylon 6 nanofibers.
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4.5.2 Grafting of 2-substituted vinylimidazoles onto electrospun nylon 6 nanofibers
4.5.2.1 Grafting of 2-substituted N-vinylimidazoles

Grafting of the 2-substituted N-vinylimidazoles onto electrospun nylon 6 nanofibers was
performed using a simultaneous UV-initiated graft polymerization technique (Scheme 4.6).
Graft polymerization onto nylon 6 is known to occur on the N of the amide moiety, via the
abstraction of the hydrogen radical.*** All the 2-substituted N-vinylimidazoles were grafted
successfully except for N-vinylimidazole-2-carboxaldehyde (1-VImMCHO). The failure to
perform grafting of 1-VImCHO onto electrospun nylon 6 nanofibers was attributed to the
stability of the aldehyde (CHO) functional group under UV radiation. When exposed to UV
radiation, the aldehyde group undergoes photo-decomposition via a homolytic cleavage
(Norrish Type 1) of the a-C-C bond.**® Grafting percentage ranges for the successfully
grafted 2-substituted vinylimidazoles were 1-VIm (39.9-44.7%), 1-VImCH,OH (25.4-33.6%)
and 1-VImCOOH (4.5-12.3%). The relatively low grafting percentages were attributed to the
observed degree of homopolymerization. Another reason for the low grafting percentages
could probably be due to the reduced reactivity of the vinyl group when attached at the 1-
position. However, the grafting percentages that were obtained were much higher than those
obtained for grafting 4-vinylpyridine (2.34%) onto electrospun nylon 6 nanofibers, using the

free radical grafting method.*
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Scheme 4.6. Grafting of 2-substituted N-vinylimidazoles onto electrospu nylon 6 nanofibers

Successfully grafted 2-substituted N-vinylimidazoles were characterized using ATR-FTIR
and energy dispersive analysis x-ray spectroscopy (EDAX). ATR-FTIR spectra revealed very
low intensity bands for all grafted electrospun nylon 6 nanofibers which made it slightly

difficult to confirm the presence of the 2-substituted N-vinylimidazoles (Fig. 4.25).
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Figure 4.25. ATR-IR spectra of electrospun nylon 6 nanofibers grafted with 2-substituted N-vinylimidazoles
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Recently, Sabaa et al.'*® reported that the intensities of the C=C, C=N and C-H vibration
bands of imidazole increase as the grafting percentage increases. Moreover, since the grafting
layer is only several tens of nanometers thick, ATR-FTIR is usually not a sensitive technique
for surface characterization of grafted nanofibers since the mean free path of infrared

radiation is 2 pm.245

Nevertheless, the ATR-FTIR spectrum showed two bands in the region 1200-1000 cm™
which coincided with bands in the spectrum of the corresponding vinylimidazole derivative, a
confirmation that 1-VIm was successfully grafted onto electrospun nylon 6 nanofibers (Fig.
4.25A). Grafting of 1-VImCH,OH onto electrospun nylon 6 nanofibers was confirmed by a
band between 800-600 cm™ (Fig. 4.25B) while grafting of 1-VImMCOOH was ascertained by
bands between 1200-1000 cm™ and 900-800 cm™ (Fig. 4.25C). Further characterization of
the grafted electrospun nylon 6 nanofibers was perfomed using energy dispersive analysis Xx-
ray (EDAX) spectroscopy.

Energy dispersive analysis x-ray spectroscopy was used to evaluate the elemental
composition of the surface of grafted electrospun nylon 6 nanofibers. The specific element of
interest was N since the imidazole moiety contains two N atoms. Therefore, an increase in the
N content of grafted electrospun nylon 6 nanofibers would confirm successful grafting of 2-

substituted N-vinylimidazoles.

The EDAX spectra for the grafted electrospun nylon 6 nanofibers displayed an increase in the
N content which indicated that the 2-substituted N-vinylimidazoles were successfully grafted
(Fig. 4.26). It was observed that, in comparison to ungrafted electrospun nylon 6 nanofibers,
the N content of the electrospun nylon 6 nanofibers grafted with 1-VIm (poly(nylon6-g-1-
VIm) and 1-VImCH,OH (poly(nylon6-g-1-VImCH,OH) increased as the O content

decreased and N was uniformly distributed on the grafted nanofibers.
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Figure 4.26. EDAX spectra and the N distribution mappings for electrospun nylon 6 nanofibers grafted with 2-substituted N-vinylimidazoles
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Energy dispersive spectroscopy (EDS) also demonstrated that the N content of grafted
electrospun nylon 6 nanofibers [poly(nylon 6-g-1-VImMCOOH)] increased in comparison with
ungrafted electrospun nylon 6 nanofibers (Fig. 4.27). The information obtained from ATR-
FTIR and EDAX (EDS) confirmed that grafting of 2-substituted N-vinylimidazoles onto

electrospun nylon 6 nanofibers was successful.

Poly(nylon6-g-1-VImCOOH)

2 .
0 1 2 3 4 0 1 2 3 4
Full Scale 3372 cts Cursor: 0.000 Full Scale 3372 cts Cursor: 0.000

Figure 4.27. EDS spectra for ungrafted nylon 6 nanofibers and 1-VImCOOH grafted nylon 6
nanofibers

4.5.2.2 Grafting 2-substituted N-decyl-4(5)-vinylimidazoles

Grafting of the 2-substituted N-decyl-4(5)-vinylimidazoles onto electrospun nylon 6
nanofibers was also performed by the simultaneous UV-assisted graft polymerization
technique (Scheme. 4.7). However, only the unsubstituted vinylimidazole (4(5)-VIm) could
be successfully grafted onto electrospun nylon 6 nanofibers. Figure 4.28 illustrates the EDAX
spectrum and the N distribution mapping on the surface of grafted nylon 6 nanofibers. It
could be seen that the N content increased while the O content decreased indicating that
grafting was successful. Moreover, the elemental distribution mapping showed that N was
uniformly distributed on the surface of electrospun nylon 6 nanofibers.
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Scheme 4.7. Grafting of 2-substituted 1-decyl-4(5)-Vinylimidazoles onto electrospun nylon 6
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Figure 4.28. EDAX spectrum and the N distribution mapping of electrospun nylon 6
nanofibers grafted with 4(5)-VIm

The first challenge encountered during graft polymerization experiments of 1-dec-4(5)-

vinylimidazoles was that the MeOH/H,O (20/80) solvent system did not work. It was

observed that the compounds became insoluble hence grafting was not taking place.

However, Athawale and Rathi**’ disputed that solubility of vinyl monomers could have an
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influence on graft polymerization. Nonetheless, it was decided to vary the ratio of the solvent
system, MeOH/H,0, so as to ensure the solubility of the vinylimidazoles. Unfortunately,
even 100% MeOH did not give any positive results since no grafting was observed.
Therefore, another approach to address the challenge was to use a different solvent that
would dissolve both the vinyl monomer and the initiator to perform the grafting experiments.
It was reported that Unal et al.'®® were able to graft N-vinylimidazoles using dimethyl
formamide (DMF) as the solvent. However, attempts to graft the 2-substituted 1-decyl-4(5)-
vinylimidazoles were unsuccessful.

In another study, it was reported that the addition of a metal salt/acid mixture in the grafting
solution aided in stabilizing the free radicals (accelerated graft polymerization) and reduced
homopolymerization.**®*** For example, FeSO,.7H,O and H,SO, were used as grafting
accelerator and homopolymer inhibitor, respectively, in the photografting of acrylic acid onto
polypropylene.®*® Once again, attempts to effect grafting of 2-substituted 1-decyl-4(5)-
vinylimidazoles by the addition of FeSO,4.7H,0/H,SO,4 mixture did not yield positive results.

It was later realized that the major factor that inhibited the grafting of the 2-substituted 1-
decyl-4(5)-vinylimidazoles could be the alkyl chain (decyl). It was reported previously that
the grafting efficiency decreased as the alky chain length was increasd.**” The reduction in
the grafting efficiency was attributed to steric hindrance by longer alkyl chains. With all the
challenges that were encountered, it was not possible to graft the 2-substituted 1-decyl-4(5)-
vinylimidazoles onto electrospun nylon 6 nanofibers, and further experiments were

performed using poly(nylon 6-g-4(5)-VIm).

4.5.2.3 Adsorption of silver nanoparticles on electrospun nylon 6 nanofibers grafted

with unsubstituted vinylimidazoles

Antimicrobial electrospun nylon 6 nanofibers were fabricated by adsorption of AgNPs on the
surface of nylon 6 nanofibers grafted with vinylimidazoles (1-VIm and 4(5)-VIm). Figure
4.29 depicts the fabrication of AgNPs-adsorbed grafted nanofibers. Methanol acted as both
the solvent and the reducing agent, hence there was no reducing agent added. The reduction
of silver(l) to metallic silver ions using methanol is a well-documented phenomenon.®*%***
During the reduction of silver(l) ions methanol is oxidized to formaldehyde and the polymer
acts as the capping agent.*®2%* The nanofibers were characterized using energy dispersive
spectroscopy. The EDS spectra showed that the AgNPs were successfully adsorbed on the

surface of the grafted nanofibers (Fig. 4.30).
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Figure 4.29. Adsorption of AgNPs onto nylon 6 nanofibers grafted with vinylimidazoles
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Figure 4.30. EDS spectra of AgNPs-adsorbed grafted nanofibers

Transmission electron microscopy (TEM) was employed to confirm that it was AgNPs that
were adsorbed onto the grafted electrospun nylon 6 nanofibers and not complexation of the
silver(l) ion with electrospun nylon 6 nanofibers. The AgNPs were desorbed from the grafted
electrospun nylon 6 nanofibers by soaking in ethanol and the solution was used to obtain
TEM micrographs. The micrographs showed the presence of dispersed AgNPs with the size
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distribution between 4-11 nm (Fig. 4.31) which indicated that AgNPs particles were present
on the surface of grafted electrospun nylon 6 nanofibers. When all the materials were

fabricated and characterized, they were evaluated for antimicrobial activity.

Figure 4.31. TEM micrographs of AgNPs desorbed from (A) poly(nylon6-g-1-VIm)-AgNPs and
(B) poly(nylon6-g-4(5)-VIm)-AgNPs

4.5.3 Antimicrobial activity evaluation

The antimicrobial activity of the grafted electrospun nylon 6 nanofibers was evaluated using
the dynamic shake flask test method (ASTM E2149-10). The antimicrobial activity of the
grafted electrospun nanofibers was evaluated against one Gram-negative bacterial strain (E.
coli) and one Gram-positive bacterial strain (S. aureus). Table 4.8 presents the data of the
percentage reduction of the growth of E. coli and S. aureus after treatment with grafted

electrospun nanofibers.
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Table 4.8. Percentage reduction data for grafted electrospun nylon 6 nanofibers

Materials tested

Reduction (%)

E. coli S.aureus
Poly(nylon 6-g-1-VIm) 99.98(0.02) 99.93(+0.04)
Poly(nylon 6-g-1-VImCH,OH) 99.97(+0.01) 99.55(+0.24)
Poly(nylon 6-g-1-VImMCOOH) 99.94(+0.09) 99.98(+0.19)
Poly(nylon 6-g-4(5)-VIm) 99.99(+0.01) 99.94(+0.08)
Poly(nylon 6-g-1-VIm)-AgNPs 99.99(+0.00) 99.99(+0.02)
Poly(nylon 6-g-4(5)-VIm)-AgNPs 99.99(+0.00) 99.99(+0.03)

From the results that were obtained, it was observed that all the grafted electrospun
nanofibers demonstrated excellent antimicrobial activity (Table 4.8). The percentage
reduction of the growth of E. coli and S. aureus in water was in the range 99.93-99.99% and
99.94-99.99%, respectively. However, it was surprising to see that the electrospun nylon 6
nanofibers that were grafted with 1-VImCOOH and 1-VImCH,OH displayed relatively low
percentage reduction for E. coli and S. aureus, respectively. The discrepancy could be
attributed to some experimental errors. The fact that the electrospun nylon 6 nanofibers
grafted with 1-VIm and 4(5)-VIm displayed reduction in the growth of both E. coli and S.
aureus was not surprising. For instance, the antimicrobial activity of N-vinylimidazole
grafted polymers was reported by other researchers.*’**% The AgNPs-adsorbed grafted
electrospun nylon nanofibers displayed the highest percentage reduction of the bacterial
growth for both strains. The result was infact expected because the activity was due to both
the grafted nanofibers and the AgNPs that were adsorbed on the surface. Figure 4.32
illustrates growth reduction of E. coli and S. aureus after contact with antimicrobial

electrospun nanofibers.
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Figure 4.32. Growth of bacteria after contact with grafted electrospun nylon 6 nanofibers; E. coli: (A)
Untreated, (B-G) contact time = 1 h and S. aureus: (H) Untreated, (I-N) contact time =1 h

According to the WHO guidelines for the quality of drinking water, there should be no more
than zero bacteria per 100 milliliter of water.” These quality standards could be achieved in
water treatment plants, by various traditional methods through the reduction of microbial
growth. The maximum log reduction values (LRV) achieved by the membrane filtration
method were 10010(>6.5) [>99.9%] for viruses and logio(>7) [>99.9%]for bacteria and
protozoa.” These data clearly indicated that the performance of electrospun nylon 6
nanofibers grafted with the vinylimidazole derivatives was equivalent to that required for
membrane filtration.

It could be concluded from the obtained results that immobilization of the 2-substituted
vinylimidazoles, using the graft polymerization technique, did not negatively affect their
antimicrobial activity. Moreover, the grafted electrospun nanofibers have a potential to be
used repeatedly since the antimicrobial active moieties are immobilized on the surface.
Therefore, the possibility of leaching during water application was eliminated completely.
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However, the toxicity of the nanofibers was another factor that needed to be investigated to
assess their impact on humans when the nanofiber strands are dislodged into water during

treatment, and when they are disposed in the environment.

45.4 Cytotoxicty studies

The cytotoxic effects of free 2-substituted N-alkylimidazoles, electrospun nylon 6 nanofibers
incorporated with 2-substituted N-alkylimidazoles and electrospun nylon 6 nanofibers grafted
with 2-substituted vinylimidazoles were evaluated on the Chang liver cells. The liver cells
were chosen since the liver is the organ where the effects of cytotoxic molecules that enter
the human body are manifested. Table 4.9 presents the ICso values obtained from the

cytotoxicity experiments.

Table 4.9. I1Cx, values for the tested compounds and nanofibers

Test compound or material Concentration (pg/mL & p M)
N-Decylimidazole-2-carboxaldehyde (19) 13.80 (5.84 x 10™)
Complex C7 10.91 (1.87 x 10
Poly(nylon6-g-1-VIm) 25.12*
Poly(nylon6-g-1-VImCH,0H) 26.81*
Poly(nylon6-g-4(5)-VIm) 23.48*

Nylon 6 33.20*

(*) represents the mass of nanofiber per mL of cell culture medium

The cytotoxicity effect of a compound is indicated by the ICsy values, the concentration
required to inhibit the growth of cells by 50%. A smaller I1Cso value indicates that the test
compound has a stronger affinity for the cell receptors and thus possesses more
cytotoxicity.®* N-Decylimidazole-2-carboxaldehyde (1g) and the silver(l) complex C7
exhibited the lowest ICsy values (Table 6.2) indicating that they could have more cytotoxic
effects to humans cells. The grafted electrospun nylon 6 nanofibers [poly(nylon6-g-1-VIm),
poly(nylon6-g-1-VImMCH,0OH) and poly(nylon6-g-4(5)-VIm)] exhibited higher 1Cs, values
which indicated that they could be less toxic than the free imidazoles and silver(l) complexes.
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Electrospun nylon 6 nanofibers displayed the least 1Cso values which implied the lowest

cytotoxic effect.

Many studies have reported the cytotoxic effects of imidazole derivatives against various
human cell lines.***3% Assadieskandar et al.**® considered their imidazole derivatives to be
highly cytotoxic against various human cell lines with the following ICsy values; HT-29
(0.18- >50 uM); MCF-7 (0.40-22.90 uM); NIH-3T3 (0.02- >50 uM) and AGS (0.04-48.43
uM). The ICsq values for imidazole derivatives against K562 (140-220 uM) and CEM cells
(210-245 pM) were considered to be moderate.**® In comparison, the 1Cso values displayed
by declmCHO (5.84 x 10®° uM) and Ag-deciImCH,OH (1.87 x 10 uM) were significantly

lower and could be considered to be potentially cytotoxic to the humans.

The cytotoxicity results implied that application of biocides incorporated electrospun
nanofibers in drinking water could have adverse effects to human health because of leaching.
On the other hand grafted electrospun nanofibers would have less adverse effects to human
health. Thus, immobilization of biocides for antimicrobial applications in drinking water
should be the method of choice for the functionalization of nanofibers. Another added

advantage is the possibility of re-usability of the electrospun nanofibers.

4.6 Reusability evaluation

To evaluate the reusability of the electrospun nylon 6 nanofibers grafted with
vinylimidazoles, the nanofibers were recovered, after being used, by washing with ethanol
and sterilization in an autoclave. The results showed that the grafted nanofibers could be used

twice without any significant loss of the antibacterial activity (Fig. 33).
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Figure 4.33. Evaluation of the reusability of the grafted electrospun nylon 6 nanofibers

However, after using for the third time, there was a significant loss of antibacterial activity
(5-11%) observed for all the materials. Further investigations need to be performed to
establish the reasons for the loss of activity of the grafted nylon 6 nanofibers. A possible

reason could be biofouling as a result the bacteria trapped on the nanofibers.
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

The thesis presented the development of antimicrobial electrospun nylon 6 nanofibers,
functionalized with 2-substituted N-alkylimidazole derivatives and their silver(l) complexes,
for the control of pathogenic microorganisms in drinking water. The 2-substituted N-
alkylimidazole derivatives were synthesized by varying the alkyl chain length at the 1-
position and the substituents at the 2-position. The effect of the alkyl chain length and the pK,
of the substituent at the 2-position on the antimicrobial activity was evaluated. It was
observed that the antimicrobial activity increased with the increasing alkyl chain length as
well as the decreasing pK, of the substituent at the 2-position of the imidazole moiety. The
carboxylic acid (COOH) substituent (with the lowest pK, value) displayed the best
antimicrobial properties of all the substituents. It was also observed that the antimicrobial
activity was predominantly against Gram-positive bacterial strains (S. aureus and B. subtilis

subsp. spizizenii), with B. subtilis subsp. spizizenii being the more susceptible to the biocides.

The silver(l) complexes containing 2-hydroxymethyl-N-alkylimidazoles exhibited a broad
spectrum antimicrobial activity against all the microorganisms used (E. coli, S. aureus, B.
subtilis subsp. spizizenii and C. albicans). Furthermore, it was observed that against E. coli
and C. albicans, the antimicrobial activity of silver(l) complexes containing 2-
hydroxymethyl-N-alkylimidazoles was solely due to silver(l) ions. On the other hand, the
antimicrobial activity of silver(l) complexes containing 2-hydroxymethyl-N-alkylimidazoles
with longer alkyl chains was due to both the silver(l) ions and the imidazole derivatives

against S. aureus and B. subtilis subsp. spizizenii.

The study also demonstrated that the antimicrobial activity of the 2-substituted N-
alkylimidazoles was not affected when they were incorporated into electrospun nylon 6
nanofibers as solid support materials. It was observed that the antimicrobial activity of the
electrospun nylon 6 nanofibers followed the same trends as those observed when evaluating
the antimicrobial activity of the free 2-substituted N-alkylimidazoles. The carboxylic acid
derivatives still displayed the best antimicrobial properties and the antimicrobial activity
remained predominantly against Gram-positive bacterial strains. Bacillus subtilis subsp.

spizizenii remained the most susceptible bacterium.
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The study demonstrated that the antimicrobial activity of the silver(l) complexes was affected
when they were incorporated into electrospun nylon 6 nanofibers. It was observed that the
method for evaluating the antimicrobial activity of the electrospun nylon 6 nanofibers
incorporated with silver(l) complexes was very critical. For instance, the AATCC Test
Method 100-2004 displayed a remarkable decrease in the antimicrobial activity of the silver
complexes. The decrease was attributable to a lack of diffusibility of the siver(l) complexes.
However, changing to the dynamic shake flask method (ASTM E2149-10) showed a huge
improvement in the antimicrobial activity. The improvement in the antimicrobial activity was

attributed to the increased diffusibility of the silver complexes.

The thesis demonstrated that immobilization of the 2-substituted N-vinylimidazoles onto the
surface of electrospun nylon 6 nanofibers using graft polymerization also did not affect the
antimicrobial activity. The grafted electrospun nylon 6 nanofibers displayed excellent
percentage growth reduction of E. coli and S. aureus. The grafted electrospun nylon 6
nanofibers also displayed lower cytotoxicity effect compared to the free 2-substituted N-
alkylimidazoles and the silver(l) complexes. Thus, the development of functionalized
electrospun nanofibers was achieved by the incorporation and the immobilization strategies.
The functionalized electrospun nylon 6 nanofibers displayed a potential to be used to control

pathogenic microorganisms in drinking water.

5.2 Future work

It would make an interesting study to revisit the graft polymerization of 1-alkyl-4(5)-
vinylimidazoles using stronger radical initiating techniques such as gamma irradiation,
electron beam or plasma treatment. It could be that the reason for the difficulty to graft the 1-
alkyl-4(5)-vinylimidazoles was the lower energy of ultraviolet rays. Immobilization of
biocides onto the surface of electrospun nylon 6 nanofibers opens up the prospect of
reusability of the nanofibers. Hence, it could also be very interesting to perform reusability
experiments for the antimicrobial activity of the grafted electrospun nylon 6 nanofibers that
were developed. Investigation of how the surface morphology (porosity) of the electrospun
nylon 6 nanofibers could be affected by immobilization of 2-substituted vinylimidazoles
would be very important in deciding on the mode of application (e.g. filtration or immersion)

of the grafted electroslpun nylon 6 nanofibers in drinking water.
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