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ABSTRACT: The article presents the incorporation of biocides [2-substituted N-alkylimidazoles and their silver(I) complexes] into elec-
trospun nylon 6 nanofibers for application as antimicrobial materials. The electrospun nylon 6/biocides nanofiber composites were
characterized by IR spectroscopy (ATR-FTIR) and scanning electron microscopy (SEM-EDX). The antimicrobial activity of the elec-
trospun nylon 6/biocides nanofiber composites was evaluated against Escherichia coli, Staphylococcus aureus, and Bacillus subtilis subsp.
spizizenii using the disk diffusion method, the American Association for Textile Chemists and Colorists test method 100-2004 and
the dynamic shake flask method (American Society for Testing and Materials E2149-10). The electrospun nylon 6 nanofibers incorpo-
rated 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(I) complexes, the levels of growth reduction were >99.99%, for both
E. coli and S. aureus, after the antimicrobial activity evaluation using the shake flask method. The study demonstrated that the elec-
trospun nanofibers, fabricated using the incorporation strategy, have the potential to be used as attractive antimicrobial materials.
© 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39783.
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properties.” The antimicrobial properties of azoles could be
enhanced by a simple derivatization, by introducing an alkyl chain
at the 1-position.”® It was demonstrated that the antimicrobial
activity of imidazole increased with increasing alkyl chain length.”
The antimicrobial properties of the alkylated imidazoles could be
further improved by introducing a substituent with a low pK, at
the 2-position.” Another strategy used for the enhancement of the
antimicrobial properties of azoles was the complexation with
metal ions that have antimicrobial properties such as silver(I)
ions. Silver and its salts has been used as antimicrobial agents for
many centuries as it possesses the most superior properties among
all metals with antimicrobial activity.'®"> There are numerous
studies that have demonstrated the attractive antimicrobial prop-
erties of silver(I)-imidazole complexes.M_16 Even though silver(I)-
imidazole complexes possess broad spectrum antimicrobial prop-
erties the activity is usually entirely due to silver(I) ions.'”™° Our

INTRODUCTION

The emergence of new pathogenic micro-organisms necessitates
more research to develop materials that possess a broader spec-
trum of antimicrobial properties. The materials are particularly
important for the eradication of pathogenic micro-organisms in
clinical applications (wound dressing), food industry, and water
treatment. The growth of pathogenic micro-organisms on
wounds, in food or in water could cause serious infections to
humans. For example, Escherichia coli O157:H7 is a Gram-
negative bacterium that is usually associated with food poison-
ing, diarrhea, and haemolytic uremic syndrome." Staphylococcus
aureus is a Gram-positive bacterium that is usually associated
with skin infections and in some cases causes food poisoning.”
The diseases caused by pathogenic micro-organism contamina-
tion have traditionally been treated using organic or inorganic

molecules that possess antimicrobial properties.

Azoles as well as silver and its salts are amongst a large range
of molecules and metals with well documented antimicrobial

group has recently reported silver(I)-imidazole complexes with
broad spectrum antimicrobial properties contributed by both
silver(I) ions and the imidazole moiety.zo

Additional Supporting Information may be found in the online version of this article.
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In recent times, polymer nanofibers fabricated by the electro-
spinning process have received much attention for use as anti-
microbial materials.”’* Electrospinning is a simple technique
for the fabrication of nanofibers, from a polymer melt or solu-
tion, under the influence of electric forces (charges). Several
polymeric nanofiber materials with antimicrobial properties
were reported and the antimicrobial properties of the electro-
spun nanofiber materials were evaluated against various micro-
organisms.”*® Most polymers (e.g. nylon 6, polystyrene) have
no inherent antimicrobial properties; thus the antimicrobial
properties are induced by the incorporation of molecules that
have antimicrobial properties. Electrospun nanofibers doped
with silver nanoparticles have been fabricated and their antibac-
terial properties were evaluated.”*>> The electrospun chitosan/
poly(vinyl alcohol) nanofiber blend incorporated with silver
nanoparticles displayed high antibacterial activity against a
Gram-negative bacterium (E. coli).”* In contrast, silver nanopar-
ticle doped electrospun carboxyethylchitosan nanofibers showed
activity against a Gram-positive bacterium (S. aureus).”
Electrospun nylon 6 nanofibers doped with silver nanoparticles
have also displayed excellent antibacterial properties against
both Gram-negative and Gram-positive bacteria.”*~' To the
best of the authors’ knowledge, there has not been any work
reported on the antimicrobial activity of electrospun nylon 6
nanofibers incorporated with 2-substituted N-alkylimidazoles
and their silver complexes. Therefore, the study presents the
electrospun nylon 6 nanofibers incorporated with 2-substituted
N-alkylimidazoles and their silver(I) complexes for use as anti-
microbial materials.

EXPERIMENTAL

Reagents and Instrumentation

Nylon 6 (M, = 11200 Da) was obtained from Sigma Aldrich
(Milwaukee). Formic acid (85%) and acetic acid (95%),
Meuller-Hinton and Nutrient (agar/broth) were obtained from
Merck Chemicals (Johannesburg, SA) and were used as received.
E. coli (ATCC 8793), S. aureus (ATCC 6538), and B. subtilis
subsp. spizizenii (ATCC 6633) were obtained from Microbio-
logics (Minnesota). Metronidazole discs (50 pug), and blank
discs (6.5 mm) were sourced from Davies Diagnostics (Johan-
nesburg, SA). Metronidazole (for preparing 100 ug discs) was
purchased from Changzhou Longcheng Medicine Raw Material
Co. (Changzhou City, Jiangsu, China), and ketoconazole was
purchased from Oman Chemicals and Pharmaceuticals (Al Bur-
aimi, Sultanate of Oman).

Infrared spectra were acquired with a Perkin Elmer Spectrum
400 FT-IR spectrometer (Massachusetts). The morphology of
electrospun nylon 6 nanofibers was studied using a Tescan
(TS5136ML) Scanning Electron Microscope (Brno, Czech
Republic) operating at an accelerated voltage of 20 kV after gold
sputter coating. UV-visible absorption spectrum for AgNPs was
recorded on a Perkin Elmer Lambda 25 UV/Vis spectrometer
using quartz cuvettes with an optical path length of 1 cm. The
electrospun nylon 6 nanofibers embedded silver nanoparticles
were characterized using an Oxford Instruments INCAPentaFET
x3 Energy dispersive spectroscope (Bristol, UK) fitted with
INCA Analyzer software. The flow rate of the polymer solution
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was controlled using a NE-300 Just Infusion'™ syringe pump
(New York). Viable bacterial colonies were enumerated using a
synbiosis aCOLade colony counter (Cambridge, UK). For the
cytotoxicity experiments, absorbance was measured using a Bio-
tek Powerwave XS Spectrophotometer (Winooski) and the
results were analyzed using GraphPad Prism 5 software.

Fabrication of Electrospun Nylon 6/Biocides Nanofiber
Composites

The polymer solution for electrospinning was prepared by dis-
solving nylon 6 (1.6 g, 16% [w/v]) and the biocide (0.08 g, 5%
[w/w]) in 10 mL mixture of HCOOH/CH;COOH (1:1). All
electrospinning parameters were optimized at ambient condi-
tions as follows; the flow rate (0.75 mL/h), the applied voltage
(+22.5 kV, —5 kV), the tip-to-collector distance (8 c¢m). The
flow rate of the polymer solution was controlled using a digital
pump. For the electrospinning of nylon 6 nanofibers incorpo-
rated with silver(I) complexes and silver nanoparticles, the
applied voltage was adjusted slightly. The silver nanoparticles
were prepared by in situ reduction of AgNO; in a nylon 6 solu-
tion without the addition of a reducing agent.** Formic acid,
one of the solvents used for the dissolution of nylon 6, is
known to be capable of reducing Ag(I)-Ag(0).

Antimicrobial Activity Evaluation

Disk Diffusion Method. The antimicrobial activity of the elec-
trospun nylon 6/biocides nanofiber composites was evaluated
against Gram-negative (E. coli ATCC 8793) and Gram-positive
(S. aureus ATCC 6538 and B. subtilis, subsp. spizizenii ATCC
6633) bacterial strains using the disk diffusion, American Asso-
ciation for Textile Chemists and Colorists (AATCC) test method
100-2004 and the dynamic shake flask method (ASTM E2149-
10). The bacterial culture suspensions were prepared by sus-
pending the respective bacterial colonies in Millipore water.
A 0.5 McFarland standard (ODg,5 = 0.08-0.13, 1.5 X 10® CFU/
mL) was used to match the turbidity of the bacterial culture
suspensions. To determine the antimicrobial activity, disks
(7.0 0.1 mm) were cut from the electrospun nylon 6/biocides
nanofiber composites, and placed onto Mueller-Hinton agar
plates streaked with the various bacteria. The plates were incu-
bated at 37°C for 18 h after which the zones of clearance were
measured. Pristine electrospun nylon 6 nanofibers were used as
a negative control.

AATCC Test Method 100-2004. The antimicrobial activity of
electrospun nylon 6 nanofibers was investigated using a modi-
fied version of the AATCC Test Method 100-2004.% E. coli and
S. aureus were used as model challenge micro-organisms. A
diluted bacterial suspension with approximately 1 X 10* CFU/
mL concentration was used, and 500 uL of this suspension was
loaded onto the electrospun nylon 6 nanofiber swatches
(approximately 4.8 cm in diameter) in the presence of a non-
ionic wetting agent (Triton X-100). The inoculum on the sur-
face was then carefully covered with another identical nylon 6
nanofiber in a sterilized glass jar. After incubation for 24 h con-
tact 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 and plated onto nutrient agar plates. The same
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procedure was applied to electrospun nylon 6 nanofibers with
no additives as a negative control. 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 Eq 1:

R(%):MXIOO (1)

No

where R is the reduction rate, N, is 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.

Dynamic Shake Flask Method (ASTM E2149-10). The antimi-
crobial activity of electrospun nylon 6/biocides nanofiber compo-
sites 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 den-
sity (absorbance) of 0.28 £0.02 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 suspension. 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 on nutrient agar. The inoculated plates were
incubated at 37°C for 24 h and surviving bacterial cells counted
using a colony counter. The percentage reduction of the micro-
organisms after contact with the test nylon 6/biocides nanofiber
composites was compared to the number of bacterial cells surviv-
ing in an untreated suspension as the control. Equation 1 was
used to calculate the percentage reduction of microbial growth.

Cytotoxicity Studies

Chang liver cells were seeded in 10 cm diameter culture dishes,
maintained in Roswell Park Memorial Institute (RPMI) medium
supplemented with 10% fetal bovine serum. 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, the medium was removed from the cells
and replaced with RPMI medium-containing each test compound
ranging from a concentration of 100-0.098 pg/mL. Viable cells
were determined using the 4,5-dimethylthiazol-2,5-diphenyltetra-
zolium bromide (MTT) assay.37 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 analyzed using
the Graphpad Prism 5 data analysis program.

RESULTS AND DISCUSSION

Fabrication and Characterization of Electrospun Nylon
6/Biocides Nanofiber Composites

Incorporation of 2-Substituted N-Alkylimidazole into Electro-
spun Nylon 6 Nanofibers. The N-alkylimidazole derivatives
(alkyl=octyl and decyl)-containing various substituent groups
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(carboxaldehyde [CHO], alcohol [CH,OH], and carboxylic acid
[COOH]) at the 2-position of the imidazole moiety were syn-
thesized as reported previously.” The synthesis methods and the
characterization data for the N-alkylimidazole derivatives can be
obtain in the Supplementary information section. The first step
was the synthesis of N-alkylimidazoles which was carried out by
the reaction of imidazole and alkylbromides in the presence of
potassium hydroxide. The reaction of N-alkylimidazoles and n-
butyllithium at —78°C (dry ice/acetone slurry) followed by the
addition of dry DMF gave the desired N-alkylimidazole-2-car-
boxaldehydes in moderate to excellent yields.” N-alkylimidazole-
2-methanols were obtained by the reduction of N-alkylimida-
zole-2-carboxaldehydes with sodium borohydride at 0°C in
methanol.” The novel synthesis of N-alkylimidazole-2-carboxylic
acids was carried out by the oxidation of N-alkylimidazole-2-car-
boxaldehydes with 30% hydrogen peroxide in water.” This “green”
method was carried out at room temperature and it produced
water as the only by-product and thus is an environmentally-
friendly alternative to the current metal-catalyzed oxidation meth-
ods. Figure 1 illustrates the general structure of the 2-substituted
N-alkylimidazoles. Nylon 6 was chosen as a solid support
material, to host the biocides, because of its biocompatibility,
biodegradability, mechanical stability, electrospinnability, and
insolubility in water,**™*

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

The electrospun nylon 6 nanofiber composites were also charac-
terized using ATR-FTIR to ascertain the presence of the com-
pounds within the electrospun nanofiber matrix (Figure 2). Two
bands were observed in the region 1200-1000 cm ™'
band in the region 800-650 cm ' in the electrospun nylon 6
nanofiber composite which coincided with bands observed in 2-
hydroxymethyl- N-octylimidazole (Figure 3). The bands were a
confirmation that the compound was successfully incorporated

and one

R

I

N

W

N
R X =CHO X = CH,OH X =COOH
octyl octimCHO octimCH,OH octimCOOH
decyl declmCHO declmCH,OH declmCOOH

Figure 1. The general structure of the 2-susbtituted N-alkylimidazole
derivatives.
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Figure 2. Electrospun nanofibers incorporated with; (A): N-octylimidazole-2-carboxaldehyde (39-155 nm), (B): 2-hydroxymethyl-N-octylimidazole (59—
150 nm), and (C): N-octylimidazole-2-carboxylic acid (72145 nm) and their diameter ranges.

into the electrospun nylon 6 nanofibers. The intensities of the
bands were however very low and the effect was expected con-
sidering the mass of the compounds (5% w/w) used with
respect to the mass of polymer (nylon 6). The intensities of the
bands associated with the incorporated compounds were
believed to have been suppressed by those of the polymer
(nylon 6).

Incorporation of Silver(I) Complexes into Electrospun Nylon
6 Nanofibers. The silver(I) complexes-containing 2-hydroxy-
methyl-N-alkylimidazoles (Figure 4) were also synthesized as
previously reported.”® Electrospun nylon 6 nanofibers incorpo-
rated with Ag(I) complexes-containing 2-hydroxymethyl- N-alky-
limidazoles (R=octyl and decyl) were fabricated using the
optimized conditions as described for the electrospun nylon 6
nanofibers incorporated with 2-substituted N-alkylimidazoles.
However, slight adjustments of the applied voltage were effected
so as to obtain a stable polymer jet, that is, the applied voltage
was increased by +0.5 to +1 kV from (+22.5 kV, —5 kV) while
the negative voltage was kept constant. The morphology of the
electrospun nylon 6 nanofibers was characterized using SEM
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Figure 3. ATR-FTIR spectra of (A): nylon 6 nanofiber/octimCH,OH com-
posite, (B): nylon 6, and (C) 2-hydroxymethyl-N-octylimidazole
(octimCH,OH).

Maﬁ‘%},& WWW.MATERIALSVIEWS.COM
1

39783 (4 of 10)

while the presence of the Ag(I) complexes after electrospinning
was ascertained using ATR-FTIR spectroscopy.

SEM micrographs revealed that the nanofibers obtained had
uniform diameters with A (52-141 nm) and B (74-187 nm)
using Image] software (Figure 5). It was very difficult to identify
bands belonging to the silver(I) complexes used for the fabrica-
tion of the antimicrobial nylon 6 nanofibers. The challenge was
attributed to the suppression of the bands belonging to the sil-
ver(I) complexes by the nylon 6 bands due to the relative mass
(5% w/w) of the compounds that was incorporated into the
nanofibers. Nonetheless, a low intensity band could be identi-
fied in the region 1000-1200 cm™ ' which corresponded to a
band from the spectrum of the silver(I) complexes as shown in
Figure 6. The band was taken as a confirmation that the sil-
ver(I) complexes were successfully incorporated into the electro-
spun nylon 6 nanofibers.

The incorporation of the silver(I) complexes into electrospun
nylon 6 nanofibers was further investigated using SEM-EDS as
shown in Figure 7. The SEM-EDS spectrum displayed a silver
signal which confirmed the presence of the silver(I) complexes
within the electrospun nylon 6 nanofiber matrix.

Incorporation of Silver Nanoparticles into Electrospun Nylon
6 Nanofibers. Electrospun nylon 6 nanofibers incorporated with
silver nanoparticles (AgNPs) were also fabricated for compari-
son with antimicrobial activity of electrospun nanofibers

HO OH
NO
R\N/\ZN ) N/ N-R (NO3)2
I%/ ° \%
- -2
R =octyl (Ag-octimCH,OH)
=decyl (Ag-decImCH,OH)

Figure 4. The structure of the silver(I) complexes-containing 2-hydroxy-
methyl-N-alkylimidazole.
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Figure 5. SEM micrographs of electrospun nylon 6 nanofibers incorpo-
rated with silver(I)-imidazole complexes; (A) nylon 6/silver(I) complex
(R=octyl) nanofibers (52-141 nm) and (B) nylon 6/silver(I) complex
(R=decyl) nanofibers (74-187 nm) and their diameter ranges.
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Figure 6. ATR-FTIR spectra of (A) nylon 6 nanofibers; (B) nylon 6/sil-

ver(I)-imidazole nanofiber composite, and (C) silver(I) complex

(R=decyl).
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Figure 7. SEM-EDS spectrum (eV) of electrospun nylon 6 nanofibers
incorporated with Ag-decImCH,OH. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 8. UV-Vis spectrum of showing the surface plasmon resonance of
the AgNPs in nylon 6 solution.

incorporated with silver(I) complexes. Figure 8 presents a UV
spectrum of AgNPs in a 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.*'

The presence of the AgNPs in the electrospun nylon 6 nanofib-
ers matrix was also confirmed using SEM-EDS. Figure 9 depicts
an SEM-EDS spectrum which illustrated the presence of the
AgNPs within the electrospun nylon 6 nanofibers. The relative
intensities of the silver signals were lower compared to the
intensities of the elements for nylon 6 due to the mass of
AgNO; (5% w/w) used for the fabrication of electrospun nano-
fiber composites. Once incorporation of the 2-substituted N-
alkylimidazoles, their silver(I) complexes and nanoparticles was
ascertained, the antimicrobial activity of the resultant electro-
spun nylon 6/biocides nanofiber composites was evaluated.

0 1 2 3 4 5
Full Scale 3372 cts Cursor: 0.000

Figure 9. SEM-EDS spectrum (eV) of electrospun nylon 6 nanofibers
incorporated with AgNPs. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 10. 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), and B. subtilis subsp, spizizenii (E & F). [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Antimicrobial Activity Evaluation

The disk diffusion method was used to evaluate the antibacterial
properties electrospun nylon 6/biocides nanofiber composites.
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
after incorporation into the polymer nanofibers and the activity
was comparable to when the 2-N-alkylimidazoles were tested
separately.” It was also observed that the antimicrobial activity
remained predominantly against Gram-positive bacteria (S. aur-
eus and B. subtilis subsp. spizizenii) with the latter being the
most susceptible (Figure 10, Table I). In addition, the electro-
spun nylon 6 nanofiber composites showed poor antimicrobial
activity towards E. coli. The advantage of using electrospun
nanofibers incorporated with biocides was attributed to the

attractive capability of controlled release of biocides, over long
periods, due to their highly porous nature.*>™*> Once the anti-
microbial activity of the electrospun nylon 6 nanofiber compo-
sites was established, the AATCC test method 100 suitable for
evaluating the antimicrobial properties of treated fabrics, was
used to investigate the reduction of microbial growth by the
electrospun nylon 6 nanofiber composites.

The American Association of Textile Chemists and Colorists
(AATCC) Test Method 100-2004* was used to investigate the
antibacterial activity of the electrospun nylon 6 nanofibers
incorporated with 2-substituted N-alkylimidazoles. In the
AATCC test method, the antibacterial activity of electrospun
nanofibers was depicted by the percentage reduction of the
microbial growth. The percentage reduction of microbial growth
was calculated using Eq 1.

Table I. Diameters of Zones of Clearance for the Electrospun Nylon 6 Nanofiber-Containing 2-Substituted N-Alkylimidazoles

E. coli

S. aureus B. subtilis subsp. spizizenii

Nanofibers composite Diameter (mm)

Diameter (mm) Diameter (mm)

Nylon 6-octimCHO 7.2 (x0.3)
Nylon 6-decImCHO 7.0(+0.1)
Nylon 6-octimCH-OH 8.3 (+0.6)
Nylon 6-decImCH>0H 7.7 (x0.6)
Nylon 6-octimCOOH 7.3 (+0.6)
Nylon 6-declmCOOH 8.0 (+0.1)

12.7 (x0.3) 29.7 (x0.6)
11.8(x1.0) 22.7 (x0.6)
12.8 (+1.2) 22.0 (x1.7)
12.2(x1.0) 24.0 (x1.7)
16.7 (=0.6) 23.3 (x2.3)
15.7 (x0.8) 28.7 (x0.6)
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Figure 11. The growth of S. aureus after 24 h contact time with antimi-
crobial nanofibers. (A) nylon 6 nanofibers; (B) nylon 6-decImCHO nano-
fibers; (C) nylon 6-decImCH,OH nanofibers, and (D) nylon 6-
decImCOOH nanofibers. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

The electrospun nylon 6 nanofiber composites were first cut
into swatches (diameter =4.8 = 0.1 cm) which were used for
conducting the experiments. Since the disk diffusion results
showed that the electrospun nylon 6 nanofiber composites were
predominantly active against Gram-positive bacteria (S. aureus
and B. subtilis subsp. spizizenii), only one strain was chosen for
the AATCC test method. Staphylococcus aureus was used to per-
form the experiments since it was the easier of the two Gram-
positive strains to work with. The percentage reduction of bac-
terial growth against S. aureus ranged between 73.2 and 99.8%
for the 2-substituted N-alkylimidazoles, with electrospun nylon
6 nanofibers-containing the carboxylic acid derivatives display-
ing the largest growth reduction. The antibacterial properties
were comparable to those reported by Jeong et al.** for the elec-
trospun polyurethane cationomer nanofibers (>99.9%). Figure
11 illustrates the reduction of bacterial growth due to electro-
spun nylon 6 nanofiber composites in comparison to pristine
nylon 6 nanofibers.

The antimicrobial evaluation results showed that the electro-
spun nylon 6 nanofibers incorporated 2-substituted N-alkylimi-
dazoles displayed excellent antimicrobial activity only against
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Gram-positive bacteria. Thus, the 2-substituted N-alkylimida-
zoles were then used to synthesize silver(I) complexes, in an
attempt to effect broader spectrum antimicrobial properties.
The antimicrobial activity of electrospun nylon 6 nanofibers
incorporated with silver(I) complexes-containing 2-hydroxy-
methyl-N-alkylimidazoles (R=octyl and decyl) with long chains
was investigated using the disk diffusion and ASTM E2149-10
methods. The 2-substituted N-alkylimidazoles-containing the
carboxaldehyde and the carboxylic acid groups could not be
used for the synthesis of the silver(I) complexes due to reduc-
tion of silver ions by carbonyl compounds.

The disk diffusion method showed that the electrospun nylon
6/silver(I)-imidazole nanofiber composites possessed broad spec-
trum antimicrobial properties (Table II). The antimicrobial activ-
ity of the electrospun nylon 6 nanofiber composites was the
highest against Gram-positive bacteria (S. aureus and B. subtilis
subsp. spizizenii) as was observed for the 2-substituted N-alkyli-
midazoles when tested separately.’® Furthermore, the antimicro-
bial activity of the electrospun nylon 6 nanofibers incorporated
with silver(I) complexes was compared with that of electrospun
nylon 6 nanofibers incorporated with silver nanoparticles
(AgNPs).

The electrospun nylon 6 nanofibers incorporated with AgNPs
exhibited poor antimicrobial activity in comparison to the elec-
trospun nylon 6 nanofibers incorporated with silver(I) com-
plexes. The observation was, however, not surprising since
silver(0) does not have antimicrobial activity unless it is oxi-
dized to silver(I) by moisture.*® The poor antimicrobial activity
of the nanoparticles suggested that there was not sufficient
moisture to oxidize Ag(0)-Ag(I) in the culture medium, result-
ing in lower concentration of Ag(I) ions. Further evaluation of
the antimicrobial activity of electrospun nylon 6 nanofibers was
performed using the ASTM E2149 method 10.%°

The dynamic shake flask testing method (ASTM E2149-10) is
an approved method for the evaluation of the antimicrobial
activity of immobilized antimicrobial agents.*® The method is
performed under dynamic conditions to allow efficient contact
of the micro-organisms with the treated antimicrobial materials.
Moreover, the method has also been used to evaluate the anti-
microbial activity of electrospun nanofibers incorporated with
AgNPs.>** The shake flask method, as with AATCC test
method 100, expresses the antimicrobial activity as the percent-
age reduction of the growth of micro-organisms.

Figure 12 illustrates the results obtained from the antimicrobial
activity evaluation of electrospun nylon 6/silver(I)-imidazole
nanofiber composites using the dynamic shake flask method. All

Table II. Diameters of the Zones of Clearance (n = 3) for the Electrospun Nylon 6 Nanofibers Incorporated with Ag(I) Complexes (R=octyl and decyl)

E. coli

S. aureus B. subtilis subsp. spizizenii

Nanofiber composite Diameter (mm)

Diameter (mm) Diameter (mm)

Nylon 6-Ag-octimCH>0OH 13.3 (=0.6)
Nylon 6-Ag-decimCH>0H 10.7 (=0.6)
Nylon 6-AgNPs 9.7 (+0.6)

22.3 (x0.6) 24.3 (x1.5)
15.7 (x0.6) 16.7 (=0.6)
12.0 (=0.0) 11.0 (x0.0)
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Figure 12. Bacterial growth after contact with antimicrobial nanofibers. E. coli (A-D) and S. aureus (E-H). A and E represent the bacterial growth for
the untreated suspensions (t=0) while B-D and F-H represent the bacterial growth at =1 h. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

the electrospun nylon 6 nanofibers composites, incorporated
with silver(I) complexes and AgNPs, that were evaluated dis-
played very high percentage reduction of microbial growth
(>99.99%) for both E. coli and S. aureus. Similar antibacterial
activities have been reported by Melaiye and co-workers for the
electrospun tecophilic nanofibers incorporated with silver(I)-
imidazole cyclophane gem-diol complexes.** However, higher
quantities of the silver(I)-imidazole complexes (25-75%) were
used in their study compared to this study (5%). The results
obtained from the shake flask test method showed that electro-
spun nylon 6 nanofibers incorporated with silver(I)-imidazole
complexes retained the antimicrobial activity after incorporation
into electrospun nylon 6 nanofibers.

Cytotoxicity Studies

The cytotoxic effects of 2-substituted N-alkylimidazoles, silver(I)
complexes and electrospun nylon 6 nanofibers 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 III presents the

Table IIIL. IC5, Values for the Tested Compounds and Nanofibers

ICs0 (ug/mL and uM)
13.80 (5.84 x 1079)
10.91 (1.87 x 1079)
33.20°

Test compound or material
DecImCHO
Ag-decImCH-0H

Nylon 6 nanofibers

Value in parentheses represents the ICsq in uM.
2The value represents the mass of solid material per milliliter of
suspension.
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ICso values obtained from the cytotoxicity experiments. The
data showed that the electrospun nylon 6 nanofibers incorpo-
rated with biocides have lower ICs, values compared to pristine
electrospun nylon 6 nanofibers. Many studies have reported the
cytotoxic effects of imidazole derivatives against various human
cell lines.*”* Assadieskandar et al.”> considered their imidazole
derivatives to be highly cytotoxic against various human cell
lines with the following ICsq values; HT-29 (0.18 to >50 uM);
MCE-7 (0.40-22.90 uM); NIH-3T3 (0.02 to >50 uM), and AGS
(0.04-48.43 uM). The ICs, values for imidazole derivatives
against K562 (140-220 uM) and CEM cells (210-245 uM) were
considered to be moderate.*” In comparison, the ICs, values
displayed by decImCHO (5.84 X 107> uM) and Ag-decIm-
CH,OH (1.87 X 107> uM) were significantly lower and could
be considered to be potentially cytotoxic to the humans.

CONCLUSIONS

The article presented the fabrication of antimicrobial electro-
spun nylon 6 mnanofibers by the incorporation with 2-
substituted N-alkylimidazoles and their silver(I) complexes. The
electrospun nylon 6 nanofibers incorporated with 2-substituted
N-alkylimidazoles displayed excellent antimicrobial activity
against Gram-positive bacteria (S. aureus and B. subtilis subsp.
spizizenii) while no activity was observed against Gram-negative
bacteria (E. coli). However, the electrospun nylon 6 nanofibers
incorporated with silver(I)-imidazole complexes showed broad
spectrum of antimicrobial properties; that is, they were active
against all the test micro-organisms. It was observed that the
antimicrobial electrospun nylon 6/biocides composites showed
greater possible cytotoxic effects to humans since they displayed

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39783
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lower ICs, values compared to pristine nylon 6 nanofibers.
Thus the study demonstrated that the antimicrobial electrospun
nanofibers with the potential for use in wound dressings and
water disinfection could be fabricated by a simple incorporation
of biocides. However, for drinking water disinfection the cyto-
toxic effects of the electrospun nanofibers, due to the possibility
of leaching of the biocides, should be taken into consideration.
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