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ABSTRACT: A series of poly(methylmethacrylate) solutions loaded with varying concentrations of tellurium particles are prepared and
processed into continuous and smooth microfiber meshes. Scanning electron microscopy and energy-dispersive X-ray spectroscopy
are used to study the morphology and surface elemental composition of the composite fibers. Fiber diameters range between 7 and
14 pm with surface nanopores on the fibers ranging between 100 and 200 nm. Energy-dispersive X-ray spectroscopy confirmed suc-
cessful incorporation of tellurium particles into the fibers. The concentration of tellurium in the composite significantly influenced
fiber diameter, pore size, and morphology. The antibacterial activity of the prepared fibers is tested using Escherichia coli K12. The
fibers are incubated in bacterial suspensions for 24h at 37°C and 150 rpm. Antibacterial activity is assessed through the colony-
counting method and is found to be dose dependent. The fibers with 4 wt % tellurium exhibited the most potent antibacterial prop-

erties as a 1.16 log reduction was observed. © 2018 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 46368.
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INTRODUCTION

Complications related to infectious diseases caused by opportu-
nistic pathogens, such as Escherichia coli, Staphylococcus aureus,
and Candida albicans, have significantly decreased due to the
availability and use of a wide variety of antibiotics and antimicro-
bial agents." However, excessive use of these antimicrobials has
given rise to a number of drug-resistant pathogens. These micro-
organisms threaten the effective prevention and treatment of an
ever-increasing range of infections, resulting in prolonged illness,
disability, morbidity, and mortality.>® In turn, antimicrobial
resistance presents an economic burden on global healthcare,
with the cost of treatment for patients with resistant infections
being higher than care for patients with nonresistant infections
due to longer duration of illness, additional tests, and use of more
expensive drugs.>” Without effective antimicrobials for preven-
tion and treatment of infections, medical procedures become
high risk. Alternative approaches to treating antimicrobial-
resistant microorganisms are urgently needed.

Bioactive agents such as tetracycline and ampicillin have com-
monly been used to kill or slow the growth of bacteria. How-
ever, because of their broad and often inappropriate use,
bacterial resistance to antibacterial drugs has occurred.*’

Moreover, administration of high-dose antibiotics may also
cause adverse side effects and intolerable toxicity. The immo-
bilization of novel antimicrobial particles in polymeric fibers
is a relatively recent advancement in antimicrobial materials
that may have the potential to aid in the eradication of such
infections.®” The advantages of these fibers are related to their
high ratio of surface area to volume and the potential to carry
and steadily release a variety of embedded compounds or
elements.

Throughout history, various metals have been studied for their
antimicrobial properties, in particular silver and copper.® Tellu-
rium (Te) is a metalloid that belongs to the group of chalcogens
and was first discovered by Transylvanian chemist Franz-Joseph
Mueller in 1782, who was studying gold-containing ores.” Te is
a rare element (average content in soil is 0.027 ppm) and is pre-
sent in various oxidative states. In the environment, Te exists in
its elemental form (Te°) and in inorganic telluride (Te*7), tel-
lurite (TeOg_), tellurate (TeOi_), and organic dimethyl tellur-
ide (CH5TeCH3).'" Te forms various compounds with other
metals such as silver and gold."" Silver ammonium tellurite and
potassium iodotellurite were used as antibacterial agents even
before the discovery of antibiotics.'* At physiological pH, Te is
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Table I. Fiber Diameter and Pore Diameter of Te-Loaded PMMA Fiber
Meshes

Te loading (wt %)  Fiber diameter (um)  Pore diameter (nm)

0 7.06+3.77 195+ 63
1 7.95+475 196 +81
2 13.7+5.31 102 +83
4 13.9+7.05 150+ 142

mostly found as tellurite and has significant toxicity to bacteria
at very low concentrations of 1ug/mL.'>"*

In 1932, Fleming'>'® compared the antibacterial activities of
penicillin and tellurite, and in all cases, penicillin-sensitive bac-
teria were also sensitive to tellurite. Intramuscular injection of a
suspension of Te® in glucose was used to treat human syphilis;
however, one substantial drawback was an intense garlic odor in
the patients’ breath and urine.'” Tellurium oxides were used as
antimicrobial agents against diseases such as leprosy and tuber-
culosis before the development of penicillin.'® Tellurite acted
synergistically with the antibiotic cefotaxime when tested on
antibiotic-resistant E. coli.'® Therefore, tellurite can be used as
an adjuvant for several multiresistant pathogens. Some strains
of bacteria may have evolved resistance to tellurium during its
historical medical use®® or after its use in the mining and elec-
tronics industries increased its presence in the environment.

In recent years, tellurium particles have gained interest as potential
antibacterial agents.”' > Zonaro et al.*> demonstrated the antibac-
terial and biofilm eradication activity of Te nanoparticles against E.
coli, Pseudomonas aeruginosa, and S. aureus. Pugin et al* reported
Te-containing nanostructures showed the interesting ability to
inhibit E. coli colonization, but with no apparent cytotoxicity
against eukaryotic cells. Carbon fibers coated with Te and Te-Au
nanowires have been proposed as precursors of future antimicro-
bial clothing.*” The organic tellurium IV compound ammonium
trichloro(dioxoethylene-O,0’-)tellurate, AS101, was reported to
inhibit the growth of antibiotic-resistant Klebsiella pneumoniae.*®

The objective of this research was to fabricate a series of tellurium-
loaded polymeric fibers and fiber meshes. The synthesized fibers
were characterized by scanning electron microscopy and energy-
dispersive X-ray spectroscopy. The antimicrobial properties of the
composite fibers were tested especially against E. coli strain K12.

EXPERIMENTAL

Materials

Tellurium powder (CAS number 13494-80-9, catalog number
266418, 200 mesh), poly(methyl methacrylate) (PMMA, molec-
ular weight ~120,000 by gel permeation chromatography), chlo-
roform, Luria Broth (LB), and phosphate-buffered saline (PBS)
broth were purchased from Sigma Aldrich (Dorset, England).
LB agar was sourced from Invitrogen (ThermoFisher, Paisley,
UK). All solvents and chemicals were of analytical grade and
used without any purification. Escherichia coli K12, Pseudomo-
nas aeruginosa, and Staphylococcus aureus were used to assess
the antibacterial properties of the fibers.
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Methods

Polymer Solution Preparation. Tellurium-loaded PMMA solu-
tion was prepared in a two-step procedure. First, a 20% w/v
polymer solution was prepared in an airtight glass vial by dis-
solving 8.00 g of PMMA in 40.0 mL of chloroform. The mixture
was placed on a magnetic stirrer for 24h to completely dissolve
the polymer. Following this, appropriate quantities of Te powder
were suspended in 20.0 mL batches of the PMMA/chloroform
solution and left to stir on a magnetic stirrer for 24h in order
to achieve a homogenous dispersion. The weight percent of Te
in each fiber batch is shown in Table 1.

Fiber Production. Ultrafine fibers were produced using pressur-
ized gyration. To begin, 5mL of the polymer solution was
injected at once using a syringe into the port of the gyrator.
The gyrator was then switched on and reached a maximum
speed of 36,000rpm to which 0.1 MPa pressure was applied.
Further details on the process and related forming videos have
been described in previous literature.® The resulting fibers were
deposited on the collector positioned 10cm away from the
gyrator and were collected and stored in plastic petri dishes.

Fiber Characterization. The obtained fibers were analyzed using
a scanning electron microscope (SEM) Quanta 200F (Dartford,
UK) with a field-emission gun. To visualize the fibers, the sam-
ples were coated with gold in a sputter coater. All of the SEM
images were taken at an acceleration voltage of 5kV. The average
fiber diameter was determined by measuring the diameter of all
fibers in available images using Image] software (National Insti-
tutes of Health, Maryland, USA) with Diameter] plugin.

Energy-dispersive X-ray spectroscopy (EDX) was carried out
using an INCA X-Sight (Oxford Instruments, High Wycombe,
UK). The voltage used was 20kV and the working distance was
10 mm. INCA software was used to analyze the EDX spectra.

Antimicrobial Properties. In order to assess the antibacterial
activity of Te, the agar diffusion assay was employed. LB agar
plates were prepared per manufacturer’s instructions and steril-
ized under ultraviolet light for 4h. A single colony of E. coli was
suspended in 500 pL of sterile distilled water in a 1 mL Eppendorf
tube. The suspension was then spread onto an LB agar plate using
a plastic L-shaped spreader. This was repeated for each bacterium
(P. aeruginosa and S. aureus). Then 10mg of Te powder was
placed on the surface of each inoculated plate using a sterile metal
spatula. After application, it was ensured that the powder had
made complete contact with the agar surface. The plates were
then incubated at 37 °C for 24 h. The assay was performed in trip-
licate for each bacterial strain. Antibacterial activity was assessed
by the diameter of the growth-inhibition zone.

Bacterial cell preparation was carried out as follows. E. coli sus-
pensions were grown in 50 mL centrifuge tubes by inoculating
30mL of sterile LB broth with a single colony using a sterile
plastic inoculating loop. The suspensions were cultured at 37°C
and 150rpm until they reached their midexponential phase
(approximately 3h, ODgpo ~ 0.147). The cultures were centri-
fuged at 4600 rpm for 15 min to pellet cells, and the supernatant
was discarded. The cells were washed with 20 mL of sterile PBS
solution and resuspended in 3 mL of PBS solution. In order to
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(a)

Figure 1. (a) SEM image of the tellurium powder as received; (b) macroscopic image of the 4 wt % tellurium-loaded PMMA fiber mesh. [Color figure

can be viewed at wileyonlinelibrary.com]

calculate an approximate concentration of cells in the culture,
the colony-counting method was used. This was achieved by
performing a series of 10-fold dilutions. Then 50 pL of the dilu-
tions was transferred to individual LB agar plates and incubated
at 37°C for 24h, after which time the colonies were counted.

To prepare fiber mats, the fibers were cut into 1 cm round disks
each weighing approximately 0.02g. They were then sterilized
under ultraviolet light for 1h.

Cell viability testing was conducted as follows. In a six-well
plate, the E. coli K12 culture aliquots were placed into each
well, and the fiber samples were added. Pure PMMA fibers were
used as the negative control. The six-well plate and its contents
were incubated for 24h at 37°C and 150 rpm. The loss of via-
bility of E. coli K12 cells was evaluated by the colony-counting
method (as described in the paragraph on bacterial cell prepara-
tion). Colonies were counted and compared with those on con-
trol plates to calculate changes in the cell growth caused by the
presence of Te-loaded fibers. All experiments were performed in
triplicate on three separate occasions.

RESULTS AND DISCUSSION

Tellurium Particle Characteristics

SEM images of the Te powder showed the particles to be mainly
polygonal [Figure 1(a)]. Although some particle agglomeration
was observed, with evidence of clusters ~20um in diameter,
overall, the size analysis showed particle diameters ranged
between 2 and 12 pm.

Fiber Morphology

In this study, PMMA fibers with 1, 2, and 4 wt % Te particles
embedded into their matrix were successfully prepared through
pressurized gyration. SEM images of these fibers are shown in
Figure 2. In all instances, the fibers formed were smooth, con-
tinuous, and bead-free with circular surface pores, despite their
Te loading. This indicated that the intermolecular entanglement
and chain overlap in the solutions were optimal to stabilize the
polymer jet and create an adequate Rayleigh-Taylor instability
for fiber formation. The formation of continuous fibers suggests
the chain entanglement was complete enough to hinder molecu-
lar motion and the viscoelastic stresses were strong enough to
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stabilize the jet to prevent fiber fracture typically caused by the
centrifugal force and pressure difference at the orifice. This also
confirms that the presence of Te particles in the polymer solu-
tion did not interfere with chain entanglement.

The fiber diameter of PMMA fibers with no Te particles was
7.06 £3.77 um. Increasing the concentration of Te particles
from 1 wt % to 4 wt % led to the formation of thicker fibers
with a wider diameter distribution (Table I). This observation
suggests that the introduction of excess Te particles causes the
solution to have a greater resistance against the stretching
caused by the forces on the polymer jet. Previous studies® sug-
gest that a change in fiber diameter in pressurized gyration is
the result of a combined effect of polymer concentration, rota-
tional speed, and working pressure although flow into the vessel
can also be controlled. However, during this experiment, all of
these parameters were kept constant, therefore suggesting Te
loading to be the underlying cause. Furthermore, as the Te par-
ticles are relatively large in diameter, it can be hypothesized that
the presence of Te consequently significantly increases fiber
diameter.

High-magnification SEM images of the fiber samples (Figure 3)
show nanopores on the surface of all fabricated fibers. The pore
diameters ranged between 195 * 63 and 150 = 142 nm and have
been tabulated in Table I. Pore diameter in each of the fiber
samples varies in a manner similar to the fiber diameter. Higher
Te loading resulted in smaller pore sizes, but the pore diameter
variation is higher compared to the fibers with lower Te load-
ing. The surface topography varies hugely as the concentration
of Te particles increases. At lower concentrations (0, 1, and 2 wt
%), the pores are relatively circular and regularly distributed
along the fiber. At 4 wt %, the pores become more irregular
and inconsistent in shape, size, and distribution. The generation
of surface pores can be explained through solvent volatility,
phase separation, and breath figure formation.’®”' When the
solvent (chloroform) evaporates from the polymer jet, the tem-
perature at the air-liquid interface will decrease rapidly due to
the enthalpy of vaporization.’ It was previously reported™ that
the temperature of a chloroform solution can fall between —6
to 0°C during evaporation. This temperature drop significantly
lowers the dew point of the atmosphere. Due to this effect,
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Figure 2. SEM images and EDX spectra of (a) pure PMMA fibers, (b) PMMA fibers with 1.0 wt % tellurium, (c) PMMA fibers with 2.0 wt % tellurium,
and (d) PMMA fibers with 4.0 wt % tellurium. [Color figure can be viewed at wileyonlinelibrary.com]

water vapor condenses on the fiber surface. As chloroform is
immiscible with water, this limits the penetration of the water
droplets into the fiber core. When the water droplets evaporate
from the fibers, their imprints remain as pores on the fibers.*?>
EDX imaging was used to show that Te was successfully incor-
porated into the fiber matrix (Figure 2).
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Antibacterial Activity

Antibacterial Activity of Tellurium Particles. The agar diffu-
sion assay is a rapid and simple technique used to assess the
susceptibility of Gram-positive (S. aureus) and Gram-negative
(E. coli, P. aeruginosa) bacteria to antimicrobial agents. In this
investigation, the agar diffusion assay was employed to quantify
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Figure 3. High-magnification SEM images of the fiber surfaces: (a) pure PMMA fibers, (b) PMMA fibers with 1.0 wt % tellurium, (c) PMMA fibers

with 2.0 wt % tellurium, (d) PMMA fibers with 4.0 wt % tellurium.

the ability of Te to inhibit bacterial growth. The assay is based
on the diffusion of Te from areas of high concentrations to
areas of low concentration (the bacteria lawn on the agar sur-
face). From the results displayed in Table II, it can be seen that
Te prevented the growth of the Gram-negative bacteria tested,
while it has no effect on the Gram-positive bacteria. E. coli
demonstrated the largest inhibition zone, followed by P. aerugi-
nosa and S. aureus. The presence of a growth-inhibition zone
was interpreted as an antimicrobial effect on the microorgan-
ism. Gram-negative bacteria (E. coli and P. aeruginosa) possess a
thin peptidoglycan layer and an outer lipopolysaccharide mem-
brane, whereas Gram-positive bacteria (S. aureus) possess a
thick peptidoglycan layer and no outer lipopolysaccharide mem-
brane.”® Therefore, in this instance, it can be assumed the thick
peptidoglycan layer served as a barrier resistant to the Te par-
ticles, as no inhibition was observed with S. aureus. From this
assay, it can be concluded that Te has a potent ability to inhibit
E. coli growth, so E. coli was selected as the model organism to
assess the antibacterial properties of the Te-loaded fibers.

Table II. Zones of Bacterial Growth Inhibition Produced by 10 mg of Tel-
lurium Powder

Average growth inhibition zone

Bacterial strain diameter + standard deviation (cm)

P. aeruginosa 0.47+0.15
S. aureus 0.00+0.00
E. coli 1.87+0.32
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Antibacterial Activity of Tellurium-Loaded Fiber Meshes. The
antibacterial activity of the composite fibers was tested against a
representative Gram-negative organism, an important hospital-
acquired pathogen. Figures 4 and 5 show the antimicrobial
activity of the fibers against E. coli. After 24 h of incubation, the
control sample showed low cytotoxicity with an average log
reduction of 0.03 £ 0.01. From the results presented here, it can
be concluded that Te-loaded fibers exhibit inhibitory activity
toward E. coli. The antibacterial properties of Te fibers are evi-
dently dose dependent, as a clear positive correlation between
Te loading and log reduction can be observed. When increasing
the tellurium loading to 1 wt %, a dramatic increase in log
reduction in bacterial numbers can be observed. This trend con-
tinues as the concentration of Te increases further, until a

2wt% Te 4wt Te

1.400000

1.200000

1.000000

0.800000

0.600000

0.400000

Average Log Reduction

0.200000

0.000000
0 wt% Te 1 wt% Te

Te-Loading
Figure 4. Bacterial growth reduction after treatment with Te-loaded fiber

meshes. [Color figure can be viewed at wileyonlinelibrary.com]
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maximum log reduction of 1.16 = 0.17 is observed at 4 wt %.
This observed loss of cell viability is considered significant when
compared to the control fibers.

Comparing these results to those obtained with fibers loaded
with silver nanoparticles (=4 log reduction in bacterial num-
bers), Te-loaded fibers show a lower log reduction.’” However,
it is important to remember the numerous detrimental side
effects avoided by bypassing the use of silver nanoparticles in
toxic concentrations. Increased exposure to silver nanoparticles
carries dangerous environmental and health implications. Side
effects of these substances include acute respiratory irritation,
caustic injury of the upper gastrointestinal tract or subcutane-
ous tissue, psychological disorders, and argyria.”® Furthermore,
increased concentrations of silver ions (colloids) in the blood-
stream of childbearing women have been linked to the develop-
ment of congenital craniofacial abnormalities in their
offspring.”® Te/PMMA composite fibers showed a bactericidal
activity similar to zinc oxide/cellulose nanocomposites as well as
copper/cellulose nanocomposites, where a maximum 2 log bac-
terial reduction was achieved.”** It can be deemed advanta-
geous that the Te/PMMA microscale fibers achieved bacterial
log reductions similar to existing nanoparticles, therefore avoid-
ing the use of expensive nanoparticles that are costlier to pro-
duce and process.

A multitude of mechanisms can be attributed to the antimicro-
bial activity of these fibers. One possible mechanism is that Te
particles can diffuse through the bacterial cell membrane and
cause damage to cellular components by production of reactive

(c) (d)
Figure 5. LB agar plates with E. coli bacterial growth after 24 h of incuba-
tion with (a) 0, (b) 1, (¢) 2, and (d) 4 wt % of tellurium-loaded fiber
meshes. [Color figure can be viewed at wileyonlinelibrary.com]
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oxygen species, leading to inhibition of enzyme activity and
DNA synthesis and disrupting energy transduction.*' It can also
be speculated that bacterial species such as Bacillus Sp. can
reduce tellurite ions leached from the polymer into the sur-
rounding bacterial solution to elemental Te’, thus making nano-
particles.”®> Reduction of these ions is thought to occur through
the action of a plasma membrane flavine-dependent reductase.
Elemental Te” is insoluble, and accumulation of this material
within cells results in potent bactericidal activity, which is dem-
onstrated with kills achieved via a combination of various
mechanisms.'' As the fibers were smooth, it cannot be said that
the direct physical penetration of Te particles into the bacteria
cells is the cause of the observed cytotoxicity.

In this paper, we have achieved significant antibacterial activity
without the need for alteration of additional environmental
conditions, such as ultraviolet light. Moreover, the composite in
this study has the advantage of being cost effective and easy to
prepare and is more stable than existing antimicrobial agents.
The data presented demonstrate the promising bactericidal
properties Te/PMMA fibers have against E. coli K12.

CONCLUSIONS

Effective incorporation of Te into the PMMA fibers was con-
firmed by EDX analysis. The antibacterial activity of the pure Te
powder was initially tested using P. aeruginosa, S. aureus, and E.
coli using the agar diffusion assay. It was found that pure Te
shows the highest antibacterial activity against E. coli. For this
reason, the antibacterial properties of Te/PMMA composite
fibers were tested on E. coli. The Te/PMMA fiber meshes show
remarkable dose-dependent antibacterial activity toward Gram-
negative E. coli cells. The bactericidal activity of Te/PMMA
fibers reported here is comparable to the results obtained with
similar well-established metallic antimicrobial agents, and these
meshes can make a significant impact on global health.
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