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Abstract

As problems of antibiotic resistance increase, a continuing need for effigictastive wound dressings is anticipated
for the treatment of infected chronic wounds. Naturally derived antibactegiaisaguch as Manuka honey, consist of
a mixture of compounds, more than one of which can influence antimicrobial potency. The non-peroaittestadict
properties of Manuka honey have been previously linked to the presence of methyl(ll§@xal. The incorporation
of MGO as a functional antibacterial additive during fibre production was explasea potential route for
manufacturing wound dressing components. Synthetic MGO and polyvinyl alcohol (PV&Yakeicated into webs
of sub-micron fibres by means of electrostatic spinning of an aqueous spinnitgns@omposite fabrics were also
produced by direct deposition of the PVA-MGO fibres onto a preformed spunbonded nonwoven sulttsratate
Total Reflectance Fourier Transform Infrared (ATR-FTIR) and Proton Nudfeanetic ResonanceH-NMR)
spectroscopies confirmed the presence of MGO within the resulting fibre struldterantibacterial activity of the
fibres was studied using strains of Staphylococcus aureus and Escherichia colia®titzatgerial activity, as well as

diffusion of MGO from the fibres was observed at a concentration of 1.55mg/cmz2.

Introduction

Chronic wounds such as pressure ulcers and leg ulcers, cause patients pain and delayed healgsgaocesult of
infection and biofilm formation on the surface of the wduracteria biofiims can harbour a host of different
bacterial species including aerobic and anaerobic microorganisms, some of whiate ihdgthicillin-resistant
Staphylococcus aureus (MRSA), Escherichia coli (E. Coli), beta-haemolytic StreptacddEnterobacter cloacae
As these bacteria start to show resistance to antibidtitise use of topical wound dressings, containing antimicrobial
compounds are an important tool for the treatment of infected chronic wounds. Nu@aiousrobial compounds
used in combination with dressings have been clinically evaluated. Of thesisgetié silver in topical antibacterial

wound dressings’® is particularly well established although potential toxic effects, such asarggd cytotoxicity,



have been reported in wound hedfifigNaturally occurring antimicrobial agents include Manuka honey, which relies
upon an osmotic effect produced by the high sugar content, the presence of an enzyme that prodgess hydr
peroxide and non-peroxide compounds to provide antibacterial fufictidethylglyoxal (MGOY*, a ketoaldehyde
(Figure 1), is a non-peroxide antimicrobial compound present in Manuka honey and is a metaboliétfdurnde

human body and many other living organisms
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Figure 1. Chemical structure of Methylglyoxal

MGO exhibits strong activity against malignant cancer cells and can stimulatentumé response system to target

|l4

tumour cell$®. Antiviral** and antimalarial properties have also been repGrtasi well as its use in liquid form as an

antibacterial agent for wounidsThe toxicity of MGO in the peence of bacteria is thought to be attributed to MGO’s

st"1929 and nucleic acids It has also been

ability to modify cell compounds, including free amino atid§ protein
reported that MGO is able to modify DNA in leukaemia cells and prostate cafisdrycthe induction of apoptosfs
22 Another study reported that MGO was able to activate lymphocytes and macrophagestagainstcell$.
Lymphocytes and macrophages also play an important role in the wound healing?hrtw8€s presents potential
complications for patients with diabetic foot ulcers due to the formatiomrefersible advanced glycation end

products (AGEs) which can change collagen pathophysiology resulting in the disruptiomafl collagen matrix

remodelling?. Another study has reported that MGO may lead to vascular complications in patients with diabetes

Many clinically utilised wound dressings containing antimicrobials are based on nonwovémtsspsvhich are
porous three-dimensional fibre assemblies. These dressings provide a velligetiothe antimicrobial agent, but
this is in addition to providing many other major functions criticamtound healing such as wound exudate
management. Fibre-forming hygroscopic materials and hydrogels are particularlyampaw materials in wound

dressing design.

Polyvinyl alcohol (PVA) is a polyhydroxy polymer, which is known to have good fibreifgrmpropertie§’. It is
water-soluble, biocompatible and approved by the FDA for medical use in Hinfia is also valuable as a

hydrogel forming polymer. Hydrogelsave a distinct advantage in wound healing, since dnewater absorbing gel



substances of varying rigiditythat are able tprovide a well-defined moist wound environment that allows a wound
to heal faster than in a dry st&teThe moist environment promotegithelial cell migration from the wound edges,
encourages modification of pH and oxygen levels, maintains an electrical gradéemnetains wound fluid on the
wound surfac&. PVA hasbeen previously studied as a potential wound dressing material because of its hydrog
forming propertie¥ ** and its ability to provide controlled release of antibiotics intcd*ta#srecent study discussed
PVA based hydrogel fluids, which on contact with glucose present in wound exudage el that moulded to the
shape of the wourld Typically, in the manufacture of nonwoven dressings, the antimicrobial compound is
impregnated in to the nonwoven such that the constituent fibre surfaces are topically coated orpbistedownithin

the fibres.

Electrostatic spinning of PVA fibres containing a limited range of antbattagents for wound healing has
previously been reportdt®’ and could provide a potential route for manufacturing thin fibre web layers thaeca
incorporated in to composite dressings. Additionally, the high specific surface arparasity of electrospun fibre
webs have the potential to absorb large volumes of fluid exudate from the wouildtinopphexogenous
microorganisms from entering the wound and to aid in fluid draffia@iee production and analysis of PVA-synthetic
MGO fibres has yet to be systematically studied. The purpose of this studyoveetermine the feasibility of
manufacturing fibres and fabrics from mixtures of PVA and MGO and to produbactetial fibres for potential use

as part of a composite wound dressing material.

Experimental

Materials and methods:

Materials:

Poly (vinyl alcohol) with a molecular weight of 31-50,000 and a 40 wt% mejfodgl agueous solution were
purchased from Sigma Aldrich UK. Polypropylene spunbond fabric (SPB) with a weight ah®Wgsé purchased

from Elmarco s.r. in the Czech Republic.

Preparation of PVA and PVA/MGO spinning solutions:
Two separate solutions were prepared in the absence or presence of MGaln&rekxperimental work indicated
that an 8% (w/v) PVA solution enabled stable electrospinning conditions. lromerf case, 0.8 g of PVA was

dissolved in 10 ml of distilled water (Solution 1). For the preparation of M@Gaining solutions, 10 ml of 40 wt%



MGO solution was diluted with 30 ml of distilled water to achieve a condemtraf 11.22% (prepared MGO
solution). 0.8g of PVA was dissolved in 10 ml of the prepared MGO solutionit{@ol2). Both solutions were

agitated for 2 hr at 80°C by magnetic stirring and left to cool to room temperature.

Characterisation of PVA and PVA/MGO spinning solutions
Viscosity measurements were made using a Brookfield DV-E Viscometer. Reagiregsaken at ZZ using spindle
S18 at 60 r min. The surface tension of the solutions was measured using a Kruss tensiometer K100. A saghple ves

with a diameter of 66.5 mm and a platinum plate was used to take the measuremés at 22

Preparation of PVA and PVA/MGO fibre webs:

The electrospinning equipment consisted of a syringe pump (KD Scientific Modeb&@$s), a Glassman high
voltage power supply and a grounded square (10 x 10cm) of polypropylene spunbond (SPB) nonwougsethbs

the collector, was placed over a square (10 x 10cm) piece of aluminium foil. Thiedcefibke webs to be directly
combined on to the surface of a pre-formed reinforcing nonwoven fabric, to produce a campdsitmL syringe

was fitted with a 21 gauge blunt needle and the polymer solution wagsl lmadehe syringe which was set to a feed
rate of 0.1 mL Hf for 5 hr with a needle tip to collector distance of 10 cm and a voltage of 10kV. The temperature an

humidity of the chamber was 2D+ 2°C and 43% + 2%, respectively.

Characterisation of PVA/MGO fibres

Fibre Morphology

The as-spun fibres in each collected fibre web were inspected using aERddion Gun Scanning Electron
Microscope (FEGSEM) (Carl Zeiss LEO 1530). The mean fibre diameter was deteivasedt on evaluation of

individual fibres in the SEM images; the total number of measurements for each sample was 50.

Fourier-transform infra-red (FTIR) spectroscopy

Infra-red spectra of the PVA powder, #@% MGO solution and PVA/MGO fibres were obtained using an FT-IR
Perkin Elmer Spectrum B¥ith diamond ATR attachment system. The PVA powder and 40 wt% MGO solution were
analysed with the diamond ATR system. PVA/MGO fibres were cut into small @edeground with KBr powder
(Sigma Aldrich Chemicals) to make sample disks. This was done to ensure any MGO latezhpgthin the fibres

was made available for detection. Measurements were taken in the range betweed0®O6Y with a resolution of



4 cmi*. 64 repeat scans were averaged for each spectrum of the PVA powder and 40 wt % MGO solutionekgspectiv

and l6repeat scans were averaged for each spectrum of the PVA/MGO fibre KBr disk.

'"H-NMR Spectroscopy
10 mg of PVA powder, 40 wt% MGO solution and PVA/MGO fibres, respectivedre dissolved in 1mL of
deuterium oxide and analysed in a Bruker Advance spectrometer 500'HMIN&R spectrometer. Th&H-NMR

spectra were the average of 1024 repetitions.

Antibacterial studies:

The PVA fibre SPB fabric composites, PVA/MGO fibre SPB fabric composites aBd&#ypropylene spunbond
nonwoven fabric) alone were tested for antibacterial activity according amdast protocol, BS EN ISO 20645:2004
— Textile fabrics, determination of antibacterial activity, agar diffusitaieptest. Both gram-positive and gram-
negative strains of bacterium were used, which included Staphylococcus aureus and EscheriBoiduauflithe
strains were used in accordance with the requisite standards and are common pathogensrifmatedinvounds.

After 24 tours incubation at 37°C, the microbial zone of inhibition was measured using optical microscopy.

Results and discussion

Fibre morphology

Figures 2a and 2b show the morphology of fibres in fibre webs with and without, MS@ectively. Both reveal
evidence of bead formation in the as-spun fibres, but the frequency was rediineefitres produced from the PVA-
MGO solution (Figure 2b). Beads were fathduring electrospinning due to the capillary breakup of the
electrospinning jets as a result of surface tension, which is affected by thecpreselectrical forcéd Viscosity,
which is strongly influenced by the concentration of the solution, is also key paramttempéo the elimination of
bead®’. The viscosity of the MGO-containing spinning solution was almost twice hsaBighe solution containing
only PVA (Table 1). The increased viscosity affected the fibre morphasgvident in Figure 2b, where there
appeared to be fewer beads along the length of individual fibres. By alterisgjukion concentration it is possible to
increase the viscosity and the surface tension, thus smoothing the fibre morphologguadgrthe formation of
bead$". By reducing the molecular weight of the PVA, there will be fewer chaanglgments within the solution
and a higher amount of free solvent. The free solvent molecules will tend to aceuamddbrm spherical beads due

to the surface tension of the solution. Previous studies have also shown that addtdis ofn increase the net



density charge of the solution and by the addition of ionic salts, the charge drmmsibe controlled in order to
decrease the amount of bead formafidi Temperature and humidity also affect fibre formation because of their
influence on the evaporation rate of the solvent, which changes the viscotity pblymer solutin®, but in the
present work these effects were minimised by maintaining constant temperatubeiraiity in the spinning

chamber.
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Figure 2. SEM micrographs of as-spun PVA fibres, (a), mean fibre diameter = 118nm and PVA/MGO fibres, (b),

mean fibre diameter = 166nm.

Table 1.Properties of aqueous PVA spinning solutions.

Solution Composition of | Surface Tension Viscosity
solution (mN/m) (cPs)
1 8% (w/v) PVA 46.5 18.5
8% PVA (w/v)
2 in prepared MGO 52.2 35.7
solution

Fourier-transform infra-red (FTIR) spectroscopy

To determine the presence of MGO within the as-spun fibres, FTIR analystomdiscted in order to identify the
absorption bands of MGO within the PVA/MGO fibres, Figure 3. MGO is a lddbgtle with a characteristic
vibrational absorption peak at 17201", which is attributed to the C=0 stretching vibration in the ketone cakbdny
peak at 137&m* was also observed and can be assigned tg l@Hding in MG®. These characteristic spectral
vibrations confirm the presence of MGO within the fibres. The other \ilni@tipeaks observed in the spectra can be
assigned to the base PVA polymerwhere the broad band centred at 3282 due to hydrogen-bonded -
stretching vibration and the peak at 2905*dsattributed to C-H stretching in the polymer backbone. The peak at

1419 cnitis the result of in-plane O-H bending. The peak at 1088istindicative of C-O stretchirfy
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Figure 3. ATR-FTIR spectrum of PVA/MGO fibres

'"H-NMR Spectroscopy
In order to further verify the presence of MGO within the PVA/MGO fibtesNMR spectra of fibres obtained from

MGO-containing solutions were recorded. TheNMR spectra seen in Figure 4 of PVA/MGO fibres showed two
singlet resonances at 1.408 and 2.337 ppm which can be assigned to the methyppgsémsn the methylglyoxal
di-hydrate and monohydrate, respectively, following the reaction of MGO with Walteraddition the resonance
peak at 5.309 ppm is assigned to be the alkyl proton of methylgyoxal monohydritfe,isvin agreement with
previous studi€§. The resonance peaks observed at 1.750 ppm and 4.075 ppm can also be assigned to the protot
CH,"" and theCH proton of the PVA, respectivelfhese spectral assignmentsééurther confirmed the presence of
MGO within the fibres. Consequently, solvent evaporation during electrospinnimydwesl to have minimal impact

on MGO loading of resulting PVA fibres.



[9)] Lo M~ o o]
o I~ o) Lo o
« o ™ N~
HC
(1) (2) | (3) Mo
0 OH l OH
H H
HSCW)LH ¢ OH HaC%OH
t o MGO H,
0 H, © OH |
MGO H,,
MGO H,
PVAH
| PVAH, lb
L MMJWLA;
8!0I - ‘7!5‘ - I7.‘0‘ o ‘6!5I . ‘6.‘0‘ o IS.‘S‘ . ‘5!0‘ - I4!5I - ‘4.‘0‘ - I3.‘5I a ‘3!OI . IZ.‘S‘ o ‘2!0‘ . ‘1!5‘ ‘plplm

Figure 4.'H-NMR spectra of PVA/MGO fibres. (1), (2) and (3) indicate the chemicaluftarsmof MGO, MGO mono-hydrate
and MGO di-hydrate, respectively.

Antibacterial Studies

Figure 5 shows visual images of the effect of fabric samples on the gobthcoli and S. aureus after 24 hours
incubation. Table 2 indicates the zone of inhibition for all samples and the cadcpkatcentage concentrations of
MGO in the PVA fibres. In the agar diffusion plate tests zones of inhibitiere welearly evident only in the
PVA/MGO SPB composites after 24 hours incubation, with the PVA/SPB and SPB sammpbtioning as
experimental controls. The contact zone underneath the samples was examined fiat bemtdh using optical
microscopy at 20X magnification. There was no evidence of bacterial growth eoWVA/MGO samples, while
moderate growth was evident below the PVA SPB and SPB samples. Thus, in thes afsk1@©O, there was
insufficient antibacterial functionality to restrict growth. $heesults confirm that the fibre webs containing MGO

exhibit toxicity against both common gram positive and gram negative stfabasterium, with zones of inhibition



of 9.1 mm (E. coli) with a MGO concentration of 1.55 mgZamd 11.4 mm (S. aureus) with a MGO concentration of

2.35 mg cri#.

A previous study reported the bactericidal activity of MGO in liquid andfarehulations against Staphylococcal
species, including S. aureus and methicillin-resistant S. epidermidis (MRSE)centrations between 1.25 mg L
(0.14 mg cr?) and 15 mg mt (1.72 mg cri?) were tested in @ 9 mm well. The results showed that at the lower
concentration of 0.14 mg ¢tha zone of inhibition of approximately 20 mm for S. aureus and 16 mm for MRSE was

formed. At the higher concentration of 1.72 mgZamoenes of approximately 40 mm were recorded for both strains.

Figure 5. Antibacterial activity of PVA fibres on a spunbond nonwoven subst@tend (b) PVA/MGO fibres on a spunbond

substrate, (c) and (d) and base spunbond nonwoven substrate] (6)

These results highlight the fact that when MGO s in liquid or gel favith a concentration of approximately one

tenth (0.14 mg ci?) than that present in the PVA/MGO fibre webs (1.55 m@)canzone of inhibition twice the size



can be achieved. This difference is not surprising given that the MGO isynitimlapsulated within the fibre and is
not initially freely available as in the liquid phase. On contact with tlae, abe PVA fibres formed a gel, which
promoted the diffusion of MGO from the fibres in to the surrounding bacterial, gpr@éventing bacterial growth. The
kinetics of MGO release from the PVA fibres is the subject of fughety and is likely to be affected by subsequent
crosslinking. It is possible that some of the MGO may be retained in the PVA dittee4 hours depending on the

molecular architecture of the hydrogel network.

Table 2.Zone of inhibition for PVA fibres on a spunbond nonwoven substrate, PVA/MGO fibre on a spunbond

nonwoven substrate and base spunbond nonwoven substrate against S. aureus and E. coli.

Sample ID Sample Bacteria Strain Zone of Concentration of
Inhibition (mm) MGO
(mg cm?)
a PVA SPB S.aureus 0 n/a
b PVA SPB E. coli 0 n/a
C PVA/MGO SPB S.aureus 114 2.35
d PVA/MGO SPB E. coli 9.1 1.55
e SPB S.aureus 0 n/a
f SPB E. coli 0 n/a
Conclusions

PVA/MGO fibres were successfully prepared by the electrospinning technique and reetg deposiéd asa thin
fibre web layer oto a preformed PP nonwoven substrate. Although the fibre morphology can be further dgiimise
reduce bead content, it was demonstrated that it is feasible to manufacture a caftghliabust composite structure
comprising an antibacterial layer of hydrogel-forming polymer and MGO. The presence of MGO wifibnethevas
confirmed using both FTIR and NMR analyses. The antibacterial study reveal&tiGRaincorporated within PVA
fibres, supported on a PP spunbond fabric, produces zones of inhibition forraotlpgsitive and gram negative
strains of bacterium, based on MGO concentrations in the fibre web of 2.35 migrc& aureus and 1.55 mg ém

for E. coli.
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