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Abstract: Natural substances are increasingly being developed for use in health-related applications.
Honey has attracted significant interest, not only for its physical and chemical properties, but also
for its antibacterial activity. For the first time, suspensions of Black Forest honeydew honey and
manuka honey UMF 20+ were examined for their antibacterial properties against Escherichia coli and
Staphylococcus epidermidis using flow cytometry. The inhibitory effect of honey on bacterial growth
was evident at concentrations of 10, 20 and 30 v/v%. The minimum inhibitory effects of both honey
types against each bacterium were also investigated and reported. Electrospray ionisation (ESI)
mass spectrometry was performed on both Black Forest honeydew honey and manuka honey UMF
20+. Manuka honey had a gluconic concentration of 2519 mg/kg, whilst Black Forest honeydew
honey had a concentration of 2195 mg/kg. Manuka honey demonstrated the strongest potency when
compared to Black Forest honeydew honey; therefore, it was incorporated into nanofiber scaffolds
using pressurised gyration and 10, 20 and 30 v/v% manuka honey-polycaprolactone solutions.
Composite fibres were analysed for their morphology and topography using scanning electron
microscopy. The average fibre diameter of the manuka honey-polycaprolactone scaffolds was found
to range from 437 to 815 nm. The antibacterial activity of the 30 v/v% scaffolds was studied using
S. epidermidis. Strong antibacterial activity was observed with a bacterial reduction rate of over 90%.
The results show that honey composite fibres formed using pressurised gyration can be considered a
natural therapeutic agent for various medicinal purposes, including wound-healing applications.

Keywords: antibacterial; fibres; honey; manuka; nanocomposite; composite polymer

1. Introduction

Chronic wounds, such as diabetic foot ulcers, venous leg ulcers and pressure ulcers,
are a tremendous burden to wound-care professionals and consume a large quantity of
healthcare resources. In the United Kingdom alone, it is estimated that 200,000 patients
have chronic wounds and cost the National Healthcare System approximately £3.1 billion
per year [1]. Moreover, wounds often become infected, consequently delaying healing,
decreasing the patient’s quality of life and affecting recovery. The formation of biofilms can
harbour a host of different bacterial species, including both aerobic and anaerobic microor-
ganisms, some of which include Escherichia coli, Pseudomonas aeruginosa and Staphylococcus
epidermidis [2]. However, due to the emergence of antibiotic resistance, topical wound dress-
ings which contain antimicrobial agents have become an important tool for the treatment of
infected chronic wounds [3–7]. A multiplicity of antimicrobial agents, particularly, metallic
and metallic oxide nanoparticles, have been incorporated into wound dressings and have
been clinically evaluated [8–16]. Frequently used metallic nanoparticles include silver, gold,
copper and zinc [17–27]. However, a major limitation of the use of metallic nanoparticles is
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detrimental side effects, including argyria and cytotoxicity [28]. This has led to a paradigm
shift towards the use of naturally occurring antimicrobial agents [29].

The use of natural materials in a multitude of wound healing applications, from cos-
meceuticals to wound dressings, has attracted considerable attention in modern society [1].
Plants play a significant role in traditional and holistic wound healing [2]. The natural
active ingredients contained in medicinal plants have immunoregulatory activity, control
inflammatory responses, and can affect coagulation, inflammation, epithelialization, collag-
enization and wound contraction [3–5]. A sensible way to maximise the medicinal benefits
of these natural materials is to incorporate them into wound dressings. For example, many
researchers have incorporated aloe vera into wound dressings to improve the therapeu-
tic effect [6–10]. Additional natural ingredients include cinnamon [11–13], lavender [14],
cocoa [15], oak bark extracts [16] and others.

Medicinal applications of honey date to ancient Egyptian civilisations. The earliest
recording of its use in traditional medicine can be found in the Smith Papyrus, where
the prescription of a wound salve is described [30–32]. More recently, honey has been
used in modern medical practice as a topical agent in the clinical treatment of chronic
wounds [33–41]. Honey has been shown to accelerate wound healing with effects being
noted as early as two days after treatment. In addition, honey has also been shown to
encourage epithelisation in sloughs, gangrenous tissue and necrotic tissue, thus minimising
the need for surgical intervention [42].

Honey is composed of approximately 200 different substances. Carbohydrates make
up the largest constituent of honey (approximately 82–99%), with glucose and fructose
representing the main portion [43]. This high sugar concentration plays a major role in
the antibacterial mode of action of honey, as well as its acidic pH and hydrogen peroxide
production [44–46].

In detail, the high osmolarity created by honey’s high sugar and low moisture content
draws the cytoplasm out of the bacterial cell and consequently causes shrinking of the
cell wall. It has also been suggested that the high osmolarity inhibits microbial growth
as the sugar molecules are associated with the water molecules, thus leaving insufficient
water for the bacteria to survive [36,47,48]. The acidic pH of honey (due to the gluconic
acid in its composition) has been shown to neutralise the alkaline environment of chronic
wounds, consequently reducing protease activity, increasing fibroblast activity, and in-
creasing oxygen release [49–51], all of which are beneficial during the wound-healing
process [51].

However, honeys’ predominant antibacterial mode of action has been attributed to
the production of hydrogen peroxide and non-peroxide compounds by glucose oxidase
added by bees during its production [44–46]. Hydrogen peroxide and non-peroxide com-
pounds act as an antiseptic and stimulate the wound-healing process. Studies have shown
that the presence of a hydrogen peroxide gradient causes macrophages to arrive at the
wound and release vascular endothelial growth factors and angiogenic factors crucial for
wound healing [52–55]. Honey can continuously provide hydrogen peroxide at a consistent
level that is antibacterial and physiologically non-toxic [34]. All three mechanisms are
responsible for honey’s healing properties when applied to chronic wounds. Honey’s
high sugar content absorbs moisture and establishes a protective layer, thereby preventing
microbial penetration and keeping the wound dry [33,56–59], whilst the acidity assists
in the antibacterial action of macrophages, and hydrogen peroxide production keeps the
wound sterile [50].

A vast number of papers have been published on the incorporation of honey into fibres
for wound dressings; however, the techniques used in these studies yield a low production
rate of fibres and, thus, prevent the commercial exploitation of honey in wound-healing
applications [60–65]. Previous work has reported electrospinning to produce 0.17 kg of
fibres per an hour, whilst pressurised gyration can produce 6 kg per an hour [66]. In
recent years, pressurised gyration has been utilised for the mass production of uniform
nanocomposite fibres [66–72]. This processing method combines the features of solution
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blowing and centrifugal spinning to produce large quantities of ultrafine fibres, with
tailorable properties. The laboratory setup of pressurised gyration consists of a small
aluminium cylindrical vessel with multiple spherical perforations. The vessel itself is
attached to an electric motor, capable of speeds of up to 36,000 rpm. High-pressure nitrogen
gas (up to 0.3 MPa) is fed into the vessel through the vessel lid. A polymer solution of
choice is loaded into the vessel before the apparatus is turned on. In the present study:
(i) the antibacterial activity of Black Forest honeydew honey and manuka honey UMF
20+ was determined against two known commonly occurring wound pathogens: E. coli
and S. epidermidis; (ii) the most potent honey was then incorporated into polymeric fibrous
meshes using pressurised gyration; (iii) the antibacterial properties of the composite meshes
were assessed, along with differences in their morphology. Here we present an industrially
scalable approach to manufacturing honey fibre meshes for wound healing. For the first
time, the antibacterial activity of Black Forest honeydew honey, the production of honey
nanocomposite fibres using pressurised gyration, and the antibacterial activity of the
formed pressurised gyrated fibres is reported.

2. Materials and Methods
2.1. Materials
2.1.1. Honey

Black Forest honeydew honey was purchased from Bulgarian Bee (Okorsh, Bul-
garia). Manukora manuka honey UMF 20+ was obtained from Manukora (Auckland,
New Zealand). Both honeys were stored in a dry cupboard that was regularly temperature
managed (21–24 ◦C) to prevent crystallisation.

2.1.2. Chemical Analysis

Fifty percent gluconic acid solution (>50% in water) was purchased from Sigma-
Aldrich (Gillingham, UK). LC-MS grade water, acetonitrile (CH3CN, >99.8%) and formic
acid (CH2O2, >98.0%) were purchased from Sigma-Aldrich (Gillingham, UK).

2.1.3. Bacteria Strains and Media

Antibacterial activity was assessed against Staphylococcus epidermidis NCTC 11047
and Escherichia coli K12. LB Broth Base (Lennox L Broth Base) was purchased from Sigma-
Aldrich (Gillingham, UK). A LIVE/DEAD BacLight Bacterial Viability and Counting Kit
were purchased from ThermoFisher Scientific (Paisley, UK). Media were prepared as
instructed by the manufacturer.

2.1.4. Polymer Solution Preparation

Chloroform (CAS: 67-66-3) and polycaprolactone (PCL) (mn 80,000) were purchased
from Sigma-Aldrich (Gillingham, UK). All solvents and chemicals were of analytical grade
and used as received. A polymer solution of 15% (w/v) PCL in chloroform was prepared.
Manuka honey was added to the PCL solution to make 30 v/v% honey/PCL solutions. The
solution mixture was then subjected to high-speed mixing (SpeedMixer DAC 150.1 FVZ-K,
Germany) at 3600 rpm for 5 min; care was taken to prevent the solution from heating as
this would cause solidification of the honey.

2.2. Methods
2.2.1. Chemical Analysis

A range of gluconic acid standard solutions was prepared by diluting a stock solution
with water to make 0, 1, 5, 10, 15, and 20 mg/L solutions. Black Forest honeydew honey
and manuka honey UMF 20+ were purchased online and stored at room temperature.
The samples were diluted with water 100-fold (w/v). The pH of the honey samples was
adjusted to approximately 10.5 by addition of 1 M NaOH to hydrolyse gluocono-δ-lactone
to gluconic acid; then, the pH was adjusted to approximately 7.8 with HCl [73]. The pH-
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adjusted samples were filtered through a 0.45-µm syringe membrane filter (PES; STARLAB
LTD, Milton Keynes, United Kingdom).

LC-MS analyses were performed using an Accela LC chromatograph connected to a
linear ion trap mass spectrometer (Thermo Fisher Scientific, Oxford, UK). Chromatographic
separation was achieved using an Accucore Vanquish C18 column 50 mm × 2.1 mm,
1.5 µm (Thermo Fisher Scientific, Oxford, UK). The C18 column was kept at 30 ◦C. The
mobile phases were: (A) water, 0.1% formic acid and (B) acetonitrile, 0.1% formic acid.
The flow rate was set at 200 µL/min. The gradient was as follows: after 1 min at 99% A,
the proportion of A% was increased to 95% A over the next 9 mins, then in 6 s B% was
changed to 99% and maintained at 99% B for a further 4 mins and 54 s, before returning
to 99% A in 6 s re-equilibrating the C18 column for a further 3 min 54 s, giving a total run
time of 18 min. The injection volume was 20 µL. The effluent from the C18 column was
directed to the electrospray source of the linear trap quadrupole (LTQ) mass spectrometer
operated in a positive mode. The LTQ mass spectrometer was set up as follows: spray
voltage, 4500 V; capillary temperature, 280 ◦C; sheath gas pressure, 40 psi; ion sweep gas
pressure, 0 psi; auxiliary gas pressure, 5 psi; and skimmer offset value, 25 V. The mass
spectrometer was set to scan in a full mode from m/z 50–500 and in MSMS set at the m/z
197 with isolation width 2.0 at collision energy 20. Samples were measured in triplicate and
the average (± confidence interval) was calculated for the results. The blanks (H2O) were
analysed between every honey sample.

The calibration curve was constructed from 0 to 20 mg/L of gluconic acid. We evalu-
ated linearity (R2), limit of detection (LOD), and limit of quantification (LOQ). The LOD
and LOQ were determined using a lowest concentration of analyte 50 ng/L.

2.2.2. Mesh Production

The solutions were subjected to spinning via pressurised gyration at a gas flow pres-
sure of 0.1 MPa and a rotational speed of 36,000 rpm. The fibres formed a ring around the
gyration vessel, which resembled large bandage-like scaffolds Figure 1. The fibres were
then collected via sterile utensils and stored for characterisation and antibacterial studies.
The fibre manufacturing process was operated at ambient conditions (22 ± 2 ◦C, 45–55%
relative humidity).
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Figure 1. (a) diagrammatic representation of the pressurised gyration setup showing gas infusion
pressure and maximum rotation speed used; fibres are formed as a product of the two acting forces
(b) Photograph showing honey-PCL composite fibres surrounding the pressurised gyration vessel,
ready to be collected.

2.2.3. Characterisation
Viscosity

The viscosity of the solutions was measured using a Brookfield Viscometer DV-III
(Brookfield, Middleboro, MA, USA). A small-sample spindle was used with a polymer
volume of 3 mL. For the manuka honey readings, the lowest spindle speed was selected
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(0.01 rpm); due to the high viscosity range of these solutions, measurements were taken
at a constant torque value to ensure comparability within the samples. All viscosity
measurements were taken at ambient conditions (22 ± 2 ◦C) and repeated 3 times to give
an average value. The viscosity of the pure manuka honey could not be determined as it
fell above the viscosity range of the apparatus; for this reason, we have assumed it is larger
than 60,000 mPa s.

Surface Tension

The interfacial surface tension of the prepared solutions was characterized via a
tensiometer (Tensiometer K9, Kruss GmbH, Hamburg, Germany). The Du Nouy ring
method was employed to measure the surface tension. A glass vial was filled with polymer
solution and a platinum-iridium ring with a 6 cm diameter was submerged into the solution.
The ring in the solution was raised to enable a fluid meniscus to form; the variation of
forces was measured using a force tensiometer. These readings were repeated 5 times to
find the average surface tension values for each solution of varying concentration.

Fibre Morphology

The virgin PCL fibres and the honey composite fibres were characterised for their
diameter and their surface topography. The samples, which were gold sputter-coated
(Q150R ES, Quorum Technologies) for 90 s prior to imaging at various high magnifications,
were examined by scanning electron microscopy (SEM) (Hitachi S-3400n, Chiyoda City,
Japan). The SEM images were then surveyed using Image J 1.52q software (National
Institutes of Health); 100 fibre strands were measured at random, and the mean diameter
was calculated. The frequency distribution of the fibre diameters was calculated using
OriginPro 2021 (9.8 SR0) graphical software.

Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) was carried out on a PerkinElmer
Spectrum-2 FTIR Spectrophotometer (PerkinElmer Inc., Beaconsfield, UK). The infrared
spectra of the fibres and the honey were taken in transmittance mode between the wavenum-
bers of 4000 to 450 cm−1. All measurements were taken at ambient temperature and con-
ditions. For each sample, four scans were taken at a resolution of 4 cm−1. The spectra
were analysed with essential FTIR software and plotted into graphs using OriginPro 2021
(9.8 SR0).

2.2.4. Antibacterial Activity of Honey and Honey Fibre Meshes

The antibacterial activities of manuka honey and Black Forest honeydew honey were
determined against S. epidermidis and E. coli. Stock cultures of these microorganisms were
stored in LB broth supplemented with 10% glycerol at −80 ◦C until use. The antibacterial
activities of the honeys were determined by evaluating the survival of the bacteria strains
after incubation with 10, 20 and 30 v/v% of honey for 24 h at 37 ◦C and 150 rpm. Honey
concentrations of 10, 20 and 30 v/v% were chosen, as previous studies have shown the
minimum inhibitory concentration of honey to range from 4.2 to 25% [74,75].

Overnight S. epidermidis and E. coli cultures were added to sterile LB broth at 10 v/v%.
Manuka honey or Black Forest honeydew honey was added to the cultures at either 10, 20
or 30 v/v% and incubated for 24 h at 37 ◦C and 150 rpm. Post incubation, flow cytometry
was used, together with the LIVE/DEAD BacLight Bacterial Viability and Counting Kit
to quantify the proportion of live and dead bacteria cells in the suspensions. This method
relies on the use of fluorescent stains, SYTO®9 and propidium iodide (PI). SYTO®9 is a
green fluorescent nucleic dye which can penetrate both live and dead cells, whilst PI is a
red fluorescent intercalating stain which can only penetrate cells with damaged membranes
(non-viable cells) to displace the SYTO®9. Therefore, viable cells appear green, whilst
non-viable cells have a red colouration. A stock solution of PI and SYTO®9 was prepared
according to the manufacturers’ instructions. A quantity of 180 µL of the stock staining
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solution was added to 20 µL of diluted sample and incubated at ambient temperature in
the dark for 15 min.

Sample acquisition was performed using a Guava easyCyte® flow cytometer (Merck,
Poole, UK) and InCyte software. Regions of interest (gates) were marked out using positive
(media and bacteria only), negative (media only) and fluorescent-minus-one controls (single-
stained positive controls). A total of 50,000 events were collected. Bacteria acquisition
gates were identified using forward-scatter and side-scatter channels. The gated bacteria
population was then examined using fluorescent channels to identify live and dead cell
populations. FlowJo was used to gate the live and dead bacterial cell counts where the
proportions of live and dead bacteria cells were calculated. All experiments were repeated
at least three times.

The minimum inhibitory concentration (MIC) of both Black Forest honeydew honey
and manuka honey UMF 20+ was also investigated. Both honeys were diluted with
molecular grade water to produce the concentration range. The highest concentration of
both diluted honeys was 50 v/v% and the lowest concentration was 5 v/v% (50, 45, 40, 35,
30, 25, 20, 15, 10, 5 v/v%, and control). Each diluted honey sample was mixed thoroughly
by vortexing at maximum speed for 30 s. The samples were covered with aluminium foil
to prevent UV-light damage on the chemicals in the samples and kept in a −20 ◦C freezer.

The microdilution MIC of Black Forest honeydew honey and manuka honey was
determined against E. coli and S. epidermidis. To prepare the bacterial stock solution, E. coli
and S. epidermidis were added to 15 mL of sterile LB broth for 24 h at 37 ◦C and 150 rpm.
After incubation, absorbance of each stock solution was diluted to 0.015 nm at OD600
using photometry. A quantity of 12 mL of the diluted solution was prepared for use in a
microdilution MIC test. The method reported by Wiegand et al. (2008) for assessment of
the possible growth patterns in MIC microtiter plates was followed [76]. This method is
accredited by the EUCAST MIC database. A total of 4 technical replicates and 2 biological
replicates were conducted for each bacterium. A FLUOstar Omega Microplate Reader
(BMG LabTech, Ortenberg, Germany) was used.

The prepared honey-PCL composite fibrous meshes were tested for antibacterial
activity against S. epidermidis and E. coli. Overnight cultures were added to sterile LB
broth at 10 v/v%. To this, honey-PCL scaffolds were added at 10 wt% and incubated
for 24 h at 37 ◦C and 150 rpm. Pure PCL fibrous scaffolds were used as the negative
control. The number of live bacteria in the suspension post exposure was enumerated
using flow cytometry.

2.2.5. Statistical Analysis

The antibacterial activity of both honeys was statistically analysed and compared
using a one-way ANOVA with a post hoc Tukey’s honest significant differences (HSD) test.
The antibacterial activity of the prepared honey-PCL fibres was also statistically analysed
and compared to the control fibres using a one-way ANOVA with a post hoc Tukey HSD
test. The difference was considered significant when p < 0.05.

3. Results and Discussion
3.1. Chemical Analysis

Gluconic acid is the most abundant acid in honey. Various studies have demonstrated
the important role gluconic acid has in the antibacterial activity of honey [75,77,78]. Glu-
conic acid has the empirical formula C6H12O7 and an exact mass of 196.0577. Figure 2
shows the ESI mass spectrum of gluconic acid. The peak at m/z 197.01 corresponds to
[M+H]+ ions formed during ESI ionization. The peak at m/z 219 corresponds to [M+Na]+

ions. The loss of water from gluconic acid was also observed corresponding to the peak
at m/z 179 [M-H2O]+. MSMS was performed on m/z 197 was carried out to confirm the
structure of gluconic acid. The identification of gluconic acid in honey was based on
its chromatographic retention time, ESI mass spectrum and MSMS spectrum. MSMS of
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m/z 197 generated fragment ions at m/z values of 74, 82, 114 and 122 (Supplementary
Information Figures S1–S3).
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direct injection of this solution into the LTQ mass spectrometer at a flow rate 20 µL/min.

The identification of gluconic acid in honey samples was based on its chromato-
graphic retention time, ESI mass spectrum and MSMS spectrum. The reconstructed ion
chromatograms were constructed for m/z 219 [M+Na]+ corresponding to gluconic acid,
which shows that the authentic gluconic acid eluted from the C18 column at 0.65 min
(Figure 3). Also, a single chromatographic peak was observed at the retention time of
0.65 min in the honey samples and its ESI and MSMS spectra were identical to the authentic
gluconic acid.

In Table 1, the calibration curve was constructed for gluconic acid using the linear
range concentration (1, 5, 10, 15, and 20 mg/L); the coefficient of determination (R2)
was 0.999. The LOD and LOQ were calculated using the calibration curve. The LOD was
0.82 mg/kg and the LOQ was 2.49 mg/kg. The concentration of gluconic acid was expected
to be higher than the LOD and LOQ.

Each honey sample was tested in triplicate and the peak area was measured to calculate
the concentration using an external calibration. The average measured concentrations and
standard deviation were calculated for each honey to determine the concentration of
gluconic acid in the honey samples (Table 2). By comparing with the existing literature
related to the gluconic acid concentration in honey [79], a similar concentration of gluconic
acid with the same type of honey was observed.
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Figure 3. Reconstructed ion chromatogram of m/z 219, [M+Na]+ ions corresponding to gluconic acid
from Manuka honey sample.

Table 1. Linear ranges, linear equation, the coefficient of determination (R2), and limit of detection
(LOD) and quantification (LOQ) for gluconic acid.

Organic
Acid

Linear
Range

(mg/kg)
Linear Equation R2 LOD (mg/L) LOQ (mg/L)

Gluconic
acid 1–20 f(x) = 1387315x +

15875058 0.999 0.05 0.49
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Table 2. Peak area, measured concentration (mg/kg), average concentration (mg/kg), and
±confidence interval (C.I.) for the triplicates of honey samples.

Honey (Replicates) Peak Area
Measured

Concentration
(mg/kg)

Average
Concentration

(mg/kg)
±C.I.

Manuka honey (1) 50,125,757 2468.8
2519.2 80.9Manuka honey (2) 52,118,205 2612.5

Manuka honey (3) 50,227,315 2476.2

Black forest honey (1) 46,298,596 2193.0
2195.2 7.1Black forest honey (2) 44,439,647 2059.0

Black forest honey (3) 46,251,523 2189.6

3.2. Antibacterial Activity of Honey

The sensitivity of S. epidermidis and E. coli towards Black Forest honeydew honey
and manuka honey was assessed. As shown in Figure 4, the antibacterial activity of both
types of honey was concentration-dependent, with the most potent effects being noted
at higher honey volume concentrations. For both Gram-positive S. epidermidis and Gram-
negative E. coli, the manuka honey performed better when compared with the Black Forest
honeydew honey.
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Polymers 2022, 14, 5155 10 of 21

For S. epidermidis, Black Forest honeydew honey exhibited potent antibacterial activity
at 30 v/v% (97.4 ± 0.026% of the bacterial population were dead after incubation), whilst
manuka honey was very effective at all three concentrations tested (>90% cell death post
incubation). For E. coli, Black Forest honeydew honey showed mild cytotoxic properties,
as only 37.1 ± 0.068%, 45.3 ± 0.243% and 57.4 ± 0.169% of the bacterial population were
dead after incubation, with 10, 20 and 30 v/v% of honey, respectively. When compared to
honeys from apiarists and honey-packers, Black Forest honeydew honey exhibited stronger
antibacterial activity against S. epidermidis, as these honeys did not exhibit antibacterial
activity at 75 v/v% [80]. However, when compared to Tualang honey, the antibacterial
properties of Black Forest honeydew honey were not as prominent. Tan et al. reported
that Tualang honey resulted in 95% growth inhibition at a concentration of 22.5% [81].
Manuka honey had antibacterial properties at 30 v/v% as 91.4 ± 0.069% of the bacteria cell
population were found dead after incubation; this finding is similar to what has previously
been reported in the literature [81].

The MIC results further corroborated these findings. For S. epidermidis, the MIC was
30 v/v% and 20 v/v% with Black Forest honeydew honey and manuka honey, respectively.
There was no difference between the MIC results and the flow cytometry results which
showed a nearly 100% proportion of dead cells. For E. coli, the MIC was 45 v/v% and
40 v/v% for Black Forest honeydew honey and manuka honey, respectively. The MIC
results were higher than the highest concentration tested using flow cytometry. At a
concentration of 30 v/v%, more than 10% of the cell population survived; therefore, it was
expected the MIC values would be higher than 30 v/v%.

The differences in antibacterial activity between the two types of honey tested are
thought to be the result of differences in their chemical composition. As reported in this
study, manuka honey has a slightly higher concentration of gluconic acid, when compared
to Black Forest honeydew honey. Additionally, although the antibacterial activity of honey
is generally multifaceted, the antibacterial activity of Black Forest honeydew honey is
primarily caused by hydrogen peroxide, polyphenolic compounds and the interaction
between the two [46]. In honey, hydrogen peroxide is produced by the glucose-oxidase-
mediated conversion of glucose to gluconic acid under aerobic conditions [82]. Therefore,
the high concentration of glucose oxidase in Black Forest honeydew honey plays an impor-
tant role in the generation of hydrogen peroxide and its antibacterial activity [46,83]. In
addition, the polyphenolic compounds in Black Forest honeydew honey act as pro-oxidants
when in the presence of transition metal ions and peroxides. The polyphenolic compounds
work in two ways to accelerate antibacterial activity: (i) by directly producing hydrogen
peroxide; and (ii) by reducing iron, which triggers the Fenton reaction to create more potent
reactive oxygen species, such as hydroxyl radicals. It has also been shown that the chemical
interaction of honey polyphenols with hydrogen peroxide results in the generation of
products responsible for the degradation of bacterial DNA [84,85]. The synergistic effect of
polyphenols and hydrogen oxide has been shown to be more effective against bacteria than
hydrogen peroxide alone and can induce oxidative stress-related responses in bacteria [86].

Whilst hydrogen peroxide and polyphenolic compounds were the major factors in-
volved in the bactericidal activity of Black Forest honeydew honey, these factors are present
in relatively low concentrations in manuka honey. Methylglyoxal is thought to play a major
role in the antibacterial activity of manuka honey. Manuka honey contains a hundred-fold
higher concertation of methylglyoxal when compared to conventional honeys [87–89].
Methylglyoxal is formed non-enzymatically by the conversion of nectar-derived dihydrox-
yacetone, which is present at exceptionally high concentrations in the nectar of manuka
trees [88,89]. Methylglyoxal is a reactive metabolite that can exert toxic effects by inhibiting
protein and DNA synthesis by reacting with guanine residues in RNA/DNA and its pre-
cursors [90–92]. A plethora of previous literature reports have demonstrated methylglyoxal
to be the sole antibacterial agent in manuka honey [87,89,93].

Overall, both honeys were more potent towards Gram-positive S. epidermidis than
Gram-negative E. coli. The difference in potency is attributed to the difference in cell wall
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structure. Though Gram-positive bacteria have a thicker multi-layered cell wall, they have
no outer membrane and lipopolysaccharide content, making them more vulnerable to
antimicrobial agents. The one-way ANOVA showed an overall significant difference for
all treatments. The p-value (1.1102 × 10–16) corresponding to the F-statistic of one-way
ANOVA was lower than 0.01, suggesting that one or more treatments were significantly
different. The post hoc Tukey HSD results showed that all treatments, when compared
to the control, were statistically significant (Tukey HSD p-value = 0.001 and Tukey HSD
inference = p < 0.01).

3.3. Honey Composite Fibrous Meshes

Solution rheology and other solution characteristics can often explain and determine
the formation of fibres and their consequential structure. Table 3 displays the viscosity
measurements of the created polymer solutions together with the surface tension. These
numbers are important in differentiating the different solution concentration uptakes, but
also in indicating how their rheology will affect the manipulation of the fluid within the
gyration vessel.

Table 3. Viscosity and surface tension of the studied polymer solutions and manuka honey. In all
cases, the PCL solution consisted of a 15% (w/v) concentration. The solution represents the ratio of
honey to PCL solution.

Solution Viscosity (mPa s) Surface Tension (mN m−1)

100% Virgin PCL 7638 ± 128 33.1 ± 1.1

15% Virgin PCL 7638 ± 128 33.1 ± 1.1

10% Honey/PCL 44,091 ± 56 33.6 ± 1.1

20% Honey/PCL 49,265 ± 89 34.4 ± 1.2

30% Honey/PCL 54,096 ± 69 35.1 ± 0.8

100% Manukora Manuka Honey >60,000 32.5 ± 1.6

Honey is known to be one of the most viscous naturally occurring edible products [94].
In this study, honey composite fibres were made by combining 15% PCL polymer solutions
with manuka honey and, thus, were high in viscosity. Virgin PCL had the lowest viscosity
at 7638 mPa.S. With the addition of 10% v/v manuka honey, the viscosity increased over
five-fold from the virgin PCL value to 44,091 mPa s; the increase in viscosity is ascribed to
the requirement of a higher shear force at a given shear rate, as in gyratory deformation.
The manuka honey used in these experiments fell above the range of the equipment
used; therefore, it is understood that the viscosity was over 60,000 mPa s. In the cases
shown above, all the composite solutions displayed extremely high levels of viscosity,
with such solution behaviour not having been previously explored in a gyration-based
manufacturing process.

The surface tension of a polymer solution plays a pivotal role in polymer jet formation
for electrically and centrifugally based fibre-forming techniques; this polymer jet subse-
quently dries to give rise to fibrous structures [95,96]. Table 1 shows the recorded surface
tension values for the adopted solutions. It was found that the surface tension of both
the PCL and manuka honey solutions were very closely matched. This explains the small
deviation in number for the composite solutions; all solutions possessed a very similar
value for surface tension. From these measured values, we can conclude that the centrifugal
force from the rotation-pressurised gyration vessel could readily overcome the interfacial
surface tension of all the tested solutions and that the viscosity of the solutions plays a
key role in fibre production and the resulting morphology and structure that is typically
seen [1,2].
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The solutions were spun with the gyration setup and their morphology was analysed
using SEM. The micrographs of all the produced and tested samples are presented in
Figure 5.
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Figure 5. Scanning Electron Microscope Image of Fibres Produced. (A) Virgin PCL fibres, (B) 10%
honey-composite fibres, (C) 20% honey-composite fibres, (D) 30% honey-composite fibres. High mag-
nification images of (E) virgin PCL fibres, (F) 10% honey-composite fibres, (G) 20% honey-composite
fibres, (H) 30% honey-composite fibres, along with corresponding fibre diameter distribution his-
tograms (I–L).

The respective polymer solutions were used to spin the fibres; the fibre-forming
process utilised here, like electrospinning and other techniques, relies heavily on solvent
evaporation [97]. The resulting fibres differed in morphology due to many features of the
original solution, such as solvent volatility, viscosity, polymer chain entanglement and
surface tension [98–101]. The micrographs of the mentioned samples are presented in
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Figure 5. The average fibre diameter for the virgin PCL fibres was 7.5 ± 2.4 µm; these fibre
diameters coincide with typical values from PCL-based fibres at molecular weights of over
60,000 mn [102]. Due to the high viscosity of the PCL solution and the high molecular
weight (80,000 mn), the polymer solution had a high degree of polymer chain entanglement
which led to relatively thick fibres being produced. As reported by Croisier et al. the
Young’s moduli of the PCL fibrous scaffolds was 3.8 ± 0.8 MPa [103]. The average diameter
for the 10% honey composite fibres was 437 ± 21 nm. This steep and sudden drop in fibre
diameter does not coincide with normal trends observed, where an increase in polymer
viscosity leads to thicker formed fibres [104]. It is not fully understood what caused the
large reduction in fibre diameter; however, very high viscosity solutions differ in rheology
to lower solutions. It is assumed that the thick solution reduced the orifice aperture of the
gyration pot and subsequently caused thinner fibres to extrude from the reduced orifice.

The average diameter for the 20% honey composite fibres was 543 ± 374 nm. It is
evident that the change from 10–20% w/w honey caused a noticeable increase in the fibre
diameter. This was expected as the honey concentration is increased and, thus, the fibres
contain more of the thick and viscous medium. The average diameter for the 30% honey
composite fibres was 815 ± 98 nm; again, the increase in honey content and the viscosity
of the solution resulted in another sizable increase in fibre thickness. These fibres were,
however, still very thin and, thus, can afford a very high surface-area-to-volume ratio
which is highly suitable for a wide range of biomedical applications [105]. In a wound
environment, thinner fibres can more closely resemble the surrounding extracellular matrix
and provide a suitable niche for fibroblasts and other pivotal cells involved in the wound
response [106–109]. At 30 v/v%, there is a trade-off between the fibre diameter and the honey
concentration. For the initial honey antibacterial tests, it was found that 30% manuka honey
killed over 90% of both Gram-positive and Gram-negative bacteria. For these reasons, 30%
manuka-PCL scaffolds were chosen as the optimal antibacterial structures to be tested.

High magnification images of the fibre surface revealed the surface topography of
the scaffolds in more detail. The fibres had nanopores which were visible on their surface.
The presence of nanopores arises from the use of a volatile solvent (chloroform) which
causes condensation through temperature change as it evaporates; these condensation
droplets then dry and, in their place, leave surface pores [110]. The presence of surface
pores confirms the evaporation of chloroform. These pores further increase the available
surface area of the fibres and can even contain pockets of manuka honey that can trap small
microbes and release active ingredients (such as antimicrobial peptides from the honey) as
a function of time.

The structures of the virgin PCL, the manuka honey and the honey-loaded fibres were
analysed using FTIR to confirm the presence and uptake of honey into the fibrous scaffold
(Figure 6). The virgin PCL fibres showed characteristic peaks at 2950 cm−1, 1725 cm−1 and
1165 cm−1. The peak at 2950 cm−1 is linked to asymmetric CH2 stretching, the peak at
1165 cm−1 is related to symmetric COC stretching, and the peak at 1725 cm−1 corresponds
to the carbonyl vibration region of PCL [111,112]. Pure manuka honey shows characteristic
bands at wavelengths of 3240 cm−1, 1645 cm−1 and 1020 cm−1

. The band that peaked at
around 3240 cm−1 is likely to belong to the O-H stretching group of the honey; this peak can
cover a broader range than the others because of the intramolecular bond type [113,114]. At
a wavelength of 1645 cm−1, the peak probably corresponds to a carbonyl bond group from
the honey, while the peak at 1020 cm−1 is likely to correlate to the C-O and C-O stretching
vibrations of honey [115]. The absorbance profiles of all the honey-loaded fibres were
similar, so only 30% manuka fibre profiles are shown in the spectrum. It can be seen that, by
overlaying the spectrum of the manuka fibres, there is an overlap of the prominent peaks
at around 3220–3360 cm−1 between the manuka honey and the honey fibres. This peak is
due to the O-H bonds in the manuka honey and appears only in the presence of honey in
this spectrum, confirming the uptake of manuka honey in the PCL fibres. Additionally, the
two PCL-containing samples showed a characteristic band at 2950 cm−1, confirming the
presence of CH2 stretching that is typically found in the polymer. The honey fibres and the
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pure manuka honey profiles overlap at wavenumbers of around 1055 cm−1, confirming the
presence of honey in the fibres.
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Specific peaks associated with manuka honey and with PCL are highlighted using arrows in the
composite fibres.

As manuka honey was found to have the strongest antibacterial properties in this
study, it was incorporated into the polymeric fibres at a concentration of 30% v/v. Composite
fibres with 30% honey had the largest diameter, but were also the most uniform of the
fibres tested. There was a tight distribution of the fibre diameter, which can be beneficial in
producing bandage-like structures to ensure that the final product meets strict conditions
in the manufacturing process.

During the fibre production process, 4 mL of honey-PCL solution took 10 s to process
into fibres. During this time, an average of 0.4 g was produced in each run. As this process
relies on solvent manipulation, yield loss is mostly attributed to solvent evaporation.
Theoretically, and based on the current results, if the production technique was scaled up
and run continuously, it would be capable of outputting over 8.6 kg/hour of nanofibres
with the same small 60 mm gyration vessel; this value is much larger than that for a single
setup of any electrospinning device [116]. As the gyration setup also takes very little floor
space, the yield can be improved by increasing the number of gyration pots and the volume
of the polymer solution. In contrast to electrospinning, multiple gyration setups can be
in operation simultaneously, as electrical interference between neighbouring pots is not a
concern [117].
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3.4. Antibacterial Studies of Honey Composite Fibres

The antibacterial activity of the 30 v/v% manuka honey composite fibres were tested
against S. epidermidis and is shown in Figure 7. The honey-PCL meshes were effective
against Gram-positive S. epidermidis compared with the negative control (which did not
show any antibacterial activity, p = 0.0041). The scaffolds were able to reduce the bac-
terial concentration by 93.2 ± 0.1%. This high bacterial reduction highlights the strong
antibacterial activity of the composite fibres at only 30 v/v%. PCL has not been previously
documented as possessing antibacterial capability and showed no sign of bacterial reduc-
tion, as was expected. The antibacterial activity of the honey-PCL meshes was similar to
what has been observed with silver-impregnated wound dressings, where microbial reduc-
tions of >90% after 24 h have been reported [118]. The fibres tested were spun at 36,000 rpm
with a flow pressure of 0.1 MPa and were able to carry the honey whilst retaining a high
level of antibacterial activity, which was not lost in the solution-making process. Though
the manuka honey composite fibres were effective against E. coli, the antibacterial efficacy
was lower compared to pure honey. While the same proportion of manuka honey was
used, some of the manuka honey may have been entrapped inside the fibre and, therefore,
not exposed on the fibre surface. This would have affected the antimicrobial activity as
the microbial cells are inevitably exposed to a lower concentration of honey. The one-way
ANOVA on the manuka-PCL composite fibrous meshes against E. coli, showed that all
concentrations, excluding the 10 v/v% honey-PCL meshes, were significantly different (F
statistic = 117.39 and p-value = 5.9358 × 10–7). The one-way ANOVA on the manuka-PCL
composite fibrous meshes against S. epidermidis was considered significantly significant as
the p-value (1.2929 × 10–11) corresponding to the F-statistic (1758.4367) was lower than 0.05.
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Figure 7. Antibacterial activity of 10, 20 and 30% manuka-PCL composite fibrous meshes compared
to the negative control of virgin PCL fibres; antibacterial effectiveness is expressed as the percentage
bacterial reduction. The post hoc Tukey HSD results of the treatments compared to the control are
shown on the graph as p values of < 0.05 (*) and <0.001 (***).

S. epidermidis infections are becoming increasingly prevalent in hospital environ-
ments, partly due to the high density of immunocompromised patients [119]. Although
not typically pathogenic, S. epidermidis represents a concern due to its tendency to form
biofilms [120]. Moreover S. epidermidis can function as a gene reservoir, which allows genes
to be transferred to Staphylococcus aureus which can lead to the enhancement of its antibiotic
resistance [121]. As S. epidermidis is part of the skin microbiome, the honey-composite
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fibrous meshes provide a protective layer by means of the fibrous scaffold; the honey
comes in contact with the bacterial niche and can significantly reduce the population. The
antimicrobial effect against the Gram-negative E. coli was less pronounced, likely due to
the difference in the cell wall structure, as discussed above.

As described before, the mechanism of manuka honeys’ anti-bacterial action is thought
to involve a combination of acidic pH regulation and osmotic effects on bacterial cells [34]. As
a wound-healing additive, honey is also thought to possess anti-inflammatory ability, which
allows for cleaner healing and has been shown to stimulate immune responses [122]. Cells
integral to the wound-healing process, such as tumour necrosis factor-alpha, interleukin-1beta
and interleukin-6, have been shown in in vitro studies using manuka honey to be re-
leased at increased levels, which may account for the improved healing observed [106,123].
Figure 8 shows a schematic illustration of the antimicrobial mechanism of the prepared
honey/PCL fibres.
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and motility.

Bee Defensins:
Bee defensins disrupt membrane 
permeability in mycelia fungi and yeast, 
protozoa, mites, viruses and bacteria.

Polyphenolic Compounds:
Inhibits DNA gyrase.

Methylglyoxal:
Alters structure of fimbriae and flagella 
which limits bacterial adherence and 
motility. It also promotes fibrosis. 

Polyphenolic Compounds:
Induces topoisomerase IV mediated 
DNA cleavage.

Hydrogen Peroxide :
Activates macrophages and vascular 
endothelial growth factor, encouraging 
fibroblast proliferation and angiogenesis 
and prevents ammonia produced by 
microorganisms to harm body tissue. Acidity: 

Decreases protease activity, thus 
contributing to debridement action and 
ultimately promotes wound healing.Non-Peroxide Activity and Antioxidants:

Honey components interact with the 
nucleophilic centre's of macromolecules, 
such as DNA. They also interfere with cell 
regulation.

Increased Lymphocytic and Phagocytic Action:
Honey stimulates B- and T-lymphocytes, and activates neutrophils’ phagocytosis in cell   
cultures. It also encourages monocytes to secrete cytokines, tumour necrosis factor-α, 
interleukin-1 (IL-1) and IL-6,which activate the immune response to infection.

Honey/PCL Fibrous Bandage

Bacteria

Skin Wound

Figure 8. Antimicrobial mechanisms of Honey/PCL bandages during wound healing.

In fibre form, honey is significantly easier to store, package and apply evenly to
a wound. The PCL fibres in these composites allow for the even distribution of honey
within the fibre surface and the polymer matrix. As a biodegradable material, PCL can
degrade as a function of time, releasing honey over long periods of time, resulting in the
need for fewer bandage applications and reducing the risk of trauma from the removal
process. In addition, the honey in the fibres can draw wound exudate to the fibres through
osmosis, thus keeping the wound dry. Furthermore, the fibres produced here demonstrate
sub-micrometre thickness, providing a large surface area for cell attachment during the
wound-healing process. It has been reported that the application of honey over a wound
often causes a stinging pain to the patient; however, by incorporating honey into a fibrous
scaffold, the honey content is vastly reduced, whilst retaining a high kill rate, and, therefore,
may help to mitigate the pain. Cytotoxicity of the prepared fibres is of no concern as both
honey and PCL are routinely used in the medical field as topical treatments [124,125].

4. Conclusions

In this study, Black Forest honeydew honey and manuka honey UMF 20+ were
demonstrated to have enormous potential as antibacterial agents. Both honeys exhibited
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strong antibacterial properties against S. epidermidis, with a cell death rate of >90% post
incubation being observed. When considering E. coli, manuka honey UMF 20+ performed
better than Black Forest honeydew honey, with a maximum microbial reduction of 91.4%
being achieved. This was probably due to a higher concertation of gluconic acid in its
composition. Novel composite manuka honey-PCL fibrous meshes were successfully
prepared by pressurised gyration. SEM images showed the fibres to be uniform, with
fibre diameters ranging from 437 to 815 nm. The antibacterial properties of the prepared
composite fibres were tested against common skin-related hospital-acquired bacterial
strains. It was observed that the 30% composite fibres reduced the bacterial concentration
by over 93%. The composite scaffolds were produced by a highly scalable manufacturing
technology with high production ability, which should be capable of producing fibres at a
rate of over 8 kg/h with a single setup. We have demonstrated a successful route to the
mass production of honey fibrous meshes which can be incorporated in bandages. These
have the benefit of high antibacterial activity with the advantages of low honey usage and
high surface area.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14235155/s1, Figure S1: Black Forest honey samples (trip-
licates): reconstructed ion chromatogram for m/z 219 [M+Na]+; Figure S2: Manuka honey samples
(triplicates): reconstructed ion chromatogram for m/z 219 [M+Na]+; Figure S3: A calibration curve of
diluted gluconic acid standard (0, 1, 5, 10, 15, 20 mg/L).
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