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Sweet and sour synergy: exploring the antibacterial and
antibiofilm activity of acetic acid and vinegar combined with
medical-grade honeys
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Abstract

Oxymel, a combination of honey and vinegar, has been used as a remedy for wounds and infections in historical and traditional
medical settings. While honey is now clinically used to treat infected wounds, this use of a complex, raw natural product (NP)
mixture is unusual in modern western medicine. Research into the antimicrobial activity of NPs more usually focuses on finding
a single active compound. The acetic acid in vinegar is known to have antibacterial activity at low concentrations and is in
clinical use to treat burn wound infections. Here, we investigated the potential for synergistic activity of different compounds
present in a complex ingredient used in historical medicine (vinegar) and in an ingredient mixture (oxymel). We conducted a sys-
tematic review to investigate published evidence for antimicrobial effects of vinegars against human pathogenic bacteria and
fungi. No published studies have explicitly compared the activity of vinegar with that of a comparable concentration of acetic
acid. We then characterized selected vinegars by HPLC and assessed the antibacterial and antibiofilm activity of the vinegars
and acetic acid, alone and in combination with medical-grade honeys, against Pseudomonas aeruginosa and Staphylococcus
aureus. We found that some vinegars have antibacterial activity that exceeds that predicted by their acetic acid content alone,
but that this depends on the bacterial species being investigated and the growth conditions (media type, planktonic vs. biofilm).
Pomegranate vinegars may be particularly interesting candidates for further study. We also conclude that there is potential for
acetic acid, and some vinegars, to show synergistic antibiofilm activity with manuka honey.

DATA SUMMARY

Raw quantitative data and R code for analyses are provided in the supplementary data (Document S1).

INTRODUCTION

Vinegar and honey are ubiquitous ingredients in historical and traditional medical remedies across time and cultures up to the
present day [1-5]. One influential medieval text describes honey as having ‘the virtues of both food and medicine; and, citing
Hippocrates and Ibn-Sina, the ability to ‘expel, cleanse, nourish and penetrate’ infection, inflammation and wasting conditions
when mixed with vinegar in a combination known as oxymel or with the addition of water (hydromel) [6]. This medieval example
of oxymel as a foundational mixture for remedies and association with ‘cleaning and healing’ of inflamed or infected tissue is
indebted to a much earlier medical discourse ranging from Ancient Egypt to the authorities of Antiquity (Hippocrates, Galen,
Dioscorides) to the early medieval scholars of Arabic medicine (Ibn-Sina) and similar textual and traditional occurrences along
the global timeline too numerous to list. In our survey of 40 medieval manuscript sources of 418 Latin, Middle English, Old
English and Welsh recipes from the ninth to the 15th centuries, for wounds, skin infections, eye, mouth and throat infections,
and all other external infections, there were 151 mentions of vinegar, honey, oxymel or hydromel. In contrast, another common
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historical ingredient of current interest, garlic, only appears nine times in this dataset (E. Connelly, unpublished results). Many
of these historical uses appear reasonable given current scientific understanding of the antimicrobial activities of both honey and
acetic acid (a key component of vinegar), and the wound healing potential of honey.

The acetic acid in vinegar is known to have antibacterial activity at low concentrations, including the ability to kill Gram-positive
and Gram-negative opportunistic pathogens living as monospecies biofilms [7-13], and a clinical trial is in progress in the UK
to assess the efficacy and optimal dose of acetic acid as a topical treatment for colonized burn wounds [14, 15]. A UK National
Survey of burns units carried out in October 2019 found that approximately one-third of units used acetic acid-soaked dressings
to treat burns infected with Pseduomonas aeruginosa and that a daily dressing of 2.5-3% acetic acid is a well-tolerated treatment
in these patients [16]. Given the presence of many other compounds in vinegar aside from acetic acid, it is possible that some
or all vinegars may contain compounds that could enhance the antimicrobial activity of acetic acid by potentiating its effects on
bacteria, or by contributing additional antimicrobial activity of their own. While modern drug discovery research that focuses on
natural products usually attempts to isolate a single active compound for development into a medicine, it is increasingly recog-
nized that many antimicrobial plant extracts and plant-derived products may owe their activity to combinations of compounds
present within them [17]. The antimicrobial activity of wine, for instance, which like vinegar contains a range of organic acids,
phenolics and alcohol, has been attributed to the combined activity of these different types of compound [13, 18, 19]. Although
some vinegars with an acetic acid content of only 0.1% can inhibit the growth of a range of bacterial species [20, 7, 12], there is
some evidence that the presence of phenolic compounds in fermented vinegars enhance its antimicrobial effect [21]. Further
research is required to establish the role of polyphenolics and other weak organic acids, such as gallic acid, in contributing to the
antimicrobial effect of vinegars, at low concentrations.

Likewise, honey is a complex natural substance that has received extensive research attention for its healing, immunostimulatory
and antimicrobial properties. The rationale for the rediscovery of honey by modern medicine has been extensively reviewed
[22-24], and numerous trials of honey dressings and gels in wound management have been conducted [25-28]. While most
attention has focused on manuka (Leptospermum) honey, various non-manuka honeys, including European honeys, have been
shown to have good antimicrobial activity (e.g. [29-31]). Medical honey and honey-impregnated dressings are a common line
of care for wound management in clinical settings, including treatment for biofilms, critically colonized wounds and infections
with high bacterial levels, chronic ulceration, debridement of dead tissue, malodorous wounds, fungating wounds, burn sites,
skin grafts and surgical wounds [32-34].

There are parallel occurrences of honey in historical textual accounts for perilous, non-healing wounds, and even surgical wounds
with evidence of use as a preventative measure against post-surgical infections or ulceration. Notably, in many instances honey is
combined with vinegar, as the pairwise treatment oxymel, or as a compound with medicinal plants, metals or other ingredients,
in ointments, cleansing washes, plasters and medicated bandages. One Middle English medical recipe collection contains recipes
for making oxymel simple and oxymel compound. Oxymel simple is made of one part honey and two parts vinegar, combined over
heat (fire). Oxymel compound is oxymel simple plus other medicinal ingredients; a common version is squill oxymel, which is
oxymel made with bulbs of the squill, Drimia maritima [35]. A few examples from select later medieval medical and surgical texts
include references to a plaster to prevent the development of an ulcer in a wound [36]; to cleanse wounds of dead tissue [37, 38];
to remove dead tissue and encourage healing in old fistulas (deep-seated ulcer or infection) by applying medicated cloths (tent)
[39]; post-surgical washes after cutting of infected swellings [40]; for all manner of wounds in the head and body [41]; for cankers
(wound, ulcer, abscess, sore, swelling) and festers (fistula or fistulous wound, abscess, boil) [42-46]; mouthwashes for cankers in
the teeth and gums [47-49]; a plaster for an aposteme (inflammation, abscess, swelling) [50]; and an ointment for itching and
pustules in the eyebrows [51]. In these examples, honey and vinegar were prepared in various ratios, with or without heating,
and may be mixed with many other different ingredients, but the big picture of combining them to rinse or dress infected tissues
is the inspiration behind the present focus.

The broad-spectrum antimicrobial activity of vinegar [7] makes it a promising candidate for further research to test potential
synergistic interactions with medical-grade honey. Given the lengthy historical tradition, current clinical uses and research outputs
for honey and vinegar as single ingredients, and low-cost availability, it is surprising that oxymel has not been well studied. Our
previous research to detect communities of ingredients in a network of the recipes in one medieval text showed the existence of a
hierarchical structure within the recipes. This resulted in the identification of four core individual ingredients, including honey and
vinegar. The results of our pilot experimental data suggest that combinations of honey and vinegar, along with other ingredients,
‘may be worth investigation for their ability to potentiate each other’s antibacterial effects in biofilm models of infection, where
the combinatorial activity of agents is more likely to enhance the killing of bacteria with enhanced tolerance’ [52].

We therefore wished to test two hypotheses. First, that all or some vinegars may have antibacterial activity exceeding that of an
equivalent concentration of pure acetic acid. Second, that combining either pure acetic acid or vinegar with honey may lead
to the identification of a synergistic ability to kill pathogenic bacteria grown as biofilms. We conducted a systematic review of
the antimicrobial properties of vinegars. We searched for published evidence that included quantitative data on the antimicro-
bial effect of vinegars against common human bacterial and fungal pathogens and/or against the bacterium Bacillus subtilis
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(because this species is often used as a model Gram-positive organism). Quality screening of articles showed reporting of data
to be highly variable in quality. We did not find strong evidence to conclude that the antimicrobial activity of vinegar varies by
botanical origin or that the activity of vinegar is entirely due to acetic acid content. We then selected seven types of vinegar,
commercially produced from a range of starting materials used to make fermented vinegars, for analysis by reversed-phase HPLC.
We then assessed the antibacterial and antibiofilm activity of these vinegars using P. aeruginosa and Staphylococcus aureus as
example Gram-negative and Gram-positive bacterial pathogens, respectively. Our experimental results show the potential for
some vinegars to have antibacterial activity that exceeds that predicted by their acetic acid content alone, but that this depends
on the bacterial species being investigated and the growth conditions (media type, planktonic vs. biofilm). Furthermore, there
is a potential for acetic acid, and some vinegars, to show synergistic antibiofilm effects with manuka honey. These preliminary
results will be enhanced by future testing to better understand synergistic implications and applications, including potential
development of improved, advanced wound dressings.

METHODS
Systematic review

Searches for primary research assessing the antimicrobial nature of vinegar were conducted on 17-20 November 2021 using
PubMed, Scopus, Web of Science and the Cochrane database of clinical trials. The Boolean search term (‘Vinegar’ AND (‘Antimi-
crobial’ OR ‘Antibacterial’ OR ‘Antifungal’)) was used to search document title abstract and keyword (for Scopus, Web of Science
and Cochrane database of clinical trials). Document title and abstract were searched in PubMed, as it does not allow the targeted
searching of keywords. Searches were restricted to exclude reviews (systematic and conference) and editorials, and to include
papers of any age or language. Outputs from searches were inputted into one .csv file. Duplicates were then removed manually
by using the ‘sort’ function in Microsoft Excel for author, title and DOL.

Abstracts were then read and screened for the presence of primary quantitative data regarding the effects of whole fermented
vinegar or acetic acid as an antimicrobial, against human pathogenic bacteria, fungi and B. subtilis. Several papers that
investigated ‘wood vinegar, which is pyroligneous acid produced by distillation of plant biomass, were excluded at this
stage. Although wood vinegar does contain acetic acid, it is a qualitatively different product from the fermented, edible
vinegars used in historical and traditional medicine. Further reasons for exclusion at this stage included articles that were
non-empirical or inaccessible (due to language or paywall barriers). As only one author assessed each study, 5% of abstracts
were re-scored by the same author 4 weeks after the initial screening to assess the consistency of the application of inclusion
and exclusion criteria.

Full-text articles of included records were assessed for eligibility. Articles for which the full text was inaccessible due to language,
i.e. not written in or translated to English, or paywalled were excluded at this stage (following the request for alternative versions
from the authors and translation by our colleagues where possible). Studies that assessed only acetic acid were also excluded.
Papers eligible for inclusion were those that contained either MIC or zone of inhibition (ZOI) data testing the antimicrobial
nature of vinegar against human bacterial or fungal pathogens and B. subtilis. Data extracted from eligible papers included vinegar
type, test microbe (and details of the strain or isolate), assay method and details of the method (growth medium, temperature
and agar thickness for ZOI data), reference to diagnostic guidelines, location of data within the article, units, variance/standard
deviation, details of positive and negative controls used, and number of replicates conducted. The extracted data were used to
select MIC/ZOI data of sufficient quality (containing an appropriate experimental design, negative control and number of repeats
for the technique) for further analysis.

The systematic review identified only one previous paper which considered honey and vinegar as a combination against bacteria
[53]. The author assayed various honey-vinegar solutions and determined that the combination provides a superior killing effect
on select pathogenic bacteria than vinegar alone. However, because this paper did not include a honey-only treatment, it could
not assess whether the combinations of vinegar and honey showed additive or synergistic antibacterial effects. To determine if
other papers which assessed combinations of honey and vinegar had been missed by our systematic review, an unrestricted search
of PubMed, Cochrane Library, Web of Science and Scopus for oxymel or oximel was conducted on 13 January 2023. The term
oximel returned no results, while the term oxymel revealed a few studies combining oxymel with various medicinal plants for
obesity-associated inflammation, cardiovascular risk factors and insulin resistance [54], and the traditional/historical mixture,
squill oxymel (Drimia maritima) for asthma [55], fatty liver [56] and chronic obstructive pulmonary disease (COPD) [57], but
no antimicrobial investigations.

Two authors repeated the search on 13 (Scopus, PubMed, Cochrane) and 19 (Web of Science) January 2023. The search was date
restricted to capture new publications from the search conducted in November 2021 to the present (January 2023).

We did not conduct a systematic review for the activity of honey as its antimicrobial activity and clinical utility are well established.
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Table 1. Properties of vinegars and acetic acid

Vinegar type Code Brand Notes Manufacturer's stated  Acetic acid %, pH
acidity, % by HPLC
Apple cider vinegar ACV Aspall's Organic, unpasteurised, 5 5.05 3.34
unfiltered
Date vinegar DV Elit - 4-5 5.13 2.85
Grape vinegar GV Elit - 4-5 3.22 2.94
Initial vinegar Mead vinegar MV Artisan Vinegar From wildflower Not provided 5.23 2.8
panel for MICs Company mead, unpasteurised,
unfiltered
Pomegranate vinegar PV1 RAW Organic, unpasteurised, Not provided 7.71 2.95
unfiltered
Red wine vinegar RWV1 Aspall's Organic 6 5.92 3.19
White wine vinegar WwvV Aspall's Organic, unpasteurised 6 5.04 3.1
Pomegranate vinegar PV2 Sun and Seed Organic, from wild 6 2.4 2.87
Replicate pomegranates
vinegars
Red wine vinegar RWV2 Marks and Spencer - 5 83 2.68
6% acetic - - - N/A 6 321
acid (Fisher
Scientific)

Bacterial strains and culture conditions

P aeruginosa PA14 and S. aureus Newman were used for all experimental work. These species were selected as they are common
wound pathogens; we chose to work with commonly studied lab isolates which have been whole-genome sequenced and used
in a large number of published studies of antibiotics and novel antibacterial agents. All incubation steps were in air, without
shaking, unless specified otherwise. Lysogeny broth (LB) agar (Fisher Scientific) was used for all plating steps, and agar plates
were incubated overnight at 37 °C to allow colony growth. MIC assays were conducted in both cation-adjusted Mueller-Hinton
broth (caMHB; Sigma Aldrich) and synthetic wound fluid (SWEF). SWEF comprised 50% (v/v) peptone water (Sigma Aldrich)
and 50% (v/v) FBS (Gibco), following the recipe of Werthén et al. [56]. Synthetic wounds were prepared following the method of
Werthén et al. Briefly, synthetic wound solution was created on ice and comprised 2 mg ml™ collagen Type 1 (Corning), 0.01% (v/v)
acetic acid, 60% (v/v) SWF and 10 mM sodium hydroxide. Then, 200 pl of synthetic wound solution was added to the wells of a
48-well plate and placed under short-wave UV light for 10 min to sterilize each wound. Wounds were then incubated at 37°C
for 50-60min to catalyse full polymerization of the collagen matrix. Wounds were inoculated as follows. Colonies of bacteria
from an overnight LB agar plate were added to 5ml SWF and incubated with shaking for 6h at 37°C. These starter cultures were
diluted to an OD_ of 0.05-0.1 and 50 ul of the dilute inoculum was pipetted onto each prepared wound. Biofilms were grown
for 24 h at 37°C. Micrographs demonstrating the ability of P. aeruginosa and S. aureus to form biofilms using this methodology
have been published elsewhere [58, 59]

Vinegar

Commercially produced vinegars were purchased as detailed in Table 1. The pH of an aliquot of each vinegar was measured
using an ETT 8100 pH meter (Electronic Temperature Instruments). All vinegars were stored in their original bottles in darkness
at room temperature.

Honey

Two commercially available medical-grade honey preparations were used, MediHoney (product #31805 80% Leptospermum
honey wound and burn dressing; Dermasciences) and Revamil (100% honey gel for wound treatment; Oswell Penda). Both of
these brands appear on the British National Formulary section on wound management, which lists medicines that may be used
by the UK National Health Service [32]. Both honeys were stored in their original packaging at room temperature, following
the manufacturers’ recommendations.
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Analysis of vinegars by HPLC

Reversed-phase HPLC was completed on an Agilent 1260 infinity II preparative HPLC system; this comprised a 600 bar quaternary
pump, dual-loop autosampler, eight-channel UV-based diode array detector (DAD), measuring from 190 to 400 nm, and running
OpenLab CDS software (version 2.6). Separation was achieved with an Agilent Infinity Lab Poroshell 120 EC-C18 (4.6x150 mm,
2.5 um particle size) column. First, an undiluted aliquot of each vinegar was analysed to capture a chromatographic ‘fingerprint’
of each vinegar, over a 31 min period, at wavelengths of 210, 260 and 280 nm. A scan was run, and several chromatographic peaks
were observed with their peak absorbance near to 260 and/or 280 nm. The method used gradient-grade acetonitrile (ACN; VWR
International) and 18.2 MQ resistivity ultra-pure water (produced from triple-red ultrapure water system) with a starting mix of
5% ACN to 95% water. For 10 min a gradient of 5-25% ACN in water was run through the column, after which the concentration
gradient was increased from 25 to 95% and run for a further 21 min; both of these steps were run at a flow rate of 0.9 ml min™" at
~240bar. An injection volume of 30 pl was used, and separation and detection were conducted at 25 °C. Next, the vinegars were
diluted 1:6 in sterile water (Hyclone WFI quality) and triplicate aliquots of each diluted vinegar were run through the HPLC
device using the same mobile phase and just the first 10 min of the above method. The acetic acid concentration was quantified
in these aliquots. This dilution factor was chosen because it allowed pure acetic acid at concentrations typical of those found in
commercial vinegars to be accurately quantified (i.e. the UV signal was not saturated). The reduction in time to 10 min was made
because no peaks were observed after 10 min in the original 31 min HPLC run. The injection volume used was 25 pl, and the
column temperature was at ~25 °C. This method was also used to analyse a calibration series of 3, 2, 1.5, 1, 0.75, 0.5, 0.38, 0.25,
0.19 and 0.125% (v/v) pure acetic acid (Fisher Scientific) solutions diluted in distilled water (Hyclone WFI quality; Cytiva). A
retention time of approximately 2.6 min was associated with acetic acid in standard solutions. A calibration curve was created using
peak area (mAU?) at 210 nm and the calibration equation calculated using OpenLab CDS Data Analysis software (version 2.6).

MIC assays

MIC assays were conducted following CLSI (Clinical and Laboratory Standards Institute) guidelines. To do this, 50 ul of each
vinegar, or a 6% (v/v) acetic acid solution, was two-fold serially diluted from 100- to 0.098% (v/v) in either caMHB or SWE, in
duplicate, in a 96-well microtitre plate (Corning Costar). Five to ten colonies of either P. aeruginosa or S. aureus were selected
from overnight LB agar plates and resuspended in either caMHB or SWF to a 0.5 McFarland standard (OD_, of ~0.08-0.1).
The bacterial inoculum was then diluted in the same growth medium to a bacterial density of ~5x10° c.f.u. ml™* and 50 pl of this
dilution was added to all test wells. Antibiotic-free media+bacteria wells, and sterile media wells, were used as growth controls and
sterility controls, respectively. The bacterial inoculum was serially diluted in PBS and plated on LB agar to confirm the bacterial
density in the inoculum. The 96-well plates were incubated at 37 °C for 18 h, and then bacterial growth in each well was visually
assessed. The lowest concentration of vinegar or acetic acid with no visible bacterial growth was recorded as the MIC. Minimum
bactericidal concentrations (MBCs) were determined by spotting 5 ul from each well of the plate used to determine MICs onto
an LB agar plate and incubating overnight at 37 °C (in air). The lowest treatment concentration with no visible bacterial growth
was recorded as the MBC.

Biofilm killing assays in an in vitro synthetic wound model

Limitations on time and resources restricted the number of vinegars that we could feasibly test in biofilm models. Based on the
MIC results, we selected RWV (as an example of the group of vinegars with very similar HPLC profiles) and PV (which had a
very different HPLC profile from the other vinegars) for investigation of biofilm-killing ability in an in vitro model of a soft tissue
wound. To assess the dose response of biofilms to selected vinegars or acetic acid, synthetic wound biofilms of either P. aeruginosa
or S. aureus were prepared as above in Bacterial Strains and Culture Conditions, and then treated topically with different doses of
either water, pure acetic acid, RWV1, RWV2, PV1 or PV2 by pipetting 100 ul of the test substance onto the top of the wound (see
Table 1 for key to vinegar types). Doses were tested in triplicate for each species. RWV1, PV1 and acetic acid, plus water controls,
were tested in one experiment. RWV2 and PV2, plus water controls, were tested in a second experiment; the work was divided into
two experiments due to the labour-intensive nature of working with the wound model. After 24 h of exposure to the treatments,
the collagen in the wounds was digested to release bacteria by adding 300 ul of 0.5 mg ml™* collagenase type 1 (EMD Millipore)
and incubating for 1 h at 37°C. Digested wounds were mixed by pipetting, serially diluted in PBS and plated on LB agar. The
number of viable bacteria in each biofilm was estimated using colony counts. To assess the combined effects of selected vinegars
or acetic acid+medical-grade honey on biofilms, synthetic wound biofilms of either P. aeruginosa or S. aureus were prepared as
above, and then treated topically with either water; RWV1, PV1, RWV2, PV2 or acetic acid at concentrations corresponding to
0.5% acetic acid; 30% (w/v) MediHoney 80% gel; 30% (w/v) Revamil 100% honey gel; or each honey gel combined with each
vinegar/acetic acid. In all cases, the total treatment volume was 100 yl, the final concentration of acetic acid was 0.5% and the
final concentration of honey gel was 30%. RWV1, PV1 and acetic acid, plus water controls, were tested in one experiment; RWV2
and PV2, plus water controls, were tested in a second experiment. Each treatment was added to triplicate wounds containing
P. aeruginosa and triplicate wounds containing S. aureus. Treated biofilms were incubated at 37 °C for 24 h, and then wounds were
enzymatically digested, diluted and plated, as in the dose-response experiment. The two synergy experiments were replicated
using fresh starter cultures of each bacterjum.
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Statistical analyses

For the vinegar or acetic acid dose-response experiment, c.f.u. data were recorded and analysed in R 4.0.4 [60] by using the
package drc [61] to fit a dose-response curve for each treatment and calculate the EC, . For the synergy experiment, c.f.u. data were
recorded and analysed in R 4.0.4. Data were log-transformed to meet the assumptions of general linear modelling and analysed
using ANOVA to test for effects of starter culture used, acid treatment, honey treatment and acid treatmentxhoney treatment.
For the dataset testing RWV2 and PV2 and their combinations with honey against P aeruginosa biofilms, one data point was
lost and the car package [62] was used to conduct the ANOVA using Type II sums of squares to account for non-orthogonality.
Planned contrasts using t-tests were used to make post-hoc comparisons between the c.f.u. in each treated biofilm and the relevant
water-treated control. A significant acid treatmentxhoney interaction term in the ANOVA was taken as evidence that synergy
could exist between at least one acid treatment and one type of medical-grade honey. We used both the Response Additivity and
the Bliss Independence models [63] as null hypotheses for additive interactions between acetic acid or vinegar and medical-grade
honey, for reasons explained in the main text. The R package Ismeans [64] was used to extract fitted means and 95% confidence
intervals for c.f.u. observed in combination treatments, and this was compared with the expected mean c.f.u. under the null
hypotheses of Bliss Independence as explained in the main text. Graphs were drawn using DataGraph 5.0 (Visual Data Tools).

RESULTS
A systematic review of published evidence for antimicrobial activity of vinegars

A systematic review was conducted in November 2021 and repeated in January 2023 to analyse the evidence for differences in anti-
microbial properties across vinegar types, and to assess the physiochemical properties that may affect their potency. We searched
for papers that included quantitative data on the antimicrobial effect of fermented vinegars against common human bacterial and
fungal pathogens and/or against the bacterium B. subtilis. As of this date, there were no reviews compiling quantitative evidence.

Full-text articles, as identified following the process outlined in Fig. 1 [65], were sorted by quantification method, and papers
measuring the MIC (n=28) or ZOI (using either disc- or well-diffusion techniques, n=49) of vinegars were identified and assessed
for key quality parameters. The full list of papers, and summary information, is provided in Table S1, available in the online version
of this article. Many papers reporting MIC data of vinegars contained unclear experimental protocols, failing to explicitly state
media used, growth conditions and/or method of MIC determination (i.e. agar dilution or microdilution). Three papers used a
non-standard agar dilution method as opposed to microdilution. A number of different media were used during microdilution
assays (including MHB, as endorsed by the CLSI guidelines, tryptic soy and brain heart infusion broths), which are likely to
cause some variability in MIC values obtained [66]. Reporting of quality parameters, such as number of replicates used, and the
presence of appropriate positive and negative controls was poor in the MIC dataset, with only five papers in total containing at
least two repeats and a negative, untreated, control (i.e. cultures were treated with sterile distilled water).

Studies using a well-diffusion methodology also lacked sufficient experimental detail. Only three studies employing a well-
diffusion technique reported agar depth, and a number of these also lacked sufficient replication and/or details of a negative
control. The data are therefore incomparable and were excluded from further analysis. In comparison, studies using the disc
diffusion method were overall well standardized, with growth medium, disc size and growth temperature being recorded in
the majority of cases. However, the lack of reporting for key details such as number of replicates and the presence of a negative
control was still problematic in the disc diffusion dataset. Overall, six papers were deemed eligible for full-text analysis and were
included in the systematic review.

Table S2 contains data extracted from 11 papers included for further analysis with MIC or ZOI data [67-77]. These included
tests of four Gram-negative bacterial species (Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and Salmonella
enterica); four Gram-positive bacterial species (Bacillus subtilis, Listeria monocytogenes, Staphylococcus aureus, Streptococcus
mutans and Streptococcus pyogenes); five named fungal species (Aspergillus sp., Candida albicans, Candida tropicalis, Curvularia
sp., Lichtheimia sp.) and an unspecified yeast isolate.

The studies in this review assessed a large range of commercially and traditionally produced vinegars from diverse botanical
origins: blueberry, apple, rice, balsamic, red wine, white wine, rose, grape, pomegranate, date, garlic, quince, peach, pineapple,
cornelian cherry, purple onion, grape+lavender honey, apple+lavender honey, gilaburu (Viburnum opulus), Eucommia ulmoides
leaves, Physalis pubescens and Hylocereus monacanthus. Studies in this review attributed the antimicrobial activity of vinegars to
the presence of acetic acid [70, 74, 75], but also suggest that polyphenolic compounds and the presence of other organic acids may
play a role in antimicrobial activity [68-70, 74]. We cannot conclude from the published literature whether the activity of vinegar
is entirely due to its acetic acid content or if whole vinegar is more or less effective than its acetic acid content, i.e. whether other
compounds in vinegar potentiate or antagonize the activity of acetic acid. This is because none of the included studies quantified
acetic acid in the vinegars used and compared their activity to an equivalent concentration of pure acetic acid. However, the vinegar
MICs reported by Kara et al. [76] are very low in equivalent percentage acetic acid, often lower than what is typically reported for
pure acetic acid (Table S3). Further, their principal component analysis of vinegar activity and composition showed that MIC does
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Fig. 1. PRISMA diagram showing steps in the systematic review of research articles testing the antimicrobial activity of vinegar. See reference [65] for
Preferred Reporting ltems for Systematic reviews and Meta-Analyses (PRISMA) guidelines.

not necessarily correlate with acetic acid content. Due to the variation in methodologies used in the studies included for analysis,
it is also challenging to produce meaningful comparisons across studies or to conclude if the antimicrobial activity of vinegar
varies significantly by botanical origin. In our previously published assessment of the antimicrobial properties of stinging nettle
(Urtica spp.) preparations, it was noted that some preparations called for combining nettles with vinegar. Pilot experiments were
therefore conducted to assess the MICs and MBCs of several types of commercial vinegars to see if they varied across brands.
Red wine vinegar, white wine vinegar and cider vinegar all had low MICs/MBCs for the test species, and these were comparable
between species and with MIC/MBC of 6% acetic acid, although the cider vinegar showed some variability in MIC/MBC between
replicates [77]. However, a more rigorous laboratory assessment of the activity of different vinegars is clearly needed.

Characterization of selected vinegars by HPLC

We selected seven types of vinegar, commercially produced from a range of starting materials, for investigation. These are
summarized in Table 1 and were chosen based on the probable fruits and fruit-based alcoholic beverages used to produce
fermented vinegars around the Mediterranean, in Europe and in the Middle East throughout history. Vinegars in our initial
panel for MIC testing were analysed by reversed-phase HPLC (RP-HPLC). We first obtained chromatograms of undiluted
vinegar samples to visualize the chromatographic ‘fingerprint’ of the different vinegars, and thenceforth worked with vinegars
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Response (MAU @ 210 nm)

Retention time

Fig. 2. Reversed-phase HPLC chromatograms of diluted vinegar samples at 210 nm. Representative chromatograms from triplicate aliquots of selected
vinegars; see Table 1 for further details of vinegars tested and Figs S1-S3 for individual chromatograms of aliquots read at 210, 260 and 280nm. The
peak corresponding to acetic acid is marked with a star (see Fig. S4). Retention times are in minutes.

diluted to bring the expected acetic acid concentration into a range quantifiable using HPLC. Representative chromatograms
from triplicate aliquots of each vinegar at 210 nm are shown in Fig. 2; triplicate chromatograms for each vinegar are provided
in Fig. S1 and similar chromatograms were obtained at 260 and 280 nm (Figs S2 and S3). As can be seen in Fig. 2, all vinegars
had a clear peak at approx. 2.6 min, which was confirmed to be acetic acid by testing against an external acetic acid standard
(Fig. S4). Other peaks at approx. 1-3 min are likely to represent other weak organic acids, while peaks at later times are likely
to be polyphenols and other less polar molecules. With the exception of pomegranate vinegar, the samples had very few
peaks after approx. 4 min, and the non-pomegranate vinegars had qualitatively similar chromatograms. The chromatogram
for pomegranate vinegar was much more complex, with multiple, often not clearly resolved, peaks running at times later
than 4 min. We attempted to use external standards for a selection of expected compounds to identify some of these peaks
but, as is often the case with complex mixtures of natural products, we could not unambiguously identify any other peaks
in the vinegars. We used an acetic acid calibration series at 210 nm to quantify the acetic acid concentration in the samples.
As shown in Table 1, the acetic acid concentration of the vinegars in the initial panel ranged from 3.22% (grape vinegar) to
7.71% (pomegranate vinegar). Fig. S4 shows chromatograms from example diluted aliquots of each vinegar used for acetic
acid quantification, and a reference standard of acetic acid.

An assessment of the antibacterial activity of different vinegars using P. aeruginosa and S. aureus as example
Gram-negative and Gram-positive bacterial pathogens

We conducted MIC testing by broth microdilution for the initial vinegar panel and pure acetic acid against P. aeruginosa
PA14 and S. aureus Newman in caMHB following CLSI guidelines [78]. In parallel, we ran the MIC tests in SWF [58], which
provides a more in vivo-like model of wound exudate than caMHB. This is important because the environment in which
bacteria grow can affect both the activity of antimicrobials (e.g. if they bind serum, which is present in wound exudate and
in SWF) and the susceptibility of bacteria to antimicrobials (due to physiological changes in gene expression which alter
antibiotic targets, metabolism or efflux). MICs can thus be very different in standard media and in an infected host, and
using host-mimicking medium can help to close the gap between in vitro estimates of susceptibility and in vivo susceptibility
[65]. We chose SWEF as a host-mimicking medium due to the prevalent historical use of vinegar and honey in treatments
for wounds and other skin and soft tissue infections. The MICs, initially expressed as a percentage (v/v) of vinegar (Table
S4), were converted to an equivalent percentage acetic acid using the data in Table 1, and the results are presented in Fig. 3.
Using this adjustment, MICs which are below the MIC of pure acetic acid reflect the vinegar being more antibacterial than
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Fig. 3. MICs of selected vinegars and acetic acid. MIC tests were conducted against P aeruginosa PA14 and S. aureus Newman using a broth microdilution
method according to EUCAST guidelines. The assay was repeated in cation-adjusted Muller-Hinton broth (caMHB, left) and synthetic wound fluid (SWF,
right).

expected if acetic acid is the only explanation for their activity, i.e. additional antibacterial molecules and/or molecules which
potentiate the activity of acetic acid are present in the vinegar. Conversely, MICs which are above the MIC of pure acetic acid
suggest that the vinegar contains molecules which antagonize the activity of acetic acid.

As shown in Fig. 3, in caMHB, most vinegars were about as effective as an equivalent concentration of pure acetic acid against
S. aureus; the exception was mead vinegar, which was considerably more active than pure acetic acid. However, most of the
vinegars were slightly more effective than pure acetic acid against P. aeruginosa in caMHB, with the exception of apple cider
vinegar, which had very similar activity to that of pure acetic acid. Conducting the MIC assay in SWF had little effect on
the activity of vinegars against P. aeruginosa, except that date vinegar became less active than expected from its acetic acid
content. However, for S. aureus, five of the seven vinegars (grape, mead, pomegranate, red wine and white wine vinegars) had
a much lower MIC than pure acetic acid when tested in SWF. The duplicate replicates of all MIC or MBC values obtained
were within one 2-fold dilution. Taken together, these results show that some vinegars contain antibacterial molecules in
addition to acetic acid, and/or molecules that potentiate the activity of acetic acid, depending on the target bacterial species
and the test media.

Activity of acetic acid, red wine vinegars and pomegranate vinegars against biofilms of P. aeruginosa and
S. aureus in a synthetic wound model

We selected two vinegars for further exploration of their activity against biofilms of P. aeruginosa and S. aureus. These were
red wine vinegar (RWV) and pomegranate vinegar (PV). We chose RWV as a representative of the six vinegars with very
similar chromatograms, and because wine was probably a common starting material for vinegar manufacture in different
locations and in different time periods. PV was chosen as its chromatogram was so different from the other vinegars explored,
suggesting that it is a more complex preparation. We purchased additional examples of RWV and PV, from different manu-
facturers, to see if any characteristics of the vinegar types were reproducible when the vinegars were obtained from different
sources. In Table 1, the initial RWV and PV used for MIC testing are denoted RWV1 and PV1, and the new samples are
denoted RWV2 and PV2. HPLC analysis of undiluted RWV2 and PV2 showed that they had similar chromatograms to
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Fig. 4. Chromatograms of example aliquots of different red wine and pomegranate vinegars. Representative chromatograms from triplicate aliquots
of (@) RWV1 and RWV2, and (b) PV1 and PV2; diluted samples at 210 nm. See Figs S5-S7 for individual chromatograms of aliquots read at 210, 260
and 280 nm. Retention times are in minutes.

RWV1 and PV1, respectively (Figs 4, S5, S6 and S7). Like RWV 1, RWV2 contained a relatively high concentration of acetic
acid (RWV1:5.92%; RWV2:8.30%). Interestingly, while PV1 had the second highest concentration of all vinegars tested
(7.71%), PV2 had the lowest (2.4%).

Biofilms of each bacterial species were grown in an SWEF-based soft-tissue wound model [57]. The model comprises SWF
solidified with collagen. Biofilms were allowed to establish in the model for 24 h, and then treated topically with different doses
of water, pure acetic acid, RWV1, RWV2, PV1 or PV2. Doses used were 0.5, 1 and 3% acetic acid or acetic acid equivalent.
After 24 h of exposure to the treatments, biofilms were enzymatically degraded to release bacteria and the numbers of viable
bacteria in each biofilm were estimated using colony counts. Dose-response curves were fitted to the data and are shown
with a linear y-axis scale in Fig. 5. Raw data are provided plotted on a logged y-axis in Fig. S8. EC, values were calculated
for each treatment and are summarized in Table 2. These reveal that RWV1, RWV2 and PV1 are less bactericidal against
biofilms of P. aeruginosa and S. aureus (had higher EC,)) than equivalent doses of pure acetic acid. This contrasts with the
data for MICs in planktonic cultures of the bacteria in SWF, where RWV1 and PV1 were as effective or more effective at
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Fig. 5. Dose-response of mature biofilms to acetic acid, red wine vinegars and pomegranate vinegars. Triplicate synthetic wounds containing mature
biofilms of either P aeruginosa PA14 or S. aureus Newman were topically treated with water, acetic acid at 0.5, 1 or 2%, or RWV1, RWV2, PV1 or PV2
at concentrations containing 0.5, 1 or 2% acetic acid. After 24 h of treatment, wounds were enzymatically digested to release bacteria, serially diluted
and plated out to count colonies. Colony-forming units (c.f.u.) are used to estimate the number of viable bacterial cells in the biofilms. The R package
drc [61] was used to fit dose-response curves for each treatment and the EC, for each treatment is indicated by an arrow on the x-axis. The EC, is
the concentration predicted to cause a half-maximal kill. Circles and solid lines are used for RWV1 and PV1 data; squares and dashed lines are used
for RWV2 and PV2 data. The acetic acid experiment was repeated and data for the two replica experiments are shown with circles+solid lines and
squares+dashed lines. These data are provided on a log-transformed y-axis in Fig. S8; raw data and R code are provided in Document S1.

inhibiting the bacteria than pure acetic acid. PV2, on the other hand, had a much lower EC, than pure acetic acid against
biofilms of both species, reflecting greater biofilm-killing activity.

Synergistic activity of acetic acid and some vinegars with medical-grade honey, against mature biofilms of
P. aeruginosa and S. aureus in a soft-tissue wound model

We next tested the hypothesis that vinegar and honey may show synergistic antibacterial activity. Our systematic review of the
literature did not reveal any published study that tested this hypothesis. We again grew biofilms of either P. aeruginosa or S. aureus
in the synthetic wound model, and aimed to topically treat these with sub-bactericidal concentrations of acetic acid, RWV1,
RWV?2, PV1 or PV2, alone or in combination with a sub-bactericidal dose of medical-grade honey. Based on the data shown in
Figs 5 and S8, we chose 0.5% acetic acid or equivalent concentrations of vinegar. (As PV2 was so active, this dose still caused some
killing, but only enough to cause a 2log, drop in c.f.u.; Fig. $8.) We selected two candidate medical-grade honey ointments: the
manuka honey product MediHoney 80% gel and the non-manuka, peroxide honey product Revamil 100% gel. Pilot experiments
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Table 2. EC, of pure acetic acid, red wine vinegars and pomegranate vinegars against mature biofilms of P. aeruginosa and S. aureus grown in a
synthetic wound model

EC50 (% acetic acid equivalent)
P. aeruginosa S. aureus
Acetic acid (replicate 1) 0.56 0.53
Acetic acid (replicate 2) 0.49 0.33
RWV1 0.79 0.72
RWV2 0.96 0.89
PV1 0.94 0.96
PV2 0.28 0.01

identified a treatment of 30% (w/v) of each honey gel as sub-bactericidal in the biofilm model (data not shown). As shown in
Table S5, the diluted acid and vinegars had very similar pH (2.9-3.2); Revamil diluted in sterile water had a comparable pH (3.2),
while MediHoney diluted in sterile water had a slightly higher pH of 4.1. Acetic acid, RWV1 and PV1 were tested in one set of
experiments; RWV2 and PV2 were tested in a second set. Each individual treatment or combination was tested against three
biofilms of each species; the experiment was then repeated with a fresh starter culture of bacteria to yield six replicates of each
treatment. The results of these experiments are shown in Fig. 6.

Tests for synergy of antibacterial agents usually rely on a checkerboard design, where multiple concentrations of each agent are
tested and fully cross-factored. This allows the MIC or MBC of each agent to be calculated when used alone, and when in combina-
tion with the second agent. Using these data, a fractional inhibitory concentration can be calculated and used to determine if the
agents show additive, synergistic or antagonistic activity. Alternatively, a synergy landscape can be plotted using a statistical model
chosen based on the known mechanisms of action of the agents and regions of concentrations resulting in additive, synergistic
or antagonistic activity can be identified [79, 80]. The scale of a checkerboard-style experiment when working with five types of
acetic acid treatment, two different honeys and a biofilm model is prohibitive, and so we limited ourselves to testing only one
concentration of each agent, which was chosen to be sub-bactericidal or minimally bactericidal based on previous experiments.
We therefore used the following procedure to test for synergy. First, for each species we used ANOVA to test for the effect on
c.f.u. of starter culture, honey treatment (none, Revamil or MediHoney), acid treatment (in experiment 1: none, AA, RWV1 or
PV1;in experiment 2: none, RWV2 or PV2) and acidxhoney. Synergy or antagonism can only be possible if the interaction term
is significant, because a significant interaction means that the effect of the acid treatment depends on the honey treatment, and
vice versa. In the experiments using acetic acid, RWV1 and PV1, the interaction was not significant for P. aeruginosa (Fig. 6a)
but was significant for S. aureus (Fig. 6b). In the experiments using RWV2 and PV2, the interaction was significant for both
P. aeruginosa and S. aureus (Fig. 6¢, d). Thus, we concluded that neither honey was synergistic or antagonistic with acetic acid,
RWV1 or PV1 against biofilms of P. aeruginosa, but that interactions between honey and acetic acid/vinegar should be further
explored in the other data sets.

When testing for synergy between antibacterial agents, various null hypotheses that predict the effect of combination treatment
in the absence of synergy have been proposed [80]. These depend on the mechanisms of action of the two agents being combined.
Acetic acid and other weak acids kill bacteria by crossing the cell membrane, collapsing the proton gradient necessary for ATP
synthesis and acidifying the cytoplasm, leading to denaturation of proteins and DNA (see [7, 81] and references therein). Honeys
similarly have a range of effects on bacteria: all honeys exert some effect via osmotic stress and low pH; peroxide generated by
honeys such as Revamil produce free radicals that damage components of the cell membrane, wall and intracellular targets; and
methylglyoxal present in manuka honeys such as MediHoney can disrupt protein and DNA synthesis, as well as altering cell
membrane permeability and damaging cell surface structures (see [82] and references therein). Thus, acetic acid (or vinegar) and
honey probably attack multiple, partially overlapping sets of cellular targets and do not have identical mechanisms of bactericidal
action.

Different reference models of drug synergy make different assumptions about the test agents’ mechanisms of action and dose-
response curves. Because our test agents have multiple, partially overlapping mechanisms of action, and because the dose-response
relationships in our model has not been fully explored, we assessed their activity using two different synergy models that are
amenable to use for single-dose experiments: the Response Additivity or Linear Interaction Effect, and Bliss Independence
(reviewed by [63]).

Under Response Additivity, the combined effect of non-interacting agents should be the sum of their individual effects: i.e. if A
causes an alog, kill and B causes a blog,  kill, Response Additivity should produce an (a+b)log,  kill [63]. Synergy would produce
a greater than (a+b)log  kill, and antagonism would produce a less than (a+b)log,  kill. We therefore calculated the predicted
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Fig. 6. Effect of treating biofilms with acetic acid or vinegar, alone and in combination with medical-grade honey. Triplicate synthetic wounds containing
mature biofilms of either P aeruginosa PA14 or S. aureus Newman were topically treated with water, 0.5% acetic acid or RWV1, RWV2, PV1 or PV2 at
concentrations containing 0.5% acetic acid, MediHoney 80% gel at 30% (w/v), Revamil 100% gel at 30% (w/v) or combinations of each acid treatment
plus each honey treatment. The experiment was repeated with a further set of triplicate wounds from a fresh starter culture. Circles and squares
denote the replica experiments. After 24 h of treatment, wounds were enzymatically digested to release bacteria, serially diluted and plated out to
count colonies. Colony-forming units (c.f.u.) are used to estimate the number of viable bacterial cells in the biofilms. (a) ANOVA revealed no significant
interaction between acid treatment and honey treatment (acid F. ,.=8.35, P<0.001; honey F_,.=8.18, P<0.001; acidxhoney F ,.=1.46, P=0.213). (b) ANOVA

revealed a significant interaction between acid treatment and hoar':éy treatment (acid F2v35:12848, P<0.001; honey F,,.=21.3, P<66i'001: acidxhoney F, ;.=20.8,
P<0.001). Planned contrasts using t-tests of each treatment versus the water-treated control showed that only PV2, PV2+Revamiland PV2+Medihoney
caused any reduction in c.f.u. compared with the control (P<0.001). (c) ANOVA revealed a significant interaction between acid treatment and honey
treatment (acid £, ,=83.5, P<0.001; honey F, =179, P<0.001; acidxhoney F, ,,=28.2, P<0.001). Planned contrasts using t-tests of each treatment versus
the water-treated control showed that acetic acid, acetic acid+either honey, PV+MediHoney, RWV and RWV+MediHoney caused reductions in c.f.u.
compared with the control (P<0.003). (d) ANOVA revealed a significant interaction between acid treatment and honey treatment (acid F,4=121,P<0.007;
honey F, ,,=5.22, P=0.010; acidxhoney F,,=4.18, P=0.007). Planned contrasts using t-tests of each treatment versus the water-treated control showed
that only PV2, PV2+Revamiland PV2+MediHoney caused reductions in c.f.u. compared with the control (P<0.001). For the data shown in (b)-(d), the
predicted c.f.u. in combination treatments under the assumption of no additive effects of acetic acid/vinegar and honey were calculated as described
in the main text and plotted as horizontal bars. The fitted means and associated 95% confidence intervals for the observed c.f.u. in combination
treatments were calculated using the R package [smeans and added to the plots as small black circles and associated error bars. The predicted mean
c.f.u. for combination treatments under Response Additivity and Bliss Independence are shown as thick horizontal black and grey bars, respectively.
Where the 95% confidence intervals around observed means do not overlap with these predicted values, the observed c.f.u. is significantly different
from that predicted under the respective null model. Raw data and associated R code are provided in Document S1; data were log-transformed prior
to analysis to meet the assumptions of ANOVA and the R package car [62] was used to conduct the ANOVA on the data in (b) because a missing value
led to non-orthogonality.

viable c.f.u. count for each combination treatment under Response Additivity, shown as horizontal black bars on the plots in Fig. 6.
By plotting the 95% confidence interval around the observed mean c.fu. in each combination treatment, we can see whether
the observed c.f.u. is significantly less than or greater than the predicted c.f.u. under Response Additivity. Using this method,
we concluded that PV2 showed synergistic activity with MediHoney and Revamil against P. aeruginosa biofilms; however, the
magnitude of this effect for Revamil was very small and probably not biologically meaningful (Fig. 6c). For S. aureus biofilms,
acetic acid, RWV1, PV1 and PV2 showed synergistic activity with MediHoney, although this effect was very small for PV1. None
of the vinegars, nor acetic acid, showed any meaningful synergy with Revamil against S. aureus (Fig. 6b, d).

Under Bliss Independence, if A and B act independently (additively), and the probability of being a cell being killed (fractional
change in viable cells) by A is p(A) and the probability of being a cell being killed by B is p(B), then independent action results
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in a fractional decrease in viable cells under combination treatment of p(A)+p(B)—[p(A)xp(B)] [60]. This leads to the predicted
mean c.f.u. indicated by the horizontal grey bars in Fig. 6; under the Bliss null model, there is no major change in our conclusions;
the only difference related to the two cases where Response Additivity showed statistically significant but very slight synergy
(PV1+Revamil in Fig. 6¢, PV2+Revamil in Fig. 6d); neither of these combinations was synergistic under Bliss Independence.

In conclusion, our results show the potential for some vinegars to have antibacterial activity that exceeds that predicted by their
acetic acid content alone, but that this depends on the bacterial species being investigated and the growth conditions (media
type, planktonic vs. biofilm). Pomegranate vinegars may be a particularly interesting candidate vinegar for further chemical and
microbiological study. We also conclude that there is a potential for acetic acid, and some vinegars, to show synergistic antibiofilm
effects with manuka honey.

DISCUSSION

In natural product (NP) research, the protocols for examining chemical composition are often based on looking at a single
ingredient, as has been the case with honey and vinegar as individual components, or a single compound purified from a
complex NP. Here our question concerns the potential of synergistic pairing present in a complex ingredient (vinegar) and
an ingredient mixture (oxymel), in which the summed activity of compounds present may be greater than each individual
part [17, 83]. The activity of NPs, and NPs in mixtures, is well understood to be impacted by biological variation present
in plants as well as the physiological state of the microbes they are used against (reviewed by [84]). One systematic review
reported a great degree of variation in values between brands of medical honeys [85]. In the case of medical-grade manuka
honey, calculation of a unique manuka factor (UMF), which is a measure of its anti-staphylococcal activity in vitro and is
well correlated with its total phenolic and methylglyoxal content, is used to overcome product variation [86]. However, in
the case of whole vinegar, aside from acetic acid, specific contributing antimicrobial molecules and their biocidal activity
are largely unknown. Unsurprisingly, previous research has identified that chemical compounds present in vinegar, and the
concentrations at which they are found, vary between batches produced [68]. Acetic acid, for topical medical applications,
has received the most research attention for its evidenced efficacy, and also perhaps due to this challenge in assessing whole
vinegar and variability in physicochemical properties (such as traditionally distilled vinegars versus commercial vinegars, and
the botanical origin of the vinegar) [87]. This added complexity is part of what makes the investigation of NPs more difficult
and time-consuming than purified compounds.

Our systematic review found that the published evidence was insufficient to create comparisons of the antimicrobial activities
of vinegars, or to draw meaningful conclusions about the contribution of compounds other than acetic acid to the antimicrobial
activities of vinegars, due to the variability in methodologies and variation in quality of the studies. Although there is some
evidence that acetic acid has a dose-dependent effect on the antimicrobial activity of vinegars, other molecules present and
interactions between the two have not been fully explored. To address gaps highlighted by the review, we characterized selected
vinegars by HPLC and assessed their antibacterial and antibiofilm activity using P. aeruginosa and S. aureus as example Gram-
negative and Gram-positive bacterial pathogens.

We found that the concentration of acetic acid in a range of commercial vinegars did not explain their MIC in planktonic culture.
Depending on the growth medium used and the target species, many vinegars had a lower MIC than that of an equivalent
concentration of pure acetic acid, suggesting that other compounds present in the vinegars could have potentiating or synergistic
effects on the activity of acetic acid. Further investigation of the biofilm eradication activity of two red wine vinegars and two
pomegranate vinegars in a synthetic wound model concluded that in a biofilm context, the red wine vinegars and one of the
pomegranate vinegars were as effective or slightly less effective than equivalent doses of pure acetic acid, but were still able to
clear biofilms of both bacterial species at low doses. The second pomegranate vinegar had a stronger biofilm eradication ability
than an equivalent concentration of acetic acid. Further work is needed to identify which compounds present in the vinegar are
responsible for lending this additional antibiofilm activity.

We then explored the potential for a combination of medical-grade honey and acetic acid or selected vinegars to show synergistic
biofilm eradication activity in the synthetic wound model. The scale of a checkerboard-style experiment was prohibitive given the
use of a biofilm model, so we instead used single doses of honey or acetic acid/vinegar that caused no or low levels of killing in
the biofilm model. Using the assumption of Response Additivity as a null model, we found that strong synergy existed between
manuka-based MediHoney and three test treatments (acetic acid, one red wine vinegar and one pomegranate vinegar) when used
to treat S. aureus biofilms. When used to treat P. aeruginosa biofilms, only one pomegranate vinegar and the MediHoney showed
strong synergy. None of the vinegars, nor acetic acid, showed any synergy with a peroxide-generating honey preparation under
the Response Additivity model for estimating synergy in single-dose experiments. Using Bliss Independence as a null model for
synergy testing did, however, suggest some synergy between the peroxide-generating Revamil honey and acetic acid or vinegar.

Further work is needed to fully explore the interactions between acetic acid or vinegars, with manuka honey. Ideally, a range of lab
and clinical isolates of S. aureus and P. aeruginosa should be used in checkerboard and time-kill analysis of honey and acetic acid/
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vinegar combinations to provide ‘gold standard’ analysis of their interactions and the potential for synergy at a range of doses [79],
compared with investigations into the mechanisms by which bacteria treated with combined versus individual agents are killed.

Our work confirms earlier suggestions that compounds present in some vinegars may enhance their antibacterial activity above
that provided by acetic acid. To the best of our knowledge, our work also provides the first published study to address whether
combinations of acetic acid or vinegar with honey can have synergistic antibiofilm effects. We demonstrated that acetic acid
can synergize with a manuka-based medical-grade honey preparation in a biofilm eradication assay using either S. aureus or
P, aeruginosa. We also found that one pomegranate vinegar showed synergy with the honey against both study bacteria, and that
one red wine vinegar showed synergy with the honey against S. aureus only.

The results from this preliminary study suggest that future research should concentrate on expanding the investigation of pome-
granate vinegar to assess the spectrum of activity against other pathogenic species not included in the present study, and against
clinical isolates of these species as well as laboratory strains. Fungal pathogens, such as Candida albicans, are also well established
to colonize non-healing wounds, complicating treatment. It is therefore necessary to explore the efficacy of promising ingredient
combinations against both clinical bacterial and fungal isolates. This work would support established applications and other
ongoing investigations of honey and vinegar/acetic acid in a clinical context.

Medical honeys are used clinically not only for their bactericidal effect but their ability to generate an optimal environment within
the wound bed, accelerating healing. Promising observed antibiofilm synergistic activity between manuka-based medical honey
and acetic acid may complement these well-established beneficial properties of honey. The use of in vitro assays in this study does
not facilitate the investigation of the effect of this combination on wound healing beyond antimicrobial or antibiofilm activity.
Future work, therefore, should include tissue culture and/or in vivo assessment of wound healing. Providing that combinations
of manuka honey and acetic acid do not produce adverse effects on tissue healing, a combined wound dressing product could be
a suitable candidate for progression to a Phase I trial to assess superiority to dressings using each agent alone.
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