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Abstract

Soft-tissue invasive fungal infections are increasingly recognized as significant entities
directly contributing to morbidity and mortality. They complicate clinical care, requir-
ing aggressive surgical debridement and systemic antifungal therapy. To evaluate new
topical approaches to therapy, we examined the antifungal activity and cytotoxicity of
Manuka Honey (MH) and polyhexamethylene biguanide (PHMB). The activities of mul-
tiple concentrations of MH (40%, 60%, 80%) and PHMB (0.01%, 0.04%, 0.1%) against
13 clinical mould isolates were evaluated using a time-kill assay between 5 min and
24 h. Concentrations were selected to represent current clinical use. Cell viability was
examined in parallel for human epidermal keratinocytes, dermal fibroblasts and os-
teoblasts, allowing determination of the 50% viability (LD50) concentration. Antifungal
activity of both agents correlated more closely with exposure time than concentration.
Exophiala and Fusarium growth was completely suppressed at 5 min for all PHMB con-
centrations, and at 12 and 6 h, respectively, for all MH concentrations. Only Lichtheimia
had persistent growth to both agents at 24 h. Viability assays displayed concentration-
and time-dependent toxicity for PHMB. For MH, exposure time predicted cytotoxicity
only when all cell types were analyzed in aggregate. This study demonstrates that MH
and PHMB possess primarily time-dependent antifungal activity, but also exert in vitro
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toxicity on human cells which may limit clinical use. Further research is needed to de-
termine ideal treatment strategies to optimize antifungal activity against moulds while
limiting cytotoxicity against host tissues in vivo.

Key words: Topical, polyhexanide, polyhexamethylene biguanide, manuka honey, cytotoxicity, Mucorales.

Introduction

Soft-tissue invasive fungal infections (IFIs) occurring after
combat-related wounds, in patients who are immunosup-
pressed, and as sequelae of natural disasters are increas-
ingly recognized as significant complications with direct
contribution to morbidity and mortality.1–5 Infections as-
sociated with Mucorales, Aspergillus, and Fusarium species
have been attributed a mortality rate as high as 25–38%.6

While the mainstay of therapy remains aggressive surgical
debridement, this is not always feasible due to occurrence in
remote areas, during a natural disaster where infrastructure
is destroyed, or when a qualified surgeon is not immedi-
ately available. Additionally, achieving surgical control of
the infection may require highly morbid limb amputations.
Systemic antifungals are used adjunctively in an effort to
stem the extent of infection, although clinical data prov-
ing efficacy for these infrequent infections are lacking. Sys-
temic antifungals also have significant potential toxicities
and drug interactions that limit their use.7 Recent reports
of soft-tissue IFIs, and recognition of the therapeutic lim-
itations of systemic antifungal agents, has prompted us to
investigate topical therapeutic agents that can be safely ap-
plied to open wounds. Previous studies investigating this
approach have shown a potential for antifungal activity,
but with some evidence of cytotoxicity.8,9 Topical antifun-
gal agents which are safe and effective could be a useful
adjunct to systemic antifungals and surgery to further re-
duce morbidity and mortality from these infections.

Honey has been used in wound care for centuries but fell
out of favor after the advent of typical antimicrobials.10,11

In recent years, the development of extensive antimicrobial
resistance has led to a resurgence of research into alter-
native potential therapies, including a reassessment of ap-
plications for honey.12,13 Proposed mechanisms of action,
which are not completely understood, include osmotic ef-
fect, hydrogen peroxide content, acidity, and potential im-
munomodulatory effect.14–21 Honey has antibacterial prop-
erties against antibiotic-resistant bacteria, as well as several
fungi including Candida spp. and Aspergillus spp.12,13,22–34

Potential concerns for the topical use of honey on wounds
include the introduction of spores or bacterial contami-
nants, and the standardization of antibacterial activity in
each batch.22,26,35–37 To mitigate these concerns, the com-
mercial marketplace has produced a standardized, FDA-

approved formulation of honey (known as Manuka Honey
[MH]), sterilized with gamma irradiation, which has been
incorporated into various commercially available wound
dressings.

Polyhexamethylene biguanide (PHMB) is a composite
mixture of cationic polyamines commonly employed in
contact lens antiseptic solutions, cosmetic preservatives,
and swimming pool sanitizers since the 1950s. Biguanides
such as PHMB intercalate into bacterial cell membranes
and increase cell permeability, leading to eventual loss
of membrane function and cell death.38 In vitro stud-
ies have demonstrated activity of PHMB against Es-
cherichia coli, Staphylococcus aureus, Fusarium solani,
Acanthamoeba sp., Listeria monocytogenes, Aspergillus
flavus, Pseudomonas aeruginosa and Proteus vulgaris.39–45

PHMB has been used clinically for the treatment of amoe-
bic keratitis.46 Against filamentous fungi, PHMB has pre-
viously only been tested in strains recovered from ocular
infections and domestic pets.47–53 In addition to its use
in cosmetics and ocular products, several FDA-approved
wound cleansing products are currently marketed featuring
PHMB as the primary active ingredient. Given the severe
morbidity associated with soft-tissue IFI, the consequences
and constraints of currently available conventional thera-
pies, and availability of several FDA approved compounds
for topical use, we examined the antifungal activity PHMB
and MH against a panel of moulds isolated from clinical
soft-tissue invasive fungal infections occurring in our facil-
ity. In addition, we conducted in vitro cytotoxicity testing
against human cell types representing severe deep wounds
(i.e., traumatic amputation) to gauge the potential suitabil-
ity of these compounds for use in open wounds.

Materials and methods

Thirteen clinical mould isolates from the San Antonio Mil-
itary Medical Center (SAMMC) Infectious Disease Molec-
ular Epidemiology repository were selected for use in this
study.8,54 All clinical isolates were collected from patients
during the course of patient care. Individual strains were
identified by mould morphology, phenotypic character-
istics, and DNA sequence analysis, in accordance with
published morphology guides and experience-based opti-
mal laboratory practice at the Fungus Testing Laboratory,
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University of Texas Health Sciences Center, San Antonio,
Texas, USA.55–57 Once identified, they were stored in the
strain repository for future research. All mould isolates were
separately stored at −80◦C in tryptic soy broth with 15%
glycerol. The mould isolates included one Lichtheimia sp.,
three Aspergillus flavus, one Aspergillus fumigatus, one As-
pergillus terreus, two Mucor circinelloides, one Fusarium
oxysporum, one Exophiala sp., one Apophysomyces sp.,
and two Actinomucor elegans.

Fungal time-kill assay

A time-kill assay was performed to determine the antifungal
activity of MH (Links Medical Products, Inc, Irvine, CA)
and PHMB (BOC Sciences, Creative Dynamics Inc., Shirley,
NY).8,54 Three different concentrations of MH (40%, 60%,
80%) and PHMB (0.01%, 0.04%, 0.1%) were tested, along
with water as a control. Concentrations of MH were chosen
based on previous studies documenting minimum inhibitory
concentrations of honey, as well as cytotoxicity.7,24

Concentrations of PHMB were selected to represent
clinically available wound irrigation and cleansing prod-
ucts, or a ten-fold dilution thereof (0.01%) representing a
lower boundary against which to compare potential toxic-
ity. The mould isolates were grown on potato agar slants
(Remel, Lenexa, KS) at 35◦C for 7 to 10 days. Standard
conidia/hyphae suspensions of 5 × 104 CFU/ml were pre-
pared according to the Clinical and Laboratory Standards
Institute (CLSI) guidelines54 and aliquots of the suspensions
were exposed to the different topical solutions and dilutions
for 24 h. At different time points (0, 5 min, 15 min, 30 min,
1 h, 1.5 h, 3 h, 6 h, 12 h, and 24 h) aliquots of 100-fold
dilutions were plated onto potato flake agar plates. The
predetermined time increments were selected based on rec-
ommendations for use of commercially available medical
grade honey products. The plates were incubated at 35◦C
and colony counts determined after incubation for 24 h, or
as appropriate for slow growing moulds (2–3 days until ap-
pearance of countable colonies). The assay was performed
in duplicate.

Cell toxicity assay

Human dermal keratinocytes (HEK-001; ATCC CRL 2404;
American Tissue Type Collection, Manassas, VA) were
grown in keratinocyte serum-free medium (GIBCO, Grand
Island, NY) with 5 ng/ml human recombinant Epidermal
Growth Factor and 2 mM L-Glutamine. Human dermal
fibroblasts and osteoblasts (PromoCell, Heidelberg, Ger-
many) were grown in Dulbecco modified Eagle medium
supplemented with 10% fetal bovine serum, 10 U/ml peni-

cillin, and 10 μg/ml streptomycin. All cell lines were grown
and maintained at 37◦C in 5% carbon dioxide. The toxi-
city of MH and PHMB to the various cell lines was eval-
uated by performing cellular viability assays as previously
described.8,54 In brief, confluent monolayers of cells seeded
into 96-well plates were exposed to the same concentrations
utilized for the time-kill assays for 5 min, 15 min, 30 min,
1 h, 1.5 h, 3 h, 6 h, and 24 h. Following exposure, the cells
were washed and resuspended in phosphate buffered saline,
pH 7.4 (PBS, Sigma-Aldrich, St. Louis, MO, USA). Cell via-
bility following exposure was evaluated using the CellTiter
Fluor assay (Promega, Madison, WI) as recommended by
the manufacturer. As a negative control, sterile PBS was
used. Cell viability was reported as a percentage compared
to the control group. Experiments were performed in trip-
licate.

Statistical methods

To determine whether time or concentration best predicted
toxicity to human or fungal cells, multiple linear regression
was performed using the generalized linear model to fit
time, concentration and viability data to the exponential
distribution using the reciprocal link function. From the
resulting model, the time to 50% viability (i.e., the LD50)
was determined. Medians and 25–75% interquartile ranges
(IQR) were determined. JMP version 9.0.0 (SAS Institute
Inc., Cary, NC) was used for all statistical calculations, and
median-IQR plots were generated using GraphPad Prism
(GraphPad Software Inc., San Diego, CA), version 5.01.

Results

Fungal time-kill assay

The time-kill assay results differed based on the fungal iso-
late, exposure time, and topical concentration. Visual in-
spection of time-kill assays (Figures 1, 2) demonstrated the
predominantly time-dependent antifungal activity of both
agents. The majority of isolates tested displayed a reduction
in CFUs after the 3-hour time point. Only the Exophiala
sp. and Fusarium oxysporum isolates displayed a substan-
tial reduction in CFUs prior to the 3-hour time point. In
these latter isolates, all concentrations of PHMB were able
to completely suppress CFU growth by the 5-minute time
point. Similar reductions in CFU by MH were not observed
until the 3-hour and 6-hour time point for Fusarium oxys-
porum and Exophiala sp. respectively. Apophysomyces dis-
played only a 2-log reduction for both agents, except for
60% MH, for which a 5-log reduction was observed. In
this case, CFUs were not substantially decreased until the
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Figure 1. Time-kill curves for fungal clinical isolates following exposures to polyhexamethylene biguanide (0.01%, 0.04% and 0.1%) from 5 min to
24 h. Reported values are the mean of two independent assays and are reported as the log reduction of treatment groups relative to a nontreated
control group, water. Circles: 0.01% PHMB; squares 0.04% PHMB; triangles 0.1% PHMB.
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Figure 2. Time-kill curves for fungal clinical isolates following exposures to Manuka honey (40%, 60%, and 80%) from 5 min to 24 h. Reported values
are the mean of two independent assays and are reported as the log reduction of treatment groups relative to a nontreated control group, water.
Circles: 40% MH; squares 60% MH; triangles 80% MH.



Yabes et al. 339

final 24-hour time point. We observed significant differ-
ences in the antifungal potency of the topical agents tested
in this study. The Aspergillus isolates displayed greater sus-
ceptibility to MH than PHMB. A. flavus isolates 2 and 3
displayed a ≥ 3-log reduction when exposed to 60% and
80% MH. A. flavus isolate 1 and A. terreus displayed a ≥
3-log reduction when exposed to 80% MH. For all the A.
flavus and A. terreus isolates, 40% MH performed compa-
rably to PHMB, with less than 1-log reduction at 24 hours.
Conversely, the Mucor circinelloides isolate 2 appeared to
be more susceptible to PHMB at 24 hours but relatively
resistant to MH. All concentrations of MH resulted in a 2-
log reduction at the 24-hour time point, whereas all PHMB
concentrations demonstrated antifungal activity as early as
6 hours. M. circinelloides was completely suppressed by 24
hours at all concentrations of PHMB, whereas MH was
only able to achieve a 1-log reduction against this mould at
24 hours. The concentration of the topicals was especially
important against the two Actinomucor elegans isolates.
For both isolates, exposure to each topical agent resulted
in a 4-log reduction in growth. However, the lower con-
centrations of PHMB were particularly active against the
isolates. A. elegans isolate 2 was reduced by 5-log units at
3 hours by the 0.01% and 0.04% PHMB concentrations.
Paradoxically, only a 1-log reduction was observed with the
0.1% PHMB, and no decrease was observed at 3 hours for
any concentration of MH. MH did exert fungicidal activity
at 12 hours for the 80% concentration, and at 24 hours for
the 40% and 60% concentrations. Lichtheimia proved to
be the least susceptible of the fungal isolates to PHMB and
MH, demonstrating persistent growth without a single log
reduction across a 24-hour exposure.

Cell toxicity assay

For MH, viability assays did not demonstrate a statistically
significant dependency on concentration or exposure time
when cell lines were considered monotypically (e.g., only
keratinocytes). However, when the cell lines were consid-
ered in aggregate, time emerged as a statistically signifi-
cant predictor of toxicity in the multivariate analysis (Fig-
ure 3). For PHMB, cell viability assays for cell lines con-
sidered individually, and in aggregate, demonstrated both
concentration- and time-dependent cytotoxicity. An excep-
tion was fibroblasts, for which only time was a statistically
significant predictor of cytotoxicity (Table 1).

Discussion

Soft-tissue invasive fungal infections following traumatic
injuries can greatly complicate the clinical course, requir-

ing aggressive surgical debridement and systemic antifungal
therapy. Due to the invasive nature and associated mor-
tality of IFIs, aggressive surgical debridement remains the
mainstay of therapy and can require highly morbid am-
putations such as hip disarticulation for lower extremity
wound infections. In light of the unsatisfactory status of cur-
rently available therapies, the aim of this study was to eval-
uate two clinically available, FDA-approved compounds,
PHMB and MH, as potential adjuvant topical therapies,
with the aim of decreasing the need for systemic antifun-
gals and serial surgical debridement. We found that PHMB
and MB were active, albeit to varying degrees, against a
wide variety of mould isolates. The mechanism of action
by which MH exerts its antimicrobial effects remains an
area of active study. However, research completed to date
may help inform the slower onset of action. Kwakman et al.
investigated the antibacterial properties of individual con-
stituents of MH, noting that MH had a higher concentra-
tion of methylglyoxal (MGO), which is slowly bactericidal.
This was postulated to also be an underlying reason for
the slower bactericidal activity of MH against Methicillin-
resistant Staphylococcus aureus (MRSA).14 They also found
that MH had lower concentrations of hydrogen peroxide
and bee defensin-1, both of which were found to have
faster rates of bactericidal activity in other monofloral
honeys tested. It is possible that the antimicrobial proper-
ties of MH responsible for its activity against MRSA are
likewise contributing to the antifungal activity observed
in this study. If the time-kill assays were extended for a
longer duration, perhaps a greater reduction in fungal iso-
lates would be observed. This latency prior to the onset
of antimicrobial activity may, in the 24-hour time peri-
ods examined in this study, have resulted in our observa-
tion of predominantly time-dependent antifungal activity
for MH.

In this study, fungicidal activity was observed at all
three concentrations of PHMB. The growth of approx-
imately half of the fungal isolates investigated was re-
duced by > 2-log CFUs after exposure to PHMB, and
the rate of kill was not further increased in proportion to
the PHMB concentration. This is not unexpected, given
its current use as an antiseptic in contact lens solutions
to prevent fungal growth leading to ocular infection.50

PHMB was most potent against the Fusarium and Ex-
ophiala isolates but had minimal activity against A. flavus
and A. terreus isolates. This is consistent with the role of
A. flavus as a cause of ocular fungal infection. As we did
not demonstrate concentration-dependent fungicidal activ-
ity, further research is needed for additional fungal charac-
teristics that may serve as indicators of clinical susceptibility
to PHMB.
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Figure 3. Median lethal dose 50 (LD50, solid lines) and 25–75% interquartile ranges (dotted lines) for human cell lines following exposure to various
concentrations of PHMB and MH (top graphs) and over time (bottom graphs) in vitro. Multiple linear regression analysis was used to determine
whether topical concentration or exposure time best predicted loss of cell viability in the three human cell lines. Note: Solid lines within each graph
depict the mean with dotted lines above and below representing one standard deviation from the mean.

Table 1. Cell viability of fibroblasts, keratinocytes and osteoblasts exposed to varying concentrations of Manuka honey (MH)

and polyhexamethylene biguanide (PHMB).

Fibroblasts Keratinocytes Osteoblasts

0.5 h 3 h 6 h 24 h 0.5 h 3 h 6 h 24 h 0.5 h 3 h 6 h 24 h

MH 40% 98 70 65 50 87 71 64 51 82 62 66 31
60% 96 74 59 46 76 74 59 43 77 51 45 28
80% 81 71 41 25 68 43 37 27 70 44 30 12

PHMB 0.01% 99 66 33 28 83 69 56 39 88 35 25 18
0.04% 62 46 30 25 62 44 36 27 59 36 38 23
0.1% 43 15 6 9 44 14 5 8 24 4 5 5

Note: Data are presented as percent viability relative to negative control (saline).
Abbreviations: MH, Manuka honey; PHMB, polyhexamethylene biguanide.

Toxic cellular effects of the agents that could potentially
limit clinical use were evaluated with cellular toxicity as-
says. When all three human cell lines were examined in
aggregate, MH was found to have time-dependent cellu-
lar toxicity at later time points. The underlying cause for
this is unclear. While this may reflect the greater statistical
power achieved by more observations, this may also reflect
the osmotic effect of honey, which is known to be part
of its antibacterial properties.15,17,58 This has previously

been noted as the primary means of bactericidal activity for
honey against Helicobacter pylori.58 While our study found
that MH was toxic to human cells, studies exposing human
tissue explants to MH suggest epidermal cytocompatibility,
with modest early stimulation of epidermal keratinocytes
and fibroblasts compared to control.59 Similarly, honey-
impregnated dressings were best suited to healing partial
thickness burns 4 to 5 days faster than conventional dress-
ings.36 Use of medical grade honey to accelerate healing for
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chronic venous stasis wounds and pressure ulcers was not
supported.36

On the basis of cellular viability assays, we found PHMB
tested at or below concentrations currently used in hu-
man wound care to be toxic to cultured human cells, in
a time-dependent and concentration-dependent manner.
These findings contrast with previous studies examining
PHMB cellular toxicity.39–44 In one study in which PHMB
was applied to murine fibroblasts and E. coli, antibacterial
effects exceeded cytotoxic effects.39 A caveat to this study
is that the cell cultures were only exposed to PHMB long
enough for bacterial counts to undergo a 3-log reduction.
However, studies using PHMB as a component of wound
dressings39 found that the dressings maintained antimicro-
bial efficacy without damaging viable tissue. Notably, the
extent to which in vitro cytotoxicity testing of cultured cells
(which lack a basement membrane or higher tissue archi-
tecture) accurately predicts in vivo human tissue toxicity
is unclear. The use of PHMB in ophthalmologic medicine
further suggests a degree of clinical safety.46

Despite evidence of cytotoxicity in cultured cells, there
may still be a role for the use of MH and PHMB. Buffered
sodium hypochlorite (Dakin’s solution) has also displayed
toxicity in studies using cultured human cells. A study by
Kozol et al. in 1988 evaluated the effect of Dakin’s solution
on neutrophil migration in fibroblasts and endothelial cells
in a rabbit model to serve as a surrogate marker of cellular
viability. They also evaluated direct cellular toxicity using
electron microscopy and tryptan blue.60 In their study, all
concentrations of Dakin’s solution were cytotoxic, despite
being lower than currently used in clinical practice. Simi-
larly, cellular toxicity was found on exposure of human ker-
atinocytes to Dakin’s solution, as evidenced by decreased
uptake of neutral red dye. Decreased uptake of neutral red
was interpreted as a loss of cellular integrity, as it was only
taken up into the lysosomes of intact cells.61 A study by
Homeyer et al. likewise displayed toxicity of both Dakin’s
solution as well as Melaleuca alternifolia (tea tree) oil when
exposed to human cell cultures at concentrations currently
employed in clinical use.9 It is important to note that both
MH and PHMB displayed overall greater activity against
fungal growth than did M. alternifolia oil when exposed
to similar filamentous fungi. Thus, despite multiple stud-
ies providing evidence of cellular damage of components of
cells important to wound healing, Dakin’s solution contin-
ues to be used as a topical adjunct in clinical practice. Its use
has been credited with decreased use of systemic antibiotics,
decrease in overall microbial burden and practical applica-
tion to wounds not otherwise amenable to dressings.62

Future studies should examine the safety of PHMB and
MH at lower concentrations. Repeating the study with

lower concentrations of MH may potentially decrease tox-
icity to human cell lines, while allowing for the investiga-
tion of fungistatic properties of the agent. PHMB displayed
a concentration-dependent cell toxicity and a binary, “all-
or-nothing” antifungal effect. Against more susceptible iso-
lates, PHMB was uniformly fungicidal, while having little
activity against less susceptible isolates. Testing at lower
concentrations than used here could better define concen-
trations which optimize antifungal activity and host cellular
cytotoxicity. In addition, potential fungistatic properties in-
herent to the agent may be revealed at lower concentrations.
Likewise, exposing cell cultures to both PHMB and MH,
either simultaneously or in succession, may better define the
tolerability of human cells to these agents and better charac-
terize their potential clinical efficacy. Medical grade honey
has been shown to be effective against multiple bacterial
biofilms as well as Candida biofilms. To our knowledge no
research has been conducted on the efficacy of honey on
biofilms of filamentous fungi. Further investigation of these
properties may be of clinical benefit.63,64

Limitations of our study included the utilization of only
one type of medical grade honey. Previous studies have
found that different commercially available and widely
used medical grade honeys possess different mechanisms
of action for achieving bacterial eradication.14 However,
we opted to utilize the only FDA-approved medical grade
honey that could therefore easily be implemented in clini-
cal care. A practical limitation of the study was evaluating
the effects of MH and PHMB on single strains of the fun-
gal species. Not testing all known fungal strains allows for
a limited understanding of the agent’s antifungal efficacy.
Different isolates of the same species could potentially pos-
sess different sensitivity profiles against MH and PHMB.
Attempts to minimize this effect were made with the testing
of multiple strains of A. flavus, Actinomucor sp. and Mu-
cor sp. However, among those fungal species with multiple
strains, all strains behaved similarly when tested. Additional
limitations included the use of cell cultures rather than live
tissue for the toxicity assays, as previously mentioned.

In conclusion, we evaluated the antifungal activity of
two agents proposed for adjunctive topical therapy for
soft tissue invasive fungal infections: Manuka Honey and
polyhexamethylene biguanide. We exposed a variety of
filamentous fungi to these agents, finding variable ac-
tivity. We also observed significant cytotoxicity of these
agents to cultured human cell lines. Toxicity was predom-
inantly time-dependent for MH, and both time-dependent
and concentration-dependent for PHMB. Whether cellular
toxicity at the concentrations tested and longer exposure
times limits clinical benefit remains unknown. The use of
these agents with similar concentrations in commercially
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available products supports the hypothesis that clinical use
would not result in cell toxicity. Topical application of one
or both agents on traumatic wounds and surgical sites may
still be possible. Further research is needed to evaluate the
cytotoxicity of both agents using a more clinically relevant
system such as ex vivo tissue explants, in vivo animal mod-
els and eventually human trials before widespread clinical
use can be recommended.
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