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ABSTRACT

Background: Peri-implantitis has become an inexorable clinical challenge in implantology.
Topical immunomodulatory epoxy-tiglianes (EBCs), derived from the Queensland blushwood
tree, which induce remodeling and resolve dermal infection via induction of the inflamma-
some and biofilm disruption, may offer a novel therapeutic approach.

Design: In vitro antimicrobial activity of EBC structures (EBC-46, EBC-1013 and EBC-147) against
Streptococcus mutans, Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis in
minimum inhibitory concentration, growth curve and permeabilization assays were determined.
Antibiofilm activity was assessed using minimum biofilm eradication concentration (MBEC) experi-
ments. Biofilm formation and disruption assays were analyzed using confocal laser scanning
microscopy, scanning electron microscopy and direct plate counting.

Results: The observed antimicrobial efficacy of the tested compounds (EBC-1013 > EBC-46 > EBC-
147) was directly related to significant membrane permeabilization and growth inhibition (p < 0.05)
against planktonic S. mutans and P. gingivalis. Antibiofilm activity was evident in MBEC assays, with
S. mutans biofilm formation assays revealing significantly lower biomass volume and increased
DEAD:LIVE cell ratio observed for EBC-1013 (p < 0.05). Furthermore, biofilm disruption assays on
titanium discs induced significant biofilm disruption in S. mutans and P. gingivalis (p < 0.05).
Conclusions: EBC-1013 is a safe, semi-synthetic, compound, demonstrating clear antimicro-
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bial biofilm disruption potential in peri-implantitis.

Introduction

Peri-implantitis is characterized by inflammation in the
peri-implant mucosa and progressive loss of supportive
alveolar bone [1]. An average follow-up of 2 years
demonstrated peri-implantitis affected 21% of all
implants, accounting for 34% of the patients presenting
for treatment [2]. Persisting dental biofilms are the pri-
mary aetiological factor that initiate the development of
the inflammation in peri-implantitis [3], with the hetero-
geneous mixed infection and virulence factors causing
dysbiosis of the resident microflora and disruption of
host-microbe homeostasis [4]. Paradoxically, this induces
innate immune system/inflammasome induction, pro-
moting growth of a pathogenic (inflammophilic) micro-
biota, thereby reducing the effectiveness of inflammation
in microbial clearance [5]. Within peri-implant disease
sites, the role of Gram-negative anaerobes and asacchar-
olytic anaerobic Gram-positive rods has been highlighted
[6,7]. Furthermore, commensal anaerobic microorgan-
isms are known to effectively disrupt the normal wound
repair/remodeling processes of resident cell populations

such as keratinocytes, fibroblasts, and endothelial
cells [8,9].

Treatment for peri-implantitis is based on addres-
sing the microbial aetiology and is strategically orga-
nized to target bacterial plaque accumulation (using
oral health advice to improve self-care) as well as
treatment (professional intervention) of the inflam-
matory lesion [10]. However, the mechanical debri-
dement of the affected implants is considered
ineffective in reducing signs or symptoms of the dis-
ease [10,11]. In consequence, systemic, topical anti-
biotic and antibacterial therapies have been combined
with mechanical debridement to decontaminate the
implant surface, reduce the bacterial load and
decrease local inflammation/tissue  destruction.
A recent systematic review demonstrated that of all
physical and chemical adjunctive therapies (including
antibiotic/antimicrobial/chemical treatment, laser
and mechanical therapies), only antibiotic therapy
offered any clinical benefits (notably reducing pocket
probing depth and radiographic bone loss) in the
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short term (<6 months), although these effects dissi-
pated in the long term (>12 months) [12].

Epoxy-tiglianes are small diterpene esters derived
from the fruit of Fontainea picrosperma indigenous to
the Australian rainforest which represent a new range
of therapeutics, with multi-modal pharmacological
properties including immunomodulatory [13], anti-
cancer [14] and antimicrobial [15] effects. Their abil-
ity to resolve bacterial infection and chronic inflam-
mation via two orthogonal mechanisms has recently
been described. Firstly, via direct local immune cell
induction mediated by protein kinase C (PKC)-
activation in both resident- (keratinocytes and fibro-
blasts) and migratory cells (neutrophils; PMNLs)
[13,16]. Secondly, via direct effects on bacteria and
remodeling and re-epithelialization observed in burn
injury and diabetic wound models [14,15].
Importantly, the rapid pro-inflammatory stimulus
induced by epoxy-tiglianes remains highly localized
and self-limiting due to the strongly lipophilic nature
of the compound, making it ideal for topical applica-
tions. The establishment of a library of natural and
semi-synthetic epoxy-tigliane analogues (with differ-
ing bioactivities) offers the opportunity to investigate
both structure/activity relationships and, test their
efficacy in the treatment of other human diseases
mediated by biofilm infection and chronic inflamma-
tion, such as peri-implantitis.

The aim of this in vitro study was to investigate the
anti-bacterial and antibiofilm effects of three epoxy-
tigliane structures (EBC-1013, EBC-46 and EBC-147)
against oral pathogens implicated in peri-implantitis.
This preliminary investigation will determine their
applicability in the treatment of peri-implantitis and
identify a lead candidate for further clinical development.

Materials and methods
Microbial culture

Oral pathogens were chosen to compare structure/
activity relationships to cell wall architecture and
modes of growth. Bacterial strains employed were
Streptococcus mutans DSM 20523 (ATCC 25175)
and Aggregatibacter actinomycetemcomitans DSM
8324 (ATCC 33384) demonstrating Gram-positive
and Gram-negative facultative anaerobes, respec-
tively, and a Gram-negative obligate anaerobe,
Porphyromonas  gingivalis NCTC 11834 (ATCC
33277). Bacterial colonies of S. mutans and
A. actinomycetemcomitans were maintained on
blood agar (BA, Lab M) supplemented with 5%
horse blood (ThermoFisher Scientific,
Loughborough, UK), brain heart infusion (BHI)
broth (ThermoFisher Scientific, Loughborough, UK)
or Mueller Hinton (MH) broth (Neogen Europe Ltd.,
Ayr, UK) and grown microaerophilically (5% CO,) at

37°C. P. gingivalis was maintained on fastidious anae-
robe agar (FAA, ThermoFisher Scientific,
Loughborough, UK) supplemented with 5% horse
blood or in fastidious anaerobe broth (FAB,
ThermoFisher Scientific, Loughborough, UK) and
grown anaerobically (10% CO,, 10% H,, 80% N,) at
37°C. Overnight (O/N) S. mutans (18-20 h) and
A. actinomycetemcomitans (48 h) bacterial cultures
in BHI and P. gingivalis (72 h) cultures in FAB were
prepared prior to each experiment.

Epoxy-tigliane (EBC) compounds

Epoxy-tigliane (EBC) compounds were provided by
QBiotics Group Ltd, Yungaburra, Queensland,
Australia. The structure of the EBC compounds
used in this study varied in relation to the presence
of C12 and CI13 esters or CI2 ester chain length
(Figure la) and included EBC-46 (tigilanol tiglate),
EBC-1013 (semi-synthetic, C12 Cl13 dihexanoate)
and EBC-147 (short C12 ester; included as a control
demonstrating comparatively low antibacterial activ-
ity in previous studies) [15]. EBCs were reconstituted
in ethanol; therefore, ethanol-equivalent (vehicle-
only) controls were used for all experiments.

Minimum inhibitory concentration assays (MICs)

Broth microdilutions were performed according to
Jorgensen et al. (2015) [17], with modifications for
P. gingivalis (O/N cultures adjusted to an ODgg of 0.8
in FAB). Plates were incubated for 16-20 h for S. mutans,
48h for A. actinomycetemcomitans and 72h for
P. gingivalis. Resazurin (0.01% in dH,0) was added to
each well and plates were incubated for a further 3 h, after
which MIC values were determined by visual inspection.

Minimum biofilm eradication assays (MBECs)

MBEC assays were performed according to Cowley et al.
(2015) [18]. The S. mutans and
A. actinomycetemcomitans O/N cultures were diluted to
an ODgg of 0.08 in MH broth whilst P. gingivalis (72 h)
cultures were adjusted to an ODgyy of 0.8 in FAB.
Microtitre (96-well) plates were incubated statically for
48 h for S. mutans, 72 h for A. actinomycetemcomitans or
96 h for P. gingivalis. For P. gingivalis, spent medium was
replaced with fresh FAB after 48 h to assist biofilm for-
mation. Following incubation, supernatants were
removed, and the biofilms washed with PBS prior to
EBC treatment for 24 h (37°C; statically). After incuba-
tion, the supernatants were removed from the biofilms
and fresh broth (with no EBC treatment) was added to
each well. Plates were then re-incubated for a further 24 h
at 37°C prior to further incubation with resazurin (0.01%
in dH,O) for 3h. MBEC values were determined by
visual assessment.
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Figure 1.Chemical structure of the epoxy-tigliane test compounds (a) EBC-46, EBC-1013 and EBC-147. S. mutans (DSM 20523)
growth curves in MH broth (24 h) + (b) EBC-46, (c) EBC-1013 and (d) EBC-147 with untreated and vehicle equivalent control (v/
v). Effect of (e) EBC-46, (f) EBC-1013 and (g) EBC-147 on cell membrane permeabilization of S. mutans (DSM 20523), with
untreated and 70% isopropanol positive controls. Results are expressed as fluorescence intensity (A.U.; *p < 0.05).

Growth kinetics of oral bacteria

O/N cultures were adjusted to ODgy of 0.08-0.10
(S. mutans [MH broth] and A. actinomycetemcomitans
[BHI broth]) or 0.8-1.0 (P. gingivalis [FAB]). Adjusted
cultures were then diluted in 96-well plates in EBCs with
untreated and vehicle-only controls (1 in 20) in their
respective broths. For P. gingivalis plates, an anaerobic
environment was generated by the addition of
AnaeroGen™ (ThermoFisher Scientific, Loughborough,
UK) [19] with silicone grease lid seals (SGM494, ACC®
silicones) and the plates wrapped in parafilm. Oxygen
elimination was monitored by including an anaerobic

indicator test strip (Anaerotest’, Merck, Gillingham,
UK) in the plate. Measurements of growth were recorded
hourly at ODgy after shaking at 200 rpm for 20 s in
a FLUOstar” Omega multi-mode microplate reader at
37°C for 24 h (S. mutans), 48
h (A. actinomycetemcomitans) or 72 h (P. gingivalis).

Membrane permeability assay

Cell permeabilization following EBC treatment (16—
512 pg/ml) was determined using the SYTOX™ Green
Nucleic Acid Stain (ThermoFisher Scientific,
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Loughborough, UK) [20]. Positive controls were trea-
ted with 70% isopropanol, untreated and vehicle-only
controls were also included.

Confocal laser scanning microscopy (CLSM)

CLSM assays were performed as described by Powell
et al, (2018) [21]. S mutans  and
A. actinomycetemcomitans were standardized to
ODggo of 0.10 (8 x 10 CFU/ml) and P. gingivalis
to 0.8 (6.4 x 10 CFU/ml), prior to a 1:10 inocula-
tion in BHI broth or FAB + EBCs and incubated for
24 h for S. mutans, 48 h  for
A. actinomycetemcomitans or 96 h for P. gingivalis
(replacing 50 pl of spent culture medium after 48 h),
within Greiner glass bottom optical 96-well plates.
After the incubation, the supernatant was removed
and the biofilms were stained with 0.7% (v/v) LIVE/
DEAD® stain (BacLightTM Bacterial Viability Kit,
ThermoFisher Scientific, Loughborough, UK) in
phosphate-buffered saline (PBS) for 10 min, prior
to imaging. CLSM Z-stack 3D images were taken
using a Leica SP5 confocal microscope. Z-stack
CLSM images were analyzed using COMSTAT
image analysis software [22].

Biofilm disruption on titanium discs

Overnight cultures were adjusted to ODggo of 0.08-
0.10 (S. mutans) in BHI broth or to 0.8
(P. gingivalis) in FAB, then added to the wells of
(two identical) 96-well microtiter plates, each well
containing a sterile titanium disc (5 mm diameter x
3mm thick; Goodfellow  Cambridge Ltd,
Huntington, UK). The plates were incubated for
24 h (S. mutans) or 96 h (P. gingivalis; replacing
spent medium with 100 ul of fresh FAB after 48 h).
Following biofilm formation, 100 ul of the super-
natant was removed and replaced with BHI broth
or FAB + EBCs (256 ug/ml v/v) with untreated and
vehicle-only controls. The plates were then incu-
bated statically for 24 h prior to analysis. Biofilm
disruption was analyzed using one plate for scan-
ning electron microscopy (SEM) imaging and
the second plate for drop count assays (CFU/ml)
of the biofilms coating the titanium surface (n =3).

Scanning Electron Microscopy (SEM)

The supernatant was removed from each well and the
biofilms on the titanium discs fixed in 2.5% (v/v)
glutaraldehyde (Agar Scientific Ltd, Stansted, UK)
solution in PBS for 1.5 h at 4°C. The samples were
then washed (4 x) using sterile dH,0 prior to being
immersed in water (100ul) and freeze-dried. The
discs were sputter-coated with gold, prior to imaging

using a TESCAN, VEGA3 SEM at 5.0 kV. Sterile
titanium disc controls were also analyzed.

Bacterial drop counts

Following treatment, the supernatant was removed
from each well and the titanium discs washed with
PBS. Each disc was transferred to a universal tube
containing 5 ml PBS and agitated for 30 s on a vortex
mixer and placed in a sonicating water bath for 5
min, followed by re-agitation on the vortex mixer for
2 min. Each bacterial suspension was serially diluted
and plated onto BA or FAA plates prior to being
incubated for 48 h (S. wmutans) or 48-72
h (P. gingivalis), respectively. Counts (CFU/ml) for
each dilution were then determined.

Statistical analysis

MIC and MBEC values are presented as the mode of
three biological repeats. Other data are presented as
mean = standard deviation (SD) from three biological
repeats. Group-wise comparisons were analyzed by
parametric one-way ANOVA followed by Dunnett’s
multiple comparison tests. Statistical analysis was
carried out using Graph Pad Prism® (GraphPad
Software Inc., San Diego, CA, USA; v9.5.0), and sta-
tistical significance was assumed at p < 0.05.

Results

Epoxy-tigliane compounds demonstrate
antimicrobial effects against Gram-positive and
Gram-negative oral pathogens

The MIC and MBEC values for S. mutans,
A. actinomycetemcomitans and P. gingivalis varied
according to  the  epoxy-tigliane  structure
(Supplementary Table S1). For S. mutans, MICs of
32 ug/ml (EBC-1013), 256 ug/ml (EBC-46), and 1024
pg/ml (EBC-147) were obtained, whilst against
P. gingivalis lower MICs of 8 pg/ml (EBC-1013) and
128 ug/ml (EBC-46) were achieved (with EBC-147
being the same). Due to the observed effect of the
ethanol vehicle control (v/v) against
A. actinomycetemcomitans (with inhibition at >256
pg/ml), valid MICs could not be reported for this
strain. It was apparent that the EBC compounds
demonstrated a hierarchy of antimicrobial efficacy
against these oral strains, namely EBC-1013 > EBC-
46 > EBC-147.

Against S. mutans and P. gingivalis, the MBEC values
for EBC-1013 and EBC-46 were 2 and 4-fold greater,
respectively, than the observed MIC values
(Supplementary Table S1), although no effective differ-
ence was seen with EBC-147. MBECs against
A. actinomycetemcomitans were observed at 1024 ug/ml



and 512 pg/ml for EBC-1013 and EBC-147, respectively,
with no MBEC obtained for EBC-46 (>1024 pg/ml).
MBEC analysis on TiO,-coated PEG plates also showed
that EBC-1013 (256 and 128 ug/ml) was more effective
than EBC-46 (2048 and 512 pg/ml) against S. mutans and
P. gingivalis biofilms, respectively. As previously, EBC-
147 gave invalid MBEC results due to the inhibitory effect
of the vehicle control (at >1024 pg/ml).

The growth curves for S. mutans with EBC-46
and EBC-1013 showed virtually complete growth
inhibition at the MIC value (Figure 1b-d; EBC-
1013 > EBC-46 > EBC-147) and slight growth
inhibition at %MIC (EBC-1013 > EBC-46), with
cell membrane permeabilization induced at one-
fold > MIC value. No permeabilization was
induced by EBC-147 (MIC  >512pg/ml)
(Figure le-g). The growth curves for P. gingivalis
demonstrated complete growth inhibition for EBC-
46, EBC-1013 and EBC-147 at 128 pg/ml (MIC
value), 32 pug/ml (two-fold > MIC value) and 512
pug/ml (one-fold < MIC value), respectively
(Figure 2a-c). In contrast, effects at half these
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concentrations showed shallower exponential
growth phase curves between 8 and 36h, which
subsequently (36-72 h) recovered to those of the
controls. Similarly, the cells were permeabilized at
one-fold > MIC value for EBC-46 and two-fold >
MIC value for EBC-1013. EBC-147, however, failed
to permeabilize the cells (Figure 2d-f). Results for
A. actinomycetemcomitans growth curves were
invalid because of the observed effect by the vehicle
control (Figure SI1A-C). The epoxy-tiglianes also
failed to induce permeabilization in
A. actinomycetemcomitans (Figure S1D-F).

EBC-1013 induces an antibiofilm effect on biofilm
formation and on established biofilms at
clinically relevant concentrations

CLSM and COMSTAT image analyses revealed sig-
nificantly reduced growth of S. mutans biofilms in
biofilm formation assays compared to untreated and
vehicle controls, typified by lower biofilm biomass
volume and increased DEAD:LIVE cell ratio,
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Figure 2.P. gingivalis (NCTC 11834) growth curves in FAB (72 h) £ (a) EBC-46, (b) EBC-1013 and (c) EBC-147 with untreated and
vehicle equivalent controls (v/v). Effect of (d) EBC-46, (e) EBC-1013 and (f) EBC-147 on cell membrane permeabilization of
P. gingivalis (NCTC 11834), with untreated and 70% isopropanol positive controls. Results are expressed as fluorescence intensity

(AU *p < 0.05).
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observed for EBC-1013 tested at 256 pg/ml (p=
0.0001), with no significant effects observed for
EBC-46 or EBC-147 (Figure 3ab; p>0.05).
However, both EBC-1013 and EBC-46 treatment sig-
nificantly disrupted established S. mutans (24 h) bio-
films on titanium disc surfaces (Figure 3c). Plate
count results (EBC-1013=6.9 x 10* CFU/ml com-
pared to 1.9 x 10° CFU/ml for the untreated control;
p=0.002) were confirmed by SEM imaging of the
titanium disc surfaces, with EBC-1013 and EBC-46
treatment again both reducing the biofilm biomass
and the EBC-147 and vehicle controls failing to
demonstrate any apparent effects (Figure 3d).

EBC-46

(a) Untreated

Dead/Live Ratio

3 © (5 Qe
> S 5

<
2Rt N\
<& & &

(c) Untreated

EBC-147

EBC-1013

For A. actinomycetemcomitans, a significant
decrease in biomass volume, as well as an increase
in surface roughness and DEAD:LIVE cell ratio (p =
0.0001) was observed for EBC-1013 (256 ug/ml).
EBC-46 had no effect on the
A. actinomycetemcomitans biofilms, whilst EBC-147
exhibited a significant effect on biomass volume at
256 pug/ml (Figure S2A-B; p =0.002).

Biofilm formation assays were conducted to
determine the concentration-dependent effect of
the two most potent antibiofilm EBC candidates
on P. gingivalis; EBC-46 (64-256 ug/ml; MBEC
256 ug/ml) and EBC-1013 (16-64 pg/ml; MBEC 16

EBC-147 Vehicle

EBC-1013

Figure 3.(a) Confocal laser scanning microscopy (CLSM) imaging (aerial and side views; scale bar 50 um), with LIVE/DEAD®
staining, of S. mutans (DSM 20523) 24 h biofilm formation in MH broth + EBC treatment (256 pg/ml) with untreated and vehicle
equivalent controls (v/v), (b) with corresponding COMSTAT image analysis of the biofilm CLSM z-stack images. (c) Scanning
electron microscopy (SEM) imaging (scale bar; 20 um) and (d) bacterial cell counts of established S. mutans (DSM 20523) biofilms
(24 h) grown on titanium discs followed by a further 24 h £ EBC treatment (256 ug/ml) with untreated and vehicle controls

(CFU/ml; *p < 0.05).



pg/ml). COMSTAT analysis of CLSM imaging
demonstrated a concentration-dependent decrease
in cellular aggregation. EBC-46 resulted in
a statistically significant reduction in biomass
volume at all concentrations tested, with
a significant increase in DEAD:LIVE ratio at 256
pug/ml only (Figure 4a,b; p<0.0001). EBC-1013
revealed a significant change in biomass volume
and DEAD:LIVE ratio at 64 ug/ml, two-fold higher
than the MBEC value (Figure 4c,d; p<0.0001).
A dose dependent effect of the lead candidate,
EBC-1013, was further investigated using
P. gingivalis (96 h) biofilms grown on titanium
discs. SEM images and drop counts revealed the
significant effect of EBC-1013 (=16 ug/ml) against
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established biofilms on the titanium disc surface
(Figure 5; p <0.0001).

Discussion

The antimicrobial activity of the semi-synthetic diter-
pene ester EBC-1013 and the naturally-occurring
EBC-46 against a range of dental pathogens was
demonstrated in the present study. The use of plant-
derived compounds such as 0.03% sanguinarine and
aloe as broad-spectrum antiseptics/disinfectants in
dentistry is not new [23-25]. These products are
typically non-specific in their mode of action, result-
ing in loss of structural organization, membrane
damage and protein denaturation. The relative

256 pg/ml Vehicle

Figure 4.Confocal laser scanning microscopy (CLSM) imaging (aerial and side views; scale bar 50 um), with LIVE/DEAD® staining,
of P. gingivalis (NCTC 11834) 96 h biofilm formation in FAB + (a) EBC-46 treatment (64-256 ug/ml) or (b) EBC-1013 (16-64 pg/ml)
treatment with untreated and vehicle equivalent controls (v/v), and corresponding COMSTAT image analysis of the biofilm CLSM

z-stack images (*p < 0.05; n=3).
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(a) Untreated

64 pg/mi

Vehicle

32 ug/mi

Figure 5.(a) Scanning electron microscopy imaging (scale bar; 10 pm) of established P. gingivalis (NCTC 11834) biofilms (96 h)
grown on titanium discs followed by a further 24 h + EBC-1013 (16—64 pg/ml) with untreated and vehicle controls (CFU/ml) with

(b) corresponding bacterial cell counts (*p < 0.05).

clinical efficacy of such antiseptics, however, is deter-
mined by the significant clinical properties of sub-
stantivity, penetrability and selectivity. Substantivity
is the ability of an agent to bind to tissue surfaces, be
released over a period of time to deliver an adequate
dose of the active ingredient, and so result in activity
necessary to confront the colonizing bacteria.
Penetrability is the ability of the agent to infiltrate
the formed bacterial matrix, and selectivity is the
ability of the same agent to affect specific bacteria
within. The challenge therefore remains to determine
preliminary in vitro characteristics of the EBC struc-
tures prior to further clinical evaluation.

In this study, the ability of EBC-1013 to inhibit the
growth of both Gram-positive and Gram-negative
oral pathogens was evident. EBC-1013 consistently
demonstrated increased in vitro antimicrobial activity
when compared to EBC-46 (tigilanol tiglate), likely
reflecting the contrasting molecular structure of EBC-
1013, in line with previous studies using dermal
wound  pathogens  (Pseudomonas  aeruginosa,
Staphylococcus aureus and Escherichia coli) [15].
EBC-46 and EBC-1013 were effective against
S. mutans and P. gingivalis inducing both membrane
permeabilization and reducing growth. Increased per-
meabilization by EBC-1013 (effectively permeabiliz-
ing S. mutans and P. gingivalis at <64 pg/ml) is likely
indicative of the greater hydrophobicity of the EBC-
1013 compound (with extended C-12 ester chains; log
P = 2.37) versus EBC-46 (log P=1.23) [15]. The
failure of epoxy-tiglianes to induce statistically signif-
icant permeabilization in A. actinomycetemcomitans

could result from  the  sensitivity  of
A. actinomycetemcomitans to the ethanol vehicle con-
trol (>256 pg/ml). In contrast to the Gram-negative
chronic wound isolates tested in Powell et al. (2022)
[15], MICs were obtained for P. gingivalis. This find-
ing could be due to slow bacterial growth under
anaerobic conditions; oxygen availability having pre-
viously been shown to affect the antimicrobial effi-
cacy of antimicrobials such as peptide piscidin-
copper interactions [26]. The mechanism of action
of the epoxy-tiglianes is unclear and may represent
PKC modulation known to be important in mediat-
ing the anticancer activity of tigilanol tiglate [27].
Here, EBC-1013 and EBC-46 (with similar PKC-
stimulating activity) were effective against both
Gram-positive S.  mutans and Gram-negative
P. gingivalis. In contrast, EBC-147 with low PKC-
inducing activity, exhibited minimal anti-microbial
activity. Whilst the precise role of PKC activation in
bacteria is unclear, precursors of PKC isotypes in
E. coli have shown phospholipid- and Ca**-
dependent phorbol ester binding [28]. The potential
role of PKC in this process is supported by the very
low antimicrobial activity of EBC-147, as previously
observed against wound pathogens [15], mirroring its
reduced ability to induce PKC activation [27].

In addition to the antimicrobial effects in planktonic
systems, the antibiofilm activity of EBC-1013, EBC-46
and EBC-147 against oral biofilms was also studied.
Biofilms are implicated in up to 80% of all microbial
infections [29]. Reduced metabolic activity within the
biofilm, and the host- and bacterially derived extracellular



‘polymer mesh’ confers increased resistance to chemical
and mechanical disruptions of the structure [30]. The
superior antibiofilm activity of EBC-1013 (compared to
EBC-46 and EBC-147) was evident for both Gram-
positive S. mutans and Gram-negative P. gingivalis in
this study, demonstrating reduced biofilm bio-volume
as well as a reduction in colonization of titanium surfaces
following EBC-1013 treatment. It has been hypothesized
that the direct antibiofilm activity of EBC-1013 reflects
biofilm extracellular polysaccharide (EPS) matrix disrup-
tion. Interestingly, previous studies have demonstrated
how therapeutic disruption of biofilm structures may
effectively reduce the elasticity (Young’s modulus) of
biofilms and increase susceptibility to hydrodynamic
shear [31], both of which may be important in attempts
to effectively eliminate the biofilm at the host/implant
interface in peri-implantitis.

In peri-implantitis, extracellular matrix (ECM)
remodeling will occur following surgical debridement
[32]. EBC-1013, being a PKC activator (and potentially
other C1 domain-containing proteins), exhibits immu-
nomodulatory activity [15]. Interestingly, in diabetic
skin wounds, EBC-1013 was able to induce a local
inflammatory response, with Tnf, Il1b, Il6, 1136g, and
Cxcl2 induction and polymorphonuclear leukocyte
(PMNL) recruitment, as well as reorganization and
remodeling of the extracellular matrix, and wound re-
epithelialization. The immunostimulatory activity of
EBC-1013 contrasts with the immunomodulatory activ-
ities of peptides such as pleurocidin [33], and essential
oils (already in use in dentistry) [34], which inhibit
inflammatory responses by suppressing the production
of important mediators of pro-inflammatory pathways
[35-37]. Innate immune induction by EBC-1013
induced healing in 6/7 diabetic wounds, compared to
only 1/7 of untreated wounds. The induction of
a rapidly resolving local innate immune response, com-
bined with rapid remodeling at the implant/host inter-
face, may contribute to the removal of biofilm persister
cells from the sites of debridement.

The safety profile of EBC-1013 is important to con-
sider in the translation to clinical use. EBC-1013 exhib-
ited antimicrobial activity against oral pathogens in
MICs and MBECs in this study at dose levels suitable
for injection into diseased peri-implant or periodontal
tissues. Phase I human safety/dose-escalation studies
failed to demonstrate a maximum tolerated dose of
intradermal injection using EBC-46 [38] at 1 mg/ml,
with only mild and transient side-effects reported [39].

Mechanical disruption and removal of the biofilm
represents the ‘gold standard’ strategy for the treat-
ment of the peri-implantitis [40], although confound-
ing factors such as implant geometry and surface
topography may render mechanical cleaning alone
insufficient [41]. Whilst these data with EBC-1013
are encouraging as a topical treatment alongside
mechanical debridement for peri-implantitis, future
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work will involve testing antimicrobial activity
against a wider range of pathogens associated with
peri-implantitis, e.g. Tannerella forsythia and
Prevotella intermedia [42], and will investigate the
antimicrobial effect of EBC-1013 in multispecies
oral biofilm models. Furthermore, confirming the
structure activity relationships of the different epoxy-
tigliane structures could broaden the opportunities
available for tailoring products towards other chronic
oral inflammatory diseases such as periodontitis.

Conclusion

These in vitro data provide evidence of the antimicro-
bial activity of EBC-1013 against Gram-positive and
Gram-negative oral pathogens at doses readily identi-
fied for in vivo use at the host-implant interface. The
antibacterial activity is mirrored by the antibiofilm
effects. These effects, coupled with the known ability
of the agent to induce self-resolving innate immune
system activation, represent a completely novel
approach to disrupt the biofilm in peri-implantitis
and enhance the effects of mechanical debridement.

Acknowledgments

With thanks to Wendy Rowe for SEM imaging and Xu
Wang for the technical support.

Disclosure statement

This work was supported by QBiotics Group Limited,
Yungaburra, Australia, who also supplied the EBC com-
pounds used in this study. DWT. KEH, MFP and LCP have
received research funding from QBiotics Group. JS is an
employee of QBiotics Group. PR is the Executive Director
and Chief Scientific Officer of QBiotics Group. The other
authors have no conflicts of interest to disclose.

Funding

This research was supported by ACCELERATE East pro-
gramme, European Regional Development Fund Grant
(515454) and QBiotics Group Ltd., Queensland, Australia.

Author contributions

Conceptualization, MFP, LCP, DWT, and KEH; data
curation, WX, MFP, SK, LCP, JS, JW and KEH; formal
analysis, WX, MFP, SK, LCP, JS, JW and KEH; funding
acquisition, MFP, LCP, DWT, and KEH; investigation,
WX, SK, JS and JW; methodology, WX, MFP, SK, LCP,
JS and JW; project administration, MFP, DWT, and
KEH; resources, MFP, LCP, DWT, and KEH; supervi-
sion, MFP, LCP, DWT, and KEH; validation, WX, MFP,
SK, LCP, JS and JW; visualization, WX, MFP, SK, LCP,
JS, JW, DWT and KEH; writing - original draft, MFP,
NC, DWT and KEH; writing - review and editing, MFP,
NC, PR, DWT and KEH. All authors have read and
agreed to the published version of the manuscript.



10 W. XUE ET AL.

ORCID

Wenya Xue @ http://orcid.org/0000-0002-6842-1288
Manon F. Pritchard http://orcid.org/0000-0002-5135-
4744

Saira Khan @ http://orcid.org/0000-0002-3284-3198

Lydia C. Powell @ http://orcid.org/0000-0002-8641-0160
Joana Stokniene @ http://orcid.org/0000-0002-8836-4209
Jingxiang Wu @ http://orcid.org/0009-0008-8907-7368
Nicholas Claydon @ http://orcid.org/0000-0002-4151-1515
Paul Reddell @ http://orcid.org/0000-0002-0993-8957
David W. Thomas http://orcid.org/0000-0001-7319-
5820

Katja E. Hill @ http://orcid.org/0000-0002-8590-0117

References

[1] Schwarz F, Derks J, Monje A, et al. Peri-implantitis.
] Clin Periodontol. 2018;45(Suppl 20):5246-S266. doi:
10.1111/jcpe.12954

[2] Kordbacheh Changi K, Finkelstein J, Papapanou PN.
Peri-implantitis prevalence, incidence rate, and risk
factors: A study of electronic health records at
a U.S. dental school. Clin Oral Implants Res. 2019;30
(4):306-314. doi: 10.1111/clr.13416

[3] Tonetti MS, Chapple IL, Jepsen S, et al. Primary and
secondary prevention of periodontal and peri-implant
diseases: introduction to, and objectives of the 11th
European workshop on periodontology consensus
conference. ] Clin Periodontol. 2015;42(Suppl 16):
S1-4. doi: 10.1111/jcpe.12382

[4] Lafaurie GI, Sabogal MA, Castillo DM, et al
Microbiome and microbial biofilm profiles of
peri-implantitis: A systematic review. ] Periodontol.
2017;88(10):1066-1089. doi: 10.1902/jop.2017.170123

[5] Hajishengallis G. The inflammophilic character of the
periodontitis-associated ~ microbiota. Mol  Oral
Microbiol.  2014;29(6):248-257. doi: 10.1111/omi.
12065

[6] Robitaille N, Reed DN, Walters JD, et al. Periodontal
and peri-implant diseases: identical or fraternal
infections? Mol Oral Microbiol. 2016;31(4):285-301.
doi: 10.1111/omi.12124

[7] Tamura N, Ochi M, Miyakawa H, et al. Analysis of
bacterial flora associated with peri-implantitis using
obligate anaerobic culture technique and 16S rDNA
gene sequence. Int ] Oral Maxillofac Implants. 2013;28
(6):1521-1529. doi: 10.11607/jomi.2570

[8] Wall IB, Davies CE, Hill KE, et al. Potential role of
anaerobic cocci in impaired human wound healing.
Wound Repair Regen. 2002;10(6):346-353. doi: 10.
1046/j.1524-475X.2002.t01-1-10602.x

[9] Neumann A, Bjorck L, Frick IM. Finegoldia magna,

an anaerobic Gram-positive bacterium of the normal

human microbiota, induces inflammation by activat-

ing neutrophils. Front Microbiol. 2020;11:65. doi: 10.

3389/fmicb.2020.00065

Roos-Jansaker AM, Almhojd US, Jansson H.

Treatment of peri-implantitis: clinical outcome of

chloramine as an adjunctive to non-surgical therapy,

a randomized clinical trial. Clin Oral Implants Res.

2017;28(1):43-48. doi: 10.1111/clr.12612

Hallstrom H, Persson GR, Lindgren §, et al. Open flap

debridement of peri-implantitis with or without

adjunctive systemic antibiotics: A randomized clinical

(10]

(11]

(12]

(13]

(14]

(15

(16]

(17]

(18]

(19]

(20]

[21

(22]

(23]

(24]

trial. J Clin Periodontol. 2017;44(12):1285-1293. doi:
10.1111/jcpe.12805

Zakir M, Adams R, Farnell D, et al. A systematic
review and meta-analysis of adjunctive physical, che-
mical, and biological treatments of peri-implantitis.
J Oral Implantol. 2023;49:168-178. doi: 10.1563/aaid-
joi-D-21-00204

Moses RL, Boyle GM, Howard-Jones RA, et al. Novel
epoxy-tiglianes stimulate skin keratinocyte wound
healing responses and re-epithelialization via protein
kinase = C  activation.  Biochem  Pharmacol.
2020;178:114048. doi: 10.1016/j.bcp.2020.114048
Barnett CME, Broit N, Yap PY, et al. Optimising
intratumoral treatment of head and neck squamous
cell carcinoma models with the diterpene ester tigila-
nol tiglate. Invest New Drugs. 2019;37(1):1-8. doi: 10.
1007/s10637-018-0604-y

Powell LC, Cullen JK, Boyle GM, et al. Topical, immu-
nomodulatory epoxy-tiglianes induce biofilm disrup-
tion and healing in acute and chronic skin wounds.
Sci Transl Med. 2022;14(662):eabn3758. doi: 10.1126/
scitranslmed.abn3758

Boyle GM, D’Souza MMA, Pierce CJ, et al. Intra-lesional
injection of the novel PKC activator EBC-46 rapidly
ablates tumors in mouse models. PLoS One. 2014;9
(10):e108887. doi: 10.1371/journal.pone.0108887
Jorgensen JH, Turnidge JD, Washington JA.
Antibacterial susceptibility tests: dilution and disk dif-
fusion methods. In: Murray P, Baron E, Pfaller M,
Jorgensen J, and Yolken R, editors. Manual of
Clinical Microbiology. 7th ed. Washington, DC:
ASM Press; 1999. p. 1526-1543.

Cowley NL, Forbes S, Amézquita A, et al. Effects of
formulation on microbicide potency and mitigation of
the development of bacterial insusceptibility. Appl
Environ Microbiol. 2015;81(20):7330-7338. doi: 10.
1128/AEM.01985-15

Eini A, Sol A, Coppenhagen-Glazer S, et al. Oxygen
deprivation affects the antimicrobial action of LL-37
as determined by microplate real-time kinetic mea-
surements under anaerobic conditions. Anaerobe.
2013;22:20-24. doi: 10.1016/j.anaerobe.2013.04.014
McLean DT, Lundy FT, Timson DJ. IQ-motif peptides
as novel anti-microbial agents.  Biochimie.
2013;95:875-880. doi: 10.1016/j.biochi.2012.12.004
Powell LC, Pritchard MF, Ferguson EL, et al. Targeted
disruption of the extracellular polymeric network of
Pseudomonas  aeruginosa  biofilms by alginate
oligosaccharides. NP] Biofilms Microbiomes. 2018;4
(1):4. doi: 10.1038/s41522-018-0056-3

Heydorn A, Nielsen AT, Hentzer M, et al
Quantification of biofilm structures by the novel com-
puter program COMSTAT. Microbiology-Uk.
2000;146(10):2395-2407. doi: 10.1099/00221287-146-
10-2395

Escribano M, Figuero E, Martin C, et al. Efficacy of
adjunctive anti-plaque chemical agents: a systematic
review and network meta-analyses of the turesky
modification of the Quigley and hein plaque index.
] Clin Periodontol. 2016;43(12):1059-1073. doi: 10.
1111/jcpe.12616

Figuero E, Herrera D, Tobias A, et al. Efficacy of
adjunctive anti-plaque chemical agents in managing
gingivitis: A  systematic review and network
meta-analyses. ] Clin Periodontol. 2019;46:723-739.
doi: 10.1111/jcpe.13127


https://doi.org/10.1111/jcpe.12954
https://doi.org/10.1111/jcpe.12954
https://doi.org/10.1111/clr.13416
https://doi.org/10.1111/jcpe.12382
https://doi.org/10.1902/jop.2017.170123
https://doi.org/10.1111/omi.12065
https://doi.org/10.1111/omi.12065
https://doi.org/10.1111/omi.12124
https://doi.org/10.11607/jomi.2570
https://doi.org/10.1046/j.1524-475X.2002.t01-1-10602.x
https://doi.org/10.1046/j.1524-475X.2002.t01-1-10602.x
https://doi.org/10.3389/fmicb.2020.00065
https://doi.org/10.3389/fmicb.2020.00065
https://doi.org/10.1111/clr.12612
https://doi.org/10.1111/jcpe.12805
https://doi.org/10.1111/jcpe.12805
https://doi.org/10.1563/aaid-joi-D-21-00204
https://doi.org/10.1563/aaid-joi-D-21-00204
https://doi.org/10.1016/j.bcp.2020.114048
https://doi.org/10.1007/s10637-018-0604-y
https://doi.org/10.1007/s10637-018-0604-y
https://doi.org/10.1126/scitranslmed.abn3758
https://doi.org/10.1126/scitranslmed.abn3758
https://doi.org/10.1371/journal.pone.0108887
https://doi.org/10.1128/AEM.01985-15
https://doi.org/10.1128/AEM.01985-15
https://doi.org/10.1016/j.anaerobe.2013.04.014
https://doi.org/10.1016/j.biochi.2012.12.004
https://doi.org/10.1038/s41522-018-0056-3
https://doi.org/10.1099/00221287-146-10-2395
https://doi.org/10.1099/00221287-146-10-2395
https://doi.org/10.1111/jcpe.12616
https://doi.org/10.1111/jcpe.12616
https://doi.org/10.1111/jcpe.13127

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

Serrano J, Escribano M, Roldan S, et al. Efficacy of
adjunctive anti-plaque chemical agents in managing
gingivitis: a systematic review and meta-analysis.
J Clin Periodontol. 2015;42(Suppl 16):S106-138. doi:
10.1111/jcpe.12331

Oludiran A, Courson DS, Stuart MD, et al. How
oxygen availability affects the antimicrobial efficacy
of host defense peptides: Lessons learned from study-
ing the copper-binding peptides piscidins 1 and 3.
Int J Mol Sci. 2019;20(21):5289. doi: 10.3390/
ijms20215289

Cullen JK, Boyle GM, Yap PY, et al. Activation of PKC
supports the anticancer activity of tigilanol tiglate and
related epoxytiglianes. Sci Rep. 2021;11(1):207. doi: 10.
1038/s41598-020-80397-9

Filipuzzi I, Fabbro D, Imber R. Unphosphorylated
alpha-PKC exhibits phorbol ester binding but lacks
protein kinase activity in wvitro. J Cell Biochem.
1993;52:78-83. doi: 10.1002/jcb.240520111

National Institutes of Health. Research On Microbial
Biofilms Report No: PA-03-047 Available at: https://
grants.nih.gov/grants/guide/pa-files/PA-03-047.html.
Accessed: September 15.

Karygianni L, Ren Z, Koo H, et al. Biofilm matrixome:
Extracellular components in structured microbial
communities. Trends Microbiol. 2020;28(8):668—681.
doi: 10.1016/j.tim.2020.03.016

Powell LC, Sowedan A, Khan §, et al. The effect of
alginate oligosaccharides on the mechanical properties
of Gram-negative biofilms. Biofouling. 2013;29
(4):413-421. doi: 10.1080/08927014.2013.777954
Sculean A, Gruber R, Bosshardt DD. Soft tissue
wound healing around teeth and dental implants.
] Clin Periodontol. 2014;41(Suppl 15):S6-22. doi: 10.
1111/jcpe.12206

Pundir P, Catalli A, Leggiadro C, et al. Pleurocidin,
a novel antimicrobial peptide, induces human mast
cell activation through the FPRLI receptor. Mucosal
Immunol. 2014;7(1):177-187. doi: 10.1038/mi.2013.37
Dagli N, Dagli R, Mahmoud RS, et al. Essential oils,
their therapeutic properties, and implication in

(35]

(36]

(37]

(38]

(39]

(40]

(41]

(42]

JOURNAL OF ORAL MICROBIOLOGY 11

dentistry: A review. J Int Soc Prev Community Dent.
2015;5(5):335-340. doi: 10.4103/2231-0762.165933
Hotta M, Nakata R, Katsukawa M, et al. Carvacrol,
a component of thyme oil, activates PPARa and y and
suppresses COX-2 expression. J Lipid Res. 201051
(1):132-139. doi: 10.1194/jlr.M900255-JLR200

Hart PH, Brand C, Carson CF, et al. Terpinen-4-ol,
the main component of the essential oil of Melaleuca
alternifolia (tea tree oil), suppresses inflammatory
mediator production by activated human monocytes.
Inflamm Res. 2000;49(11):619-626. doi: 10.1007/
5000110050639

Nogueira MNM, Aquino SG, Rossa Junior C, et al.
Terpinen-4-ol and alpha-terpineol (tea tree oil com-
ponents) inhibit the production of IL-1p, IL-6 and IL-
10 on human macrophages. Inflamm Res. 2014;63
(9):769-778. doi: 10.1007/s00011-014-0749-x

Panizza BJ, de Souza P, Cooper A, et al. Phase I
dose-escalation study to determine the safety, toler-
ability, preliminary efficacy and pharmacokinetics of
an intratumoral injection of tigilanol tiglate (EBC-46).
EBioMedicine. 2019;50:433-441. doi: 10.1016/j.ebiom.
2019.11.037

Miller J, Campbell J, Blum A, et al. Dose characteriza-
tion of the investigational anticancer drug tigilanol
tiglate (EBC-46) in the local treatment of canine
mast cell tumors. Front Vet Sci. 2019;6:106. doi: 10.
3389/fvets.2019.00106

Petersilka GJ, Ehmke B, Flemmig TF. Antimicrobial
effects of mechanical debridement. Periodontol.
2002;28:56-71. doi: 10.1034/j.1600-0757.2002.280103.x
Renvert S, Roos-Jansaker AM, Claffey N. Non-surgical
treatment  of  peri-implant  mucositis  and
peri-implantitis: a literature review. J Clin

Periodontol. 2008;35:305-315. doi: 10.1111/j.1600-
051X.2008.01276.x
Kensara A, Hefni E, Williams MA, et al

Microbiological profile and human immune response
associated with peri-implantitis: A systematic review.
J Prosthodont. 2021;30(3):210-234. doi: 10.1111/jopr.
13270


https://doi.org/10.1111/jcpe.12331
https://doi.org/10.1111/jcpe.12331
https://doi.org/10.3390/ijms20215289
https://doi.org/10.3390/ijms20215289
https://doi.org/10.1038/s41598-020-80397-9
https://doi.org/10.1038/s41598-020-80397-9
https://doi.org/10.1002/jcb.240520111
https://grants.nih.gov/grants/guide/pa-files/PA-03-047.html
https://grants.nih.gov/grants/guide/pa-files/PA-03-047.html
https://doi.org/10.1016/j.tim.2020.03.016
https://doi.org/10.1080/08927014.2013.777954
https://doi.org/10.1111/jcpe.12206
https://doi.org/10.1111/jcpe.12206
https://doi.org/10.1038/mi.2013.37
https://doi.org/10.4103/2231-0762.165933
https://doi.org/10.1194/jlr.M900255-JLR200
https://doi.org/10.1007/s000110050639
https://doi.org/10.1007/s000110050639
https://doi.org/10.1007/s00011-014-0749-x
https://doi.org/10.1016/j.ebiom.2019.11.037
https://doi.org/10.1016/j.ebiom.2019.11.037
https://doi.org/10.3389/fvets.2019.00106
https://doi.org/10.3389/fvets.2019.00106
https://doi.org/10.1034/j.1600-0757.2002.280103.x
https://doi.org/10.1111/j.1600-051X.2008.01276.x
https://doi.org/10.1111/j.1600-051X.2008.01276.x
https://doi.org/10.1111/jopr.13270
https://doi.org/10.1111/jopr.13270

	Abstract
	Introduction
	Materials and methods
	Microbial culture
	Epoxy-tigliane (EBC) compounds
	Minimum inhibitory concentration assays (MICs)
	Minimum biofilm eradication assays (MBECs)
	Growth kinetics of oral bacteria
	Membrane permeability assay
	Confocal laser scanning microscopy (CLSM)
	Biofilm disruption on titanium discs
	Scanning Electron Microscopy (SEM)
	Bacterial drop counts
	Statistical analysis

	Results
	Epoxy-tigliane compounds demonstrate antimicrobial effects against Gram-positive and Gram-negative oral pathogens
	EBC-1013 induces an antibiofilm effect on biofilm formation and on established biofilms at clinically relevant concentrations

	Discussion
	Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	Author contributions
	References

