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ABSTRACT

Background: Biofilm antibiotic tolerance is partly explained by the behavior of a biofilm as an independent pharmacokinetic micro-compartment. Hyperbaric oxygen
therapy has been shown to potentiate antibiotic effects in biofilms. The present study investigates the effect of hyperbaric oxygen therapy (HBOT) on the biofilm
micro-pharmacokinetic/pharmacodynamic behavior of tobramycin in an animal biofilm model.

Methods: Full-thickness necroses were created mid-scapular on mice by means of a thermal lesion. After four days, three 16 h seaweed alginate biofilm beads
containing Pseudomonas aeruginosa PAO1 were inserted under the necrosis, and three beads were inserted under the adjacent non-affected skin. The mice were
randomized to three groups I) HBOT for 1.5 h at 2.8 atm and 0.8 mg tobramycin/mouse subcutaneously; II) Tobramycin as monotherapy, same dose; III) Saline
control group. Half the number of mice from group 1 and 2 were sacrificed, and beads were recovered in toto after 3 h and the other half and the placebo mice were
sacrificed and beads collected after 4.5 h.

Results: Lower CFUs were seen in the burned group receiving HBOT at 3 and 4.5 h compared to beads in the atmospheric environment (p = 0.043 and p = 0.0089). At
3 h, no CFU difference was observed in the non-burned skin (HBOT vs atmospheric). At 4.5 h, CFU in the non-burned skin had lower CFUs in the group receiving
HBOT compared to the corresponding atmospheric group (p = 0.02). CFU was higher in the burned skin than in the non-burned skin at 3 h when HBOT was applied
(p = 0.04), effect faded out at 4.5 h.

At both time points, the tobramycin content in the beads under burned skin were higher in the HBOT group than in the atmospheric groups (p = 0.031 and p =
0.0078). Only at 4.5 h a higher tobramycin content was seen in the beads under the HBOT-treated burned skin than the beads under the corresponding non-burned
skin (p = 0.006).

Conclusion: HBOT, as an anti-biofilm adjuvant treatment of chronic wounds, counteracts biofilm pharmacokinetic micro-compartmentalization through increased
available tobramycin and augmented bacterial killing.

1. Introduction

Biofilms reside in approximately 80% of chronic wounds and
represent a treatment challenge [1]. It was previously demonstrated in
vitro and in vivo that biofilm behaves as an independent third pharma-
cological microcompartment [2-4]. Blood and wound tissue is consid-
ered the pharmacokinetic system’s first and second compartments when
an antibiotic is administered systemically, whereas the distinct biofilm
with matrix, can behave as a third antibiotic pharmacokinetic micro-
compartment [4,5].

The ability of bacterial cells in a biofilm to endure in the presence of
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antimicrobial treatments without genetic alterations is referred to as
tolerance. Resistance entails acquiring genetic alterations or mutations
that impart a particular mechanism to avoid the effects of antibiotics
actively. Unlike tolerance, resistance is typically specific to a particular
antibiotic or class of antibiotics [6].

Tolerant cells display reversible phenotypic changes within the
biofilm by transition into a less metabolically active or dormant state,
referred to as the persister phenotype. The dormant persister phenone-
mon is argued to be an oversimplification of a complex persistence
mechanism [7]. A general consensus is that the tolerance phenonemon
frequently results in repeated relapses of infections. Although tolerant
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cells show less sensitivity to antibiotics, they can still be eradicated
when exposed to higher concentrations, for longer periods, or in com-
bination with adjuvant treatments [8].

The recalcitrance of a biofilm toward antibiotics is considered
multifactorial [9]. Biofilms produce a complex microenvironment that
differs locally in terms of available nutrients, the amount of oxygen
present, the pH, and the diffusion barriers. These chemical and spatial
heterogeneities influence the distribution and penetration of antimi-
crobial drugs within the biofilm. As a result of the extracellular poly-
meric substance (EPS) or matrix restriction on drug diffusion,
concentration gradients between biofilm levels are created [10]. The
deeper layers, where persistent bacteria remain, may not receive
appropriate therapeutic antibiotic concentrations. Additionally, a
decreased metabolic activity inside biofilms might extend medication
exposure by slowing down the processes of drug absorption, distribu-
tion, and elimination and potentially changing the pharmacokinetic
characteristics of antimicrobial drugs.

An additional key factor for the insufficient treatment of recalcitrant
wound biofilm is the oxygen deprivation in the wound bed [11]. The
cells of the wound survive mainly on anaerobic metabolism and stim-
ulated hypoxia-inducible factors (HIF) up-regulating vasodilation [12,
13]. In a chronic wound, these actions are insufficient to meet the O,
demand of the healing process. An increased O, concentration regulates
the ischemia-reperfusion-induced leukocyte influx, stimulates neutro-
phil bactericidal activity, fibroblast proliferation and angiogenesis, and
is believed to hinder bacterial growth [14-16].

Hypoxia also contributes to the internal anoxic biofilm conditions
differing approximately 50 pm from the biofilm surface [17]. Og limi-
tation is estimated to be responsible for 69% of the P. aeruginosa biofilms
tolerance of tobramycin [2]. The transport of tobramycin across the
membrane is an Oz-dependent process, further complicating the matter
[3]. By introducing an increased atmospheric pressure at 2.8 bar and
100% oxygen as an external component, bacteria may be re-sensitized to
tobramycin killing caused by ATP production and dependent uptake of
tobramycin. This antibiotic-potentiating effect can be achieved in a
hyperbaric oxygen (HBOT) chamber.

To further illuminate the beneficial effect of HBOT in the context of
distinct biofilm compartments of the infected wound, we investigated
whether HBOT could improve the tobramycin uptake in the biofilm and
decrease the bacterial load in an in vivo mouse P. aeruginosa biofilm
thermal wound model.
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2. Method
2.1. In vivo model

The in vivo model is approved by the Danish animal welfare legis-
lation (Permission nr. 2020-15-0201-00535). Female 11-week-old
BALB/c mice from Janvier Labs (Rte. du Genest, 53940 Le Genest-
Saint-Isle, France) were acclimatized in the facility one week before to
experiment start (Fig. 1). Mice had free access to water and chow. On the
third day of acclimatization, Nutella (imported by Ferrero, Malmg,
Sweden) was administered to ensure the mice were familiar with the
treatment mode. From the following day until euthanasia, buprenor-
phine hydrochloride glucose monohydrate (Indivior Europe Limited,
Dublin, Ireland) was supplemented to the Nutella (0.3 mg/g) and 125
mg Nutella/buprenorphine mix was provided per mouse. On day O of the
experiment, the back of the mice was shaven (Aesculap electric shaver,
Pennsylvania, USA), and the mice were covered with a protective plate
and fire blanket (Viking, Esbjerg, Denmark) except for an exposed area
of 1.5 x 1.5 cm between the scapular of the mouse. Full-thickness ne-
crosis was created with a hot air gun (preheated) for 5 s at a fixed dis-
tance of 5 cm from the burner mouthpiece to the skin, as previously
described [3]. The procedure was done in general anesthesia (250 pL
Hypnorm - fentanyl citrate, 78.75 pg/ml; fluanisone, 2.5 mg/ml, Veta-
Pharma Ltd, Leeds, UK, combined with midazolam - 1.25 mg/ml, Accord
Healthcare AB, Solna, Sweden). Post-procedure, the mice were admin-
istered 1 mL saline s.c. and placed on heated electrical mats with cage
enrichment toys, pre-watered chow, water, and Nutella containing
buprenorphine easily accessible. Mice were active and showed no
discomfort a few h after the procedure. On the fourth day, three alginate
beads with P. aeruginosa were installed under the non-burned skin, and
three beads were installed under the eschar. The beads were prepared
fresh and kept refrigerated for 16 h prior to experiment start. On the day
of the bead installation in the animals, control beads were blended and
plated to assess the initial bacteriology and vitality of cells. The small
surgical incision between the two segments was closed with a surgical
stapler (Braintree Scientific Autoclip, Fisher Scientific).

3. Intervention

After 15 min, the mice were randomly assigned to the following three
groups.
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Fig. 1. Experimental setup. Mice were acclimatized for a week, followed by a full-thickness necrosis located mid-scapular. Four days after the burning procedure, an
incision (0.5 cm) caudally from the wound was made. Three alginate beads containing P. aeruginosa were inserted through the incision and placed sub-eschar, and
three beads were placed caudally for the incision. The lesion was clamped, securing the beads in allocated positions. Mice were anaesthetized and divided into three
groups 1) Tobramycin and HBOT 2) Tobramycin 3) Saline. The injected liquids were given 15 min for distribution in the body, and the HBOT procedure was initiated.
Mice not receiving HBOT were placed on heating mats during the procedure. Samples were collected after an additional 60 or 90 min.
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1. Mice were administered tobramycin (0.8 mg/mouse, 0.2 mL s.c.).
Dose determined from earlier publication [4]. Mice are placed on a
heated mat for 15 min (37 °C) and then moved to the HBOT chamber
(heated to 37 °C with a water system) for an additional 15 min of
acclimatization to 2.8atm, followed by 90 min of treatment and 15
min of de-pressurization (Oxycom 250 ARC, Hypcom, Tampere,
Finland) with 100% O2 and appropriate ventilation (n = 20).

2. Mice are administered tobramycin (0.8 mg/mouse, 0.2 mL sc) and
placed on electrical heating mats during the procedure of group 1 (n
= 20).

3. Placebo mice receiving saline were placed on electrical heating mats
during the procedure of group 1 (n = 5).

All mice were under general anesthesia throughout the procedure.

Half of the number of mice from groups 1 and 2 were euthanized 3 h
after receiving tobramycin and the remaining including the placebo
group after 4.5 h (Fig. 2).

The experiment was replicated with 22 mice in the first round and 23
in the second. All results were pooled.

3.1. Alginate bead production

A 3% alginate solution was prepared by dissolving Protanal LF 10/60
(IMCD, Helsinggr, Denmark) in 0.9% NaCl and sterilized by heating
(95 °C for 15 min). P. aeruginosa was grown overnight in lysogeny broth
and resuspended to optical density 0.3 (600 nm) before diluting the
bacteria culture 1:20 in alginate.

A syringe with a flexible plastic tube filled with the solution was
attached to a drip counter (Graseby 3100; Ardus Medical Inc., Watford,
UK). The pump was running with a fixed flow rate of 40 mL/h. The
P. aeruginosa alginate suspension formed spherical droplets when falling
8 cm into a gelling bath containing 0.1 M Tris — HCL and 12.5 mM CaCls.
A magnetic stirrer (VWR lab disc, Rgdovre, Denmark) was placed un-
derneath the gelling bath to separate the beads. Once the stabilization
process was finished (1 h), the beads were washed thrice in 0.9% NaCl
containing 0.1 M CaCl,. Beads were stored in 0.9% NaCl containing
CaCl, to maintain stability. The mean diameter of the beads was 4.5 mm.
The minimal inhibiting concentration (MIC) for tobramycin of the PAO1
strain used is 1.5 mg/L (Etest, bioMérieux, Marcy—l’Etoile, France).
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3.2. Beads - Quantitative bacteriology

Beads from under the non-burned- and the burned skin were recov-
ered from the subcutaneous installation in toto. The three beads from the
non-burned skin were pooled into 2 mL microcentrifuge tubes (Nerbe
plus, Winsen/Luhe, Germany), and the three beads from the burned skin
were pooled into a similar tube. All tubes contained three glass beads
and 1 mL citric acid buffer, pH 7. The alginate beads were homogenized
(TissueLyser II; Qiagen, Copenhagen, Denmark) for 30 s at a frequency
of 30/s. Subsequently, 0.85 mL PBS was added to stabilize the solution.
The homogenates were serial diluted in saline, plated on solid lactose
agar plates (‘Blue plates) for gram negative rods. These plates consist of a
modified Conradi-Drigalskimedium containing 10 g/L detergent, 1 g/L
Na2S203eH20, 0.1 g/L bromothymol blue, 9 g/L lactose and 0.4 g/L
glucose, pH 8.0; produced at SSI. Plates were incubated overnight, and
the CFU was counted the next day for quantitative bacteriology.

All homogenates were centrifuged at 5000 rpm for 15 min, and the
supernatants were sterile filtered (0.22 pm) and frozen at —80 °C before
tobramycin concentration measurements.

3.3. Beads - Tobramycin measurements

The total concentration of tobramycin in the alginate beads was
measured using a Thermo Scientific Indiko (Clinical Diagnostics,
Thermo Fisher Scientific, Allersd, Denmark). The range of the tobra-
mycin assay is 0.0-10.0 pg/mL.

3.4. Statistical analysis

Statistical analysis of data was performed using GraphPad Software,
Inc., La Jolla, CA, USA. Data are presented as medians +95% confidence
intervals. Differences between the groups were calculated with Krus-
kal-Wallis test. The level of significance was set to p = 0.05.

3.5. Ethics
The animal experiment complies with the ARRIVE guidelines and has

an approval number (2020-15-0201-00535) from the Animal Experi-
ments Inspectorate (AIRD).
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Fig. 2. Schematic drawing of mice with inserted beads allocated to either HBO or atmospheric treatment. Beads were collected after the procedure, lysed and plated

for quantitative bacteriology, and analyzed for tobramycin concentration.
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4. Results
4.1. Quantitative bacteriology

The quantitative bacteriology in the biofilm beads in the burned skin
significantly decreased at 3 and 4.5 h adding HBOT (p = 0.043 and
0.0089) as compared to the atmospheric group (Fig. 3). The regrowth of
the bacteria declined from 3 to 4.5 h when the mice were treated with
HBOT.

The quantitative bacteriology was also decreased in the beads under
the non-burned skin when HBOT was applied as compared to the non-
HBOT group, but only at 4.5 h (p = 0.015). No significant reducing ef-
fect of the HBOT was seen at 3 h.

When comparing the quantitative bacteriology in biofilm beads
under burned and non-burned skin, a difference was seen at 3 h (p =
0.042) with a higher CFU under the burned skin adding HBOT. No
statistically significant difference was observed at 4.5 h.

The CFU level of all treatment groups was significantly reduced from
the placebo group that received neither Tobramycin nor HBOT.

4.2. Tobramycin biofilm concentrations

The tobramycin contained in the beads was increased by HBOT when
placed under the burned skin at both time points (at 3 h, p = 0.031, and
4.5 h, p = 0.0078) as compared to the atmospheric group (Fig. 4).

Tobramycin concentrations were not increased in the beads under
non-burned tissue when HBOT was applied as compared to the atmo-
spheric group at either time point.

No difference in tobramycin concentration was detected when
comparing the beads under non-burned skin and burned skin, at atmo-
spheric conditions at the 3-h time point. At 4.5 h, the highest tobramycin
concentrations were revealed in beads under the burned skin in the
HBOT group (p = 0.006).

No statistically significant changes in tobramycin concentration
were identified during the 1.5 h between terminating time points in burn
or non-burn groups and in either treatment arm.

5. Discussion

Understanding the dynamics between the invading pathogen, the
host wound, the environment, and the antibiotic pharmacokinetics are
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essential for optimal treatment of chronic biofilm infected wounds. In
the present study, we investigated the modification of a physiochemical
component of the microenvironment by means of HBOT on the anti-
biotic pharmacokinetics/-dynamic (PK/PD) of tobramycin in a
P. aeruginosa infected wound mice model. Using enlarged beads as a
biofilm by proxy allows us to recover the biofilm in toto and evaluate the
antibiotic concentration and bacterial content (simultaneous PK/PD)
from the wound directly after supplementing with HBOT [2-4]. We did
observe a significantly improved anti-biofilm effect of the burned
wounds in the HBOT group as compared to the atmospheric group, by
means of increased bacterial killing. In addition, this effect was paral-
leled by a significantly increased tobramycin concentration in the cor-
responding alginate beads.

The present study was performed using humanized HBOT conditions,
directly translated from the conditions used to treat patients with HBO
[18]. The adjunctive effect of HBOT can be attributed to increased Oq
pressure in the biofilm surrounding tissue and increased O pressure in
the alginate beads. The mechanism of the HBOT can be attributed to 1)
an antibiotic potentiating effect 2) a direct Oy mediated killing of the
bacteria and 3) an immune stimulating effect of the host cells.

We found that HBOT ameliorated the biofilm compartment predis-
position by increasing the penetration of tobramycin into the
P. aeruginosa alginate beads under the burned skin and lowering the
bacterial count. This anti-biofilm compartmentalizing effect was
measurable after tobramycin administration followed by just one HBOT
treatment of 90 min. These findings even persisted at least until 4.5 h.
This suggests that the temporary effect of HBOT that counters the hyp-
oxic conditions of the wound outlasts the treatment itself.

In normal tissue a transcutaneous oxygen tension (TcPO3) of 30-50
mmHg has been reported, whereas TcPO5 as low as 5-20 mmHg has
been reported in ischemic pathological tissue [19]. However, during
HBOT TcPO; can achieve levels above 200 mmHg, independently of the
blood supply [20]. For our setup, this implies that the anti-biofilm effect
of HBOT is expected to be significantly more pronounced in burned
wounds with tissue necrosis as compared to the substantially less
affected non-burned skin. Indeed, the anti-biofilm effect was signifi-
cantly better in the beads under burned skin as compared to beads under
non-burned skin.

The extra polysaccharide substance (EPS) and dead cells in the bio-
film act like a permeability barrier and restricts diffusion into the matrix
[21]. Our data support that an increased tobramycin penetrance is
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Fig. 3. Quantitative bacteriology (CFU/3 beads). Left panel: Beads collected from under non-burned skin at 3- and 4.5-h timepoint. Middle panel: Beads collected
from under the burned skin at 3- and 4.5-h timepoint. Right panel: Beads collected from under-burned and non-burned skin at 4.5 h in mice receiving saline and

atmospheric treatment.
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Tobramycin concentration in beads
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Fig. 4. Tobramycin measurements. The left panel displays beads collected from under non-burned skin in mice receiving either atmospheric or HBO treatment. No
statistical differences between groups were detected. The right panel displays beads collected from under burned skin in mice receiving either atmospheric or HBO
treatment. Higher tobramycin levels were detected in beads receiving HBOT compared to atmospherically treated mice.

achieved by correcting the burned tissue oxygenation with HBOT. Such
effect could lead to boost of the phagocytosis and debris cleaning and
facilitate the neutrophils’ respiratory burst important for bacterial
killing, and inhibits the anaerobic bacterial proliferation [15,22,23].
HBOT also stimulates collagen maturation and fibroblast proliferation
[24]. The production of lactate by NADPH oxidase (NOX-2) in phago-
cytes, which activates transcription factors that support angiogenesis,
also requires oxygen [25].

Chronic wounds are known to have an elevated alkaline environment
compared to acute healing wounds, whereas alginate has a pH level of
3-3.5 [26,27]. P. aeruginosa is known to have increased biofilm-forming
tendencies and antibiotic resistance development under acidic condi-
tions. This behavior is thought to be reversible when returning to
physiologically neutral conditions [28]. The efficacy of aminoglycosides
has also been shown to depend on pH by being more efficient in alkaline
surroundings [29]. This poses a risk of underestimating the effects of
HBOT as a potentiating agent.

In a previous study using the same model as in the present study,
tobramycin peaked in the alginate beads at around 3 h, followed by a
protracted leakage from the beads over the next <20 h. Our results
confirmed the 3-4.5 h tobramycin concentration drop from a previous
work describing the first part of the concentration decline [4]. The
significantly increased tobramycin concentrations observed in the algi-
nate beads from the burned HBOT wounds as compared to the
non-HBOT group was an unexpected observation. The effect was sus-
tained during both evaluation time points, but which was on a 4-day
distance to the thermal lesion. A direct effect, albeit unknown mecha-
nism, of HBOT on both burned and non-burned skin at 3 h is indicated
although the effect was not sustained at the 4.5 h timepoint in the
non-burned skin only.

Concerning the specific antibacterial effect in the HBOT groups our
study design did not allow for a clear distinction of the mechanisms. We
evaluated the simultaneous antibiotic bead concentration and bacterial
content (simultaneous biofilm microcompartment PK/PD). However,
whether the actual increased anti-bacterial effect was due to increased
bead concentration of tobramycin alone, or actual increased O, depen-
dent bacterial tobramycin uptake or increased intra-bacterial accumu-
lation of toxic hydroxyl radicals cannot be distinguished in the present
study. However, the two latter mechanisms would benefit from the
increased bead tobramycin concentration. The effect that persisted for
4.5 h was a direct HBOT killing or tobramycin potentiating effect
resulting in a lower bacterial regrowth from 3 h to 4.5 h in the beads
exposed to HBOT, regardless of skin condition. The tobramycin itself is

known to induce the production of highly reactive free radicals, as is the
HBOT, which promiscuously reacts and damaged intracellular compo-
nents such as DNA, RNA, proteins, polysaccharides and phospholipids of
P. aeruginosa [30]. This oxidative stress is also thought to contribute to
changes in the metabolome [31]. The intrinsic susceptibility is influ-
enced by this altered bacterial metabolic state, resulting in an even faster
bactericidal action from tobramycin. HBOT has previously been shown
to increase the antibiotic-killing efficiency in a PAO1 biofilm in vitro
[32].

The anti-biofilm effect by applying HBOT may partly be explained by
the possibility that HBOT accelerated bacterial growth by oxygenating
the hypoxic biofilms and thus boost bacterial metabolism, which could
lead to a more efficient tobramycin bacterial killing [31]. Strategies
forcing biofilm living bacteria out their resting persister states into more
metabolic active phenotypes and thereby rendering them increasingly
susceptible to antibiotic therapy, has been argued [33,34]. However, our
study setup did not allow to investigate these specific mechanisms of
HBOT. Furthermore, the most pronounced anti-biofilm effect of HBOT
was observed in situations where tobramycin was also significantly
increased.

In contrast, we did find a bacterial count significantly higher in beads
under burned skin than under non-burned skin at the 3 h timepoint, with
no significant difference in corresponding tobramycin content, sug-
gesting that the CFU level did not represent the antibiotic killing effect
but could represent a direct intrinsic killing effect of HBOT compli-
menting the effects mediated by tobramycin.

5.1. Limitations

Biofilm formation is influenced by quorum sensing molecules like N-
butonoyl-r-homoserine lactone (BHL) [35]. The effect of the HBOT on
quorum sensing molecules was not investigated and an anti-quorum
sensing effect cannot be ruled out. However, the present study did not
aim at investigating biofilm formation, but tobramycin antibacterial
enhancing HBOT effect.

The alginate bead model simulates a biofilm created ex-situ and
inoculated in a living host. This mature biofilm has a phenotype that
does not constitute the age-corresponding level of other important
components like rhamnolipid, polysaccharide, and eDNA. It is known
that antibiotic tolerance increases with the age of the biofilm and that
eDNA plays a role in stabilizing the biofilm, which we also demonstrated
earlier using this model (4). For this setup, though, the model makes it
possible to examine the biofilm as a completely independent entity
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regarding simultaneous
bacteriology.

tobramycin uptake and quantitative

6. Conclusion

The microenvironment of the P. aeruginosa biofilm depends on the
fitness of the external environment. HBOT reoxygenates the wound bed
and biofilm and acts as an anti-biofilm adjunct to tobramycin through
lowered bacteriology, higher antibiotic penetration into the wound
biofilm, and hindering the regrowth. Understanding the PK/PD nature
of biofilms and identifying and later implementing anti-biofilm adjuncts
for antibiotics represent a promising non-antibiotic strategy for
combating recalcitrant biofilm infections.
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