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Abstract

(Hendier L, Soule H, Abbas M, Pittet D, Pignel R, Boet S. Evaluation of bacterial survival on inert surfaces in a hyperbaric
environment. Diving and Hyperbaric Medicine. 2025 30 September;55(3):231-235. doi: 10.28920/dhm55.3.231-235.
PMID: 40986918.)

Introduction: Surface cleaning and hand hygiene within hyperbaric chambers are challenging because of the risk of fire
with currently used products containing alcohol or glycerine. This study aimed to investigate if hyperbaric conditions could
have inhibitory effects on bacteria present on inert materials.

Methods: We deposited Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli) on inert materials in an experimental
chamber (Comex1200Alu) and compressed the chamber environment with air (253 kPa, 95 minutes) (referred to as indoor).
The control was contaminated materials placed outside the chamber (referred to as outdoor). We chose inert materials
including plastic, metal, and seat upholstery (imitation leather). We measured bacterial growth and survival and compared
the groups using a Student’s #-test.

Results: Regardless of the surface types tested, there were no significant differences in bacterial reduction between indoor
and outdoor conditions for either E. coli or S. aureus and any of the materials (P > 0.05).

Conclusions: We found that pressurised air (253 kPa for 95 minutes) has neither proliferative nor bactericidal action
on S. aureus and E. coli colonies deposited on inert surfaces compared to those present outside a hyperbaric chamber in
normobaric air conditions.

Introduction

Hyperbaric oxygen therapy (HBOT) is treatment approved
for multiple elective and urgent indications, including
treating some infectious processes. To attain a hyperbaric
condition, special compression chambers are used. There
are two kinds of chambers: monoplace chambers that
allow treatment of a single patient at a given time, and
multiplace chamber that allow treatment of several patients
simultaneously in the same chamber. Multiplace chambers
are compressed with air while monoplace chambers are often
compressed with oxygen.

For infection control, disinfection must be ensured between
sessions for different patients to avoid nosocomial spread.
In this regard, it is important to know if an environment
has inherent bactericidal or bacteriostatic effect. The most
important measures to reduce transmission of bacteria and

the risk of healthcare associated infections are environment
cleaning and hand hygiene with alcohol-based hand rubs.!
However, many products recommended for disinfection such
as alcohol-based hand rubs and soaps containing glycerine
are flammable in the hyperbaric environment or are corrosive
for the structure. Cleaning measures have therefore been
put in place, avoiding any product likely to catch fire in the
hyperbaric chamber, such as ultraviolet-C (UV-C). UV-C
has germicidal properties as it is absorbed by nucleic acids
in microorganisms, resulting in irreversible cell damage,
and rapid cell death. There is a significant reduction in
bioburden following adjunctive UV-C disinfection than
with standard cleaning alone. However, this technique may
fail to disinfect shadowed surfaces, and may be damaging
to acrylic components of monoplace or other chambers.?

Previous studies have explored the effect of HBOT on
bacteria in hyperbaric and hyperoxic environments relevant
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to monoplace chambers. High tension of oxygen may
be bacteriostatic and/or bactericidal.®* The hypothesised
mechanism is that a defect in nucleic acid or energy
metabolism, or both, exists in hyperoxic cells.* Another
possible antibacterial mechanisms of HBOT could be the
absence of CO, increasing the bactericidal effect of the
oxygen alone.” Some facultative anaerobic and obligate
aerobic bacteria are resistant to hyperoxia but not at higher
pressures of oxygen e.g., 100% O,, 304 kPa (3 atmospheres
absolute [atm abs]) over a prolonged exposure (24 hours).
The bactericidal activity of hyperbaric oxygen against these
species is potentiated by the absence of carbon dioxide.®
The bactericidal and bacteriostatic effects of hyperbaric
oxygen are more evident as the pressure increases and are not
always dependent upon which oxygen tension is applied.” In
biological tissues, HBOT has a bactericidal or bacteriostatic
effect depending on the type of bacteria.?

While there are several studies concerning hyperbaric
hyperoxic conditions applicable to the monoplace chamber
environment, there are limited data on hyperbaric air.
This is relevant to multiplace chambers compressed with
hyperbaric air (not oxygen). The effect of hyperbaric air
on bacteria present on inert surfaces of the chamber has
been overlooked. It is unclear if hyperbaric air inhibits (or
enhances) bacterial growth, and what the implications are
for infection control in the hyperbaric environment. This
is of clinical importance because multiplace hyperbaric
chambers can accommodate several patients at once, in
close proximity, which may allow for contact between
patients who may be infected or colonised. This poses a risk
for patient-to-patient transmission of pathogens, including
multidrug resistant bacteria.

This study aimed to evaluate the effect of hyperbaric air on the
viability of bacteria on different materials found in multiplace
chambers in the absence of specific cleaning measures. We
hypothesised that hyperbaric air has an inhibitory effect.

Methods

We evaluated the survival of two facultative anaerobic
bacteria deposited on inert surfaces, Staphylococcus
aureus and Escherichia coli. They were exposed to
hyperbaric air for 95 minutes (a typical duration of
hyperbaric oxygen therapy session).

The method used was inspired by the phase 2 / step 2
application standard NF EN 14561. In this bactericidal
standard simulating real conditions, inoculated sheets
artificially contaminated with bacteria are exposed to the
disinfectant being tested.® In this work, the inoculated
sheets were not exposed to a disinfectant, but to particular
atmospheric conditions in order to study their effect on the
survival of the bacteria. Ethics approval was not necessary
because we did not use a chamber using for patients and the
bacteria came from a collection.

CONTAMINATED TILE

We took three materials often found in clinical hyperbaric
chambers: plastic flooring, metal and imitation leather seat
coverings. Pieces of about 1 cm? were cut and autoclaved. Six
to eight sterile Petri dishes, each containing a sprout carrier
of each material, were prepared for each series of tests.

PREPARATION OF THE INTERFERING SUBSTANCE
SOLUTION

The interfering substance (organic material that may inhibit
antibacterial action) used was bovine albumin fraction V for
biochemistry (SIGMA). A dilution of albumin with sterile
water was performed to obtain a solution at a concentration of
0.6 g-L!. This solution was filtered through a 0.45 pm syringe
microfilter and stored in the refrigerator until used.

PREPARATION OF CONTAMINATION SUSPENSIONS

The reference strains used to perform the experiment
were E. coli K12 NCTC 10536 and S. aureus NC 10788.
Pure cultures of each of the two bacteria were prepared
on tryptone-soy agar (TSA) (Biomérieux) for 18-24 h at
36 + 1°C. Colonies collected on a second subculture were
diluted in 100 mL of tryptone-soy broth (TSB) (Biomérieux)
and incubated for 18-24 h at 36 + 1°C. Finally, those cultures
were diluted with sterile water to constitute homogeneous
bacterial suspensions containing approximately 108 colonies
forming units (CFU)-mL".

For each species, the bacterial test suspension used for the
contamination of the inert surfaces was prepared by mixing
this suspension with the interfering substance solution in
equal parts, in order to obtain a final albumin concentration
of 0.3 g-L"!. To accurately estimate bacterial counts within
each suspension, serial dilutions were prepared and a 1 mL
sample of each of the dilutions was spread over the surface
of TSA for E. coli and ChromID S. aureus (Biomérieux)
for S. aureus. These were incubated at 36 + 1°C for 48 h.
Bacterial CFU were quantified by visual inspection, adjusted
for the corresponding dilution factor, and converted to log, .

The test suspensions were used within one hour of their
preparation.

CONTAMINATION OF THE INOCULATED SHEETS

For each test, one of the two bacteria tested was used. Each of
the three inoculated sheets was contaminated with 20 pl of the
contamination suspensions, corresponding to approximately
10° CFU (Figure 1). They were allowed to dry at room
temperature for 90 minutes before the actual test.

HYPERBARIC CHAMBER

The experimental hyperbaric chamber used was a Comex
1200Alu which is 1 m long and has a diameter of 1.2 m. Itis
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Figure 1
Three germ-supports: imitation leather metal, plastic, placed in a
sterile Petri dish

equipped with pressure, temperature, and humidity sensors.
Although not a clinical chamber, the tests reproduced typical
pressurised air conditions of a multiplace HBOT session.

TEST METHOD

Three different inoculated sheets previously contaminated
with one of the two contamination suspensions were placed
in two sterile dishes. One dish was introduced inside the
hyperbaric chamber, and the other one was left outside, close
to the chamber.

The inoculated sheets were exposed for 95 minutes to
hyperbaric air. Specifically, the hyperbaric exposure
involved compressing the chamber with air to 253 kPa over
15 minutes, maintenance at 253 kPa for 65 minutes, followed
by decompression to surface pressure over 15 minutes.
Outside the chamber, the inoculated sheets remained for 95
minutes in normobaric air (101 kPa). At pressure, the internal
chamber temperature was 24°C, 2°C higher than the external
temperature. The humidity was 12% inside compared to
40% outside. A single compression cycle was performed for
each bacteria tested. Once the cycle was completed, each
inoculated sheet was immediately introduced into a vial
containing 100 mL of tryptone soy mixture (Biomérieux)
using sterile forceps. Each test was repeated ten times with
each bacteria.

ENUMERATION OF RESIDUAL BACTERIA AFTER THE
TEST (FINAL VALUE)

The vials were stored in a refrigerator. The analysis
began immediately. Each vial was vigorously shaken for
three minutes to remove the residual bacteria from their
inoculated sheets. Three agar plates (TSA for tests with
E. coli, and ChromID S. aureus for tests with S. aureus)
were inoculated on the surface from each vial: one with 1
mL of undiluted liquid and the other two with 10! and 102
dilutions respectively. The agar plates were incubated at 36
+ 1°C. After 48 h, bacterial CFU were quantified by visual
inspection, adjusted for the corresponding dilution factor
and the total initial volume of broth used to recover bacteria
from the inoculated sheets, and converted to log, o
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STATISTICAL CALCULATION

For each inoculated sheet, the difference between the initial
contamination, close to 10° CFU, and the final value was
calculated. This is the logarithmic reduction expressed in
log,,. The average logarithmic reductions between inside
and outside the chamber were compared, for each surface
material and each bacteria. This difference was assessed
using Student’s #-test to evaluate whether the difference
was statistically significant. A P-value of less than 0.05 was
considered statistically significant.

Results

For each of the three surfaces (metal, seat coverings and
plastic floor covering) and for each of the two bacteria
tested, we obtained ten results under indoor conditions
(i.e., within the hyperbaric chamber) and ten results under
outdoor conditions (i.e., outside the chamber). The results
are summarised in Table 1. Although the average initial
logarithmic contamination of E. coli (6.46 CFU-mL") was
higher than for S. aureus (6.12 CFU-mL"") this was of no
functional relevance to the experiment.

Both bacteria on all surfaces showed a reduction in CFU over
the course of both inside and outside exposures, but there
were no significant differences for either bacterial species
between inside (hyperbaric) and outside (normobaric)
environments. We showed a lower logarithmic reduction for
S. aureus than for E. coli both inside and outside the chamber.

Discussion

This in vitro study assessed bacterial survival in hyperbaric
and normobaric air environments and found that there was no
difference in survival of E. coli and S. aureus. The hyperbaric
air environment did not lead to a bacterial multiplication
or bactericidal effect on either of these bacteria colonising
inert materials, even though the membrane structure from
the bacteria Gram-positive (S. aureus) and Gram-negative
(E. coli) are different. In contrast, a previous study showed
that gram-negative bacteria persisted longer than gram-
positive bacteria in normobaric air conditions. This may be
related to the humidity. Indeed, humid conditions have been
showed to improve persistence for most types of bacteria
including E. coli while S. aureus was found to persist longer
at low humidity level.!

Our study evaluated bacterial survival on inert surfaces in
the context of increased pressure. The results obtained are
difficult to compare with other studies evaluating the effect
of hyperbaric conditions on bacterial survival which focused
on the effect of hyperbaric oxygen exposure on bacteria
cultured in nutrient media. For example, in the study by
Masure et al., the survival of bacteria in a liquid nutrient medium
was assessed. The study described a bacteriostatic effect of
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Table 1
Mean and standard deviation (SD) initial contamination and mean (SD) reduction inside and outside the hyperbaric chamber reported
as log,, colony forming units per mL (CFU-mL") for different bacteria and germ support; P-values are for comparisons between inside
the chamber (hyperbaric air) and outside the chamber (normobaric air)

Inside the chamber Outside the chamber
Surface Mean initial Mean Mean initial Mean P-value
contamination reduction contamination reduction
(CFUmL"log,) | (CFU'mL'log) | (CFU'mL"log ) | (CFU-mL"log,)
Bacteria 1: Staphylococcus aureus
Metal
I 6.12 (0.12) 0.57 (0.18) 6.12 (0.12) 0.54 (0.23) 0.37
Seat
(Imitation leather) 6.12 (0.12) 1.96 (0.56) 6.12 (0.12) 2.28 (0.37) 0.08
o 6.12 (0.12) 1.31 (0.48) 6.12 (0.12) 1.39 (0.40) 0.34
ol . . . . . . . . .
Bacteria 2: Escherichia coli
Metal
(aluminium) 6.46 (0.11) 1.60 (0.21) 6.46 (0.11) 1.56 (0.19) 0.33
Seat
(Imitation leather) 6.46 (0.11) 4.30 (0.27) 6.46 (0.11) 422 (0.41) 0.39
Hies 6.46 (0.11) 2.46 (0.31) 6.46 (0.11) 2.57 (0.32) 0.22
fillsis) . . . . . . . . .

hyperbaric oxygen for E. coli at 304 kPa (3 atm abs) and for
S. aureus at 507 kPa (5 atm abs) for 24 hours.® We did not
see this effect on inert surfaces with hyperbaric air exposure.

The average log,, reduction for E. coli on the imitation
leather (seat) surface was higher inside and outside the
chamber (4.30 and 4.22 CFU-mL! respectively) than on the
metal surface (1.60 and 1.56 CFU-mL! respectively). These
results for the different surfaces reveals the hypothesis, in a
fortuitous way, that there is a difference in the adhesion of
bacteria to materials. Bacteria deposited on the seat cover
(imitation leather) seemed to adhere more strongly than those
deposited on metal surfaces, regardless of the bacteria tested.
Although the agitation time of the inoculated sheets in TSB
bottles was the same for each bottle, fewer bacteria were
collected from the seat cover than from the metal. Bacteria
may have preferential attachment to certain materials such
as imitation leather. This suggests that cleaning efforts may
need to be adapted depending on the nature of the material.

Cleaning measures have been put in place avoiding any
product likely to catch fire in the hyperbaric chamber with the
introduction of ultraviolet C (UV-C) devices. A recent study
was conducted in the context of the COVID-19 pandemic,
focusing on the challenges of disinfecting the chamber and
discussing the quarantine of patients or the closure of the
hyperbaric centre under these conditions. Ultimately, it was
demonstrated that, despite the varying conditions during the
different phases of the pandemic, it was possible to ensure at
least partial operation of the workplace by integrating UVC
radiation into each disinfection procedure.!! Another study

evaluated the effectiveness of two UV-C devices in eradicating
multidrug-resistant bacteria (Clostridioides difficile and
methicillin-resistant Staphylococcus aureus). These bacteria
were suspended and then inoculated onto sheets, which were
placed in the hyperbaric chamber, while control plates were
placed outside the chamber during the UV-C disinfection.
This technique reduces contamination of high-touch clinical
surfaces, but more studies are needed to test the comparative
efficacy of UV-C devices in real-world clinical environments.'?

Conclusions

The results of this in vitro study showed that the survival
of bacteria S. aureus and E. coli on inert materials inside
(hyperbaric air environment) and outside the chamber
(normobaric air environment) were not different. From
the point of view of the material used, a more pronounced
adherence for the imitation leather (seat coverings) may be a
key factor to consider. Therefore, a precautionary approach,
particularly through the increased use of personal protective
equipment such as gloves when patients are subject to contact
isolation precautions for example, appears justified to reduce
the risk of cross-contamination in multiplace hyperbaric
chambers. Further studies on different bacterial species, the
effect of several compressions on bacteria are required to
broaden our knowledge of bacterial survival in hyperbaric
chambers in order to better prevent infectious risks for
patients. Moreover, to apply this study in clinical condition,
it would be interesting to test bacterial growth after the
disinfection of the chamber with our clinical disinfection
protocol.
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