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Biofilm formation by the global outbreak
strain of Mycobacterium chimaera results

in significantly reduced efficacy of standard
disinfectants
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Abstract

Background In 2013, a global outbreak of Mycobacterium chimaera infections due to contaminated heater-cooler
units emerged. This ongoing problem has highlighted the question of whether disinfection recommendations for
medical devices containing water circuits are adequate for preventing contamination and possible recontamination
by nontuberculous mycobacteria. The formation of biofilms in such devices exacerbates the problem. This study
aimed to assess the efficacy of disinfectants on biofilms and suspensions of the M. chimaera strain ZUERICH-1, and to
compare it with two unrelated M. chimaera strains obtained from different sources.

Methods Disinfection efficacy testing for biofilm was performed using a Bead Assay for Biofilms and for bacteria
in suspension according to the European Standard EN 14348, Three different disinfectants, glutaraldehyde, sodium
hypochlorite and peracetic acid, were assessed. M. chimaera ZUERICH-1, two genetically unrelated M. chimaera
isolates and M. avium subsp. avium ATCC 15769, which is included in European standards for disinfectant testing on
mycobacteria, were analyzed. The biofilms’structure and composition were analyzed by chemical and molecular
techniques and advanced imaging methods.

Results We found that peracetic acid and glutaraldehyde in standard concentrations were able to effectively
inactivate (=4 log;, reduction) suspended bacteria of all three strains, but chlorine failed in all cases. Formation of
biofilm generally enhanced the tolerance of M. chimaera to disinfectants. Peracetic acid in standard concentration
could not effectively inactivate biofilms of M. chimaera ZUERICH-1, but was effective against biofilms of the other M.
chimaera strains tested. Similarly, glutaraldehyde in standard concentration could not inactivate biofilm of ZUERICH-1.
Biomass analysis showed higher amounts of extracellular matrix of ZUERICH-1 when compared to the other two
strains.
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Conclusions The data suggest that current standard disinfection recommendations do not ensure sustained
inhibition of M. chimaera when embedded in biofilm. Additional measures are needed to prevent nosocomial
transmission of M. chimaera through contaminated heater-cooler units.
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Nosocomial, Transmission

Introduction

The prevalence of infections caused by nontuberculous
mycobacteria (NTM) has increased globally for several
years [1]. The contamination of medical devices or sur-
gical material by NTM contributes to healthcare associ-
ated infections by these pathogens [2—4]. Since 2013, an
ongoing global outbreak of systemic NTM infections
has been occurring as a result of contaminated heater—
cooler units (HCU). The machines were contaminated
by Mycobacterium chimaera [5, 6], which belongs to the
Mycobacterium avium complex (MAC) [7]. It thereby
shares typical characteristics of mycobacteria, such as a
high natural tolerance to antimicrobials (including disin-
fectants). During cardiopulmonary bypass surgery, HCU
are used to keep the patients’ blood at a specific tem-
perature. The open ventilation system of some HCU can
lead to the spread of M. chimaera from the contaminated
water-cooling circuit via bio-aerosols in the operating
room, presumedly resulting in contamination of surfaces,
surgical sites and/or prosthetic materials [8]. In 2013,
first cases of postoperative prosthetic-valve endocardi-
tis (PVE) resulting from disseminated infections with M.
chimaera were identified [9]. As of 2018, a global total
of > 140 patients has been linked to the outbreak with a
fatality rate of approximately 50% [10]. Van Ingen et al.
[11] could track the global outbreak back to certain types
of HCU that were contaminated at the production site. In
the follow, recommendations were issued to improve the
microbiological quality of the HCU s operating water and
for cleaning and disinfection of the devices. The guide-
lines for the disinfection of HCU often rely on oxidative
agents that can only be used in a limited concentration
due to the degradation of the devices’ internal materials.
At the beginning of the outbreak, the disinfection recom-
mendations for the outbreak-related heater — cooler units
T3 from Sorin suggested a weekly 10 min disinfection of
the water tanks and tubes with either sodium hypochlo-
rite (0.02%) or peracetic acid (0.045%) as reactive agents
[12]. Over time, the procedures were adjusted to respond
to the ongoing outbreak by increasing the concentrations
of the disinfectants (0.1% sodium hypochlorite or 0.1%
peracetic acid for 10 min). Updated disinfection proce-
dures as well as intensive cleaning and the replacement
of contaminated tubes still could not prevent reemerging
growth of the bacteria [13]. This raised the question of
whether disinfection procedures can successfully prevent
the growth or re-proliferation of M. chimaera in such

machines at all, which was also complicated by formation
of biofilms within the HCU water circuits. This has led
to further studies which analyzed different methods for
disinfection of HCUs [14].

Biofilms are communities of microorganisms that
embed themselves in an extracellular matrix (ECM).
They are considered for many microbes to be the most
naturally occurring homeostatic lifestyle [15]. The ECM
can differ greatly in composition and structure amongst
species, strains, as well as living conditions. Several func-
tions have been linked to the biofilm matrix, including
enabling communication within the bacterial commu-
nity, generating a self-sustaining source of nutrition, and
providing protection [16, 17]. Growth of biofilms has
been shown to enhance the tolerance of many bacterial
species to antimicrobial substances. Bridier et al. [18]
reviewed disinfection procedures for biofilms and found
that biofilm assembly generally leads to increased toler-
ance to disinfectants. Recent studies have also reviewed
and analysed biofilm formation of mycobacteria and it’s
impact on tolerance to disinfectants [19, 20].

Since strong biofilm formation in contaminated HCU
was reported in the context of the outbreak, we hypoth-
esized that biofilms of M. chimaera might behave dif-
ferently towards disinfectants than single bacteria in
suspension and that the M. chimaera outbreak strain
might behave differently in comparison to other M. chi-
maera strains. We therefore aimed to analyze the efficacy
of disinfectants commonly used in HCU on both the sus-
pension and biofilm of M. chimaera.

Materials and methods

Bacterial strains

The M. chimaera outbreak strain ZUERICH-1 and two
unrelated M. chimaera isolates obtained from different
sources (water or clinical specimen) were used in this
study. The M. avium subsp. avium strain ATCC 15769,
which is included in European standards for disinfection
testing on mycobacteria, was used as an internal control
in this study. All strains and their sources are shown in
Table 1.

Cultivation of bacteria and generation and processing of
biofilms

Biofilms were cultivated on porous glass beads and pro-
cessed as described before [20, 21] with some adjust-
ments for use with mycobacteria. The bacterial strains
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Table 1 Strains tested for disinfectant efficacy testing. M.
chimaera strains of different origin were analyzed. The M. avium
type strain was used as an internal control for disinfectant testing
Strain

Origin Source

M. chimaera Patient infected DSMZ 101591, German Collec-
ZUERICH-1 during heart tion of Microorganism and Cell
(outbreak surgery in presence Cultures
strain) of HCU
M. chimaera Water tank of Division of Infectious Diseases,
FR-35 HCU (unrelatedto  Department of Internal Medi-
outbreak) cine Il, Medical Center, University
of Freiburg, Freiburg, Germany
M. chimaera Patient respiratory  Division of Infectious Diseases,
UP-11 sample Department of Internal Medi-
(unrelated to cine Il, Medical Center, University
outbreak) of Freiburg, Freiburg, Germany
M. avium Spleen of a tuber- ~ DSMZ 44157, German Collec-
subsp.avium  culous hen tion of Microorganism and Cell
ATCC 15769 Cultures

were stored at —80 °C in 10% glycerol (stock). After thaw-
ing, a suspension of approx. 1x10° CFU/mL was pro-
duced in Middlebrook 7H9 broth supplemented with 10%
OADC (BD, Heidelberg, Germany). Porous glass beads
(8 mm, ROBU” Glasfilter-Gerite, Hattert, Germany) were
placed in 24-well plates (one bead per well), to which
1 mL of the bacterial suspension was added. The plates
were incubated on an 8 mm orbital shaker at 150 rpm
and 37 °C for as long as required based on experimen-
tal parameters. All experiments were performed at least
three times, with three technical replicates per experi-
ment, unless otherwise noted.

For analysis of biofilm growth kinetics, beads were
incubated for up to 28 days as described above. At days 3,
7,10, 14, 21 and 28, three beads were removed and used
for quantification of CFU/bead as described below.

To test the reproducibility of bacterial counts in bio-
film attached to a bead, five experiments were conducted.
Each strain was grown for 21 days on glass beads, after
which the bacteria were detached and enumerated as
described below.

For determination of CFU/bead, the beads were taken
from the 24-well plate, carefully dipped twice into ster-
ile water to wash off loosely attached bacteria, and trans-
ferred to a tube containing 2 mL of sterile water. The
samples were sonicated and homogenized in an ultra-
sonic bath (BactoSonic®, Bandelin, Berlin, Germany)
at 40 kHz and 200 W,g for 20 min to detach the biofilm
from the bead and disperse the bacteria. The samples
were plated in serial dilution by 5 pL spot-plating on
Middlebrook 7H10 agar plates supplemented with 10%
OADC (BD, Heidelberg, Germany; MB-OADC). Plates
were incubated for 21—28 days at 37 °C, after which the
colonies were counted.
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Table 2 List of disinfectants and corresponding neutralizers

used
Disinfectant Product Concentra-  Neutralizer
tions (%)
Glutaraldehyde 25%, Merck, 0.1 1% glycine
(GA)? Darmstadt, 05 solution with
Germany 1 0.1% Tween 80
5 in water
5
Chlorine (FAC)? 13% free active 0.1 TSH-Thio buffer
chlorine, sodium (1% Tween 80,
hypochlorite, 5 3% Saponin,
Acros Organics, 3 0.1% L-Histidin,
Fisher Scien- 5% sodium
tific, Schwerte, 5 thiosulfate)
Germany in PBS (0.1 M,
pH7)
Peracetic acid Wofasteril 40%, 0.01 0.5% sodium
(PAA) Kesla Pharma 0.05 sulfite in PBS
Wolfen, Bitterfeld- 0,075 (0.1 M, pH 7)
Wolfen, Germany
0.1
0.5

2Concentration (v/v), °concentration (w/v)

Disinfectant efficacy testing

Efficacy testing was performed for three disinfectants
(glutaraldehyde (GA), chlorine (free active chlorine,
FAC), and peracetic acid (PAA)). The concentrations
tested and the respective neutralizers used in this study
are listed in Table 2. The exposure time was 60 min at
20 °C in all cases. Successful disinfection was defined in
accordance with EN Standard 14,348 as achieving at least
4 log;, reduction in mean viable CFU.

Prior to the experiments, the active agent (peracetic
acid, glutaraldehyde, free active chlorine) of each disin-
fectant was titrated following standard protocols. Per-
acetic acid and free active chlorine were titrated directly
before each experiment, while glutaraldehyde was
titrated once before all experiments.

Disinfection assays for biofilm

Disinfectant efficacy testing on M. chimaera biofilms was
performed according to the Bead Assay [21]. Biofilms
were cultured for 21 days at 37 °C on porous glass beads.
This time point represents the most uniform and stable
growth among all strains. After treatment with disinfec-
tants, the surviving bacteria were quantified by counting
CFU/bead as described above.

Disinfection assays for bacteria in suspension

The bacteria for suspension testing were cultivated fol-
lowing the EN 12353 for mycobacteria. Briefly, the stock
culture was inoculated on five MB-OADC plates and
incubated at 37 °C as long as necessary for analysis. Dis-
infection was performed according to EN 14348. Briefly,
bacteria were washed three times with 0.1% Tween 80,



Oschmann et al. BMC Microbiology (2025) 25:738

centrifuged, and the pellet was weighed, resuspended in
0.1% Tween 80 solution, and homogenized in an ultra-
sonic bath (BactoSonic®, Bandelin, Berlin, Germany) at
40 kHz for 20 min. For each concentration, 900 pL of
disinfectant was added to a 2 mL tube and preheated
to 20 °C for 10 min. 100 pL of suspension test solution
was added to the disinfectant and incubated at 20 °C for
60 min. After incubation, 100 pL of the suspension-dis-
infectant mixture was transferred to a new tube contain-
ing 900 pL of cold neutralizing agent. The samples were
processed in serial dilution by 5 pL spot-plating on MB-
OADC plates and incubated for 28 days at 37 °C.

Weekly PAA disinfection of M. chimaera ZUERICH-1 biofilm
Biofilm of M. chimaera ZUERICH-1 was cultivated in
sterile-filtered tap water or in MB-OADC as described
above for 21 days. Thereafter, the biofilm beads were
treated with 0%, 0.045%, 0.1% or 0.5% PAA for 10 min at
room temperature. Three beads per concentration were
washed by dipping in sterile water, and after neutral-
ization the CFU counts were determined as described
above. The other beads were washed by dipping twice in
sterile water, transferred to new 24-well plates contain-
ing fresh sterile-filtered tap water, and incubated again
on an orbital shaker at 150 rpm at 37 °C for seven days.
The procedure was repeated in a 7-day cycle over three
weeks, treating each biofilm bead with the corresponding
PAA concentration as in the previous week.

Neutralization and toxicity testing

Prior to disinfectant testing, complete neutralization as
well as exclusion of toxicity of the neutralizing agents had
been verified with the maximal concentration of disinfec-
tant used (Table 2). All neutralizing agents were freshly
prepared before the experiment. Testing was performed
as described by Konrat et al. [21]. Samples were seri-
ally diluted and 100 pL of each sample were inoculated
to MB-OADC plates and incubated for 14—28 days at
37°C.

Calculating the Reduction factor

In order to compare the results of different strains and
disinfectants, the reduction factor was calculated by
comparing the CFU of treated samples with the CFU of
untreated samples.

The reduction factor (efficacy of disinfectant) was cal-
culated by the equation RF=N;—N (RF =reduction fac-
tor; Ny=log;, CFU/bead of untreated control; N=log,,
CFU/bead of treated sample). The arithmetic means and
standard deviations of reduction were calculated from
three biological replicates.
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Scanning Electron Microscopy (SEM)

The biofilm samples were cultivated for 21 days as
described above. The samples were fixed (4% paraformal-
dehyde, 2.5% glutaraldehyde in 50 mM HEPES, pH 7.0)
for 48 h at 4 °C, dehydrated in a graded ethanol line (30,
50, 70, 90, 95, 100, 100%), dried overnight in hexamethyl-
disilazane, mounted on aluminum stubs, sputter coated
with 16 nm gold—palladium and examined in the SEM
(ZEISS 1530 Gemini, Carl Zeiss Microscopy GmbH,
Germany) operating at 3 kV using the in-lens electron
detector. Images were cropped and adjusted for optimal
brightness and contrast (applied to the whole image)
using Adobe Photoshop® (Adobe Systems, San Jose, CA,
USA).

Biomass measurement of ECM components
Batch Sample preparation
Biofilms were grown for 21 days as described above. To
produce a batch sample, biofilm material from 24 porous
glass beads was pooled in a falcon tube containing 50 mL
sterile water. For the suspension batch sample, five agar
plates were washed with 10 mL sterile water each and
resuspended bacteria were transferred to a 50 mL falcon
tube. For enumerating the bacteria, samples were soni-
cated for 20 min at 40 Hz in an ultrasonic bath to indi-
vidualize the bacteria and CFU counts were determined
as described above.

These experiments were performed five times, thus
representing five biological replicates per strain.

Quantification of protein

A quantified standard of mycobacterial proteins was pro-
duced as described by Lewin et. al [22]. The amount of
protein was determined using the BCA Protein Assay
(Pierce) according to the manufacturer’s instructions. 50
uL of each biofilm or suspension batch sample, respec-
tively, was transferred to a separate well of a clear bottom
96—black well plate (Greiner Bio-One International). An
additional 50 pL of the serial dilutions of the mycobac-
terial protein standard were also transferred to the 96—
well plate. Each sample and standard were processed in
three technical replicates.

50 pL of staining solution (DMSO with 0.2% SYPRO™
Orange protein gel stain (Thermo Fisher Scien-
tific, Waltham, MA USA) was added to each well and
mixed carefully. The plate was incubated at room tem-
perature for 30 min in the dark and the fluorescence
(470Ex/570Em) was subsequently measured in a TECAN
microplate reader (TECAN Trading). The protein mass
per well was calculated using a standard curve generated
from the mycobacterial protein standard and related to
the CFU/mL of the sample.
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Quantification of lipid

10 mL of each sample were transferred to a 50 mL falcon
tube and centrifuged at 8000 x g and 4 °C for 10 min. The
supernatant was discarded and the pellet resuspended
in the 20-fold volume of 2:1 chloroform/methanol. The
tubes were sonicated for 20 min at 40 Hz and incubated
at room temperature overnight. The samples were cen-
trifuged again and the supernatant transferred to a pre-
weighed 50 mL tube and evaporated completely. The
falcon tube was weighed again and the mass of lipid per
bacteria was calculated using the CFU/mL. Each sample
was processed in three technical replicates.

Quantification of DNA

Preparation of DNA standard for qPCR was performed
according to the method described by van Soolingen et
al. [23] with modifications. Briefly, one milliliter of cul-
ture was centrifuged, and the pellet resuspended in
400 uL TE buffer (0.01 M Tris—HCL, 0.001 M EDTA,
pH 8.0). After heating at 80 °C for 30 min, 5 pL lyso-
zyme (150 mg/mL) was added and incubated overnight
at 37 °C. Subsequently, 70 uL. 10% SDS and 2 uL protein-
ase K (50 mg/mL) were added, followed by incubation at
65 °C for 2 h. Then, 100 pL 5 mM NaCl and 100 pL CTAB
(Cetyltrimethylammoniumbromid) buffer (10% CTAB
in 0.7 M NaCl) were added and incubated for 10 min at
65 °C. DNA was extracted with chloroform/isoamylalco-
hol and phenol/chloroform/isoamylalcohol, precipitated
with isopropanol, washed with 70% ethanol, dried, and
resuspended in TE buffer.

The preparation of samples for qPCR followed the
description of Lewin et. al [24]. Briefly, 100 pL from
each biofilm batch or suspension batch samples were
taken and DNA was made available for PCR by heat-
ing the bacteria for 30 min at 96 °C. Primers and probe
were designed on the rpoB gene using the genome
sequence of M. chimaera ZUERICH-1 [11] (Genbank
accession CP015272.1). The primers and the probe were
designed in this study using the software Geneious Prime
° (2020.2.3, Biomatters, Ltd., New Zealand): forward: 5°-
TGGACCAACGAGCAGATCAC-3" (GC 55%, melting
temperature 61.5 °C); reverse: 5-TGTTGTCCTTCTC
CAGCGTC-3" (GC 55%, melting temperature 61.3 °C);
probe: 5-FAM-GGCTTCTCCGAGATCATGATG
T-TAMRA-3' (GC 50%, melting temperature 61.07 °C);
product size 73 bp. A quantitative TagMan-PCR was per-
formed as described before [25] using an Agilent AriaMx
Real-time PCR system (Agilent, Santa Clara, USA) with
the following thermal profile: 10 min 95 °C, followed by
40 cycles of 30 s 95 °C, 30 s 60 °C, 1 min 72 °C. Using a
standard curve of quantified isolated DNA samples, the
resulting Cq/ACq was analyzed to quantify the amount
of DNA (in pg/mL) for each sample. The amount of DNA
per bacterium was calculated using the CFU/mL.
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Statistical analysis

Statistical analysis was performed using R (3.6.1 GUI
1.70 El Capitan build) and RStudio® (1.2.5019; RStu-
dio, Inc). Statistical significance was verified using Wil-
coxon-Rank-Sum test (Mann—Whitney-U-test) under
the assumptions of randomly sampled and unpaired data.
Level of significance is indicated by p-value (*=a<0.05;
**=0<0.01; *** =< 0.001).

Results

Biofilm growth

All tested strains were able to form biofilm on the porous
glass beads (Table 1). The growth curves showed a con-
sistent growth pattern among all strains (Fig. 1a). From
day 3 to 10, the biofilms showed exponential growth that
flattened after day 14 to a pattern of almost stationary
growth. At day 21, the strains had a nearly identical num-
ber of bacteria per bead (approx. 8 log;,) with small dif-
ferences between samples.

The analysis of the CFU/bead of five biological repli-
cates per strain after 21 days proved that all four strains
produced a reproducible amount of biofilm (Supplemen-
tary Fig. 1). The means of all five biological replicates
did not differ more than 0.5 log,, from the overall mean,
thereby fulfilling the prerequisites for disinfectant testing
(according to EN 14348 for basic limits).

Tolerance of biofilms to disinfectants

Disinfectant efficacy testing with GA showed that in
higher concentrations (=2% GA), biofilm formation leads
to a significantly higher tolerance in all strains. At low
and intermediate concentrations of GA, the tolerance of
biofilm and bacteria in suspension was mostly similar
(Fig. 2a).

Effective disinfection was not achievable for biofilms
or suspensions of the ZURICH-1 strain at any FAC con-
centration tested. Biofilm and suspension of M. chimaera
FR-35 were inactivated at 5% FAC. Biofilm of M. chi-
maera UP-11 was inactivated at 3% FAC, while the sus-
pensions, even at the highest concentration tested, were
not reduced by more than 1 log,,. The suspensions of all
three M. chimaera isolates showed a significantly higher
tolerance at concentrations from 1-3% FAC in compari-
son to their biofilms (Fig. 2b).

For PAA, the biofilm of M. chimaera ZUERICH-1 was
effectively inactivated only at the highest concentra-
tion (0.5%), while the suspension was far more sensitive,
showing effective reduction in CFU at 0.075%. The bio-
films of the other M. chimaera strains tested also showed
an enhanced tolerance to PAA when compared to the
suspensions, although no biofilm was as tolerant to PAA
as M. chimaera ZUERICH-1 (Fig. 2c).

The results of the disinfectant testing for M. avium
subsp. avium ATCC 15769, which was used as a reference
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Fig. 1 Biofilm growth on porous glass beads. a Biofilm growth curves of M. chimaera (ZUERICH-1, FR-35, UP-11) and M. avium subsp. avium (MAV) strain
ATCC 15769. b Macrophotography of a porous glass bead. ¢ SEM image showing the overall distribution of the ZUERICH-1 biofilm on the porous glass
bead. d The biofilm is mainly composed of macro-colonies (arrow 1), which have grown on and between the glass sinter particles (arrow 2). e In these
macro-colonies, M. chimaera is arranged in densely packed multi layers of bacteria, which are f) partially embedded in an extracellular slime matrix (arrow)

strain, were similar to those for the M. chimaera strains.
M. avium biofilms also displayed a remarkable tolerance
to disinfection by GA and PAA, but not to FAC (Suppl.
Figure 2). We compared the results of suspension test-
ing for M. avium subsp. avium ATCC 15769 to internal
controls to verify the reliability of the results (data not
shown).

Standard concentrations of the disinfectants that are
recommended for the decontamination of HCU or sur-
gical instruments, i.e. 2% GA, 0.1% PAA and 0.1% FAC,
did not sufficiently eradicate the biofilm of M. chimaera
ZUERICH-1 (Table 3). In contrast, 0.1% peracetic acid
effectively inactivated biofilms of the other two M. chi-
maera strains and the suspensions of all three strains
tested. Chlorine failed in its recommended concentration

of 0.1% to effectively inactivate any of the strains tested in
biofilm or in suspension.

Biofilm architecture

Electron microscopic imaging showed that all tested
strains formed an adhesive biofilm on the outer surfaces
as well as in the pores of the porous glass beads (Fig. 1c
- d; Supplementary Fig. 3). Upscaled images of M. chi-
maera ZUERICH-1 showed the formation of aggregation
structure embedded in a slime matrix in and outside of
the pores (Fig. 1c - f).

ECM composition

The biofilms of all tested strains showed generally higher
amounts of each ECM component tested (lipids, protein,
DNA) when compared to bacteria in suspension (Fig. 3).
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Fig. 2 Disinfectant efficacy testing of M. chimaera. Disinfectant testing of biofilm and suspension of three different M. chimaera strains with glutaralde-
hyde (a), free active chlorine (b) and peracetic acid (c). In comparison to the suspension, the biofilms of all strains show enhanced tolerance against GA
and PAA. With regards to FAC, the suspension of all three strains was more tolerant than the corresponding biofilm in concentrations = 1%. Lines indicate
the calculated mean reduction and corresponding standard deviation of three biological replicates depending on the untreated control. Dotted line
displays reduction threshold of 4 log;,. Red arrows indicate standard disinfectant concentrations. Statistical significance was calculated using Wilcoxon-
Rank-Sum test (p<0.05=*; p<0.01=** p<0.001 =***, ns=not significant)

M. chimaera ZUERICH-1 biofilm showed the highest
total amount of ECM in comparison to the other strains.
The difference between mass of extracellular compo-
nents in biofilm vs. suspension was significantly greater
in M. chimaera ZUERICH-1 than in the other two tested

strains.

In all M. chimaera biofilm samples, the ECM primarily
consisted of lipids (>60% total mass of ECM).

M. chimaera ZUERICH-1 biofilm produced approx.
15 pg protein per bacterium, which is over fivefold the
amount produced by the other strains; and in relation to
the total mass of ECM, ZUERICH-1 possessed the high-
est proportion of proteins (Fig. 3).

The amount of DNA in the tested strains was higher in

the biofilm than in the suspension, with the exception of
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Table 3 Efficacy of standard disinfectant concentrations used
in HCU on M. chimaera strains. Successful reduction (=4 log;) is
indicated by “+" insufficient reduction (<4 log,) is indicated by
“-" The exposure time was in all cases 60 min at 20 °C

Strain 2% GA* 0.1% FAC 0.1% PAA

M. chimaera ZUERICH-1  Biofilm - - -
Suspension  + - +

M. chimaera FR-35 Biofilm + +
Suspension  + - +

M. chimaera UP-11 Biofilm - - +
Suspension  + +

“Concentration of GA is derived from recommendations for endoscope
standard disinfection

M. chimaera FR-35, which showed almost no additional
production of DNA in biofilm.

Weekly disinfection of M. chimaera ZUERICH-1 biofilm

Biofilms were treated once a week for 10 min with dif-
ferent concentrations of PAA in order to assess the
long-term impact of the recommendations for repeated
routine disinfection of certain types of HCU (LivaNova;

80 —
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Operating Instructions Feb. 2020). We found that neither
0.045% nor 0.1% PAA could achieve full eradication or
effective reduction (= 4 log,,) of biofilms of ZUERICH-1
over a time period of 4 weeks (Fig. 4). In detail, disinfec-
tion using 0.045% PAA showed little reduction (0.5-1
log,,) in CFU when compared to the control. In the first
week, disinfection with 0.1% PAA achieved a reduction in
the biofilm of 1.5 log;, CFU/mL. Interestingly, the num-
ber of surviving bacteria was lower in the second week,
but remained constant in the following weeks despite
repeated disinfection with 0.1% PAA.

Only disinfection with the highest concentration tested
(0.5% PAA) was found to be effective in reducing the bio-
film CFU below the detection limit in the first week and
thereafter.

Discussion

The outbreak of M. chimaera infections related to HCU
emphasized the importance of nosocomial mycobac-
terial infections and the need to provide guidance for
their diagnosis and prevention, as well as a call for future

’7 **k -
60 —
[
DNA
€
.g . . Proteins
5 40 —
3 Lipids
~
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a
20 —
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o ~
[ T T T T 1
Biof. Susp. Biof. Susp. Biof. Susp.
ZUERICH-1 FR-35 UP-11

Fig. 3 Comparison of biomass compositions. The analysis of the amount of the biomass components proteins, lipids and DNA in biofilm and suspension
samples of the M. chimaera strains. ZUERICH-1 produced more overall biomass than the other strains and its biofilm contained over five times more pro-
teins than the other biofilms. The amount of DNA in pg/bacterium did not differ much among ZUERICH-1 and UP-11. FR-35 showed almost no additional
DNA in biofilm compared to suspension. ZUERICH-1 and UP-11 showed an enhanced mass of lipids in their biofilms in comparison to FR-35. The bars of
each component represent the mean of five biological replicates. The total mass of ECM components was compared between biofilm and suspension of
each strain by Wilcoxon-Rank-sum test (ns=not significant; *=p <0.05; *=p>0.01)
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Fig. 4 Weekly disinfection. Biofilms of M. chimaera ZUERICH-1 were cultured for 21 days in sterile-filtered tap-water (a) or in MB-OADC (b) and disinfected
afterwards in weekly cycles with different concentrations of PAA for 10 min. Bars represent the mean CFU/bead with standard deviation of three biologi-

cal replicates

research [11]. Our study investigated the disinfecting
efficacy of different compounds towards M. chimaera
biofilms.

Recommended disinfectants of HCU are not sufficient to
eradicate M. chimaera in biofilm

At the beginning of the outbreak in 2013, manufactur-
ers recommended a concentration of 0.045% peracetic
acid or 0.02% sodium hypochlorite for the disinfection
of water circuits by floating the tanks and tubes of HCU
for 10 min [12]. Revised disinfection guidelines recom-
mended regular disinfection with 0.1% peracetic acid or
0.1% sodium hypochlorite for 10 min [26].

In our experiments, biofilm of M. chimaera ZUE-
RICH-1 displayed tolerance to concentrations of up to
0.5% PAA during 60 min exposure, which by far exceeds
the recommended disinfection procedures. This was also
true for FAC, with which neither the biofilm nor suspen-
sion of ZUERICH-1 was reduced sufficiently by a con-
centration of up to 5% FAC for a duration of 60 min.

Interestingly, the ZUERICH-1 strain displayed a
remarkably increased tolerance to PAA when compared
to the other M. chimaera strains tested. This increase
might have resulted from adaptation to a repeated or
continuous sublethal concentration of PAA and FAC in
the HCU; this has already been shown in previous studies
with biofilms and antimicrobials [18]. In M. avium subsp.
hominissuis (MAH), promising metabolic pathways have
recently been identified that could be targeted to prevent

a mycobacterial tolerance mechanism [27]. Whether this
mechanism may also contribute to the increased toler-
ance to disinfectants in biofilms of M. chimaera is subject
to future studies.

In order to compare our results more directly to the
conditions found in HCU, we tested the tolerance of M.
chimaera ZUERICH-1 biofilm grown in sterile-filtered
tap water to a weekly disinfection with PAA. We found
that even the updated recommendations of using 0.1%
PAA for 10 min did not fully reduce or eradicate the bac-
teria despite their cultivation in sub-optimal conditions.

These results suggest that the disinfection recom-
mendations of medical devices containing water circuits
need further revision. This, however, presents a potential
problem, as increasing the concentration of disinfectant
and/or the contact time needed for complete eradication
of M. chimaera could presumably harm the machines’
internal components and lead to impaired function and
integrity of the HCU. Alternative strategies, such as a
vacuum seal to close the ventilation system or the use of
a glycol-based heat transfer fluid instead of water, may
be more successful in preventing bioaerosols transmis-
sion. Another interesting aspect would be to focus on the
manufacturing site, where the primary contamination
presumably happens. Recommendations for the manu-
facturer to evaluate NTM species and strains as part of
the microbial risk assessment during device development
and prior to regulatory submission would help to reduce
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the risk of contamination of devices and thus of future
outbreaks.

The contamination of medical devices with NTM is
not exclusive to HCU. Trudzinski et. al. [28] showed that
50% of ECMOs (extracorporeal membrane oxygenation
machines) in a single hospital were contaminated with M.
chimaera. The contamination was often linked to the col-
onization of water tanks or water supplies by these ubiq-
uitous bacteria [29-31].

Interestingly, we found that in concentrations of free
active chlorine>1%, all suspensions showed a higher
tolerance than the corresponding biofilm. This phenom-
enon might be explained by the availability of oxygen
in the cultivation process. Falkinham [32] showed that
oxygen accessibility during the cultivation of M. avium
has a significant influence on the susceptibility towards
chlorine. Bacteria exposed to oxygen-reduced growth
conditions were less tolerant than those grown in ambi-
ent air. We assume that different culture conditions of
suspension and biofilm samples resulted in differences in
oxygen availability. While bacteria grown on agar plates
are largely well supplied with oxygen, bacteria in biofilm
often face hypoxia, especially bacteria in the inner parts
of larger aggregates. The expression of genes linked to
hypoxia is commonly observed in biofilms [33—35].

The present results are based on a small number of
tested strains. It was not expected that the suspensions
exhibit an enhanced tolerance towards FACS compared
to biofilm. It could not be finally clarified, whether the
genetic profile of the strains, the hypoxic conditions
in parts of the biofilms or the composition of the ECM
components are primarily responsible for the enhanced
tolerance of the suspension towards FAC. Further evalu-
ation has to be focused on these influencing factors and
a larger number of strains should be tested to exclude
potential coincidental results.

Other limitations of our study are that the experiments
were conducted at room temperature (20 °C) and with
biofilms of a single species. Therefore, the results can-
not be extrapolated to other temperature conditions or to
biofilms of multiple species. Further studies are needed
to better understand the impact of these conditions on
disinfection efficacy.

M. chimaera ZUERICH-1 produces high amounts of ECM

In comparison to suspension, the ZUERICH-1 biofilm
showed a strong increase in biomass of ECM. Interest-
ingly, this difference was larger in ZUERICH-1 than
in the other two strains. The amount of biomass in the
biofilm samples of ZUERICH-1 and UP-11, a clinical
isolate, was not significantly different. However, both
strains produced significantly more ECM components
per bacterium in biofilm than FR-35, which could explain
the lower tolerance of this strain to disinfectants. The
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amount of biofilm produced by ZUERICH-1 and UP-11
could be an adaptation triggered during infection to
provide better protection against the patient's immune
response. Further research is needed to determine
whether this is true or purely coincidental, as our study
is limited to only three strains, which may not be repre-
sentative for all M. chimaera strains. Another important
factor are the culturing conditions which probably influ-
ence the composition and the amount of the ECM as we
have shown before for M. abscessus [20]. The effect of the
culturing conditions should be focused in further disin-
fection studies of mycobacterial biofilms.

Another distinctive feature of ZUERICH-1 biofilm was
the increased amount of proteins, which was over five-
fold more than the amounts present in the biofilms of the
other isolates. In Salmonella biofilms, it has been shown
that exposure to a sub-lethal concentration of benzalko-
nium chloride led not only to an increase in tolerance,
but also to an adaptation of the biofilm matrix [36]. The
increased production of proteins in ZUERICH-1 could
therefore be an adaptation to a longstanding exposure
to sub-lethal concentrations of disinfectants in HCU.
The high protein content in the ECM could explain
the enhanced tolerance of the biofilm of M. chimaera
ZUERICH-1 towards PAA. It has been shown that
the tolerance to disinfectants depends on whether the
composition of the matrix is dominated by proteins or
polysaccharides, as these tend to be more reactive to dis-
infectants and thus lead to higher consumption [37-39].
Packing density and the metabolic state of the bacteria
are also important factors that influence tolerance to dis-
infectants. Steed et al. [40] investigated the effect of dis-
infectants on intact and disrupted biofilms in comparison
to planktonic M. avium and M. intracellulare and found
that structurally intact biofilms were more tolerant.

It is well known that the biofilm’s structure plays an
important role in conferring tolerance. Our microscopy
results suggest that the different location of the bac-
teria on more or less exposed areas of the porous glass
beads, and thereby the strength of the shear forces act-
ing on them, influences the density of the matrix and
the overall structure of the biofilm aggregates. Bacteria
attached to outer parts of the glass particles displayed a
very dense and slimy packing in ECM, while bacteria in
the inner bead areas showed less matrix production but
larger, multilayered structures. Interestingly, M. chimaera
ZUERICH-1 was the only strain which displayed net-like
structures that covered parts of the biofilm-associated
bacteria. The chemical composition of these structures
and their potential role in tolerance to disinfectants need
further investigation, as well as the structural and com-
positional changes that presumably occur when cultiva-
tion is performed with multi-species biofilms.
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In conclusion, our data show that M. chimaera ZUE-
RICH-1 biofilm cannot be sufficiently inactivated by the
disinfectants and conditions that are currently recom-
mended for the disinfection of HCU. The M. chimaera
ZUERICH-1 outbreak strain displays distinct character-
istics such as enhanced production of proteins in biofilm
that might explain its increased tolerance to disinfec-
tants. The FDA continues to evaluate the risks of NTM
infection through HCU and developed additional mea-
sures to reduce their contamination [41]. The recommen-
dations for the disinfection of water-carrying appliances
should consider the risk of biofilm formation and pro-
vide effective protection against biofilm-associated
microorganisms.

Abbreviations

CFU Colony forming units

ECM Extracellular matrix

FAC Free active chlorine

GA Glutaraldehyde

HCU  Heater cooler Unit

MAC  Mycobacterium avium Complex
NTM  Nontuberculous mycobacteria
PAA Peracetic acid

PGB Porous glass bead

v/v Volume/volume

w/v Weight/volume

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512866-025-04439-w.

[ Supplementary Material 1. ]

Acknowledgements
We are grateful to Dr. Ingeborg Schwebke for valuable advice regarding the
methods.

Authors’ contributions

MA conceived and MA and AL initiated the project. Experiments were
designed by MA, AL, CS, KK, and AMO. AMO performed experiments and data
analysis and wrote the manuscript. DW provided the mycobacterial strains,
reviewed and revised the manuscript. GS performed critical review of the
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This study was
supported by an internal research grant from the Robert Koch Institute.

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
This study did not require institutional review board (IRB) approval because it
did not involve human participants, human data or human tissue.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Page 11 of 12

Author details

1Hospital Hygiene, Infection Prevention and Control, Robert Koch
Institute, Nordufer 20, 13353 Berlin, Germany

Mycotic and Parasitic Agents and Mycobacteria, Robert Koch Institute,
Berlin, Germany

3Advanced Light and Electron Microscopy, Robert Koch Institute, Berlin,
Germany

“Division of Infectious Diseases, Department of Internal Medicine I,
Freiburg University Medical Center, Freiburg, Germany

°Department of Infectious Diseases, Medical Microbiology and Hygiene,
Heidelberg University, Heidelberg, Germany

Received: 15 May 2025 / Accepted: 26 September 2025
Published online: 13 November 2025

References

1. Holton J. Non-Tuberculous Mycobacteria: An Emerging Clinical Problem. SPG
Biomed 2019;1:1-15.

2. Sood G, Parrish N. Outbreaks of nontuberculous mycobacteria. Curr Opin
Infect Dis. 2017;30(4):404-9.

3. Fong.W. Emerging and Difficult to Treat Nontuberculous Mycobacteria
Infections. Current Trends and Concerns in Infectious Diseases. Emerging
Infectious Diseases of the 21st Century. Springer, Cham; 2020

4. Rowan NJ, Kremer T, McDonnell G. A review of Spaulding’s classification
system for effective cleaning, disinfection and sterilization of reusable medi-
cal devices: viewed through a modern-day lens that will inform and enable
future sustainability. Sci Total Environ. 2023;878:162976.

5. Kohler P, Kuster SP. Bloemberg G, Schulthess B, Frank M, Tanner FC, et al.
Healthcare-associated prosthetic heart valve, aortic vascular graft, and dis-
seminated Mycobacterium chimaera infections subsequent to open heart
surgery. Eur Heart J. 2015;36(40):2745-53.

6. Sax H, Bloemberg G, Hasse B, Sommerstein R, Kohler P, Achermann Y, et al.
Prolonged outbreak of Mycobacterium chimaera infection after open-chest
heart surgery. Clin Infect Dis. 2015,61(1):67-75.

7. Tortoli E, Rindi L, Garcia MJ, Chiaradonna P, Dei R, Garzelli C, et al. Proposal
to elevate the genetic variant MAC-A, included in the Mycobacterium avium
complex, to species rank as Mycobacterium chimaera sp. nov. Int J Syst Evol
Microbiol. 2004;54(4):1277-85.

8. Sommerstein R, Riegg C, Kohler P, Bloemberg G, Kuster S, Sax H. Transmission
of Mycobacterium chimaera from heater—cooler units during cardiac surgery
despite an ultraclean air ventilation system. Emerg Infect Dis. 2016;22(6):1008.

9. HallerS, Holler C, Jacobshagen A, Hamouda O, Abu Sin M, Monnet DL, et al.
Contamination during production of heater-cooler units by Mycobacterium
chimaera potential cause for invasive cardiovascular infections: results of an
outbreak investigation in Germany, April 2015 to February 2016. Euro Surveill.
2016;21(17):30215.

10.  Sommerstein R, Hasse B, Marschall J, Sax H, Genoni M, Schlegel M, et al.
Global health estimate of invasive Mycobacterium chimaera infections
associated with heater—cooler devices in cardiac surgery. Emerg Infect Dis.
2018;24(3):576.

11. VanIngen J, Kohl TA, Kranzer K, Hasse B, Keller PM, Katarzyna Szafrafiska
A, et al. Global outbreak of severe Mycobacterium chimaera disease after
cardiac surgery: a molecular epidemiological study. Lancet Infect Dis.
2017;17(10):1033-41.

12. Sorin Group Deutschland. Heater-cooler system 3T operating instructions.
Version 09/2012. Munich: Sorin Group; 2012.

13. Schreiber PW, Kuster SP, Hasse B, Bayard C, Riiegg C, Kohler P, et al. Reemer-
gence of Mycobacterium chimaera in heater-cooler units despite intensified
cleaning and disinfection protocol. Emerg Infect Dis. 2016;22(10):1830-3.

14, Falkinham JO 3", Disinfection and cleaning of heater—cooler units: suspen-
sion- and biofilm-killing. J Hospital Infect. 2020;105(3):552 - 557.

15.  Costerton JW, Lewandowski Z, Caldwell DE, Korber DR, Lappin-Scott HM.
Microbial biofilms. Annu Rev Microbiol. 1995;49(1):711-45.

16.  Flemming HC, Wingender J. The biofilm matrix. Nat Rev Microbiol.
2010;8(9):623-33.

17. Mann EE, Wozniak DJ. Pseudomonas biofilm matrix composition and niche
biology. FEMS Microbiol Rev. 2012;36(4):893-916.

18. Bridier A, Briandet R, Thomas V, Dubois-Brissonnet F. Resistance of bacterial
biofilms to disinfectants: a review. Biofouling. 2011;27(9):1017-32.


https://doi.org/10.1186/s12866-025-04439-w
https://doi.org/10.1186/s12866-025-04439-w

Oschmann et al. BMC Microbiology

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2025) 25:738

Nasrollahian S, Pourmoshtagh H, Sabour S, Hadi N, Azimi T, Soleiman-
Meigooni S. Biofilm formation in mycobacterial genus; mechanism of biofilm
formation and anti-mycobacterial biofilm agents. Curr Pharm Biotechnol.
2025,26(7):982-91.

Oschmann-Kadenbach AM, Schaudinn C, Borst L, Schwarz C, Konrat K,
Arvand M, et al. Impact of Mycobacteroides abscessus colony morphology

on biofilm formation and antimicrobial resistance. Int J Med Microbiol.
2024;314:151603.

Konrat K, Schwebke |, Laue M, Dittmann C, Levin K, Andrich R, et al. The bead
assay for biofilms: a quick, easy and robust method for testing disinfectants.
PLoS ONE. 2016;11(6):¢0157663.

Lewin A, Baus D, Kamal E, Bon F, Kunisch R, Maurischat S, et al. The myco-
bacterial DNA-binding protein 1 (MDP1) from Mycobacterium bovis BCG
influences various growth characteristics. BMC Microbiol. 2008;8(1):91.

Van Soolingen D, Hermans PW, De Haas PE, Soll DR, Van Embden JD. Occur-
rence and stability of insertion sequences in Mycobacterium tuberculosis
complex strains: evaluation of an insertion sequence-dependent DNA poly-
morphism as a tool in the epidemiology of tuberculosis. Journal of Clinical
Microbiology 1991;29(11): 2578-2586.

Lewin A, Freytag B, Meister B, Sharbati-Tehrani S, Schéfer H, Appel B. Use of a
quantitative TagMan-PCR for the fast quantification of mycobacteria in broth
culture, eukaryotic cell culture and tissue. J Vet Med B. 2003;50:505-9.
Sharbati-Tehrani S, Meister B, Appel B, Lewin A. The porin MspA from Myco-
bacterium smegmatis improves growth of Mycobacterium bovis BCG. Int J
Med Microbiol. 2004;294(4):235-45.

LivaNova; Operating Instructions Feb. 2020. https://livanovamediaprod.azure
edge.net/livanova-media/livanova-public/media/resources01/cp_ifu_16-xx-x
x_usa_021.pdf?ext=pdf. Accessed 25 July 2025.

Rojony R, Martin M, Campeau A, Wozniak JM, Gonzalez DJ, Jaiswal P et al.
Quantitative analysis of Mycobacterium avium supsp. hominissuis proteome
in response to antibiotics and during exposure to different environmental
conditions. Clinical Proteomics 2019;16(39).

Trudzinski FC, Schlotthauer U, Kamp A, Hennemann K, Muellenbach RM,
Reischl U, et al. Clinical implications of Mycobacterium chimaera detection in
thermoregulatory devices used for extracorporeal membrane oxygenation
(ECMO), Germany, 2015 to 2016. Euro Surveill. 2016;21(46):30398.

Wallace RJ Jr, Brown BA, Griffith DE. Nosocomial outbreaks/pseudo
outbreaks caused by nontuberculous mycobacteria. Annu Rev Microbiol.
1998;52(1):453-90.

Falkinham JO 3", Surrounded by mycobacteria: nontuberculous mycobacte-
ria in the human environment. Journal of applied microbiology 2009;107(2):
356-367.29.

Baker AW, Lewis SS, Alexander BD, Chen LF, Wallace RJ Jr, Brown-Elliott BA,

et al. Two-phase hospital-associated outbreak of Mycobacterium abscessus:
investigation and mitigation. Clin Infect Dis. 2017,64(7):902-11.

32

33.

34.

35.

36.

37.

38.

40.

41.

Page 12 of 12

Falkinham JO 3rd. Factors influencing the chlorine susceptibility of Mycobac-
terium avium, Mycobacterium intracellulare, and Mycobacterium scrofulaceum.
Appl Environ Microbiol. 2003;69(9):5685-9.

Bonhomme J, Chauvel M, Goyard S, Roux P, Rossignol T, d'Enfert C. Contribu-
tion of the glycolytic flux and hypoxia adaptation to efficient biofilm forma-
tion by Candida albicans. Mol Microbiol. 2011,80(4):995-1013.

Williamson KS, Richards LA, Perez-Osorio AC, Pitts B, McInnerney K, Stewart
PS, et al. Heterogeneity in Pseudomonas aeruginosa biofilms includes expres-
sion of ribosome hibernation factors in the antibiotic-tolerant subpopulation
and hypoxia-induced stress response in the metabolically active population.
J Bacteriol. 2012;194(8):2062-73.

Wu'Y, Klapper I, Stewart PS. Hypoxia arising from concerted oxygen con-
sumption by neutrophils and microorganisms in biofilms. Pathogens and
Disease 2018:76(4).

Mangalappalli-lllathu AK, Vidovi¢ S, Korber DR. Differential adaptive response
and survival of Salmonella enterica serovar enteritidis planktonic and biofilm
cells exposed to benzalkonium chloride. Antimicrob Agents Chemother.
2008;52(10):3669-80.

Chen GQ, Wu YH, Wang YH, Chen Z,Tong X, Bai Y, et al. Effects of microbial
inactivation approaches on quantity and properties of extracellular poly-
meric substances in the process of wastewater treatment and reclamation: a
review. J Hazard Mater. 2021:413:125283.

Ganeshnarayan K, Shah SM, Libera MR, Santostefano A, Kaplan JB. Poly-N-
acetylglucosamine matrix polysaccharide impedes fluid convection and
transport of the cationic surfactant cetylpyridinium chloride through bacte-
rial biofilms. Appl Environ Microbiol. 2009;75(5):1308-14.

Fagerlund A, Langsrud S, Heir E, Mikkelsen MI, Maretrg T. Biofilm matrix
composition affects the susceptibility of food associated staphylococci to
cleaning and disinfection agents. Front Microbiol. 2016;7:856.

Steed KA, Falkinham JO 3rd. Effect of growth in biofilms on chlorine suscepti-
bility of Mycobacterium avium and Mycobacterium intracellulare. Appl Environ
Microbiol. 2006,72(6):4007-11.

FDA's Ongoing Evaluation and Continued Monitoring of Reports of Nontu-
berculous Mycobacteria Infections Associated with Water-Based Heater-
Cooler Devices. June 14 2022. https://www.fda.gov/medical-devices/what-h
eater-cooler-device/fdas-ongoing-evaluation-and-continued-monitoring-rep
orts-nontuberculous-mycobacteria-infections. Accessed 4 June 2025.

Publisher's Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://livanovamediaprod.azureedge.net/livanova-media/livanova-public/media/resources01/cp_ifu_16-xx-xx_usa_021.pdf?ext=.pdf
https://livanovamediaprod.azureedge.net/livanova-media/livanova-public/media/resources01/cp_ifu_16-xx-xx_usa_021.pdf?ext=.pdf
https://livanovamediaprod.azureedge.net/livanova-media/livanova-public/media/resources01/cp_ifu_16-xx-xx_usa_021.pdf?ext=.pdf
https://www.fda.gov/medical-devices/what-heater-cooler-device/fdas-ongoing-evaluation-and-continued-monitoring-reports-nontuberculous-mycobacteria-infections
https://www.fda.gov/medical-devices/what-heater-cooler-device/fdas-ongoing-evaluation-and-continued-monitoring-reports-nontuberculous-mycobacteria-infections
https://www.fda.gov/medical-devices/what-heater-cooler-device/fdas-ongoing-evaluation-and-continued-monitoring-reports-nontuberculous-mycobacteria-infections

	﻿Biofilm formation by the global outbreak strain of ﻿Mycobacterium chimaera﻿ results in significantly reduced efficacy of standard disinfectants
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Bacterial strains
	﻿Cultivation of bacteria and generation and processing of biofilms
	﻿Disinfectant efficacy testing
	﻿Disinfection assays for biofilm
	﻿Disinfection assays for bacteria in suspension
	﻿Weekly PAA disinfection of ﻿M. chimaera﻿ ZUERICH-1 biofilm
	﻿Neutralization and toxicity testing
	﻿Calculating the Reduction factor
	﻿Scanning Electron Microscopy (SEM)
	﻿Biomass measurement of ECM components
	﻿Batch Sample preparation
	﻿Quantification of protein
	﻿Quantification of lipid
	﻿Quantification of DNA


	﻿Statistical analysis
	﻿Results
	﻿Biofilm growth
	﻿Tolerance of biofilms to disinfectants
	﻿Biofilm architecture
	﻿ECM composition
	﻿Weekly disinfection of ﻿M. chimaera﻿ ZUERICH-1 biofilm

	﻿Discussion
	﻿Recommended disinfectants of HCU are not sufficient to eradicate ﻿M. chimaera﻿ in biofilm
	﻿﻿M. chimaera﻿ ZUERICH-1 produces high amounts of ECM

	﻿References


