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Klebsiella pneumoniae is a common cause of health-care associated infections. The rise of antibiotic resistance and
the ability to form biofilm among K. pneumoniae strains are two key factors associated with antibiotic treatment
failure. The present study investigates the antibiofilm activity of 1,8-cineole against preformed biofilms of
multidrug-resistant extended-spectrum f-lactamase-producing K. pneumoniae clinical isolates. To evaluate the
antibiofilm activity, cellular viability was analyzed by colony-forming units counting and live/dead staining. In
addition, biofilm biomass was evaluated by crystal violet and the biofilm matrix was stained with calcofluor
white and observed by confocal laser scanning microscopy. A time- and concentration-dependent effect of the
phytochemical over biofilm cell viability was observed revealing that 1% (v/v) 1,8-cineole during 1 h was the
optimal treatment condition displaying a significant reduction of cell viability in the preformed biofilms (2.5-5.3
log cfu/cm?). Furthermore, confocal laser scanning microscopy after SYTO-9 and propidium iodide staining
showed that 1,8-cineole was capable of killing bacteria throughout all layers of the biofilm. The compound also
caused a biofilm disruption (30-62% biomass reduction determined by crystal violet staining) and a significant
decrease in biofilm matrix density. Altogether, our results demonstrate that 1,8-cineole is a promising candidate
as a novel antibiofilm agent against multidrug-resistant K. pneumoniae strains producing extended-spectrum
B-lactamases, given its capability to disrupt the structure and to kill cells within the biofilm.

1. Introduction biofilms are known to be difficult to eradicate due to a greater tolerance

to antibiotics and host immune defenses when compared to planktonic

Biofilm-producing multidrug-resistant bacteria represent a major
health issue worldwide since the infections they cause are associated
with high rates of morbidity and mortality [1]. Klebsiella pneumoniae is
an opportunistic Gram-negative bacterium that causes a variety of
antimicrobial-resistant infectious diseases, including urinary tract in-
fections, bacteremia, pneumonia, soft tissue infections, liver abscesses,
endophthalmitis and meningitis [2,3].

K. pneumoniae success in causing infections may be partially attrib-
uted to its ability to form biofilms. Biofilms are complex bacterial
communities surrounded by an extracellular matrix composed of exo-
polysaccharides, proteins and nucleic acids [4]. Bacteria living in

cells [5]. Another challenge for the eradication of K. pneumoniae in-
fections is the increasing incidence of isolates producing carbapene-
mases and extended-spectrum f-lactamases (ESBLs), enzymes that
confer resistance to most f-lactam antibiotics [6].

The World Health Organization classified K. pneumoniae as a critical
priority for new drug development [7]. Hence, it is very important to
screen antibiofilm molecules that can effectively minimize and eradicate
infections associated with multidrug-resistant ESBL-producing
K. pneumoniae with the capability to develop biofilm [8].

Natural products such as plant volatile oils have been studied as a
promising alternative to address the diminishing antibiotic pipeline [9].
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The antibacterial activity of these mixtures derived from aromatic and
medicinal plants, such as rosemary (Rosmarinus officinalis), peppermint
(Mentha piperita), thyme (Thymus vulgaris) and fennel (Foeniculum vul-
gare), have been extensively reported [10]. However, the antimicrobial
and antibiofilm activities of isolated compounds from plant oils have not
been deeply characterised yet [11].

The phytochemical 1,8-cineole, also known as eucalyptol, can be
found in various volatile oils such as eucalyptus oil and rosemary oil and
is reported to have antimicrobial, anti-inflammatory, and antioxidant
activities [12]. 1,8-Cineole (1,3,3-trimethyl-2-ocxabicyclo [2.2.2]oc-
tane) is a bicyclic monoterpene that belongs to the class of organic
compounds known as oxanes (compounds containing a six-member
saturated aliphatic heterocycle with one oxygen atom and five carbon
atoms) (Fig. 1). In a previous study, we reported that 1,8-cineole is one
of the main constituents of rosemary essential oil exhibiting antibacte-
rial activity against planktonic cells of enterobacteria such as
K. pneumoniae and Escherichia coli [13]. The bactericidal activity of this
compound was associated with a cell membrane permeabilisation effect
[13,14]. Similar  results were recently  found against
carbapenemase-producing K. pneumoniae isolates [15]. In addition, cell
death and biomass reduction in biofilms of MDR ESBL-producing E. coli
isolates after treatment with 1,8-cineole were reported [16]. Neverthe-
less, little is known about the antibiofilm activity of 1,8-cineole against
MDR ESBL-producing K. pneumoniae biofilms.

In this study, we analyzed the effect of 1,8-cineole over cell viability
and the biofilm matrix of preformed biofilms of MDR ESBL-producing
K. pneumoniae clinical isolates.

2. Materials and methods
2.1. Bacterial isolates and inoculum preparation

Klebsiella pneumoniae strains used in this study were isolated from
adult patients and are described in Table 1. Strains named Kp AM were
isolated from urinary samples collected from patients admitted to a
medical center at Buenos Aires City (Argentina) between 2017 and 2018
[18]. Strains Kp010 and KpO5 were isolated from patients with
catheter-associated urinary tract infections, Pirovano Hospital (Buenos
Aires City, Argentina) [14,17]. Microbiological susceptibility testing
was carried out by standard methods based on CLSI breakpoints [19].
K. pneumoniae isolates were examined for ESBL production by a
double-disk synergy test using ceftazidime, cefotaxime and cefepime
with and without clavulanic acid according to CLSI guidelines [19].
K. pneumoniae clinical strains used in this study were isolated as part of
routine clinical hospital procedures to diagnose infection and hence
ethical approval was not required, according to the corresponding
institutional guidelines.

Isolates were maintained in the laboratory as frozen stocks (at
—80 °C) in Luria-Bertani (LB) broth supplemented with 15% glycerol.
Inocula for assays were prepared as described previously [16]. Briefly,
isolates were streaked on Tryptic Soy Broth (TSB)-agar plates and grown
overnight at 37 °C. Subsequently, individual colonies were used to
inoculate TSB (2 ml) and were incubated overnight at 37 °C and 200
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Fig. 1. Chemical structure of 1,8-cineole.

Biofilm 4 (2022) 100085

Table 1

K. pneumoniae isolates used in this study.
Strain Antibiotic resistance” Source
Kp010 AMP [14]
KpAM1S  AMP This work
KpAM4S  AMP This work
KpAM4  AMK, AMC, AMP, CAZ, CEF, CIP, CTX, NIT, GEN, TMS, TZP  This work
KpAM7 AMC, AMP, CAZ, CEF, CIP, CTX, NIT, TMS This work
Kp05 AMP, CHL, CAZ, CEF, CTX, GEN, NAL, RIF, TET [17]

# AMK, amikacin; AMC, amoxicillin-clavulanic acid; AMP, ampicillin; CHL,
chloramphenicol; CAZ, ceftazidime; CEF, cephaloridine; CIP, ciprofloxacin;
CTX, cefotaxime; NIT, Nitrofurantoin; GEN, gentamicin; NAL, nalidixic acid;
RIF, rifampicin; TMS, trimethoprim sulfamethoxazole; TET, tetracycline; TZP,
piperacillin/tazobactam.

rpm. Then, each inoculum was properly diluted in M9 minimal medium
supplemented with 0.8% glucose in order to obtain 107 cells/ml.

2.2. Biofilm formation assays

Bacterial inocula in M9 supplemented with 0.8% glucose (1 x 107
cells/ml) were placed in 96-well (200 pl per well) or 24-well (1 ml per
well) polystyrene plates (DeltaLab, Barcelona, Spain) and incubated
statically at 37 °C. Biofilms were developed in M9 given that this min-
imal medium was reported to support a more robust biofilm formation
by Enterobacteria, such as E. coli and K. pneumoniae, than a reach me-
dium (for example, LB) [14,20]. Adhesion to polystyrene surface was
allowed for 3 h and then the medium was replaced every 24 h for up to 2
d. At selected time points, biofilms developed in 96-well plates were
washed three-times with sterile 0.9% NaCl before biomass quantifica-
tion by crystal violet staining (absorbance measurement at 595 nm)
[21]. All crystal violet assays were performed in technical triplicates
and, for each plate, three wells were used as blanks containing sterile
growth medium. Biofilm biomass levels were classified as highly posi-
tive (Asgs > 1), low-grade positive (0.2 < Asgs < 1), or negative (Asgs <
0.2) [22].

For quantification of cultivable cells, biofilms developed in 24-well
plates were washed with sterile 0.9% NaCl before mechanical disrup-
tion from the surface as previously described [23]. The bacterial sus-
pensions obtained were serially 10-fold diluted, plated on TSB-agar
plates, and grown for 16 h at 37 °C for enumeration of colony forming
units (cfu). Experiments were done in biological triplicates and technical
duplicates were performed.

2.3. Biofilm susceptibility to 1,8-cineole

As already described, 1,8-cineole (Sigma, MO, USA) (0.25-2%, v/v)
in M9 supplemented with 0.8% glucose and 0.5% Tween 80 were pre-
pared from an 80% (v/v) pure compound solution in ethanol [16].
Preformed biofilms (2 d) were washed with 0.9% NaCl, then, the indi-
cated concentration of 1,8-cineole was carefully added on top of the
biofilms, and the plates were incubated statically at 37 °C. Untreated
controls were carried out by replacing the culture medium by fresh
medium. Vehicle controls were assessed using ethanol concentrations
corresponding to each phytochemical dilution used in medium supple-
mented with 0.5% Tween 80 (ethanol concentrations of 0.03, 0.06, 0.12,
0.25, 0.50%, v/v, corresponding to 1,8-cineole concentrations of 0.12,
0.25, 0.50, 1.00, 2.00%, v/v, respectively). After 15-180 min of incu-
bation, the medium was removed, biofilms washed with 0.9% NaCl and
biofilm biomass and cell viability were determined as explained before.
Experiments were done in biological triplicates and technical duplicates
were performed.

2.4. Biofilm imaging

KpAM?7 and KpO5 biofilms were formed on 12-mm glass coverslips,
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as described previously [16]. Preformed biofilms (2 d) were treated with
1% (v/v) 1,8-cineole during 1 h. Controls were carried out as explained
above. Bacterial viability in biofilms was assayed using the live/dead
BacLight™ Bacterial Viability Kit (Thermo Fisher Scientific, Waltham,
MA, USA) containing SYTO®9 green-fluorescent nucleic acid stain and
the red-fluorescent nucleic acid stain, propidium iodide, which was
handled following the provider’s recommendations. Biofilm matrix was
analyzed by calcofluor-white (Sigma, MO, USA) staining. All staining
procedures were carried out at room temperature in the dark for 30 min,
with the following final concentrations: SYTO®9 (5 pM), propidium
iodide (30 pM), calcofluor-white (0.5 mM). Observation of biofilms was
done using a Nikon Eclipse T1 confocal laser scanning microscope
(CLSM) (Nikon Corporation, Tokyo, Japan). Representative images
(frames of 123 x 123 pm) were taken with an image resolution of 512 x
512 pixels. For each biofilm, six image-stacks were taken at different
locations throughout the biofilm, using 1-pym z-step increments. Un-
stained and single-stained slices for each dye were used to monitor and
subtract all respective background signals. COMSTAT 2.1 (www.
comstat.dk) [24,25] and the ImageJ software [26] were utilised to
quantify the viable (SYTO®9; green), dead (propidium iodide; red),
colocalized (SYTO®9 + propidium iodide; yellow) cells. Colocalized
fluorescence was defined as part of propidium iodide staining, as the dye
was able to penetrate the membrane. As it did not completely remove
SYTO®9, it was subtracted from SYTO®9 staining. Orthogonal and 3D
reconstructions images for cell viability assays were generated by Icy
software [27], while Huygens Essential software (Scientific Volumetric
Imaging, Netherlands) was used to obtain biofilm matrix (calcofluor--
white, cyan) z-stack maximum intensity projections (MIP) and 3D re-
constructions images.

2.5. Statistical analysis

Statistical significance between control and 1,8-cineole-treated
samples was determined with either paired Student’s t-test (one-
tailed) or the one-way analysis of variance (ANOVA) followed by Bon-
ferroni post-hoc test, using GraphPad Prism software version 9
(GraphPad Software, San Diego, CA, USA). Differences were considered
significant when P values were less than 0.05.

3. Results
3.1. Biofilm-forming capability of K. pneumoniae isolates

The capability to produce biofilm of six K. pneumoniae clinical iso-
lates was studied over time (1-2 d) for three MDR ESBL-producing
strains (KpAM4, KpAM7 and Kp05) and three antibiotic-sensitive iso-
lates (Kp010, KpAM1S and KpAM4S) by crystal violet staining (Fig. 2).
By day two, all isolates showed large amounts of biofilm biomass pro-
duction (Asgspm between 1.04 and 3.71), being at least twice the amount
of biomass observed at 1 d. All isolates were categorized as highly-
positive biofilm producers after 2 d, with Kp05 and KpAM?7 producing
the highest (Asgspm 3.71 4 0.18) and the lowest (Asgsnm 1.04 + 0.22)
biofilm biomass, respectively. These two MDR ESBL-producing strains
were chosen for further experiments.

3.2. Defining conditions for optimal 1,8-cineole antibiofilm treatment by
viable cell counting

Optimal 1,8-cineole antibiofilm treatment conditions were deter-
mined for the selected strains: KpO5 and KpAM?7. First, increasing
phytochemical concentrations (0.125-2%, v/v) were added onto 2-d-old
biofilms and after incubation during 1 h, viable cell counts were deter-
mined (Fig. 3A). The corresponding amount of vehicle control (ethanol:
0.03-0.5%, v/v) was also tested. Fig. 3A shows that 1,8-cineole had a
concentration-dependent detrimental effect on biofilm cell viability in
both Kp05 and KpAM?7, while the vehicle (ethanol) did not show any
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Fig. 2. Biofilm formation of K. pneumoniae clinical isolates. Biofilms were
developed in M9 medium onto polystyrene plates and biofilm biomass was
determined by crystal violet staining (Asgsnm) after one and two days. Values
are means of at least two biological replicates, and error bars indicate stan-
dard error.

effect at all. Significant decrease in biofilm cell viability was observed at
a phytochemical concentration of 0.5-2% (v/v), diminishing the cfu by
approximately 5.0-log in Kp05 and 2.5-log in KpAM7. At lower 1,8-
cineole concentrations no effect over viability was observed in any of
the two isolates.

Fig. 3B shows a time-dependent reduction in biofilm cell viability in
both isolates using 1% (v/v) of the phytochemical. After 1 h treatment,
5.3-log and 2.5-log decrease for Kp05 and KpAM7, respectively, was
observed. A slight increase in the number of viable cells was detected for
KpO5 after 3 h of treatment.

In summary, optimal 1,8-cineole antibiofilm treatment conditions
were defined as the challenge of a pre-formed biofilm with 1% (v/v) 1,8-
cineole for 1 h.

3.3. Cell viability evaluation in K. pneumoniae biofilms after 1,8-cineole
treatment by live/dead staining and confocal microscopy

To further investigate the effect of 1,8-cineole over biofilm cell
viability, qualitative and quantitative image-based analyses were car-
ried out by live/dead staining. Live/dead staining is used to evaluate
membrane integrity as it employs a red dye that only enters cells with
damaged membranes (PI) and a green dye that stains both intact and
compromised membranes (SYTO®9) (Fig. 4).

Fig. 4A-B shows the qualitative analysis of live/dead assay, which
evidenced a high amount of dead cells stained in red by propidium io-
dide in both isolates after treatment with 1% (v/v) of 1,8-cineole. By
contrast, vehicle-treated controls (0.25% v/v of ethanol) appeared
mostly green, indicating that biofilm cells were predominantly alive. In
fact, 1,8-cineole treatment produced a total cell death throughout all
layers of Kp05 biofilm (Fig. 4A, bottom panels; Supplementary Fig. S1),
including cells located at the bottom layers of the biofilm (Fig. 4A, upper
panels; Supplementary Fig. S1). On the other hand, the compound was
able to kill up to two thirds of the biofilm formed by the KpAM?7 isolate,
with living cells being observed near substratum (Fig. 4B, upper panels;
Supplementary Fig. S2). In biofilms of both isolates, an increase in cell-
free zones at the solid surface were visualized after 1,8-cineole treat-
ment in comparison with the vehicle-treated controls (Fig. 4A-B, upper
panels).

Quantification of total live/dead cells confirmed the high amount of
dead cells after treatment with 1% (v/v) of 1,8-cineole in both KpAM7
and KpO5 biofilms (Fig. 4C). The percentages of dead cells were 99% and
91% for Kp05 and KpAM7, respectively. On the other hand, cells in
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Fig. 3. Concentration-response and time-course ef-
fect of 1,8-cineole over cell viability in MDR ESBL-
producing K. pneumoniae biofilms. Two-day-old bio-
films of K. pneumoniae isolates KpAM7 and Kp05 were
studied and the number of viable cells was assessed as
described in the Materials and Methods section. (A)
Biofilms treated with increasing concentrations of
1,8-cineole and vehicle (ethanol) for 1 h. Values are
means of three biological replicates and error bars
indicate standard deviations. (*) p < 0.05 compared
to vehicle-treated biofilms for each strain by one-way
ANOVA followed by Bonferroni post-hoc test. (B)
Time-course effect of 1% (v/v) 1,8-cineole and
vehicle (ethanol) on biofilms. Values are means of
three biological replicates and error bars indicate
standard deviations. (*) p < 0.05 compared to
vehicle-treated biofilms for each strain by Student’s t-
test.
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Fig. 4. Confocal laser scanning microscopy of live/dead biofilm cells after 1,8-cineole treatment. Two-day-old biofilms of MDR ESBL-producing strains Kp05 and
KpAM?7 incubated for 1 h with 1% (v/v) 1,8-cineole or 0.25% ethanol (vehicle), were stained with live/dead BacLight™ Bacterial Viability Kit. Live (green) or dead
(red/yellow) bacterial cells were visualized by CLSM and quantified by COMSTAT. Representative images of the bottom layers, taken at 2 pm above the surface (A-B,
upper panels) and total 3D reconstruction image of the biofilm (A-B, lower panels) of the two isolates are shown. Scale bars: 20 ym. (C) COMSTAT analysis of
biomass. For each of the six z-stacks from two independent biological replicates, the % of live and dead bacteria was calculated. Z-stack galleries can be found in
Supplementary Fig. 1S and Fig. 2S. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

vehicle-treated biofilms remained mostly viable (less than 2% of dead
cells).

The results described above, evidence that 1,8-cineole is capable of
affecting viability in both upper and deeper layers of the biofilm, even
reaching cells at substratum on some occasions.

3.4. Effect of 1,8-cineole treatment on K. pneumoniae biofilm structural
integrity

Next, we investigated whether the phytochemical, in addition to
killing biofilm cells, can alter its structural integrity. First, possible
disruption of biofilm biomass after 1 h treatment with 1% (v/v) 1,8-
cineole was monitored by crystal violet staining. Fig. 5 shows a signif-
icant reduction in the biofilm biomass after phytochemical treatment for
both Kp05 and KpAM7 preformed biofilms (62 + 4 and 30 + 7%
reduction, respectively) in comparison to vehicle-treated controls.

The biofilm matrix has been reported to contribute to the biofilm
structure and stability [28]. Hence, we studied whether treatment with
1,8-cineole can cause changes to the biofilm matrix leading to the pre-
viously observed biofilm biomass loss.

For this, calcofluor white staining followed by confocal laser

scanning microscopy analysis was performed over two-day-old Kp05
and KpAM?7 biofilms. Matrix z-stack maximum intensity projections and
3D reconstructions images evidenced a loss of density and disturbance of
structural integrity of the biofilm matrix after treatment for 1 h with 1%
(v/v) of 1,8-cineole (Fig. 6). A strong reduction in biofilm matrix was
observed in KpO5 after treatment in comparison with its vehicle-treated
control (Fig. 6A), whereas in KpAM7 changes were subtler (Fig. 6B).
Notably, after 1,8-cineole treatment more matrix-free zones throught-
out all layers of the biofilm were visualized in both isolates in compar-
ison with its vehicle-treated controls (Supplementary Figs. S3-4).

All these findings suggest that 1,8-cineole, besides killing cells all
along the biofilm, also disturbs its structural integrity causing a signif-
icant decrease in biofilm matrix density and biomass.

4. Discussion

MDR biofilm-producing K. pneumoniae strains are generally associ-
ated with chronicity of infections and high tolerance to antibiotic
treatments in a variety of clinical settings [3]. There are currently very
few effective treatments to combat MDR K. pneumoniae infections. Our
findings demonstrate that 1,8-cineole was capable of both a significant
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Fig. 5. Effect of 1,8-cineole over K. pneumoniae biofilm biomasses. Two-day-old
biofilms of Kp05 and KpAM?7 isolates were challenged with 1% (v/v) 1,8-
cineole or 0.25% ethanol (vehicle) for 1 h, and the remaining biofilm
biomass was quantified by crystal violet staining. Biomass production of
vehicle-treated controls (Asgsnm 3906 and 1817 for Kp05 and KpAM7, respec-
tively) corresponds to 100%. Mean values of three biological replicates, and
error bars indicate standard deviations. (*) p < 0.05 compared to vehicle by
Student’s t-test.

reduction in the number of viable biofilm cells and a concomitant
biomass disruption of preformed biofilms of MDR ESBL-producing
K. pneumoniae clinical isolates. These effects were achieved at a
similar concentration of the compound (1% v/v) that was effective
against planktonic MDR and non-MDR E. coli and K. pneumoniae strains
[13,14]. Interestingly, we have also demonstrated in this study that a
high anti-biofilm efficacy against MDR ESBL-producing K. pneumoniae
strains was reached after a very short exposure to 1,8-cineole (1 h).

According to CLSM results obtained after SYTO-9 and propidium
iodide staining, 1,8-cineole treatment killed cells at both upper and
deeper layers of K. pneumoniae biofilms. This result suggests that 1,8-
cineole has a good penetration into the biofilm causing cell death in
the whole structure. It has been postulated that small non-polar con-
stituents of plant volatile oils could have a high biofilm penetration
potential because they have a superior diffusion coefficient compared to
common antibiotics [29]. We found a similar effect of 1,8-cineole
against MDR ESBL-producing E. coli, where the compound penetrates
through the biofilm causing cell death and biomass reduction [16].

As detected by CLSM using propidium iodide as indicator of bacterial
viability, the cells within the biofilm were almost entirely red after
exposure to 1,8-cineole revealing that the cell membranes were seri-
ously damaged. Therefore, biofilm cell death observed after the phyto-
chemical treatment is probably due to a membrane permeabilisation
effect. We have earlier demonstrated a permeabilisation effect of 1,8-
cineole on K. pneumoniae planktonic cells [14]. Also, it has been
recently described a disruption of bacterial cell membrane after 1,
8-cineole treatment of carbapenemase-producing Klebsiella pneumoniae
[15].

Reports on the inhibitory activity of natural products against biofilm-
producing K. pneumoniae are limited. Eucalyptus and thyme oils pre-
sented strong biofilm inhibitory activity against biofilm-producing iso-
lates including Klebsiella, while clove oil showed weak inhibition [30,
31]. In addition, two isolated plant-derived terpenes, eugenol and
paeoniflorin, have shown a deteriorating impact on cell viability within
carbapenem-resistant K. pneumoniae biofilms [32,33]. Recently, the
phytochemical diterpenoid phytol evidenced antibiofilm activity against
carbapenem-resistant and ESBL-positive K. pneumoniae, by inhibiting
initial cell attachment and by altering the extracellular matrix archi-
tecture [34].

Biofilm matrix architecture is essential for biofilm stability and
functionality [28]. In K. pneumoniae, this matrix is largely composed of
polysaccharides [35] associated to proteins and extracellular DNA [36].
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Fig. 6. Calcofluor white-stained K. pneumoniae biofilm matrices observed by
confocal laser scanning microscopy after treatment with 1,8-cineole. Two-day-
old biofilms of Kp05 (A) and KpAM7 (B) isolates, incubated with 1% (v/v) 1,8-
cineole or 0.25% ethanol (vehicle) during 1 h, were stained with calcofluor
white (cyan). Z-stack maximum intensity projections of biofilm matrices (MIP,
left panels) and total 3D reconstruction images of biofilm (3D, right panels)
are shown. Scale bars: 50 pm. Z-stack galleries can be found in Supplementary
Fig. 3S and Fig. 4S. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

Our CLSM results of calcofluor white staining showed alteration of the
biofilm matrix integrity after 1,8-cineole treatment. The literature in-
dicates a knowledge gap in molecular interactions between phyto-
chemicals and matrix components; here we propose alternatives to
explain our findings. One possible explanation could be that 1,8-cineole
can penetrate the biofilm, even reaching cells in the deeper layers, and
then cause disruption of the cell membrane integrity, leading to cell
death and releasing of the cellular content in the surroundings. In this
sense, it has been reported that terpenoids primarily target the cyto-
plasmic membrane through the accumulation of hydrophobic phenolic
groups in the lipid bilayer. This accumulation could disrupt
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lipid-protein interaction, increase membrane permeability, accelerate
the leakage of cell contents and ultimately destroy cell integrity [37].
Other authors have reported the ability of terpenes, such as thymol,
carvacrol and citral, to disrupt microbial biofilms and showed that ter-
penes enhanced cell permeability, resulting in pore formation and efflux
of the intracellular content [38]. In this context, released hydrolytic
enzymes could degrade the biofilm matrix, a fact that would explain the
observed loss of matrix density and the biofilm biomass reduction after
1,8-cineole treatment. In this regard, periplasmic glycosidase enzymes
capable of cellulose (BcsZ) and poly-p(1,6)-N-acetyl-p-glucosamine
(PgaB) disassembly has been reported in K. pneumoniae [39,40]. More-
over, incubation of purified E. coli PgaB with preformed poly-p(1,
6)-N-acetyl-p-glucosamine-dependent biofilms, including E. coli,
completely disrupted the biofilm within 2 h [41]. Another possible
explanation that cannot be ruled out, is thatl,8-cineole initiates the
disruption of the matrix structure by creating micropores or micro-
channels to enter into biofilm, which is a mechanism already proposed
for phytochemicals with antibiofilm activity [42].

As stated, the present study demonstrates the anti-biofilm activity of
1,8-cineole against preformed K. pneumoniae biofilms. Even though it is
beyond the scope of this study, further research is needed to address the
effect of 1,8-cineole in early stages of biofilm formation, including
bacterial adhesion to the substratum surface and initial maturation.

To design an effective novel antibiofilm strategy usingl,8-cineole,
several aspects should be considered, including phytochemical hydro-
phobicity, toxicity and active concentration to be applied. Selection
among management options may depend on the type of application to be
developed, either to treat biofilm-infected tissues or to remove biofilms
from medical devices (urinary catheters, prosthetic heart valves, central
venous catheters, vascular prosthesis, intravenous catheters and cardiac
pacemakers). To overcome the limited aqueous solubility of 1,8-cineole,
a range of delivery platforms has been reported, such as emulsions, li-
posomes, polymer-particles and micelles [43,44]. For biofilms growing
on inert surfaces it is feasible to apply the active concentration of the
compound reported here (1% v/v). On the other hand, for treating
biofilms related to tissue infections, toxicity data is important. To the
best of our knowledge, there is little information on the toxicity and
cytotoxicity of 1,8-cineole. For instance, cytotoxicity assays performed
on tumor-derived cell lines showed an IC50 of 0.11-0.35% v/v [45,46].
In vivo toxicity assessment of oral administration of 1,8 cineole in mice
revealed a LD50 value of 3.8 g/kg, which suggested a low acute toxic
potency of this compound [47]. It is important to note that the active
concentration of 1,8-cineole can be reduced by encapsulation and/or
combinatorial treatment with antibiotics [48,49]. Further studies are
still required regarding formulation and delivery.

In summary, we have demonstrated that 1,8-cineole is capable of
entering deep in the biofilm, kill MDR ESBL-producing K. pneumoniae
cells efficiently, and disrupt the preformed biofilm. Therefore, 1,8-
cineole is a potentially useful antibiofilm agent against MDR ESBL-
producing Enterobacteriaceae.
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