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The ability of bacteria to adhere to and form biofilms on food contact surfaces poses serious challenges, as these
may lead to the cross-contamination of food products. Biomimetic topographic surface modifications have been
explored to enhance the antifouling performance of materials. In this study, the topography of two plant leaves,
Brassica oleracea var. botrytis (cauliflower, CF) and Brassica oleracea capitate (white cabbage, WC), was replicated
through wax moulding, and their antibiofilm potential was tested against single- and dual-species biofilms of
Escherichia coli and Pseudomonas putida. Biomimetic surfaces exhibited higher roughness values (Sq we = 4.0 £
1.0 pm and S, cr = 3.3 + 1.0 pm) than the flat control (S g = 0.6 + 0.2 pm), whilst the CF surface demonstrated
a lower interfacial free energy (AGj,,;) than the WC surface (—100.08 mJ m2and -71.98 mJ m 2, respectively).
The CF and WC surfaces had similar antibiofilm effects against single-species biofilms, achieving cell reductions
of approximately 50% and 60% for E. coli and P. putida, respectively, compared to the control. Additionally, the
biomimetic surfaces led to reductions of up to 60% in biovolume, 45% in thickness, and 60% in the surface
coverage of single-species biofilms. For dual-species biofilms, only the E. coli strain growing on the WC surface
exhibited a significant decrease in the cell count. However, confocal microscopy analysis revealed a 60%
reduction in the total biovolume and surface coverage of mixed biofilms developed on both biomimetic surfaces.
Furthermore, dual-species biofilms were mainly composed of P. putida, which reduced E. coli growth. Altogether,
these results demonstrate that the surface properties of CF and WC biomimetic surfaces have the potential for
reducing biofilm formation.

1. Introduction and an increased risk of foodborne illnesses for consumers [3]. Among

the parameters affecting biofilm formation, equipment design and ma-

The adhesion of bacteria and subsequent biofilm formation on food
contact surfaces poses major concerns, as biofilms act as reservoirs for
pathogenic and spoilage microorganisms that potentially contaminate
raw materials and food products during processing [1-3]. This may lead
to substantial economic losses for the industry arising from food spoilage

terial surface properties (e.g., topography and physicochemistry) play
major roles in bacterial binding, which is the pre-requisite to biofilm
formation. In the food industry, persistent bacteria may colonise sur-
faces under static conditions, such as on equipment that is intermittently
used, for example, the inside of mixing tanks, vats, and tubing, and this
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may occur at ambient temperature or in refrigerated conditions. Poor
design features encountered in such tanks make surface contamination,
including biofilms, difficult to remove [4].

Biofilms are complex communities of microbial cells surrounded by a
self-produced matrix of extracellular polymeric substances [5-8]. This
matrix confers additional protection to microorganisms against adverse
conditions, such as exposure to disinfectants or antimicrobial agents [9].
Consequently, these well-structured communities enhance the ability of
pathogenic and spoilage bacteria to persist in food environments,
compromising food safety and quality despite the implementation of
decontamination procedures and strict hygiene measures [2,10].

Due to the species diversity present in raw materials, biofilms found
on food contact surfaces are often formed by two or more species of
bacteria [3,11,12]. Foodborne bacteria include Staphylococcus spp.,
Streptococcus spp., Pseudomonas spp., Acinetobacter spp., Escherichia coli,
Listeria monocytogenes, and Salmonella enteritidis [12,13]. Multi-species
biofilm formation is affected by surface properties, food matrix com-
ponents, environmental conditions, and the bacteria involved [14]. In
these biofilms, bacteria coexist in proximity to other species and their
interactions may have synergistic, indifferent or antagonistic impacts on
resident microorganisms [2,12,15]. Therefore, interspecies interactions
influence both the structure and functionality of microbial communities
[16]. Generally, synergistic interactions can enhance the formation of
biofilms and increase cell numbers, indifferent interactions cause no
change in biofilm production or cell numbers whilst antagonistic in-
teractions may inhibit the growth of one or more species [3,17-20].
Nevertheless, multi-species biofilms are mostly described as being more
resistant to biofilm control strategies than single-species biofilms (e.g.,
disinfection processes) [21,22].

Despite the implementation of cleaning and disinfection procedures
and the selection of surface materials, biofilm control in the food in-
dustry remains a significant challenge [3,23,24]. Therefore, it is crucial
to develop strategies to delay biofilm formation, thus potentially
increasing operational time, reducing the use of cleaning materials, and
ultimately saving water and electricity.

Surface modification is a promising approach that has been explored
to prevent bacterial adhesion and mitigate biofilm formation in various
industries, including food processing and healthcare. Several strategies
have been applied to change the chemistry and morphology of material
surfaces, including mimicking natural micro- and nanostructures on
artificial surfaces [25,26].

Biomimetic surfaces have gained significant attention for their
exceptional properties, including self-cleaning, water-repellence, anti-
microbial, and antifouling characteristics [25,27,28]. Based on the un-
derstanding that bacterial adhesion is influenced by surface energy,
roughness, and wettability [29,30], biomimetic surfaces intend to
replicate these attributes, reproducing topographies from nature to
change bacteria-surface interactions and reduce fouling [26]. The
application of biomimetic surfaces to control bacterial adhesion on food
contact surfaces has already been reported [28,31]. McClements et al.
[28] demonstrated that replica gladioli leaf surfaces were effective in
reducing E. coli and L. monocytogenes attachment, adhesion, and reten-
tion. Additionally, in a previous study, Gomes et al. [31] revealed that
the cauliflower and white cabbage biomimetic surfaces were promising
in decreasing the adhesion and retention of E. coli and L. monocytogenes
cells.

The present study aimed to synthesize biomimetic surfaces of Bras-
sica oleracea var. botrytis (cauliflower, CF) and Brassica oleracea capitate
(white cabbage, WC) leaves by wax moulding, and characterize their
topographic and physicochemical properties. These plant leaves were
selected based on their ability to repel water droplets [31] and because
they are available all year around. Additionally, the antibiofilm per-
formance of the synthesized surfaces was evaluated against single- and
dual-species biofilms of E. coli and Pseudomonas putida. To the best of our
knowledge, this is the first study exploring the antibiofilm performance
of tailor-made biomimetic surfaces to control multi-species biofilms.

Biofilm 7 (2024) 100185

2. Materials and methods
2.1. Synthesis of biomimetic surfaces

Biomimetic surfaces were synthesized using CF and WC leaves as
models since they present self-cleaning properties [31]. Fresh CF and
WC vegetables, daily delivered in the market, were purchased and used
within a 4-h time period on the same day. The surfaces were produced
using a two-step casting technique, as previously described by McCle-
ments et al. [28]. In the first step, negative silicone moulds of each leaf
type were produced by fixing several biological samples to a planar
surface using double-sided tape and covering the adaxial leaf surfaces
with duplicating silicone (Shera Duo-Sil H, Shera GmbH & Co. KGm,
Lemforde, Germany). After curing, the plant leaves were carefully
removed. In the second step, dental wax (Kemdent Eco dental wax,
Wiltshire, UK) was poured into the negative moulds, resulting in the
creation of positive wax surfaces for each leaf. Wax was chosen to syn-
thesize the biomimetic surfaces due to its analogous physicochemical
properties to several hydrophobic leaves and ease of moulding [28,32].
Flat wax surfaces (used as a control) were produced in a similar manner
using a non-treated polystyrene Petri dish with low roughness (average
Sq value of 8 nm [33]).

Individual circular coupons of each wax surface were obtained using
a sterilized 10 mm diameter steel hole punch (coupon area ~ 79 mm?).

2.2. Bacterial strains construction and growth conditions

A model strain of E. coli (CECT 434) and an industrial isolate of
P. putida (isolated from fresh-cut salad process [34]) were used for the
construction of chromosomally tagged strains expressing green fluo-
rescent protein (GFP) and mCherry fluorochromes, respectively. Bacte-
ria were stored at —80 °C in Lysogeny broth medium (LB; VWR, Sgborg,
Denmark) with 30% (v/v) glycerol. Before the experiments, strains were
spread on LB agar and incubated overnight (16-18 h) at 30 °C.

2.2.1. Preparation of electrocompetent cells

Electrocompetent E. coli and P. putida cells were prepared to
construct chromosomally tagged bacteria. Briefly, single colonies of
each strain were inoculated in LB broth medium and incubated over-
night at 30 °C with agitation. For E. coli, a fresh culture was prepared
and incubated at 30 °C with agitation until it reached the mid-
exponential phase (ODggp nm = 0.6). Cells were harvested by centrifu-
gation (Eppendorf 5415D) at 3300 x g for 5 min at room temperature
(RT). Subsequently, E. coli cells underwent four consecutive cycles of
washing with a chilled 10% (v/v) glycerol solution and centrifugation at
3300 x g for 3.5 min at 4 °C [35]. For P. putida, the overnight culture was
centrifuged at 16,000 x g for 2 min at RT. The cell pellet was then
subjected to two cycles of washing with 300 mM sucrose (Sigma-Al-
drich, Sgborg, Denmark) at RT and centrifugation at 16,000 x g for 2
min at RT [36].

2.2.2. Transformation of E. coli and P. putida strains

The pGRG36-Plpp::gfp-Kan® plasmid was used to integrate a cassette
containing the gene encoding GFP into the chromosome of E. coli
through Tn7 transposition, following the procedure described by
McKenzie and Craig [37]. This plasmid, which is a derivative of
PGRG36, contains a transcriptional fusion protein with gfp and trans-
posase genes controlled by the araBAD promoter. Additionally, this
plasmid has a temperature-sensitive origin of replication and, conse-
quently, all incubation steps before the transposition were conducted at
30 °C. 100-150 ng of the pGRG36-Plpp::gfp-Kan® plasmid was mixed
with 50 pL of electrocompetent E. coli cells and subjected to electropo-
ration in 1-mm electroporation cuvettes (MicroPulser Electroporator,
Bio-Rad, Copenhagen, Denmark; 1.8 kV/cm for ~ 5 ms). As the pGRG36
derivative plasmid contains an ampicillin (Amp) resistance gene,
plasmid-electroporated cells were incubated overnight on LB agar plates
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supplemented with 100 pg mL™! Amp (Sigma-Aldrich, Sgborg,
Denmark) to select the transformants. Subsequently, the transformant
cells were inoculated into 5 mL of LB broth medium supplemented with
25 pg mL ™! kanamycin (Kan; Sigma-Aldrich, Sgborg, Denmark) and 10
mM L(+)-arabinose (Sigma-Aldrich, Sgborg, Denmark), and incubated
at 30 °C overnight to induce the expression of the transposase. This
bacterial culture was then plated on LB agar plates containing 25 pg
mL~! Kan and incubated overnight at 42 °C to block the replication of
the pGRG36—Plpp::gfp—KanR plasmid. To identify the Tn7 insertion and
loss of the plasmid, clones were plated on both LB agar supplemented
with 25 pg mL~! Kan and LB agar supplemented with 100 pg mL~* Amp
and incubated overnight at 37 °C. Colonies that grew on LB supple-
mented with Kan but not on LB supplemented with Amp corresponded to
bacteria that were chromosomally tagged with GFP and did not contain
the plasmid.

In turn, the Plpp::mCherry fusion was integrated into the P. putida
chromosome using the pUC18-miniTn7-laclq-Plpp::mcherry-Kan®-
Amp" delivery plasmid and the pTNS2 helper plasmid harbouring the
transposase genes. None of these plasmids are replicative in Pseudo-
monas spp. For that, 200 ng of both plasmids were mixed with 100 pL of
electrocompetent P. putida cells by electroporation (1.25 kV/cm for ~ 5
ms). Plasmid-electroporated cells were incubated in fresh LB medium at
30 °C for 3 h. Subsequently, bacteria were spread on LB agar plates
supplemented with 25 pg mL~! Kan at 37 °C to select the transformants.

The integration of the gfp and mCherry genes into the chromosomes
of E. coli and P. putida, respectively, was confirmed through flow
cytometry and fluorescence microscopy. Chromosomally tagged E. coli
CECT 434-Plpp::gfp-Kan® and P. putida-lacI-Plpp::mCherry-Kan® were
successfully obtained and used in biofilm formation assays.

2.3. Surface characterization

2.3.1. Scanning electron microscopy (SEM)

The morphology of the synthesized surfaces and bacteria under study
was analysed through SEM. To study bacteria, cells were cultured for 24
h, and 10 pL of each suspension were placed onto 1 cm x 1 cm silicon
wafer coupons (Montco Technologies, Spring City, PA, USA). Coupons
were dried in a laminar airflow cabinet for 1 h and then immersed in 4%
glutaraldehyde (Agar Scientific, Stansted, UK) overnight at 4 °C. Sub-
sequently, they were sequentially immersed in different ethanol solu-
tions (30%, 50%, 70%, 90%, and 100%) for 10 min each and dried for 1
h. Samples were fixed to SEM tubes using conductive double-sided pads
(Agar Scientific, Stansted, UK) and sputter-coated with gold in a SEM
coating system (Polaron, Watford, UK). Biomimetic surfaces and bac-
teria were analysed using a Zeiss Supra 40VP field-emission gun scan-
ning electron microscope (Carl Zeiss Ltd., Cambridge, UK). SEM images
were obtained using SmartSEM software version 5.6 (Carl Zeiss Ltd.,
Cambridge, UK). At least three images from three replicates of each
sample were randomly acquired at different magnifications (n = 9).

2.3.2. Optical profilometry

The topography of the synthesized biomimetic surfaces was assessed
by optical profilometry, as previously described by Skovager et al. [38].
Surface analysis was conducted using a MicroXAM surface mapping
microscope from ADE Corporation (XYZ model 4400 mL system, Tucson,
AZ, USA) with a 50 x objective (170 pm x 170 pm coupon area, cor-
responding to a total of 0.1% of the coupon area) and coupled to an AD
phase shift controller (Omniscan, Wrexham, UK). Each analysis was
performed using extended-range vertical scanning interferometry. The
values of average roughness (S,), maximum peak height (S,), maximum
pit depth (S,), and mean width of the profile elements (R;n,) resulted
from triplicate measurements of three samples (n = 9) and were
extracted using MountainsMap® Topography version 10.0.10433 (Dig-
ital Surf, Besancon, France). Two-dimensional (2D) topography maps
were also obtained using MountainsMap® software.
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2.3.3. Thermodynamic analysis

The synthesized surfaces and chromosomally tagged bacteria were
thermodynamically characterized through contact angle measurements
and the application of the Van Oss approach [39]. Bacterial substrata
were prepared by filtering E. coli and P. putida cell suspensions (1 x 10°
cells mL™!) using cellulose membranes, according to the protocol
developed by Busscher et al. [40]. Contact angle measurements on
surfaces and bacteria were instantly conducted at room temperature
using the sessile drop method with a contact angle meter (Dataphysics
OCA 15 Plus, Filderstadt, Germany). Water, formamide, and a-bromo-
naphthalene (Sigma-Aldrich Co., St. Louis, MO, USA) were used as
reference liquids. Three independent assays were performed, with a
minimum of five measurements taken for each surface or bacterial
substratum. The interfacial free energy (4Giy), apolar (ygw), polar (yé‘B),
Lewis acid (y¢), and Lewis base (y;) free energy components were
calculated based on these measurements.

2.3.4. Raman spectroscopy

Raman spectroscopy was used to study the chemical composition of
the bacteria. For this purpose, 10 pL of each bacterial suspension was
placed on the top of 1 cm x 1 cm polished silicon wafer coupons
(Montco Silicon Technologies Inc., PA, USA) and dried for 1 h at room
temperature in a laminar airflow cabinet. Afterward, samples were
analysed using a Raman microscope model DXR (Thermo Scientific UK,
Ltd., Loughborough, UK) using Omnic software. A 532 nm laser at a
power of 1 mW was used with a 50 x objective.

2.4. Biofilm formation assays

Single- and dual-species biofilms of chromosomally tagged E. coli and
P. putida were grown on flat (control), and cauliflower and white cab-
bage biomimetic wax surfaces using 12-well microtiter plates (CELL-
STAR®, Greiner Bio-One, Hillergd, Denmark). First, microtiter plates
with double-sided tape adhered to each well, and the downward-facing
wax surfaces were UV-sterilized (A = 253.7 nm) for 1 h in a laminar
airflow cabinet. Wax surfaces were then fixed to the wells facing upward
and subjected to UV sterilization for 1 h. Subsequently, for single-species
biofilms, 3 mL of bacterial suspension prepared in LB, containing ~ 1 x
108 cells mL ™! (ODgog nm = 0.1), were added to the microplate wells. For
dual-species biofilms, E. coli and P. putida inocula were added at a 1:1
ratio, resulting in a final cell density of ~ 1 x 108 cells mL™!. Addi-
tionally, 3 mL of sterile LB broth medium was added to a well to assess
the sterility throughout the assay (negative control). Microplates were
then incubated at 25 °C for 24 h under static conditions. Four inde-
pendent biological assays with two technical replicates each (n = 8)
were performed.

2.5. Biofilm analysis

As outlined below, single- and dual-species biofilms were analysed
by counting the total and culturable cell numbers through flow cytom-
etry and colony-forming unit (CFU) enumeration, respectively.
Furthermore, the biofilm architecture and bacterial abundances were
studied by confocal laser scanning microscopy (CLSM).

2.5.1. Total cell count

After 24 h of biofilm formation, wax surfaces were carefully removed
from the microplate wells, immersed in 4 mL of sterile phosphate-
buffered saline, and vortexed for 3 min at maximum speed to obtain
biofilm suspensions. The extent of cell removal from the wax surfaces
due to vortexing was assessed by SEM (Fig. S1 in Supplementary Ma-
terial) and was found to be greater than 97%. The numbers of total cells
in single- and dual-species biofilms were determined using a FACS Aria
IITu flow cytometer (Becton Dickinson Biosciences, San Jose, CA, USA)
equipped with a 488 nm (20 mW) laser connected to a green fluores-
cence detector (bandpass filter 530/30 nm; used to detect GFP-
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expressing E. coli) and a 561 nm (50 mW) laser connected to a red
fluorescence detector (bandpass filter 610/20 nm; used to detect
mCherry-expressing P. putida). Bacteria were gated based on their side
scatter (SSC) and forward scatter (FSC) signals, and 100,000 events were
acquired at a flow rate of 10 pL min~!. Data was analysed using BD
FACSDiva software v.6.1.3 (BD Biosciences, San Jose, CA, USA). The
results were presented as Log cells per cm?.

2.5.2. Culturable cell count

To determine the number of culturable cells, biofilm suspensions
were serially diluted and spread on LB agar. The plates were incubated
overnight at 25 °C for CFU counting. In dual-species biofilms, bacterial
strains were discriminated by analysing plates on a blue light trans-
illuminator (DR89X Dark Reader transilluminator, VWR, Sgborg,
Denmark), which allowed quantification of the number of GFP-
expressing E. coli. The number of mCherry-expressing P. putida was
estimated as the difference between the total number of culturable cells
and the number of E. coli culturable cells. The results were presented as
Log CFU per cm?,

2.5.3. CLSM

The spatial organization and specific bacterial abundances of both
single- and dual-species biofilms of E. coli and P. putida formed on the
tested biomimetic surfaces were assessed by CLSM. This analysis was
performed using a Zeiss LSM800 microscope (Carl Zeiss Microscopy
GmbH, Oberkochen, Germany) equipped with an EC Plan-Neofluar 20
x/0.50 M27 objective. The z-stacks were acquired using Axiocam 503
mono with 488-nm and 561-nm lasers for GFP and mCherry signal
detection, respectively. Three stacks (1024 x 1024 pixels, correspond-
ing to 319.45 pm x 319.45 pm) with a z-step of 1 pm were recorded for
each biofilm sample (n = 9). The imaged area per stack was 0.10 mmz,
which corresponded to a total of 0.4% of the coupon area. Three-
dimensional (3D) sections of the biofilms were generated using
IMARIS 9.3 (Bitplane AG, Zurich, Switzerland). Biofilm parameters,
namely biovolume (um® pm~2), thickness (pm), and surface coverage
(%) were extracted from CLSM stacks using COMSTAT2. In dual-species
biofilms, the relative proportion of each bacterial strain was determined
based on the biovolume fractions. The Histo tool provided by the ZEN
lite 3.9 software (Carl Zeiss Microscopy GmbH) was also used to trace
the intensity values of both fluorescence signals concerning the
z-position.

2.6. Statistical analysis

Descriptive statistics were used to calculate the mean and standard
deviation (SD) for surface roughness, bacterial size, number of biofilm
cells, biofilm biovolume, thickness, and surface coverage. Differences in
the surface roughness and number of biofilm cells between the flat wax
surface (control) and biomimetic wax surfaces were evaluated using the
Mann-Whitney test. Quantitative parameters obtained from the CLSM
analysis (biofilm biovolume, thickness and surface coverage) were
compared using one-way analysis of variance (ANOVA). Statistically
significant differences were considered for p-values < 0.05. Data was
analysed using IBM SPSS Statistics version 29.0 for Microsoft (IBM SPSS,
Inc., Chicago, IL, USA).

3. Results and discussion

Several natural surfaces exhibit intrinsic antifouling and antimicro-
bial properties, essentially due to their topographic features [41]. In this
study, biomimetic wax surfaces were produced from two plant leaves,
Brassica oleracea var. botrytis (cauliflower) and Brassica oleracea capitate
(white cabbage) using a casting technique that has been proven to
preserve their main features [28]. The topography and physicochemical
properties of the synthesized biomimetic surfaces were characterized
and their antibiofilm potential was tested against single- and
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dual-species biofilms formed by E. coli and P. putida.
3.1. Topography of biomimetic surfaces

It is known that surface topographic features play a critical role in
governing initial bacterial adhesion and biofilm formation [30,41,42].
In this study, scanning electron microscopy was used to visualise the
macro topography of the surfaces (Fig. 1). It was demonstrated that the
flat surface had some irregular linear features 3 pm-60 pm length and
0.5 pm-1 pm wide (Fig. 1a) that were a result of the moulding process
and these features were observed on all the surfaces. Both the CF and WC
surfaces clearly demonstrated cellular shaped features, but the CF
demonstrated elongated, oval shaped cells with sizes of 40 pm-60 pm
length and 15 pm-20 pm wide (Fig. 1b) whilst the WC had much larger
cellular shaped features that were almost hexagonal or pentagonal in the
shape of 60 pm-150 pm across the diameter of the cell (Fig. 1c).

Optical profilometry was used to examine the topography of the flat
(control) and biomimetic wax surfaces, and to quantify their surface
roughness using S, as the measuring parameter (Fig. 2). S, provides a
measure of the average roughness of a surface. The S, values for both
biomimetic surfaces (Fig. 2b and c) were significantly higher than the
value of the control wax surface (Fig. 2a, p < 0.01). Although there were
no statistical differences in the S, values of the moulded leaf surfaces,
the white cabbage surface demonstrated a higher S, value than the
cauliflower surface (Sq wc = 4.0 + 1.0 pm versus S; cg = 3.3 & 1.0 pm).

The average size of the maximum peaks and valleys of each surface
was also determined (Table S1 in Supplementary Material). As expected,
the synthesized biomimetic surfaces possessed larger peak and valley
heights than the flat surface (no features). Comparing the two bio-
mimetic surfaces, they presented maximum peaks of similar size (S, cr =
15.0 + 4.6 pm and S, we = 16.5 + 3.3 um), although white cabbage had
depressions of on average half the size (S, cr = 13.7 &+ 4.4 pm versus S,
wc = 6.7 + 2.2 pm). Regarding the width of the surface profile elements,
the average values increased from the flat to cauliflower surface, fol-
lowed by white cabbage (Rgp r = 12.1 + 0.7 pm, Rgp, cp = 21.1 + 2.0 pm,
and Rgy we = 46.4 £+ 2.7 pm).

Some studies have described a direct association between bacterial
binding and increased surface roughness, essentially because rough
surfaces have features that may provide favourable sites for colonisation
[43,44]. Conversely, other studies have shown that increased surface
roughness does not enhance bacterial adhesion [45,46]. Additionally, it
has been reported that the association between surface topographic
features and bacterial adhesion depends on the size, shape, and density
of the microscale features [2,47], and the intrinsic bacterial surface
properties [44].

3.2. Physicochemical properties of biomimetic surfaces and bacteria

Bacterial adhesion and biofilm formation on a surface are complex
processes influenced by both the type of bacteria and the surface hy-
drophobicity [25]. The physicochemical parameters of the surfaces and
bacteria were determined (Table 1). The interfacial free energy (AGiy;)
values indicated that the flat wax surface demonstrated hydrophobic
properties (AGj,; = —25.80 mJ m~2) with lower apolar aspects (/" =
33.67 mJ m %) and greater polar (yAB = 12.22 mJ m2) and electron
Lewis acid and base components (" = 3.65 mJ m 2 and y =10.23 mJ
m~2, respectively) than the biomimetic surfaces. The CF surface was the
most hydrophobic of the two biomimetic surfaces (AGj,; = —100.08 mJ
m~2) and although the apolar components of both the biomimetic sur-
faces were not significantly different (¥ = 38.51 mJ m~2 and /% =
38.58 mJ m~2), the CF surface demonstrated less polar, electron Lewis
acid and base components (CF = 0.05 mJ m~2, 0.04 mJ m~? and 0.02
mJ m’z; WC =1.79 mJ m’z, 1.04 mJ m~2 and 0.77 mJ m’z, respec-
tively). The hydrophobic behaviour of CF and WC biomimetic wax
surfaces was previously demonstrated by Gomes et al. [31]. Plant leaves,
including cabbage leaves, are known for their hydrophobic and
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Fig. 1. Scanning electron microscopy images of the surfaces demonstrating differences in the macro topographies of the (a) flat, (b) cauliflower, and (c) white
cabbage (magnification of 1000 x, 20 pm scale bar).
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Fig. 2. Two-dimensional (2D) white light profilometry images of (a) flat and (b, ¢) biomimetic wax surfaces (cauliflower and white cabbage, respectively). The
vertical colour bar corresponds to the z-range, which represents the surface height range. The average roughness (S,) values for each surface are presented as the

mean + standard deviation (SD).

Table 1
Physicochemical parameters of the wax surfaces and bacteria.
AGiwi ™ e rt .
mJ m 2 mim? mim? mim? mJm?
Surface
Flat —25.80 33.67 12.22 3.65 10.23
Cauliflower (CF) —100.08 38.51 0.05 0.04 0.02
White cabbage (WC) —71.98 38.58 1.79 1.04 0.77
Bacteria
E. coli 79.71 25.36 6.74 0.13 86.74
P. putida 39.33 25.71 19.19 1.57 58.69

AG,,;, interfacial free energy; y*V, apolar component; y*, polar component;

y", Lewis acid component; y~, Lewis base component.

superhydrophobic properties due to the presence of well-ordered
micro/nanostructures on their surfaces [25,31,48-50]. Interestingly,
our results demonstrated that the most hydrophobic surfaces (WC and
CF) had the highest roughness values. This direct association between
roughness and hydrophobicity has also been observed in other studies
[50,51].

The physicochemical analysis of the bacteria indicated that both
strains were hydrophilic, which aligns with the literature [52,53]. E. coli
was more hydrophilic (4G = 79.71 mJ m~2) than P. putida (AGyy; =
39.33 mJ m~2). E. coli was also demonstrated to have lower /2% and y*
values than P. putida.

Fig. 3. Scanning electron microscopy of (a) E. coli and (b) P. putida cells (magnification of 50,000 x, 300 nm scale bar).
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3.3. Morphology and chemistry of bacterial surfaces

Scanning electron microscopy is a useful tool to determine the size
and morphology of the different bacterial species. The bacteria were
imaged using SEM to determine their size (Fig. 3). E. coli was 2.06 +
0.36 pm in length by 0.77 + 0.09 pm width, whilst P. putida was 3.78 +
1.22 pm in length by 0.59 + 0.04 pm width. The differences in the sizes
of the microorganisms are important since their shape has been shown to
affect their force of attachment to surfaces [54].

Raman spectroscopy is a method for studying the functional groups
and molecules that occur within a microbial cell and provides a wide
range of biochemical information of the bacteria in a single spectrum
[55]. The analysis of the bacteria demonstrated that different spectral
peaks were determined for E. coli and P. putida. In both bacterial species,
spectral peaks were determined at 2722 cm™Y, 1580 em ™, 1349 ecm ™,
974 cm’l, 965 cm’l, 946 cm ! and 521 cm . In E. coli, spectral peaks
were found at 451 ecm ™, while for P. putida they were also identified at
2513 cm~ ! and 1388 cm ™! (Table 2). The cell wall of E. coli maintains its
rigidity due to murein, which is a complex polymer with roughly equal
amounts of polysaccharides (N-acetylglucosamine and N-acetylmuramic
acid), in addition to peptides, r-alanine, p-glutamic acid, L-meso--
diaminopimelic acid and p-alanine [56]. For E. coli, the presence of
lipids may correspond to 2722 cm™* and 1349 cm™! and lipopolysac-
charides to 965 cm™?!, whilst proteins may be potentially assigned at
1580 cm™?, 1349 em ™!, 974 cm ™ and 946 cm ™.

P. putida have hydroxylated fatty acids in their composition, and in
the outer membrane, they have lipopolysaccharides with hydrocarbon
chains, carbohydrates and proteins [56]. For P. putida, the presence of
lipids may correspond to 977 ecm™! and lipopolysaccharides to 962
cm ™}, whilst proteins may be potentially assigned at 1388 cm™!, 977
em ™! and 950 em 2.

The sulphur groups may be due to sulphur-containing amino acids
that are found in bacteria, for example, methionine, cysteine, homo-
cysteine, and taurine. In E. coli and P. putida, spectral peaks that
potentially demonstrate sulphur components were identified at 451
em ! and 521 em ™! for E. coliand 2513 cm ™! and 521 cm ™ for P. putida.
Methionine is a sulphur-containing amino acid and it is a proteinogenic
amino acid and a component of S-adenosyl methionine. The metabolic
pathway for its biosynthesis has been extensively characterized in E. coli
[59]. Cysteine is found in E. coli [60] and the sulphur-containing amino
acid homocysteine is the last intermediate on the methionine biosyn-
thetic pathway [61]. P putida also contains the reverse trans--
sulphuration pathway, allowing a methionine to cysteine conversion
and P. putida synthesizes both cysteine and homocysteine [62]. E. coli
has gene clusters required for the utilization of taurine and alkanesul-
fonates as sulphur sources [63]. The number of genes involved in

Table 2
Raman assignments to E. coli and P. putida demonstrating the differences in the
biochemistry of the bacterial species used in this study.

E. coli P. putida Assignment Ref.
(em™) (em™)
2722 Lipids (CH,/CH3)
2513 —SH
1580 Adenine, guanine (ring stretching); -C-O [57]
vibration modes—peptidoglycan
1388 —-COO— symmetric and asymmetric [57]
stretching—peptidoglycan
1349 CH? and CH®>—fatty acids and protein [571
deformation; N-H stretching (amide III); C-C
stretching—tryptophan; adenine, guanine (ring
breathing)
974 977 C-C stretching protein/=CH lipids
965 962 C-N stretching (amide lipopolysaccharides) [58]
946 950 Proteins, phenylalanine, proline
521 521 S-S stretching [55]
451 S-S

Biofilm 7 (2024) 100185

sulphur metabolism has been found to be higher in the clinical isolates of
P. putida than in environmental strains. Hence, the results demonstrated
that the molecular species of the two bacteria used in these assays were
different, and this is of importance as it influences their surface phys-
icochemistry and may affect the force of binding to surfaces.

3.4. Effect of biomimetic surfaces in single-species biofilms

To evaluate the antibiofilm and antimicrobial potential of the
cauliflower and white cabbage biomimetic surfaces, single-species bio-
films of E. coli and P. putida were grown and analysed by quantifying
total and culturable cells using flow cytometry analysis and CFU
enumeration, respectively, as well as assessing their spatial organization
by CLSM. Fig. 4 presents the cell numbers of E. coli and P. putida single-
species biofilms. For E. coli biofilms, CF and WC biomimetic surfaces
reduced the total cell numbers (live and dead cells) by 50% and 45%,
respectively, compared to the control (p < 0.05; Fig. 4a), whereas, for
P. putida, reductions of approximately 60% were obtained for both
biomimetic surfaces (p < 0.05; Fig. 4c). The results from CFU enumer-
ation (Fig. 4b and d) confirmed the reductions in total cell count, indi-
cating no killing effect. Thus, the tested surfaces act through an
antiadhesive mechanism. The changes in the surface roughness and
physicochemistry may have affected the number of biofilm cells ob-
tained since these were reduced on the CF and WC species, regardless of
the bacterial cell type tested.

The antibiofilm effectiveness of the biomimetic wax surfaces against
single-species biofilms was assessed using confocal microscopy. Fig. 5
illustrates representative three-dimensional (3D) structures of single-
species E. coli and P. putida biofilms on flat (control) and cauliflower
and white cabbage wax surfaces. E. coli (Fig. 5a—c) exhibited a higher
biofilm-forming capability, forming denser and thicker biofilms
compared to P. putida (Fig. 5d-f), as demonstrated by the shadow pro-
jections on the right side of the images. Furthermore, 24 h-biofilms of
E. coli had greater surface coverage than those of P. putida, regardless of
the tested wax surface. With respect to the effect of surface performance
on biofilm formation, both biomimetic surfaces (Fig. 5b-e and c,f)
reduced biofilm formation of E. coli and P. putida compared to the flat
surface (Fig. 5a-d).

This qualitative evaluation was confirmed through the biofilm bio-
volume, thickness, and surface coverage values estimated from confocal
image analysis (Fig. 6). The biovolume of E. coli biofilms decreased by
approximately 40% and 60% on CF and WC surfaces, respectively,
compared to the flat surface (p < 0.001; Fig. 6a). For P. putida biofilms,
the CF and WC surfaces had a similar effect on biovolume reduction
(approximately 60% decrease; p < 0.001). E. coli biofilms formed on the
biomimetic surfaces also exhibited a decrease in their thickness by 45%
compared to those formed on the flat surface (p < 0.001; Fig. 6b).
Regarding P. putida biofilms, only the WC surface significantly reduced
the biofilm thickness (30% reduction; p < 0.05). Additionally, this
biomimetic surface significantly decreased the surface coverage of both
E. coli and P. putida single-species biofilms (approximately 25% and 60%
reduction; p < 0.05), while the CF surface only reduced P. putida biofilm
surface coverage (45% reduction; p < 0.05; Fig. 6¢). Combined, these
results corroborate the total cell analysis (Fig. 4) and confirm the po-
tential of biomimetic surfaces, particularly the white cabbage surface, to
reduce single-species biofilm formation by E. coli and P. putida. It may be
hypothesised that the distribution of the cells on the surface is a com-
bined effect of the cell properties whereby the smaller, more hydrophilic
E. coli has resulted in greater biovolume, thickness and surface coverage
on the surfaces generally. However, this will be investigated in more
detail in future work. The WC demonstrated the lowest biovolume,
thickness and surface coverage which may be due to its topography
(greatest S, and largest surface structures), since the chemistry of the
surfaces was the same.

Some studies have reported the antifouling effect of biomimetic
surfaces against E. coli. In a previous study, Gomes et al. [31] revealed
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Fig. 4. E. coli (green) and P. putida (red) (a and c) total and (b and d) culturable cells after 24 h of single-species biofilm formation on flat (control), and cauliflower
and white cabbage biomimetic surfaces. The number of total cells (both live and dead cells) was quantified by flow cytometry, while the number of culturable cells
was determined by CFU enumeration. Results from four independent assays with two technical replicates (n = 8) are presented as mean + SD. Significant differences
between the biomimetic surfaces and control were considered for p-values < 0.05 (*p < 0.05 and ***p < 0.001). (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

Flat
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P, putida
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White cabbage

Fig. 5. Single-species biofilms of (a-c) E. coli (green) and (d-f) P. putida (red) on flat surface, and cauliflower and white cabbage biomimetic surfaces. These
representative images were obtained from confocal z-stacks using the IMARIS software and present an aerial, three-dimensional (3D) view of the biofilms. The black
shadow on the right represents the vertical projection of biofilm. The white scale bars represent 40 pm.

that the replicated CF and WC wax surfaces reduced the attachment,
adhesion, and retention of E. coli in comparison to the flat control. The
potential of the Gladioli leaf replica surface to repel E. coli attachment,
adhesion, and retention has also been demonstrated [28]. Giirsoy et al.
[51] reported that biomimetic surfaces modified with an antibacterial
film and prepared by soft lithography and vapour deposition were able
to reduce the E. coli culturability by 7-Log in early-stage biofilms.
Furthermore, several authors demonstrated the effect of rough shark
skin-patterned surfaces in preventing E. coli adhesion and biofilm

development [46,64]. Likewise, the application of biomimetic surfaces
to control biofilm formation by Pseudomonas sp. has been reported.
Jiang et al. [65] described the antifouling and superhydrophobic
behaviour of lotus leaves to repel various bacteria, including Pseudo-
monas aeruginosa. Similarly, the introduction of nanopatterned topog-
raphies on hydroxyapatite surfaces resulted in 75% inactivation of
P. aeruginosa [66].
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Fig. 6. (a) Biovolume, (b) thickness, and (c) surface coverage of single-species
biofilms of E. coli (green) and P. putida (red) formed on flat surface, and
cauliflower and white cabbage biomimetic surfaces for 24 h. The means + SDs
for three independent experiments (n = 6) were obtained from confocal image
series. Significant differences were considered for p < 0.05 (*) and p <
0.001 (***).

3.5. Effect of biomimetic surfaces in dual-species biofilms
Biofilms formed on food contact surfaces are composed of numerous

microbial species living in proximity, and their interactions may impact
biofilm development [2], hence the antibiofilm performance of
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synthesized biomimetic surfaces was tested against dual-species biofilms
formed by E. coli and P. putida.

Fig. 7 shows the cell composition of dual-species biofilms formed for
24 h on flat, and CF and WC biomimetic surfaces. On average, there was
approximately a 40% reduction in the number of total cells in biofilms
developed on the WC surface (Fig. 7a). When analysing the composition
of mixed biofilms, it was observed that the biomimetic surfaces did not
significantly reduce the number of P. putida cells. In contrast, the
number of E. coli cells significantly decreased by approximately 60% on
the WC surface compared to the control (p < 0.05). Results from CFU
enumeration (Fig. 7b) confirmed the reduction in the total E. coli cell
count observed for the WC surface.

Considering the analysis of the total cell number, biomimetic sur-
faces exhibited lower antibiofilm efficacy against dual-species biofilms
than against single-species biofilms. Therefore, it is important to high-
light the performance of the WC surface in reducing E. coli cells in dual-
species biofilms since, in co-culture, the bacterial species acted differ-
ently than when used in single-species biofilms.

To further study the impact of biomimetic surfaces on the biofilm
structure and inter-species interactions, dual-species biofilms were
evaluated by CLSM. The 3D spatial organization of mixed-species bio-
films of P. putida and E. coli on flat and biomimetic surfaces was deter-
mined (Fig. 8). Fig. 8d-i shows the spatial distributions of only P. putida
and E. coli cells, respectively, within the same biofilms. As observed for
single-species biofilms (Fig. 5), more biofilm was formed on the control
surface compared to the CF and WC biomimetic materials. Moreover,
regardless of the tested surface, the bacterial density of dual-species
biofilms was lower than that of mono-species biofilms, which was
particularly evident for E. coli (Fig. 5a—c). From the qualitative confocal
microscopy data (Figs. 5 and 8), it was also possible to verify that the
biomass of P. putida was slightly higher in dual-species biofilms, whereas
that of E. coli was reduced in the presence of P. putida compared to
single-species biofilms. The spatial organization of the bacterial strains
observed by confocal microscopy revealed similar arrangements in both
single- and dual-species biofilms (Figs. 5 and 8). While the flat surface
led to the formation of dense and homogeneous biofilms, the biofilms
formed on biomimetic surfaces were heterogeneously distributed, with
bacteria accumulating more in some areas than in others.

Fig. 9 shows the total (P. putida + E. coli) and population (P. putida or
E. coli) biovolumes, as well as the average thickness and surface
coverage of every dual-species biofilm. The total biovolume ranged from
18 pm® pm™2 (on white cabbage) to 49 pm® pm~2 (on the flat surface)
(Fig. 9a), being very similar to that recorded for P. putida single-species
biofilms and on average 40% lower than the values obtained for E. coli
single-species biofilms (Fig. 6a). This quantitative result confirmed the
antagonistic interaction between P. putida and E. coli. Furthermore,
P. putida outgrew E. coli in dual-species biofilms, regardless of the sur-
face material (Fig. 9a), which was consistent with the total cell counts
(Fig. 7). Approximately 60% of the biovolume of dual-species biofilms
corresponded to P. putida. Additionally, the proportion of P. putida/
E. coli was similar for the three surfaces tested.

The CF and WC biomimetic surfaces significantly reduced the total
biovolume and each of the bacterial populations by approximately 60%
compared to the flat surface (p < 0.001, Fig. 9a), showing their anti-
biofilm performance in a more complex setting such as multi-species
communities. The same behavior was shown by the surface coverage
parameter (Fig. 9c), in which biomimetic surfaces had up to 60% of their
area covered, as opposed to the control, which had a surface coverage of
90%. Based on the thickness results (Fig. 9b), the biofilms formed on the
CF replicate were approximately half the thickness of those grown on the
control surface (17 pm vs. 8 um; p < 0.001). In agreement with our work,
McClement et al. [28] reported that the ability of the replica Gladioli leaf
surface to repel bacteria decreased in co-cultures compared to mono-
cultures of E. coli and L. monocytogenes. Mixed-species biofilms are
generally described as being less susceptible to biofilm control strategies
than single-species biofilms [21,22]. Work by others has also shown that
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Fig. 7. Cell quantification of 24 h dual-species biofilms formed by E. coli (green) and P. putida (red) on flat (control), and cauliflower and white cabbage biomimetic
surfaces. (a) Number of biofilm total and (b) culturable cells. Results from four independent assays with two technical replicates (n = 8) are presented as mean + SD.
Significant differences between the biomimetic surfaces and control were considered for p-values < 0.05 (*).
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Fig. 8. Dual-species biofilms of E. coli and P. putida on flat surface, and cauliflower and white cabbage biomimetic surfaces. (a—c) presents the combination of red and
green filters (E. coli + P. putida), while (d-i) corresponds only to the red (P. putida) or green filter (E. coli). These representative images were obtained from confocal
z-stacks using the IMARIS software and present an aerial, three-dimensional (3D) view of the biofilms. The white scale bars represent 40 pm.

bacteria can behave differently when grown in monoculture compared
to co-culture [67]. Additionally, results suggest that E. coli and P. putida
strains established a competitive interaction, with P. putida having an
advantage. Several studies have reported that Pseudomonas sp. is
dominant in mixed-species biofilms and, generally, hinders the growth
of other microorganisms within the consortia [18,21,22,68-70].
Regarding the interaction of Pseudomonas spp. and E. coli, Cheng et al.
[69] demonstrated that E. coli growth was negatively affected by the
presence of Pseudomonas spp. strains in terms of growth fitness and
virulence. Additionally, Gomes et al. [70] reported that Pseudomonas
grimontii inhibited the growth of E. coli on food contact surfaces.

Cerqueira et al. [71] also reported a dominance of Pseudomonas spp.
when forming a mixed biofilm with E. coli. These authors concluded that
the faster growth of Pseudomonas strains and eventual production of
virulence factors might explain the decrease in E. coli biofilm formation.
Furthermore, competitive interactions may be antagonistic due to the
limitation of nutrient sources and oxygen, and/or by the production of
bacteriocins or organic acids that can inhibit the growth of other species
[2].

The antagonistic behaviour observed in these multi-species biofilms
with E. coli has also been observed in previous studies [69,70,72-74]
and corroborates the results obtained from biofilm cell analysis. E. coli



R. Teixeira-Santos et al.

(@

o 100+ 3 Totalcells
'S B P.putida
o 804 B E coli
g
2
o 604
£
=
S 401
"_g seksk
= . ok
= 204 i
E ﬁ sk ’l‘ FEE ewex
2 Bl
Flat Cauliflower White cabbage
(b)
50+
g 40
S 30+
v,
2 T
=
= 204
g [
= skksk
QE 10+ T
0 T L] !
Flat Cauliflower White cabbage
©
150+
=
& 100+ T
§ Aok
g 1
8 50_ skesksk
s [
E
7
0

T T T
Flat Cauliflower White cabbage
Fig. 9. (a) Total and population (E. coli or P. putida) biovolume, (b) thickness,
and (c) surface coverage of dual-species biofilms on flat surface, and cauli-
flower and white cabbage biomimetic surfaces. The means + SDs for three
independent experiments (n = 6) were obtained from confocal image series.
Significant differences were considered for p < 0.001 (***).

biofilm formation on solid surfaces was significantly reduced in
dual-species cultures with Staphylococcus epidermidis [72], Salmonella sp.
[74], and bacteria isolated from fresh-cut processing facilities such as
Enterobacter cloacae, Stenotrophomonas rhizophila, and Rhizobium radio-
bacter [73].

The vertical spatial organization of the two bacterial strains within
the biofilms was determined using CLSM (Fig. 10a). This revealed that
P. putida and E. coli were mostly mixed within the biofilm structures,
independent of the materials tested. This was quantitatively validated by
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the fluorescence profiles along the biofilm (Fig. 10b), in which there was
a minor deviation between the two curves. Therefore, in this study, it
was found that the competitiveness of P. putida against sessile E. coli
growth was not related to the preferential localization of this bacterium
in a specific region of the mixed biofilm, as previously reported by
Gomes et al. [70].

Overall, these results suggest that the biomimetic surfaces, especially
the replicated WC leaf, exhibited enhanced antiadhesive properties that
effectively reduced the amount of single- and dual-species biofilms
formed by E. coli and P. putida. Biomimetic surfaces prevented microbial
adhesion, which was reflected in lower surface colonisation (observed
by confocal microscopy) and fewer total biofilm cells (assessed by flow
cytometry). However, a cell-killing effect was not observed (as demon-
strated by viable count number). The mechanism behind the anti-
adhesive behaviour of these surfaces may be associated with the
presence of microscale topographic features that help to reduce the
contact area between the cells and the surface and inhibit biofilm for-
mation [25,75]. Additionally, the hydrophobicity of biomimetic mate-
rials that have low surface energy can be enhanced by introducing
micro/nanostructures on their surfaces. These surfaces typically display
the Cassie-Baxter wetting state as a high water contact angle and low
contact angle hysteresis enable a droplet to sit on top of the surface
features [25,76], reducing the likelihood of bacterial colonisation.
Further work is being conducted to gain a deeper understanding of the
role of biomimetic surfaces mimicking plant leaves in affecting biofilm
formation.

Surface roughness dominated all aspects of the single- and dual-
species biofilm formation, whereas surface physicochemistry had the
most dominant effect on single-species biofilms. The properties of the
cells (e.g., biochemistry and surface hydrophobicity) most affected the
biovolume, thickness, and surface coverage of the single- and dual-
species biofilms. Although P. putida had a competitive effect on E. coli,
the cells were evenly distributed throughout the biofilm.

The results presented in this study highlight the potential of bio-
mimetic surfaces in reducing biofilm formation by E. coli and P. putida,
which belong to the most prevalent genera found in food processing
environments [77]. A 50% reduction in biofilm formation by these
bacteria can profoundly impact the operation of a processing unit. A
food processing cycle in an industrial unit often starts with a cleaning
and disinfection step, which is not aimed at sterilizing the surface as low
numbers of bacteria remain [77]. Food processing proceeds until a
certain hygienic threshold is reached (risk-based assessment), and then
the process stops again for cleaning and disinfection. Cleaning intervals
vary within different industries, but values between 4 and 8 h are
common in dairies, salad-washing facilities, and meat-processing
equipment [78]. Temperatures below 15 °C are also commonly found
inside these facilities to curb bacterial growth [79-81]. At these tem-
peratures, doubling times for E. coli, Pseudomonas sp. and other aerobic
bacteria were estimated to be between 4 and 6 h [82-84]. Thus, with a
50% reduction in biofilm formation, the processing time can potentially
be extended (in some cases doubled if processing is stopped every 4-6 h)
while maintaining the same level of hygiene. The additional processing
time enables higher productivity, while the number of daily cleaning
cycles could potentially be reduced, resulting in significant economic
impacts. This is also extremely important from a sustainable point of
view since a reduction in cleaning cycles will result in lower energy,
water, and biocide consumption, and a reduction of contaminated ef-
fluents in the water system.

The data suggests that the potential of biomimetic surfaces for con-
trolling biofilm formation is promising. However, it is important to
comprehensively test their applicability, functionality, and durability
before implementation in food processing environments. Furthermore,
the dynamics of multi-species biofilm formation were modulated by the
bacteria involved in the consortia, emphasizing the importance of con-
ducting multi-species biofilm formation assays when testing antifouling
surfaces.
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