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ABSTRACT

The present study aimed at creating a solid nanostructured scaffold suitable for the development
of bacterial biofilms and that enabled bacteria to resist successfully to harsh nutritive and
environmental conditions for potential applications. As a model system, we combined a self-
standing electrospun nanostructured poly(e-caprolactone)-based scaffold (EN-PCLS) with
Burkholderia terricola cells. The scaffold structure was fabricated on purpose to include
microbeads and nanofibres and mimic the 3D morphological and spatial architecture of soil at the
microscale and nanoscale, thus favouring the development of suitable biofilms. The resulting 3D
framework displayed an extensive porosity and pore interconnectivity, and a honeycomb wax
cell-like arrangement reproducing large cavities in soil. The bacteria firstly deposited a
conditioning film onto the EN-PCLS to facilitate adhesion. The bacterial attachment was
preferentially observed on the nanofibres with cells prevalently oriented along with them, and it
persisted until late incubation under stirring, with beads appearing as bacteria-free if deprived of
nanofibres on them. Over time, the interaction was improved in terms of stability upon the
formation of appendages and release extracellular polymeric substances (EPS). It resulted in
more stable adhesion to the nanofibres with enhanced colonisation and the formation of flat
bacterial aggregations in the nanofibrous areas inside the honeycomb wax cell-like frames of

the EN-PCLS. Also, 3D micro- and macrocolonies were formed, hung to nanofibres in between
the microbeads of the honeycomb wax cell-like walls. Such microbial organisation evolved into a
mature 3D biofilm within 7 d incubation, where bacteria formed densely packed layers of cells
embedded into and coated with the EPS matrix that covered the whole EN-PCLS like a thick
blanket. At the final stage of biofilm development (11 d) both the biofilm and scaffold
frameworks appeared partially degraded, the latter being probably utilised as a C-source. Hence,
the observed soil-like 3D nanostructured architecture here proposed successfully enabled soil
bacteria to develop biofilms on more natural supports than in traditional studies. This strategy
seems then promising in creating scaffolds to be used as successful nanobiotechnological carriers
for applications in both agriculture (nutrient supply and control of plant diseases) and
environment (bioremediation of polluted soils and wastewater).

1. INTRODUCTION
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In the ‘70s, the first pieces of evidence appeared on the prevalent lifestyle of bacteria in

ecosystems as attached to surfaces (sessile) and named biofilm, differently from whaf it yyas, fheirc=ne

common belief until then, i.e. that microbes live suspended in the aqueous solutions
(planktonic).! From that time on, the interactions of bacteria with surfaces have been extensively
investigated.”? However, mobile biofilms can also be formed in the absence of any substratum
(flocs and sludge) upon an aggregation of micrometre-size particles.? The biofilm development is
often related to the possibility for bacteria to survive more successfully in diverse nutritive and
environmental conditions and persist for long.*7 Bacterial biofilms are formed on a multitude of
distinct types of surfaces both natural and artificial, animated and inanimated, including plants,
organic residues and soil particles, as well as metals, plastic, glass, rubber, and other materials.®~
10 Bacterial communities have evolutionarily benefited over time from this spatial and mostly
functional organisation. However, these benefits for bacteria can result to be either harmful or
beneficial for living and abiotic hosts.

The biofilm lifestyle of bacteria has also been demonstrated in the soil in the last decades,
prevalently in the volume of soil surrounding the roots (namely, rhizosphere) and at root surface
(rhizoplane),!! where biofilms are involved in microbe-plant interactions and induce beneficial
effects like growth stimulation and higher resistance to climate fluctuations and unfavourable
environments, as well as to pathogen and pest attacks.*>’-!> Consequently, a great interest has
been very recently posed by scientists in the possible utilisation of biofilms to support crop
cultivations.!? Furthermore, the resistance of biofilms has been beneficially exploited within other
anthropic contexts concerning the industrial production of biomolecules and energy, and in
bioremediation.!#!7 There is a lot of concern by industries and stakeholders in developing novel
strategies aimed at favouring the attachment of microbes to surfaces and the formation of
biofilms to improve the performances (e.g. rate and efficiency) as well as to overcome criticisms
of the production processes where microbes are involved. The environment is another remarkable
sector where microorganisms have getting increasing importance. The interest in renewable
energy sources has driven to the development of microbial fuel cells, where bacteria tend to
develop biofilms around electrodes.!> At the same time, microorganisms have been extensively
used to reduce the contamination of ecosystems by both organic and inorganic pollutants,'®:'7
although biofilms have been less studied.'®

Since biofilms are formed on surfaces upon adhesion, strategies to promote biofilm development
have been typically based on both modifications of surface topography and coating depositions
aimed at facilitating bacterial adhesion. By the way, a few studies recently demonstrated that
specific artificial micro- and nanoscale surface topography motifs are capable of facilitating
bacteria attachment more than smooth surfaces.!?-2° However, these articles studied interactions at
the early stages, i.e. without observing biofilm formation (with exceptions).?’ Some other articles
reported that nanofibres could also act as substrates to grow microorganisms until biofilms for
applications in energy production in microbial fuel cells (MFCs) (nanofibrous electrodes)?! and
pollutant removal,?? but without providing detailed information on the biofilm development. Very
recently, some rod-shaped bacteria cells were proven to adhere preferentially to nanofibres both
with size slightly>} and much smaller?* than the bacterial cell diameter, and aligned along with
them once the fibres had been previously coated with a conditioning film released by the cells.?*
Microorganisms have also been recently started to be included in some agricultural products
(biostimulants, biofertilisers and biopesticides) to reduce the impact of agrochemicals on the
environment and health.>>-27 Similarly, in the last decades, microorganisms have been employed
to remove contaminants from wastewater and soil through bioremediation treatments.?® However,
in both agriculture and bioremediation, the microbe-based inocula commercially available to date
to support crop yields (typically plant growth-promoting rhizobacteria - PGPR) or degrade
pollutants often result ineffective in playing their actions, especially as concerns non-sporulating
species.?’ The microbes added to soils, in effect, have to face several adverse conditions (e.g.
harsh environment, nutrient limitation and competition with other organisms) towards which
resident microbial populations are usually more adapted. Hence, there is an increasing demand
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The present study, then, aimed at creating solid nanostructured carriers suitable for the
development of bacterial biofilms for applications in both agriculture (e.g. nutrient supply and
control of plant diseases) and environment (bioremediation of polluted soils and wastewater).
Specifically, the 3D nanostructured scaffolds to create were intended to mimic the soil
architecture (Fig. 1). The morphological spatial distribution of soil components was considered as
a major model feature of soil. Soil is a very complex material, and such complexity derives both
from a variety of components with different shapes but mostly from a multitude of chemically
different compounds. However, it has been demonstrated that in the adhesion of bacteria to
surfaces the specific chemistry of surfaces can often be irrelevant, because of the coverage of
materials with organic coatings (conditioning films) released by bacteria or present in the
media.?*3° Conditioning films can remarkably alter the physical, chemical and physicochemical
properties of the surfaces. The topography of surfaces has been demonstrated to be of pivotal
importance in the adhesion of bacteria.?%->* Bacteria have been proven to be capable of accurately
sensing the morphology of the surfaces so that they prefer the interaction with fibres with
nanosized diameter?*3! or can repel the adhesion to surfaces with some specific topography.3? In
soil ecosystems, in effect, it is rare to find broad flat surfaces similar to the artificial ones
aforementioned. Soil consists of solid particles alternated with voids and fibrous organic matter.
Hence, it is presumable that soil bacteria might feel as unnatural the flat surfaces typically used
for studying biofilm formation in biomedical (e.g. implants), water (e.g. pipes), energy (MFCs),
industrial and remediation applications (metals and alloys, glass, silicon, organic polymers),!#33.34
although they can adhere to them. Consequently, bacteria coming across flat surfaces might
express unnatural and then less effective and efficient behaviours suitable for agricultural and
environmental applications, possibly inducing also misinterpretations. On the contrary, we
believe that in more natural environments such as soil-mimicking surfaces, bacteria would
express more probably and successfully the phenotypic traits typical of the telluric species and
would develop more natural and efficient biofilms.

We intended to create 3D nanostructured scaffolds mimicking the soil architecture by using
electrospinning technology. Electrospinning is a versatile technology generating fibres when
polymer solutions stored in syringe-like containers are driven out under an electric field.>> Fibres
can be produced in a range of diameters from nano- to micro-scale and with a variety of
morphologies and arrangements from scattered nanofibres, 2D nanofibrous thin layers and 3D
nanofibrous scaffolds.3¢3® Electrospun nanofibrous materials have been used in the last decades
in several applications.’**3 Polymer solutions under an electric field can also produce droplets or
beads when low viscoelasticity is employed (electrospraying).[144-46

In the present study, non-toxic polymers were preferred to prevent possible inhibitions of
bacterial growth until mature biofilm formation of the selected species, but also to obtain safe and
low-impact fabrics to be used in target applications such as agriculture and environment). We
selected the poly(e-caprolactone) (PCL), an aliphatic polyester polymer, because of its
biodegradability, biocompatibility and hydrophobicity, which have recently made it widely used
in medical applications.*’ Additionally, PCL nanofibrous scaffolds have been extensively
employed in medicine for the capacity of this polymer to support the growth of a variety of
human cell types for tissue engineering (fibroblasts, chondrocytes, and osteoblasts)**? and more
recently they have been demonstrated favouring the adhesion and proliferation of bacterial cells
without any apparent growth inhibition.?*

The bacterial species employed in this study as a model species was B. terricola. Burkholderia is
a proteobacteria genus that is of great interest because including species that are almost
ubiquitary in natural terrestrial ecosystems while other species are pathogens for humans, plants
and animals, thus causing possible opposite effects, from beneficial to harmful.>!->? Burkholderia
spp. was selected because supposed to match the requirements necessary to achieve the targets of
this study. The genus Burkholderia spp. is widely distributed in soils and has been proven to have
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remarkable biotechnological potential in the decontamination of polluted soils.>? In detail, B.
terricola is a species typically present in the rhizosphere (the volume of soil surrounding thefldrt- e
roots) of a variety of plant species, where it acts as a PGPR.3>

Hence, this study was aimed at creating an artificial electrospun fabric characterised by a 3D
arrangement of granular particles, fibres and fibrous frameworks, and high porosity (voids, single
and interconnected pores, and channels) enabling gaseous (air and VOCs) and liquid (nutrients
and wastes) inward and outward fluxes, thus tentatively reproducing the spatial architecture of
natural soils. Therefore, the creation of a beads-and-fibre Electrospun Nanostructured PCL
Scaffold (EN-PCLS) was hypothesised to match the desired requirements of a soil-like matrix
possibly recognised by selected soil bacteria at micro- and nanosize level as a more
“comfortable” and “familiar” environment for living and less toxic than other plastic
structures.>®>’ The EN-PCLS here created were then inoculated with B. terricola cells. The
various phases of biofilm development from bacterial adhesion to biofilm formation and
degradation were then followed and investigated and the possible applications of the resulting
nanobiotechnological products were evaluated.

2. MATERIALS AND METHODS

2.1. Chemicals and reagents

Poly(e-caprolactone) (MW 45 kD), chloroform (CHCl;) and ethanol (C,HsOH) were purchased
from Sigma-Aldrich and used without further purification. All bacteriological reagents and 2-(4-
iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT) were also purchased from
Sigma-Aldrich.

2.2. Nanostructured scaffold fabrication

PCL concentrations of 10.7% and 11.7% (w/w) (PCL, and PCL, respectively) were dissolved in
4:1 (v/v) CHCI;5:C,HsOH ratio solution and a mixture of beads and nanofibres were deposited by
electrospinning over an aluminium foil to form a beads-and-fibres framework mimicking the soil
architecture and the morphologies of the solid components of soil at the micro- and nanoscale.
Chloroform was used as the main solvent while ethanol, a non-solvent, was added due to its
higher boiling point (78°C) and high dielectric constant (¢=25) to reduce the high-volatility of
chloroform at the droplet-air interface and prevent polymer clogging in the syringe during the
process, while favouring the formation of both beads and fibres during the process.’®° The
electrospinning machine here employed was fabricated in CNR-IIA-Rome (Italy). It consisted of
a high voltage oscillator (100 V) driving a high voltage (ranging from 1 to 50 kV), a high power
AC-DC (alternative current-direct current) converter, a syringe pump (Model KDS 200, KD
Scientific) and a clockwise rotating conductive disk collector with a diameter of 12 cm. Scaffolds
composed of beads and fibres (EN-PCLS) were obtained by applying 4.9 kV of electrostatic DC
voltage between the tip of 5 cm long stainless steel of a syringe housed in a syringe pump (950
uL h! in feed rate) and an aluminium foil housed on the grounded collector set at 7 cm working
distance and perpendicular to the syringe pump. The depositions were carried out in a home-
made clean box equipped with temperature and humidity sensors. The deposition time was fixed
at 5 h, in order to obtain proper coverage of the deposition platform and a suitable thickness of
the material to manipulate. The rotation speed was set to 400 rpm, and depositions were carried
out at about 24°C and 30% RH (relative humidity). To prevent possible microbial contaminations
during the electrospinning procedure and the following incubation of EN-PCLS with the bacteria
strain of interest, all the surfaces of the deposition box and the electrospinning machine were
sterilised with disinfectants, and any tool for handling was autoclaved or flame sterilised, or both
prior to use.

2.3. Nanostructured scaffold morphological characterisation
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2.3.1. Imaging

The various beads-and-fibres EN-PCLS obtained by electrospinning were analysed through /= aricie Snine
various image capturing instruments (stereomicroscope, optical microscope, SEM and TEM) to
observe their morphological features at macro-, micro- and nano-scale. The pristine EN-PCLS as
well as those incubated with the culture medium and without bacteria (control) were sampled
under sterile conditions and analysed after rinsing with sterile deionised water. Differently, to
capture images of EN-PCLS retaining bacteria cells during the various phases from adhesion to
biofilm development, EN-PCLS were collected from the batch cultures after 3 h, 5 h, 20 h, 28 h,
48 h, 7 d and 11 d of incubation (§2.4.2). All EN-PCLS after sampling were washed in sterile
deionised water to remove any material unspecifically bound to the EN-PCLS, both animate and
inanimate. Samples were then variously processed based on either the test or the optical
technique used and depending on the presence or absence of bacteria.

2.3.1.1. Light microscopy

Semi-thin sections (1 pm) of the nanostructured PCL scaffolds were collected and placed onto
slides, stained by Toluidine Blu and observed at a Zeiss (Axiophot) microscope equipped with a
colour video camera (Axio Cam MRC) using a computer-assisted image analysis system
(AxioVision).

2.3.1.2. Electron microscopy

The variously treated EN-PCLS, regardless of their incubation with bacteria, were prepared for
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM)
investigations as follows.

For SEM analyses, after initial washing upon sampling, specimens were pre-fixed for 30 min at
4°C with 2.5% (v/v) glutaraldehyde in cacodylate buffer 0.1 M pH 7.2 containing 0.075% (w/v)
ruthenium red and 0.075 M lysine acetate. After 3x10 min of washing at 4°C in the same buffer,
samples were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.2 for 2 h at 4°C.
After further rinsing, as described hereinbefore, samples were post-fixed with 2% (v/v) osmium
tetroxide in cacodylate buffer for 2 h at 4°C. Specimens were washed 3x15 min at 4°C in the
same buffer and dehydrated in a graded ethanol series. Samples were dried by the critical point
method using CO, in a Balzers Union CPD 020. Samples were then attached to aluminium stubs
with carbon tape and observed by a JEOL JSM 6010LA electron microscope after a gold sputter-
coating in a Balzers MED 010 unit.

For TEM observations, specimens upon sampling and washing firstly underwent fixation and
dehydration, similarly to SEM samples, and then infiltration with mixtures of LRWhite
resin/ethanol in different percentages. At the end of the procedure, samples were embedded in
LRWhite resin, 2 days at 50°C. Blocks were cut with a Reichert Ultracut ultramicrotome
equipped with a diamond knife, and ultra-thin sections (60-80 nm) were collected on copper
grids, stained with uranyl acetate and lead citrate, and observed with a JEOL 1200 EX II electron
microscope. Micrographs were captured by the Olympus SIS VELETA CCD camera equipped
with iTEM software.

2.3.2. Size distribution of beads and fibres

The measurement of the average diameter of beads and fibres was calculated based on images
captured by SEM, as follows. The SEM images were processed by Gwyddion© 2.3 software
(GNU General Public License)® to calculate the grain and fibre size. Image analyses were carried
out on global amounts of 220 beads and 145 fibres. Similarly, honeycomb cavities mean
diameters were calculated onto 135 and 150 areas of the wet and dry samples, respectively. The
Normal probability distributions (known as Gaussian or bell-shaped curve) based on the mean
and the standard deviation and representing the density function of the grain size were calculated
using Microsoft Excel©.
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2.3.3. Contact angle

The contact angle of the two types of fabrics (EN-PCLS; and EN-PCLS;) was measured as /oo arice Onine
follows. Pictures of water drops (8 ul and 7 pl, respectively) upon deposition on the

nanostructured fabrics by dripping from a micropipette were captured by a USB-Digital

Microscope (2.0 MPx, DIGIMICROSCOPE) in 10 s. The water contact angle (WCA) values

were measured by the LBADSA method®! running within DropSnake®, a plugin implemented for
ImageJ software.5?

2.3.4. Porosity

The global porosity of EN-PCLS, was measured based on the liquid intrusion method as
follows.%3 Briefly, about 1 cm? pieces of the nanostructured scaffolds were weighed and then
soaked into absolute ethanol for 10 min and then weighed again. The weight of both dry and
soaked samples was measured and then converted into PCL and ethanol volumes based on the
density of the two substances. Finally, global porosity was calculated as per cent of volume of
ethanol relative to the total volume of the nanofabrics. The procedure was carried out in four
replicates (n=4).

2.4. Biofilm development

2.4.1. Inoculum preparation

Bacterial cells of Burkholderia strain IF25 were isolated from a vineyard soil and preliminary
assigned to Burkholderia terricola.>* The bacterial inoculum in each independent experiment was
set up as follows: the original culture was grown at 30°C in Luria-Bertani (LB) broth and
maintained at 4°C on LB agar plates.®* B. terricola IF25 cells were pre-cultured (30 ml
suspension) in the conditions aforementioned before being incubated with EN-PCLS.

2.4.2. Biofilm development

Two independent experiments were performed to assess the formation of biofilm on the EN-
PCLS. In each experimental trial, the various stages of biofilm formation from reversible
adhesion, irreversible attachment, biofilm maturation and degradation were assessed in batch
cultures (glass Erlenmeyer flasks) containing 25 ml of glucose mineral broth (GMB), as medium,
consisting of (g L'"): 2.2 g L'! Na,HPOy; 1.4 KH,POy; 0.6 MgSOy4 » 7H,0; 3.0 NH4SOy4; 2.0
glucose and trace element solution.® B. terricola IF25 pre-cultured cells were inoculated in the
GMB medium at 2% (v/v final concentration) to give 1.2 = 0.3 x 105 CFU ml!, and 1 cm? EN-
PCLS deposited onto the aluminium were finally added. Bacteria in the flasks were grown
aerobically in the dark (on an orbital shaker at 80 rpm) at 30°C. Trials were arranged in a
completely randomised block design with independent sampling at fixed times. Specifically, four
batch cultures (in each trial) were created at T by adding 48 pieces of EN-PCLS, deposited onto
aluminium foil, to four flasks (12 pieces each). Bacteria-colonised EN-PCLS samples were
collected after 3 h, 5h, 20 h, 28 h, 48 h, 7 d and 11 d of incubation (i.e. corresponding to
exponential and early and more extended stationary phase of cells growth), depending on the
analyses to carry out. A separate set of flasks was used as a control without bacteria (CEN-
PCLS). The EN-PCLS with or without immobilised bacteria were washed in sterile deionised
water upon sampling and then further processed or tested.

2.4.3. Vital and metabolically active bacteria cells

Cell integrity and metabolic activity have been often measured using tetrazolium salts. Among
them, 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT) is one of the
most widely used tetrazolium salts for assessing microbial viability,% although some toxic effects
have been sometimes observed.®” Based on its features, INT was used to measure both cell
integrity and metabolic activity of immobilised bacteria onto EN-PCLS as a consequence of the
reduction of this tetrazolium salt by the dehydrogenase activity which is part of the bacterial
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respiration process, with the formation of the relative formazan that is accumulated
intracellularly. Briefly, to test the bacterial vitality during the biofilm development and - e arice S
persistence (§2.4.2), bacteria-colonised EN-PCLS samples were collected from distinct batch
microbial cultures sampled at 5 h, 20 h, 28 h, 48 h, 7 d and 11 d incubation periods, then washed
in sterile deionised water and placed in flasks containing INT solution (0.01% w/v of redox
indicator in 0.1 M phosphate buffer, pH 6.8, and LB 1:20 v/v final dilution). Control samples
(CEN-PCLS) were collected from a separate set of flasks without bacteria. Bacteria-colonised
EN-PCLS were then incubated in the dark for 4 h at 30°C, for the colour development, and they
were finally treated with absolute alcohol, after having been washed and dried, for the formazan
extraction.%® The resulting solutions after filtration were measured for absorbance at 495 nm by a
spectrophotometer. The means and the standard deviations based on four replicates per sample
(n=4) expressed as absorbance values normalised to the standard size of the EN-PCLS (namely 1
mm?) were calculated using Microsoft Excel.

3. RESULTS AND DISCUSSION

Soil consists of little solid particles alternated with voids (pores and tunnels) periodically filled
with air and water or both of them. The solid particles mostly interacting with microorganisms
(fine fraction) are mineral particles and organic fragments in a broad range of dimensions (Fig.
1). The mineral particles in the range 2-50 pm (mostly silt and clay, based on USDA or IUSS
classifications)® usually present platy, spherical and tubular morphologies and are more
attractive for microbial populations because they are more capable of retaining water and
nutrients.”® Even the fresh organic tissues, especially those reduced to little fragments, are
densely colonised by microorganisms (bacteria, fungi and actinobacteria) that degrade and
transform them into materials (also known with the old terminology of humic substances)
displaying spongy, globular, fibrous or nanotube-shaped, and reticulated morphologies,
sometimes forming fishnet-like porous membranes.”!-”> These membranes, in the last decades,
have been suggested resulting from the self-assemblage and supramolecular association of
organic compounds into well-ordered structures.’”! These solid inorganic and organic particles and
fibrous materials are typically arranged in healthy natural soils in aggregates with dimensions
from < 250 um (microaggregates) to > 250 um (macroaggregates) to form a porous structure,’
where pores range from < 0.1 um (Cryptopores) to 0.1-5 um (Ultramicropores), to 5-30 pm
(Micropores), to 30-80 um (Mesopores), and to > 80 um (Macropores), and micropores and
mesopores are those assigned to host the most of microbes present in soils.”* Hence, the soil
architecture at the micro- and nanoscale level, i.e. at which microbes interact with the abiotic soil
mineral and organic components, seems to be composed of inanimate structures with mostly
globular and fibrous (as both single fibres and networks) morphologies and void spaces or pores
with various sizes. Recently, Otten and collaborators developed 3D-printed Nylon 12
macrostructures based on tomography analyses of soil sections and reproducing the soil
architecture.>®>” However, these constructions were composed of plastic materials suitable for
laboratory studies but environmentally incompatible with applications in natural ecosystems.
Furthermore, these artificial arrangements did not also resemble the soil configuration at both the
micro- and nanoscale level, since providing a spatial resolution of 30 pm, i.e. much greater than
microbial size.>® On the contrary, in the electrospun nanostructured soil-like scaffolds here
created, soil bacteria cells were expected to attach, settle and proliferate, following their natural
behaviours and attitudes based on the phenotypic traits typical of the species selected (B.
terricola), until forming proper and more natural biofilms.

3.1. Nanostructured matrix

Some mixtures of polymers and solvents were tested in the electrospinning processing to create
3D nanostructured frames mimicking the soil architecture to achieve the target aforementioned.
The electrospinning process was tuned on purpose to generate suitable beads-and-fibres scaffolds.
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However, only some of the polymers tested fulfilled the requirements necessary for the creation
of 3D frameworks satisfactorily similar to soil, especially as concerns the formation of propefe ricie o
beads of various size separate from the fibres, and with sufficient mechanical stability capable of
sustaining the stirring applied during the incubation with bacteria. PCL resulted in being the right
candidate for achieving the goal fixed, as also demonstrated by the study of Ahirwal et al.
(2013).7> We tested several PCL dissolving solvents with to reduce the environmental impact of
the electrospinning process, i.e. the use of toxic organic solvents. Unfortunately, only CHCI;
mixed with C,HsOH successfully provided soil-like frameworks matching the expectations.
Incidentally, to prevent possible harmful effects on the bacterial cells caused by the solvents with
consequent inhibition of adhesion and proliferation of the bacterial population, solvents were
extensively removed from the EN-PCLS under a fume hood. Fibres are the typical products of the
electrospinning process. Still, beads can also be generated, although they are commonly
considered as “by-products” or structural defects of the electrospinning process. Bead formation
is then commonly prevented by tuning the electrospinning parameters such as polymer
concentration and the type of solvent used’® that can affect both the viscosity of the solution and
the surface tension because of the electrical forces breaking the electrospinning jets.>>* Low
polymer concentrations usually form spindle-like or spherical (rarely or on purpose) beads’”’® but
beads alone can also be produced.” Even bead size values and distribution can be tuned based on
the procedure performed.’®” Hence, by adjusting the deposition parameters, electrospraying can
be turned into electrospinning so that the deposited materials can turned from beads alone into
beads and fibres, until fibres alone populations.

In this study, we obtained two types of beads-and-fibres scaffolds, by tuning the parameters of
the electrospinning deposition on aluminium foils and the concentration of PCL in
CHCI5/C,H50H, named EN-PCLS; and EN-PCLS,, mostly differing in the PCL concentration
(10.7% w/w and 11.7% w/w, respectively) and resembling enough the soil morphology and
architecture aforementioned.

3.1.1. Nanostructured scaffold morphological characterisation

3.1.1.1. Optical microscope analyses

Optical investigations of the overall macroscopic upward growth of the two 3D mats showed they
looked like tufted carpets (Figs. 2a and 3a), where EN-PCLS; displayed a thick and more
complex architecture (about 1.8 mm wide), while EN-PCLS; exhibited a thin structure (about 1
mm wide) (Figs. 2 and 3). In more details, EN-PCLS); exhibited about 1.4 mm tall tufts composed
of pinnacle- and flake-shaped protrusions (Figs. 2b,c,e,f), while EN-PCLS,showed simpler
circular crests (Figs. 3b,c). Optical microscope pictures of cross-sections of the pristine EN-
PCLS, confirmed the presence of both beads and fibres in the electrospun frameworks.
Additionally, beads appeared either grouped into irregular aggregates separate from the fibres or
as distributed along chains (Fig. 3d), but in this case, they mostly appeared as partially fused (Fig.
3d, red arrows) and not crossed by fibres, like in the case of beaded fibres, also known as beads-
on-a-string fibres (Fig. 3d).>>* Even when linked to fibres, in effect, beads appeared as deposited
on them or oppositely the fibres appeared laying on the particle surfaces and not crossing them
(Fig. 3d, light blue arrows), as it happens when beads are usually originated from the same jet of
the fibres and have spindle-like shapes with aspect ratios > 1. Here, instead, the beads displayed
aspect ratios ~ 1 (Fig. 3d).

3.1.1.2. Electron microscope analyses

BEADS-AND-FIBRES FRAMEWORKS

The SEM investigations of the self-assembled micro- and nanostructures in both the matrices
confirmed the presence of beads and fibres. The analyses of the dimensional distribution of both
pristine beads and fibres in EN-PCLS, showed that the diameters of the particles ranged within
0.34-12.43 um, with a mean diameter as large as 6.1+3.6 um and 7.6 um median value (Figs. 4a),
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larger, though it was difficult to measure them because the beads quite always appeared fused
(Fig. 2e inset). In any case, the particles of both the pristine nanostructures displayed an aspect
ratio ~1 so that they could be reasonably classified as microbeads or microspheres. At the same
time, fibres were assigned to nanofibres, based on the standard definition of nanomaterials (i.e.
<100 nm in at least one of the three spatial dimensions).%

Moreover, it is worth noting that, regardless of the type of EN-PCLS, the microbeads displayed a
very smooth surface, as compared with those generated by the electrospray, often appearing as
lumpy (Fig. 3f).” Furthermore, SEM micrographs of EN-PCLS; showed that, in the fabric
volumes, microparticles were the prevalent component, relative to nanofibres, especially in the
protruding structures, thus resulting in more compact structures (Fig. 2c,e), while the spaces in
between these protuberances were dominated by the nanofibres (Fig. 2e, yellow arrows).
Differently, in the global volume of EN-PCLS,, a prevalence of nanofibres over microbeads was
observed (Fig. 3c, yellow arrows). The difference in the number of microbeads vs nanofibres
observed in the two EN-PCLS could be reasonably ascribed to the diversity in the polymer
concentration of the two solutions before electrospinning (10.7% vs 11.7% w/w). Other studies
on PCL and other polymers demonstrated that the increase in polymer concentration reduces the
number of beads in favour of fibres.”>-81.82

HONEYCOMB-LIKE PATTERNS

Interestingly, both the EN-PCLS in top views displayed a sort of repetition of holes or cavities at
the surface of the overall structure surrounded by walls, resembling the architecture of wax cells
in a bee honeycomb (Figs. 2a,d; Figs. 3a,b). Electrospun nanofibres have been reported to self-
assemble into honeycomb-patterned nanofibres also on non-patterned substrates as a result of the
balance between simultaneous attractive and repulsive electrostatic forces.”>*? Here, EN-PCLS;
did not show at first instance a similar pattern in the prevalently thick areas because of the tall
protuberances (Fig. 2d), but in the thinner rarer portions of these samples such organisation was
more evident (Fig. 2c). In EN-PCLS,, the honeycomb-like pattern was visible at the various
magnifications (Figs. 3a,b,c,e). In honeycomb structures, the wax cell-like cavities or pores at the
surface of fabrics can display various regular and irregular shapes, depending on the polymers
and the electrospinning conditions.”>8182 The size of these cavities can also be influenced by
polymer concentration and time of deposition’> and working distance.?? In our study, we
observed that the cavities in the pristine electrospun fabrics showed a wide diameter distribution
that in EN-PCLS, ranged from 97 pm to 582 pm and a mean value as large as 328+104 um, and a
surface area in the range 7.39-265.44 10° um?, with about 92.8+57.5 10° um? mean value, i.e. in
agreement apparently with the values and the relative trends reported in other studies.’? However,
it is worth noting that the honeycomb structure of EN-PCLS, was modified once incubated for 3
h with the medium containing bacteria. The cavities, in fact, displayed an average diameter as
large as 61+18 um and in the range 23-111 pm (Figs. 4c¢), and a surface area about 3.17+1.80 10°
um? mean value within a range 0.43-9.68 10° pm?, then resulting in a remarkable decrease (-81%
and -97% in the average diameter and surface area, respectively). Notably, since such difference
in the cavity diameters was much larger than around 30 nm, because of the conditioning film
deposition (2x15 nm thickness) on the various materials of the frameworks, the diameter
reduction was maybe due to a shrinkage of the whole nanostructure fabrics during the incubation
and not to the mere contribution of the coating.

Honeycomb structures in electrospun materials were observed for the first time by Deitzel et al.
(2001).8! This arrangement has been explained as mostly due to heterogeneous depositions
leading to the generation of thick domains on the collectors surface’’ that barely discharge
relative to the initial phases of the electrospinning deposition. Such thick domains can be
originated by different causes. They would induce the accumulation of electrostatic charges on
these self-organised aggregates and the repulsion of the incoming charged electrospun fibres, thus
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preventing them to be deposited on the collectors and to dry and eventually form the 3D
honeycomb patterns following a three-branched organisation with an intersecting angle of 126° Bilcle Online
In the honeycomb-like patterned EN-PCLS here created, especially in EN-PCLS,, the self-
assembling structure was maybe generated by fibres and beads that acted as thin and thick
domains,”# instead of creating a proper bi- or multimodal distribution of fibres in multiple
populations with diverse size diameter.”>-83-3* Incidentally, in most of the articles on electrospun
honeycomb structures where both fibres and beads are present, beaded fibres were observed as
element comprising these self-organised 3D patterns,’>#! where beads were linked by fibres and
distributed like in a rosary chain. In the present study, a multitude of microspheres (aspect ratio ~
1) and a much higher number of thin nanofibres were produced in EN-PCLS,, and the occurrence
of beaded nanofibres was not evident, primarily because of the significant difference between the
size of nanofibres and that of beads (~ 75 nm mean value - Fig. 4b - vs ~ 6.1 um mean value -
Fig. 4a, respectively). Such evidence made difficult the identification of the spheres as part of the
fibres (i.e. crossed by the nanofibres) or disposed along single nanofibres, as in the studies
aforementioned.”>8!

Additionally, microbeads appeared preferentially located in the walls of the patterned structures,
while thin nanofibres were deposited both in the walls, together with the microparticles, and in
the honeycomb cell-like cavities, as the prevalent component (Fig. 3c). In other studies, a similar
distribution was also observed, but spindle-like beads (< beads-to-fibres size ratios) in the
cavities were more numerous maybe because beads were not physically separated from the
nanofibres (beaded fibres).”>8! Two possible motives to explain the results in our study might be
that, in the first case, microbeads driven by electrostatic repulsion towards the walls of the
honeycomb during the electrospinning deposition could stretch the nanofibres to which they were
linked because of the very high beads-to-fibres size ratios here calculated (~ 80) and then of the
much higher weight of the microbeads relative to the nanofibres so that only nanofibres would
remain between the walls. The second possible reason of the remarkable different distribution
between microparticles and nanofibres might be that, because of the typical electrospinning
conditions here fixed, two independent populations of microparticles and nanofibres were
produced that segregated occupying the cavity walls (microbeads) and the space in between
(nanofibres).

Interestingly, it was demonstrated that when two independent populations of beads and fibres
were co-deposited by electrospraying and electrospinning, respectively, the two types of elements
successfully self-assembled into honeycomb-like structures because of the local variations of the
electric field acting as the driving force of this arrangement.?3-#* Consequently, the microparticles
appeared as segregated into the honeycomb cell walls, while only stretched fibres were present in
the interspaces between the walls,?3-#* alike to our findings. The similarity between Fig. 3¢ and
the figures in these two articles seems to support the hypothesis of two separate populations of
microbeads and nanofibres, instead of beaded nanofibres, comprising the honeycomb-like
arrangements. However, except for when distinct populations of beads and fibres are produced on
purpose, it is still unclear, also in very recent publications, to identify if beads and fibres
comprising honeycomb-like arrangements produced through a single electrospinning process are
present as two independent populations or are beaded fibres.3?

The resulting honeycomb-like architecture composed of beads and fibres displayed many features
potentially suitable to accomplish the specific aims of this study (i.e. the development of a
microbial biofilm in a soil-like structure) such as the large surface area and the elevated porosity
of the framework, in comparison with the typical flat nanofibrous structures present in the
literature.>-8¢ In addition, the honeycomb-like pattern has been recently described as present in
the structure of humic substances comprising the soil organic matter.”!-87 This observation has
been linked to the new theories on the nature of humic substances as combinations of
supramolecular associations, micelles and retained biomolecular fragments.®%8° Based on these
findings, the presence of honeycomb-like patterns in the soil-like 3D frames created in this study
further enforces the similarity of the created artificial nanoframeworks with the soil structure, and
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3.1.1.3. Porosity

Notably, the resulting pristine EN-PCLS composed of microbeads and nanofibres displayed a
fabric not only characterised by large surface area but also by excellent porosity of 86.6+2.6%.
The nanoframeworks also displayed a wide range of pore size (from ultramicropores to
mesopores similarly to what observed in soil) and a vast pore interconnectivity (Figs. 3c,e.f,g),
which made it suitable to hosting microbes as in natural soils.”

3.1.1.4. Contact angle

PCL is a hydrophobic polymer.”® The measurement of WCA of the deposited EN-PCLS showed
that EN-PCLS; was more hydrophobic (superhydrophobic) than the typical pristine electrospun
PCL fabrics reported in the literature (156.34° vs 115-140°) (Fig. 4d). Differently, EN-PCLS,
appeared more hydrophilic (124.12°) than the other thicker mats deposited (Fig. 4d), as a
consequence of the differences in the surface morphologies previously described. Such CA
different values were maybe due to the formation of a Cassie—Baxter state in EN-PCLS;, as the
water drop did not penetrate the hollows of the grooved surface but remained suspended on top of
the asperities forming a composite (solid-liquid-air) interface, as shown in Fig. 4d. Therefore, the
water droplet reached an apparent ‘equilibrium’ contact angle to minimise the overall free energy
of the system (as it does usually on flat surfaces) according to a Cassie—Baxter relationship,
because of the nanoscale roughness.’!

3.2. Bacteria biofilm development on the electrospun nanofabrics

In the comparison between the two EN-PCLS, EN-PCLS| resulted too fragile so that the tall
pinnacles and flakes easily degraded because of the mechanical friction with the liquid media
occurring both under the stirring incubation required to obtain more durable and more specific
bindings of bacteria to the nanostructures, and the following washings necessary to remove the
unspecific interactions. Therefore, EN-PCLS) resulted not suitable enough for the development of
biofilms on the nanofabrics with repeatable results. On the other hand, the thick EN-PCLS;
framework was desirable because of a much larger surface exposed to interactions with microbes, a
consequent higher adhesion and loading of larger quantities of bacteria per planar surface unit and
then higher potential effectiveness and efficacy in the applications of interest. Hence, this
framework requires to be further improved. As a consequence, the following steps of biofilm
development here reported were focused on the interactions and behaviours of B. terricola cells
with EN-PCLS only. If not specified, then, the electrospun nanostructured PCL scaffolds
interacting with bacteria will be reported from now on as EN-PCLS.

3.2.1. Adhesion of bacteria cells to EN-PCLS

The bacterial colonisation of surfaces (biotic and abiotic) and biofilm development result from a
series of events and processes inducing modifications in both bacteria cells and the surfaces.?>%3
The possibility for bacteria cells to interact with surfaces, colonise them and then possibly form
biofilms requires at first that proximity between these two entities occurs. Usually, bacteria move
towards target surfaces over a long-range scale driven by bacterial motility, in the case of
bacterial species provided by specific appendages like flagella,* and physical forces, such as
hydrodynamic forces, gravitational forces, Brownian motion, chemotactic or haptotactic
attraction and additionally, over a short-range scale, i.e. when in proximity to the surfaces, by van
der Waals and Coulomb forces and hydrophobic interactions.?>%¢ In the experimental conditions
here set up, the major long-range forces consisted of hydrodynamic forces consequent to the
superimposed stirring of the incubation mixtures. The next step in the colonisation of abiotic or
biotic surfaces by bacteria is the adhesion of cells to these surfaces. An extensive literature is
available on the various degrees of interaction between bacteria and surfaces following distinct
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phases.”>?” However, although there are some studies concerning the development of electrospun
coatings and scaffolds for suitable applications such as energy production and storagg and, /= e onne
pollutant removal,!'3-?12298 the literature on interactions occurring between bacteria and nanofibres
is still rare.23-°-193 More recently, a more systematic study documented the early-stage
interactions occurring between B. terricola cells and PCL nanofibres until microcolony
formation.?* In the present study, the investigation by SEM of the surfaces of EN-PCLS after 3 h
incubation with B. terricola cells showed that additionally to the expected presence of bacteria,
both microbeads and nanofibres after 3 h incubation appeared covered with an about 15 nm thick
amorphous material (Figs. 3g and 6b for comparison) that consequently increased their
dimensions relative to the pristine materials. It has been previously reported that PCL
nanofibrous mats exposed to the incubation medium with B. ferricola cells displayed similar
morphological modifications.?* This deposited material appeared as mostly located in the
nanofibrous cavities of the honeycomb structures previously described (Fig. 5b, light blue
arrows), while the aggregates of microbeads seemed to protrude from this coating (Fig. 5b,
yellow arrows). At higher magnification, these materials deposited looked as forming thin
membranes onto the nanofibrous network and in between the nanofibres (Figs. 5a and 6a, light
blue arrows). The microbeads also seemed to be covered with such materials (Figs. 5, orange
arrows, and 6c¢, yellow arrows), and the nanofibres appeared substantially larger than those
typical of the pristine PCL nanofibres because of this coating (Figs. 3g; 4b; 6b, orange arrows).
Such observations confirmed what already reported in a recent article describing the interactions
of bacteria with nanofibres, where similar amorphous material coating electrospun nanofibrous
frameworks incubated with the same bacteria species was classified as a conditioning film.?*
Conditioning films have been widely reported to be composed of organic compounds deriving
from the media or produced by bacteria to make simpler the adhesion of bacterial cells to
surfaces.’%1%4 The composition of these materials depends on the bacteria species and growth and
environmental (seasonal) conditions®® and can include organic compounds displaying
hydrophobic or hydrophilic properties, or both, such as proteins, polysaccharides, lipids, nucleic
acids, humic acids, aromatic and amino acids.!%1% In Burkholderia cepacia, polysaccharides
were observed to be prevalent in EPS, relative to proteins.’? In addition to the conditioning film,
several little spheres of various size appeared widely spread on the nanofibres as well as grouped
in clusters (Fig. 6a, yellow circles), or adhering to bacterial cells and at the interfaces between
bacteria and nanofibres (Fig. 6b, pink arrows). These spheres have been identified as outer
membrane vesicles (OMVs) and related to the formation of the conditioning film.>*

After 3 h incubation only very few bacterial cells appeared adhering to the EN-PCLS (data not
shown), while after 5 h incubation more bacteria were observed adhering to the nanostructured
fabrics (Fig. 6a). Interestingly, bacteria were localised prevalently in the cavities of the
honeycomb frameworks than in the walls of these structures or on single microbeads entrapped
in the nanofibrous network (Fig. 6b, yellow and pink arrows, respectively). Interestingly, the
cavities appeared to be the first areas of adhesion and dwelling of bacteria (Fig. 6a, orange
arrows). Hence, the fabric structure seemed to have a remarkable role in facilitating the
interaction of bacteria cells with these mats. The honeycomb wax cell-like cavities of the EN-
PCLS maybe resulted in being sites more protected from stirring and where nutrients presumably
tended to accumulate.

Moreover, it is worth noting that the cavities of EN-PCLS; appeared to be mostly composed of
nanofibres and within these zones bacteria cells appeared adhering preferentially to nanofibres
(Fig. 6a, orange arrows). On the contrary, Kargar et al. (2012) suggested that the interaction of
bacteria with nanofibres, if ever, was due to the interplay with the material surface underneath
the fibres and not specifically with them.”® However, we observed that B. terricola cells often
looked nicely as hanging on the nanofibres, then suggesting the occurrence of highly specific
interactions between bacteria and these fibrous nanostructures (Fig. 6¢, pink arrows). Such
pieces of evidence were further confirmed by the very close interaction existing between bacteria
cells and the nanofibres, despite the very different size between these two components (75.1 nm
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recent publications where the dependence of adhesion of the same bacteria cells on the size of
PCL nanofibres was analysed, and bacteria were observed to adhere mostly to averaged 100 nm
diameter nanofibres.2* Likewise, when Acinetobacter calcoaceticus STB1 strain cells were
found to have the highest bacterial immobilisation on polysulfone (PSU) fibres with random
orientation and thinner diameter.?3

Besides, bacteria appeared lying onto the nanofibres along their longitudinal axis, and also after
duplication, they kept aligned along the same nanofibre, like in a rosary bead style (Figs. 6a and
6b, both with green arrows). Such alignment was maybe reinforced by the very close interaction
between nanofibres and B. terricola cells, which led to the coalescence between the amorphous
material surrounding B. terricola cells (maybe ascribable to the bacterial capsule, as in other
species of the genus Burkholderia)'” and the CF coating the nanofibres, as reported elsewhere?*
(Fig. 6b, pink arrows). On the contrary, a very few publications reported that bacteria cells never
oriented longitudinally with the fibre axes when the latter have diameters smaller than those of
bacteria, also generating distortion in the bacterial cell shapes and the general reduction of the
bacterial adhesion.”100

It is worth noting that, bacteria cells were almost absent on the aggregated microbeads
composing the walls of the honeycomb structure of EN-PCLS, or on single microbeads
entrapped in the nanofibrous network in the preliminary stages of colonisation (5 h incubation)
(Fig. 6b, yellow and pink arrows, respectively). As evident, in the only cases when bacteria
interacted with microbeads, the presence of nanofibres deposited on their surface looked to be
required (Fig. 6¢c, red arrows). Interestingly, even after 48 h incubation, bacteria adhesion further
extended to beads provided the latter were coated with nanofibres (Fig. 6d, light blue arrows);
otherwise, the spheres appeared free of bacteria (Fig. 6d, orange arrows).

3.2.2. Anchoring of bacteria cells to EN-PCLS

After 28 h incubation, additional types of interactions between bacterial cells and the EN-PCLS
were observed. B. terricola cells started forming appendages protruding throughout their
surfaces following a radial distribution (Fig. 7a, orange arrows) to strengthen the anchoring to
nanofibres and link also the cells each other (Fig. 7a, light blue arrows). The presence of
appendages have been reported in other strains of Burkholderia genus and have been classified
as fimbriae or pili.!% Several publications considered these two terms interchangeable and used
them indifferently to identify appendages.!?® Some distinctions, however, have been reported to
distinguish different functions for these appendages such as adhesion, motility, DNA uptake and
transfer, and formation of microcolonies.!!%!!! Specifically, type 4 pili (T4P) have been
demonstrated in Burkholderia to act as adhesins and then contribute to adhesion,!9%:112 to be
involved in twitching motility,'!3 and to be the way DNA is absorbed from the outer
environment and transferred from one cell to another starting from the type 4 secretion system
(T4SS).!"* Additional to T4P, also cable pili have been described to play a role in adhesion in
Burkholderia.''> However, the precise identification of these appendages seems to be possible
only upon the demonstration of particular genes or by using specific antibodies.!!6!!7 Hence, the
analyses of the only aspects by SEM or TEM seem not to be capable of discriminating for sure
between the distinct appendages.

The role of fimbriae in adhesion to surfaces has been associated with the presence of such
appendages all around the bacteria cells (peritrichous pili).!!® Pili were also observed in the
present study with a similar distribution (Fig. 7a, orange arrows), where they contributed to
stabilising the linking of bacterial cells to the nanostructured fabrics against the shear strength
due to stirring during the incubation. Comparable fimbriae have also been documented during
the incubation of B. terricola cells with the nanofibrous-only PCL scaffolds.?* Similar
appendages were also observed in TEM micrographs of EN-PCLS incubated with bacteria (Fig.
7b green arrows), where the B. terricola cells attached to a microbead (here visible as a partial
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cross-section delimited by a thick grey line (highlighted by an artificial violet line) (Fig. 7b).
Such evidence might sound contrasting with the previous statement that bacteria cellg neyer. /5 /e 2rre
seemed to adhere to microbeads (§3.2.1). In the TEM micrograph, the microbead surface
appeared further thickened, except a few areas (marked by pink arrows in Fig. 7b), by the
presence of deposited CF, vesicles and/or solid spheres (Fig. 7b light blue, red and blue arrows).
The bacteria cell in the figure, specifically, did not seem to anchor its fimbriae/pili directly to the
microbead surface but to the rounded components laying on the CF coating the surface and
acting as links between the appendages and the microbead surfaces (Fig. 7b, blue and red
arrows). In detail, two types of rounded components seemed to be distinguished on the
microbead surfaces, one showing a bright interior and another displaying an electron-dense core
(Fig. 7b, blue and red arrows, respectively; inset: dotted blue and red rings, respectively). Some
spherical components in the interface between bacteria cells and nanofibres were also
documented in SEM micrographs (Fig. 6b, pink arrows). Rounded elements with an electron-
dense core were also reported in other papers at the interface between bacteria cells and
nanofibres, where they were identified as outer membrane vesicles (OMVs) and were suggested
to be involved in linking these two entities.?* (OMVs are nano-sized spheroid particles generated
in several Gram-negative bacteria from the protuberances of the outer membrane.!!%-120
Differently, the bright core rounded components were here identified as the cross-section of
nanofibres and confirmed the presence of laying nanofibres onto the sphere where bacteria are
linked, as observed in several other pictures (Figs. 6¢,d). Analogous spherical structures also
were observed in other TEM micrographs (Fig. 7d, orange arrows). The TEM images of
longitudinal and transversal sections of electrospun PCL nanofibres linked to bacterial cells
observed in other studies seemed to support the identification of the bright core rounded
components linked to bacteria here captured by TEM with nanofibre cross-sections.>* Hence, the
hypothesis that B. terricola cells appeared to adhere preferentially to PCL nanofibres and were
linked to microbead surfaces only in the sites where nanofibres were deposited and acted as
mediators (§3.2.1) seemed to be confirmed. Additional to the fimbriae joining bacteria to the
nanofibrous network, similar appendages were also observed linking adjacent bacterial cells
(Fig. 7a, light blue arrows). Various types of pili have been described connecting bacteria!?! and
have been related to the DNA transfer and exchange between them (F-type, P-type or I-type
pili).'?? Appendages with a similar aspect have also been described recently in B. terricola cells
grown on PCL nanofibres.?*

3.2.3. Colonisation of EN-PCLS and biofilm formation

B. terricola cells started forming microcolonies few hours after the adhesion of bacteria to the
nanofibres of the EN-PCLS (§3.2.1), so that some of them, despite very few, could already be
observed at 5 h incubation in the honeycomb structure, where rod-like bacteria begun to replicate
while hanging on the nanofibres, thus forming bizarre suspended microcolonies composed of
about 50 cells (Fig. 8a).

By increasing the incubation and the contact with the EN-PCLS (20 h), the microcolonies
enlarged but always growing preferentially over the nanofibres and the nanofibrous frameworks,
thus generating masses of bacteria appearing hanging on nets of tiny nanofibres (Fig. 8b). While
the adhesion of bacteria started becoming more stable because of appendages-mediated
interactions (28 h) (§3.2.2), the further extensive replication drove the bacterial population to a
vast colonisation of the fabrics, also accompanied by new adhesions of cells to the nanofibres of
the EN-PCLS, globally forming a monolayer (Fig. 8c). Interestingly, B. terricola cells at this
stage of growth and on started showing modifications in the morphology since in SEM
micrographs they appeared to lose the 1.5 pm long rod-like shape (Figs. 5c, 6a,b,c) in favour of
egg-shaped (Figs. 7a and 7c, not indicated with green arrows) and until more spherical forms
(Fig. 6d, and 7a and 7c, both with green arrows). Such findings might be explained by the
nutrient availability rather than the growth rate as the major factor of size determination so that
under nutrient-poor conditions, cell size is reduced.!?* Alternatively, such morphological
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specific nanofibrous morphology of the surface and inducing the switch from the planktonic to
the stable sessile form.3!-124

Additionally, bacteria at early stages of incubation and interactions (5-28 h incubation) with
nanofibres displayed several OMVs protruding and bound at the cell surface, when observed by
SEM (Fig. 6b, pink arrows). By increasing the period of incubation, bacteria prevalently
appeared in SEM micrographs with less or free of OMVs at the surface (Fig. 7a,c). Such
evidence seemed to support the hypothesis further that OMVs, in the present study, were
involved in the early stages of bacterial adhesion to surfaces (nanofibrous fabrics).?*12> OMVs
have been frequently reported in the literature to be related to biofilm formation'?¢ because the
content of these structures has been proven to take part of the matrix composition of biofilms.!?’
Indications about changes in the presence of OMVs on bacteria during the incubation confirmed
the different phenotypical traits of B. terricola cells occurring during the transition from
adhesion towards biofilm development.

During this stage of colonisation, bacteria spread throughout the nanofibrous network within the
honeycomb wax cell-like structures (28 h) (Fig. 7a,c, 8c), while dissimilarly, microbes dwelling
the PCL microbeads composing the honeycomb wax cell-like walls displayed a different
behaviour in the colonisation. In these areas, bacteria formed large microcolonies prevalently
occupying the spaces in between the microbeads (Fig. 8d). Notably, the colonisation of the
spaces between the microbeads always occurred in the presence of the nanofibrous network,
which enabled the microbial adhesion, as well as colony formation and growth (Fig. 8c, pale
blue arrows). A similar occurrence was observed when a further increase in the bacterial
population generated more massive colonies (macrocolonies) (48 h) (Fig. 9a, pale blue arrows).
Interestingly, in both 3D micro- and macrocolonies, holes crossing and in between the colonies
were visible (Fig. 8a,b,d and 9a, orange arrows). In Pseudomonas aeruginosa, it has been proven
that such feature is linked to the synthesis of surfactants aimed at keeping open channels
surrounding macrocolonies,'?® maybe to permit the inflow and outflow of water, nutrients and
wastes.

The organisation of bacteria in colonies and 3D structured biofilms have been related to several
factors. In P. aeruginosa, a biofilm development model has been suggested to explain the
influence of nutrients on the structure of bacteria biofilms. Specifically, when using glucose as
substrate, some subpopulations tend to form cell aggregates (stalk) of micro- and macrocolonies,
alternated with carpets of cells in flat layers, and globally resulting in 3D structured biofilms,
while the growth on glutamate and citrate stimulate only the formation of flat, uniform
biofilms.!2%130 In the present study, B. terricola cells were grown on glucose as C source and
presented both flat and 3D structured growth, as aforementioned (Fig. 8 and 9a). Furthermore,
the formation of microcolonies and mostly macrocolonies has also been reported to follow the
synthesis and release out of the cells of extracellular polymeric substances (EPS) and other
matrix components.!31:132 EPS are the major component of the matrix of biofilms, consisting of a
collection of different types of biopolymers mainly composed of neutral, charged and
hydrophobic polysaccharides, proteins (both enzymatic and non-enzymatic), extracellular DNA
(eDNA), humic substances, biosurfactants and lipids.'33134 The synthesis and release of EPS are
under the expression of genes that are often activated by bacterial molecular signals related to
the population density when a threshold concentration of these signals is achieved in a specific
site (quorum sensing).'*! Both the cited effects of nutrients and EPS on colony formation have
been related to the cell motility reduction and the selection of immobile subpopulations of
bacteria inducing the development of 3D cell aggregations like micro- and macrocolonies up to
the formation of biofilms, sometimes displaying mushroom architectures.!3°

Moreover, it has been reported that the secretion of EPS is higher when motility is reduced.!3°
EPS have also been demonstrated to be involved in both the adhesion and the following stable
attachment and immobilisation of cells consequent to the embedment of bacteria in the same
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matrix, then also facilitating both cell-cell recognition and the expansion of bacterial populations
and the formation of micro- and macrocolonies.'?3"'3> Hence, EPS constitute a significan fagtor: e onne
contributing to the development of biofilms onto surfaces.’? They also play additional
remarkable functions such as facilitating the interactions between bacteria and surfaces to
nutrients and water sorption and retention, nutrient storage and cycling (by enzyme activities),
protection from adverse agents and stresses, and genetic exchange.!33-13

In the present study, the contribution of EPS in the formation of stable interactions of bacteria
with the EN-PCLS was observed over time (i.e. from 5 h to 48 h incubation), with bacteria cells
progressively enveloped and eventually embedded by EPS at later stages of the exponential
growth on the nanostructured fabrics (28-48 h), i.e. when colonies were formed (Figs. 7a,c, 8a,b
but mostly in Fig. 9b). TEM micrographs confirmed the presence of EPS surrounding the
bacteria at these stages, where such materials appeared as dark halos around the cells (Figs. 9c¢).
The assessment of the vital and metabolically active B. ferricola cells by INT during the biofilm
development on the nanostructured fabrics supported the presence of various phases of bacterial
growth observed in SEM micrographs. As shown in Fig. 10, the evolution of the B.

terricola cells interaction with EN-PCLS from the first phases of adhesion (5 h) (10a) until a
more stable attachment and colonisation (48 h) (10b) were characterised by a striking increase in
the red colour of the colonised the nanostructured fabrics due to the remarkable reduction of INT
to its formazan consequent to the presence of a larger and diffused bacterial population. Based
on the presence of the red colour, it is evident that the colonisation of the EN-PCLS occurred at
first at the borders of the mats and then proceeded inwards (Fig. 10a) and spread throughout the
nanoframework (Fig. 10b). Moreover, based on the quantification of INT reduction over time,
the high rate of cell division induced by the incubation conditions led to an exponential growth
of the B. terricola population adhering to the mat, where cell numbers increased logarithmically
until 48 h incubation with an extensive colonisation of the EN-PCLS (Fig. 10c) accompanied by
the formation of several micro- and macrocolonies formerly observed in the SEM micrographs
(Figs. 6,7,8,9). Afterwards, this intensive growth decreased, maybe since the limitation of
nutrients in the incubation (spent) medium caused stress in bacteria and/or the accumulation of
toxic metabolic products. It is reported that nutrient limitation favours biofilm

development, 36137 probably because its formation enables bacteria to resist adverse conditions
like nutrient deficiency.® As a consequence, the bacterial population entered in the stationary
phase, i.e. where cell division was balanced by cell death that started to happen (7 d incubation)
(Fig. 10c). Notwithstanding, from 48 h to 7 d incubation, the additional extensive release of EPS
by B. terricola cells contributed to creating a hydrated biopolymer network comprising the
biofilm matrix that seemed to support the response of bacteria cells to unfavourable nutritive
conditions. EPS have been reported acting as a nutrient reservoir concentrating substances based
on the combination of sorptive and degrading properties, for the presence of extracellular
enzymes.'3> The released EPS, surrounding at first single bacterial cells, contributed to fuse them
with adjacent cells, thus further enhancing cell-cell communication until generating a composite
layer of densely packed bacteria embedded in these organic materials and globally forming a
uniform coating covering the EN-PCLS, thus demonstrating the development of a proper despite
young biofilm (BEN-PCLS) (Fig. 11a). The overview of the BEN-PCLS showed that, because of
the extensive presence of the EPS coating, the original honeycomb wax cell-like architecture of
the nanostructured fabrics was hardly identifiable, at this microbial growth level (Fig. 11b,
dotted yellow circles).

It is worth noting that, despite such an extensive colonisation and the large bacterial population
developed in the EN-PCLS until 7 d incubation, microbeads deprived of nanofibres deposited on
them still appeared free of any bacteria adhering on their surfaces (Fig. 11a, green arrows). On
the contrary, the microbeads with nanofibres laying on their surfaces housed bacteria cells so
that the larger the number of deposited nanofibres on them, the higher the number of bacteria
attached to them (Fig. 11a, pale blue arrows). Hence, it is further confirmed that at least in the
case of PCL scaffolds interacting with B. terricola cells, the preferential adhesion of these
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bacteria occurred onto nanofibres, although flat-like surfaces were present. Such finding further
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bacterial adhesion to surfaces is the presence of nanofibres with diameters smaller than that of
bacteria cells.

In real soils, it is very difficult to find conditions of early colonisation of soil particles by
microbes. Microorganisms usually occupy only a small fraction of the soil volume (0.001%), in
spite of their large number (108-10'° g'! soil), so that they are mostly present in hotspots or in
“patch-like” distributions, where substrates, nutrients and favourable environmental conditions
are present.!3%13 Moreover, organic materials released from organic structures degradation by
microbial populations are constantly present in the soil solution as dissolved organic carbon
(DOC) and water soluble organic matter (WSOM)!4%-141 and frequently tend to deposit onto
particle surfaces as a conditioning film.'4> Hence, in the colonised sites, huge amounts of EPS
are deposited onto particles and diffused biofilms coat the surfaces, thus hindering a clear
detection of possible fibrous materials underneath.'43

The further evolution of the biofilm showed several areas in the nanostructured scaffolds where
the massive production and release of EPS was quantitatively so remarkable to form a fairly
thick matrix embedding both the bacteria cells and the nanofibrous frameworks and appearing as
a continuous coating like a blanket (Figs. 11c, pink arrowheads) typical of a mature biofilm
(BEN-PCLS). In such 3D architecture, bacterial colonies were hardly visible from the matrix
except for some spots appearing like rocks protruding from the sea (Figs. 11b, green
arrowheads). Interestingly, in the biofilm structure, some holes were observed suitable to enable
water, nutrients, oxygen, and wastes flowing through the BEN-PCLS, and thus permitting
bacterial feeding and toxic metabolic byproducts removal (Figs. 11b,c, yellow arrowheads).
Hence, within 7 d incubation, B. ferricola cells were successful in growing and developing a
mature 3D biofilm onto the nanostructured PCL framework here created and aimed at mimicking
the soil architecture.

3.2.4. Degradation of Biofilmed EN-PCLS (BEN-PCLS)

The extended incubation of BEN-PCLS until 11 d highlighted that bacteria after 7 d were still in
the stationary phase, and this condition persisted until the end of the incubation here tested,
based on INT measurements (Figure 10c). Nevertheless, notwithstanding the growth conditions
appeared still supporting a constant bacterial population, SEM micrographs showed that a partial
degradation of the B. ferricola biofilm architecture occurred (Fig. 12). In detail, the coating
previously observed covering the whole BEN-PCLS appeared extensively ripped in numerous
zones (Fig. 12a, green arrows), thus exposing the nanoframeworks underneath and the colonising
bacteria (Fig. 12b). The various nanostructures of the scaffolds (nanofibres and microbeads) also
appeared fragmented and degraded (Fig. 12b, orange and pink arrows, respectively).
Interestingly, consequent to such disintegration, the EPS coating covering the underlying
colonised nanofabrics observed in Fig. 11 and participating the biofilm architecture displayed a
multilayered organisation (for the first time to our knowledge) in SEM micrographs with large
magnification (14,000 X) (Fig. 12d, yellow arrows), which in some cases achieved 10-20 um
thickness (Fig. 12d, pale blue arrows). The presence of a stationary phase lasting at least from 7
d to 11 d, based on no substantial decrease in the B. ferricola population typical of a transition to
the death phase (Fig. 10c), might reasonably induce to speculate that the presumable limitation
of C sources in the medium (causing the decrease in microbial population from 48 h to 7 d) was
instead sufficiently compensated, at this stage of incubation, by the decomposition of the organic
structure of EN-PCLS by bacteria cells.

Hence, in the present study, the various SEM micrographs of EN-PCLS collected at distinct
periods of incubation with B. terricola cells provided insights on how bacteria interacted with
the beads-&-fibres material here created and mimicking the typical spatial architecture of soils
composed of mineral particles and organic matter, respectively (Fig. 13). Noteworthy, it was also
displayed how bacteria spatially organised their community in 3D biofilms when the substrate
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for biofilm development was three-dimensional as in most of the natural contexts, and not as

simple as in most of the contexts studied in the literature. In addition, the EPS releas%%lbﬁg B o

terricola during the incubation not only formed a matrix embedding bacteria cells in layers at
micro-sized scale, but also enclosed both nanofibres and microspheres on a large scale and
finally formed a thick layer that like a blanket coated the whole 3D framework resembling what
observed in soil (Fig. 13). Therefore, the 3D nanostructured scaffold here fabricated provided
substantial benefits to the development of a stable residential bacterial population, since the
honeycomb-like spatial configuration facilitated the accumulation of nutrients and the
interception of planktonic bacteria, and created comfortable sites for bacterial adhesion.
Furthermore, the nanoframework showed a broad, porous distribution including micropores and
mesopores typically suitable to harbouring microbial cells, which also favoured their anchorage
and the EPS release that induced microbial proliferation in micro- and macrocolonies until the
mature biofilm generation and the formation of a thick coating over the whole fabric. As a
consequence, the bacterial population housed in such 3D nanostructured scaffold resulted highly
protected from external adverse conditions.

4. CONCLUSIONS

The novelty of the present study laid in the creation of a 3D self-standing, porous, and
nanostructured scaffold. Such features made it very different from the smooth and flat surfaces of
the metal, silicon and plastic materials typically used in industrial plant infrastructures, medical
implants and devices and energy generation and storage systems that have been traditionally studied
in interactions with bacteria. Even when 3D nanofibrous structures were investigated, in very few
cases, !> only fibres typically comprised those mats, instead of the beads-&-fibres framework here
proposed. Moreover, the fibres included in the present 3D nanoscaffold were much thinner in
diameter, and the overall fabric was taller than those utilised in the other studies.!> The model
artificial nanostructured framework here proposed provided the evidence that the B. terricola
bacterial cells appeared capable of discriminating between nanofibrous and nanofibre-free flat
surfaces of microbeads and preferring the former for adhesion. The relationship between
microbeads, nanofibres and bacteria, and the growth of the microbes until biofilm formation, then,
was also original.

Furthermore, the present study demonstrated that:

. Electrospinning technology was capable of creating porous nanostructured frameworks
composed of fibres and beads intending simulating the soil architecture (Fig. 13).

. Such soil-like nanoscaffolds were capable of providing B. terricola cells a suitable
environment to adhere, exponentially grow as it happens in planktonic cultures and liquid
media, and develop mature biofilms (Fig. 13).

* At the same time, B. terricola cells were capable of colonising such EN-PCLS without
suffering for the adhesion to the nanostructured scaffolds.

*  The bacteria populations growing in the incubation conditions here applied and on the porous
nanostructured supports here created were capable of retaining their vitality until the formation
of the biofilm although with a predictable reduction in the total population and the relative
metabolic activity consequent to the limitation of nutrients.

*  The nanostructured scaffolds here created provided an exceptional opportunity to visualise and
study the step-by-step development of bacterial biofilms on 3D soil-like architectures and most
of all to observe the overall organisation of bacterial biofilms formed in such conditions, thus
providing more reliable information on how biofilms are organised in real soils (Fig. 13).

The remarkable achievements of the nanostructured soil-like architecture here proposed enable a

series of potential improvements in various fields through the possible development of

nanobiotechnological carrier materials for applications as both functional coatings of surfaces and
functional self-standing tools to be spread in specific applications (biofilmed membrane coatings
and biofilmed scaffolds as carriers, respectively):
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*  Development of self-standing nanobiotechnological carriers for applications in agriculture

. View Article Online
such as: DOI: 10.1039/DOEN002688

- more effective biostimulants acting as biofertilisers. biopesticides or both

- more effective amendments to imorove soil structure.
*  Development of self-standing nanotools and coatings as nanobiotechnological carriers for

applications in the environment like:

- filters. membranes and pellets for the removal of pollutants from wastewater and soil

- coatings for containers for the removal of pollutants from wastewater, and cleaning drinking
water and other liquids.

*  Development of self-standing nanotools and coatings as nanobiotechnological carriers for
industrial applications like:

- biofilm-housing scaffolds for snreading bacteria in liauid media in bioreactors where
playing processes of interest (e.g. compound degradation, biomolecule synthesis and

transformation)

- coatings for containers and pipes and drains suitable for processing substances in flowing
liquid media.
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Figure 2. Optical images and SEM micrographs of the pristine Electrospun Nanostructured (beads-and-
fibres) PCL Scaffold-1 (EN-PCLSz). (A) Optical images of the EN-PCLS;, top view. (B) Optical images of the

EN-PCLS;, lateral view. (C) SEM micrograph (65X magnification) of the thin area displaying the honeycomb
wax cell-like arrangement, top view. (D) SEM micrograph of the thick zone displaying the flakes and
pinnacles arising from the honeycomb wax cell-like arrangement, top view. (E) SEM micrograph of the
cross-section of the thick zone displaying details of the beads-and-fibre framework of the flakes and
pinnacles corresponding to upward extensions of the honeycomb wax cell-like walls with the relative cavities
appearing as channels or trenches where fibres are more evident (yellow arrows); inset = detail of the
microbeads from the walls (pinnacles) of the honeycomb wax cell-like arrangement often appearing as
fused. Scale bars: (A) = 1 cm; (B) 1 mm; (C) = 200 ym; (D) = 500 pm; (E) = 200 pym (inset = 100 um).
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Figure 3. Optical images and SEM micrographs of the pristine Electrospun Nanostructured (beads-and-
fibres) PCL Scaffold-2 (EN-PCLS>). (A, B) Honeycomb wax cell-like arrangement of the mat, top view optical
microscopy and SEM, respectively. (C) SEM micrograph displaying the top view of the honeycomb wax cell-

like arrangement deriving from the beads-and-fibre deposition by electrospinning (D) Light microscope
image of the cross-section of the beads-and-fibres framework (red and light blue arrows, respectively). (E)

SEM micrograph displaying the walls of the honeycomb wax cell-like arrangement upon electrospinning

prevalently composed of microbeads (green arrows). (F) SEM micrograph displaying in detail the
dimensional proportions between microbeads (orange arrows) and nanofibres (pale blue arrows)
comprising the electrospun fabric. (G) SEM micrograph displaying in detail the nanofibres comprising the
electrospun fabric; orange arrows = single nanofibres; white arrows = split nanofibres. Scale bars: (A) =
2.4 mm; (B) 2 mm; (C) = 100 pm; (D) = 40 um; (E) = 200 pym; (F) = 10 ym; (G) = 1 pm.
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Figure 4. Characterisation of the Electrospun Nanostructured PCL Scaffolds (EN-PCLSs): A) Distribution of

the diameters of beads in the pristine EN-PCLS, upon deposition. (B) Distribution of the diameters of fibres

in the pristine EN-PCLS, upon deposition. (C) Distribution of the diameters of cavities in the honeycomb wax
cell-like arrangement of the pristine EN-PCLS, upon deposition and 3 h incubation with bacteria. D) The
contact angle of EN-PCLSs (drop volume = 8 ul and 7 ul for EN-PCLS; and EN-PCLS>, respectively). The

sizes of distinct structures (beads, fibres and cavities) of EN-PCLS,> were measured in SEM micrographs of
the nanoframeworks (n = 220 (A); n = 145 (B); n = 135 (C)). Means and median values of the structures
are displayed within the relative plots.
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Figure 5. SEM micrographs of EN-PCLSs after 3 h incubation in the B. terricola cells suspension: (A)
conditioning film (CF) forming membranes upon its deposition by bacteria on the nanofibrous network within
the cavities but close to the walls of the honeycomb wax cell-like structures (pale blue arrows); orange
arrows = microbeads appearing covered with CF. (B) Massive deposition of CF in the nanofibrous cavities of
honeycomb wax cell-like structures (pale blue arrows); yellow arrows = aggregates of microbeads appearing
as protruding from this coating. Scale bars: (A) = 10 yum; (B) 100 um.
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Figure 6. SEM micrographs highlighting evidences that B. terricola cells attached prevalently to the
nanofibres of EN-PCLSs during the incubation. (A) Bacteria starting adhering after 5 h incubation to the
nanoframework close to the wall of a cavity of the honeycomb wax cell-like arrangement; pale blue arrows
= conditioning film (CF) forming membranes on the nanofibrous network within the cavities of the
honeycomb wax cell-like structures after 5 h incubation upon its deposition by bacteria; yellow and pink
arrows = aggregates of microbeads in the walls of the honeycomb wax cell-like structure and single
microbeads entrapped in the nanofibrous network, respectively, showing no bacteria adhering on them;
orange and red arrows = B. terricola cells attached to the nanofibres in the cavity and on a microbead,
respectively; yellow circles = outer membrane vesicles (OMV) spread on the nanofibres and grouped in
clusters; (B) Interactions of B. terricola cells and nanofibres at early stages of incubation (5 h); pink arrows
= i) very close interaction between bacteria cells and the nanofibres pointing out the very different size
between these two components, ii) polymeric matrix surrounding bacteria cells and wrapping the CF-coated
nanofibres, and iii) OMVs attached to the bacterial surfaces and at the interfaces; orange arrows = larger
size of nanofibres upon CF deposition. (C) Interactions of B. terricola cells and microbeads at early stages of
incubation (5 h); red arrows = bacteria cells adhering to the microbeads only where the nanofibres are
present; pink arrows = bacteria cells hanging on the nanofibres; yellow arrows = CF coating the
microbeads. (D) Interactions of B. terricola cells and microbeads after 48 h incubation; pale blue arrows =
bacteria adhering to microbeads provided the latter were coated with nanofibres; orange arrows = bacteria-
free microbeads in the absence of nanofibres deposited on them. Scale bars: (A) = 10 ym; (B) 1 um; (C)
and (D) = 5 ym.
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Figure 7. Stable attachment of B. terricola cells to EN-PCLSs: (A) SEM micrograph highlighting evidences
that after 28 h incubation B. terricola cells started forming appendages protruding throughout their surfaces
following a radial distribution to anchor to the nanofibrous network (orange arrows) and to link each other
(light blue arrows); green arrows = B. terricola cells showing spherical shapes (the other cells are displaying
egg-shaped morphology). (B) TEM micrographs of a B. terricola cell adhering to a microbead: green arrows
= bacterial appendages enabling the attachment of the cell to the microbead; light blue arrows = CF
deposited onto the microbead; pink arrows = microbial surface deprived of CF; red arrows = vesicles
apparently linking microbial appendages to the CF-coated microbead surface (solid arrows) or free on the
microbead surface (dotted arrow); inset = cross-sections of electron-dense and bright core vesicles (ddotted
red and blue rings, respectively). (C) SEM micrograph of B. terricola cells showing spherical (green arrows )
and egg-shaped morphology after 48 h incubation. (D) TEM micrographs of B. terricola cell after 28 h
incubation interacting directly, in some cases, with nanofibres, here often appearing as transversal and
longitudinal sections (orange arrows). Scale bars: (A) and (B) = 1 um; (C) and (D) = 2 um.
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,51 Figure 8. SEM micrographs of the colonisation of EN-PCLSs by B. terricola cells after 5 h to 28 h incubation:
=P) (A) Development after 5 h incubation of microcolonies of rod-like cells hung on suspended nanofibres in the
83 honeycomb structure. (B) Bacterial microcolonies after an incubation period of 20 h displaying preferential
growth and enlargement on the tiny nanofibres of EN-PCLSs; orange arrows = holes crossing the colonies.
o (C) Extensive colonisation of EN-PCLSs by B. terricola cells observed after 28 h incubation: the area
35 displayed is close to the wall of a cavity of the honeycomb wax cell-like arrangement; yellow arrows=

6 colonisation of the nanofibrous network of the cavity; pale blue arrows = colonisation of the spaces between
37 the microbeads in the presence of the nanofibrous network. (D) 3D microcolonies of B. terricola cells sited
38 prevalently in the spaces between the microbeads (pink arrows) after 28 h incubation; orange arrows =
39 holes crossing the colonies. Scale bars: (A) = 2; (B) and (C) = 5 pm; (D) = 10 pm.
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Figure 9. SEM and TEM micrographs of the colonisation of EN-PCLSs by B. terricola cells after 48 h
incubation: (A) SEM micrograph of a 3D macrocolony of B. terricola cells sited preferentially in the vast
space between microbead aggregates, provided that a nanofibrous network was present; pale blue arrows =
nanofibrous network as a support enabling the macrocolony formation; orange arrows = holes crossing the
colonies. (B) SEM micrograph displaying EPS release and its involvement in the formation of stable
interactions between bacteria and of them with the EN-PCLSs upon progressive envelopment and
embedment of bacteria cells by such matrix. (C) TEM micrographs showing bacterial cells surrounded by
EPS, which appeared here as a dark halo around the cells. Scale bars: (A) = 10; (B) = 1 um; (C) = 2 ym.
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Figure 10. Measurement of the vital and metabolically active B. terricola cells by INT reduction to its
formazan during the biofilm development on the nanostructured PCL fabrics SEM. (A) and (B) Pictures
of EN-PCLSs displaying the variation and distribution of the red colour due to the more significant reduction
of INT to its formazan and related to changes of the extent of bacteria in the colonised nanostructured
fabrics and of bacteria diffusion through them: (A) Colonisation of the EN-PCLSs occurring at first at the
borders of the mats; (B) Colonisation proceeding inwards until spreading throughout the nanoframeworks.
(C) Dynamics of bacterial population growth during the incubation period (11 d) based on absorbance at 495
nm of the formazan extracted from EN-PCLSs and then normalised to the size of the EN-PCLSs (namely 1
mm?2); insets = Pictures displaying the extent of INT-formazan on EN-PCLSs sampled at various incubation
periods and related to the growth and metabolic activity of the bacterial populations on the mats.
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Figure 11. SEM micrographs of B. terricola biofilms developed on the EN-PCLSs after 7d incubation (BEN-
PCLSs). (A) A layer of densely packed bacteria embedded in the EPS matrix globally forming a uniform
coating covering the EN-PCLSs, and thus generating a young biofilm (BEN-PCLSs); green arrows =
microbeads without deposited nanofibres still appearing free of bacteria on them; yellow arrowheads = holes
crossing the colonies; pale blue arrows = microbeads with nanofibres on their surfaces housing bacteria
depending on the number of the nanofibres deposited. (B) Overview of the BEN-PCLSsshowing that, at this
stage of the microbial community evolution, the original honeycomb wax cell-like architecture of the
nanostructured fabrics was hardly identifiable (Fig. 11b, dotted yellow circles), because of the considerable
bacterial population and the extensive presence of the EPS coating. (C) Overview of the mature biofilm
developed on the BEN-PCLSs, where EPS formed a thick matrix embedding both the bacteria cells and the
nanofibrous frameworks that finally appearing like a blanket coating the mats (pink arrowheads); green
arrowheads = bacterial colonies protruding from the EPS matrix; yellow arrowheads = holes crossing the
colonies. Scale bars: (A) = 10; (B) = 200 um; (C) = 5 um.
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Figure 12. SEM micrographs showing the degradation of the biofilm generated by B. terricola cells on EN-
PCLSs after 11 d incubation. (A) Partial degradation of the EPS coating covering the BEN-PCLSs highlighted
by extensive rips (green arrows); (B) Degradation of the bacteria-colonised nanoframeworks beneath the
top EPS coating displaying the break down of both the microbeads (pink arrows) and the fibrous network
(orange arrows) supporting the bacterial colonies (pale blue arrows). (C) Multilayered organisation of the
EPS coating covering BEN-PCLSs as it appears where lacerations occurs (yellow arrows). (D) The thickness
of the EPS coating as visible from the cracks induced by degradation (pale blue arrows). Scale bars: (A) =
20; (B) = 10 ym; (C) = 1 ym; (D) = 20 pm.
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The soil-like electrospun Bacterial colonisation of
nanostructured fabric the nanostructured fabric
and biofilm formation A

Diagram comparing the aims fixed in the present study, i.e. the creation of 3D nanostructured fabrics
mimicking the 3D soil architecture at the microscale and nanoscale level in order to be more “naturally”
colonised by bacteria until forming proper mature biofilms, and the relative outcomes. (A) Sketch of the soil
conceptual model as composed of aggregates of various solid particles (silt, clay and oxides) and organic
matter (microbial debris and humic substances), and 3D image of natural soil aggregates at the microscale
(B). The components in the sketch have been reproduced respecting the relative average sizes. The yellow
rectangle in (B) points out a typical soil micraggregate. (C) Sketch of a 3D electrospun nanostructured
framework (EN-PCLSs) here fabricated and composed of beads and fibres to reproduce the solid particles
and the fibrous organic matter of the real soil, respectively, and image of the real EN-PCLSs generated (D).
The yellow rectangle in (D) highlights the presence of aggregates of microbeads and fibrous organic material
with similar dimensions as in (B). (E) Sketch of a soil aggregate as in (A) colonised by bacteria, and 3D
image of a natural soil microaggregate colonised by biofilm-forming bacteria (F). (H) Sketch of the EN-PCLSs
here fabricated when colonised by bacteria, and image of an EN-PCLS colonised by bacteria after the
development of a mature biofilm (G). (F) Image courtesy of the Lewis Lab at Northeastern University. Image
created by Anthony D’Onofrio, William H. Fowle, Eric J. Stewart and Kim Lewis.
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