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Abstract

Polymeric electrospun fibers are becoming popular in microbial biotechnology due to their
exceptional physicochemical characteristics, biodegradability, surface-to-volume ratio, and
compatibility with biological systems, which give them a great potential as microbial supports to
be used in production processes or environmental applications. In this work we analyzed and
compared the ability of Escherichia coli, Pseudomonas putida, Brevundimonas diminuta, and
Sphingobium fuliginis to develop biofilms on different types of polycaprolactone (PCL)
microfibers. These bacterial species are relevant in the production of bio-based chemicals,
enzymes and proteins for therapeutic use, and bioremediation. The obtained results
demonstrated that all selected species were able to attach efficiently to the PCL microfibers.
Also, the ability of pure cultures of S. fuliginis (former Flavobacterium sp. ATCC 27551, a very
relevant strain in the bioremediation of organophosphorus compounds) to form dense biofilms
was observed for the first time, opening the possibility of new applications for this
microorganism. This material showed to have a high microbial loading capacity, regardless of
the mesh density and fiber diameter. A comparative analysis between PCL and polylactic acid
(PLA) electrospun microfibers indicated that both surfaces have a similar bacterial loading

capacity, but the former material showed higher resistance to microbial degradation than PLA.
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Introduction

The application of microbial technologies in the production of high value compounds (probiotics,
chemicals, enzymes, etc.), and the development of new transformation processes offering bio-
based solutions in multiple fields (e.g. agricultural, environmental, food, medical, etc.) have
grown during the last decades and are currently experiencing a golden age. The identification
and development of new microbial strains with enhanced biotransformation capacities, the need
to offer bio-based solutions as an alternative to traditional processes that come with a high
environmental cost, and the development of new technologies for the culture of microorganisms
has fueled the interest of public and private institutions in this area. In this regard,
biotransformation processes employing microorganisms involve a variety of technological
approaches, that range from large scale cultivations in bioreactors (e.g. the production of a
compound of interest), to their direct application in situ (e.g. bioremediation applications). In all
cases, a crucial aspect is the selection of the optimal microbial culture approach and the cell

(specific) surface availability to ensure the highest yield during the biotransformation process.

Most bacterial species can alternate between unicellular (planktonic) and multicellular (biofilm)
states ', and both life phases can be exploited in the use of these organisms in the production of
compounds of interest or in bioremediation applications. In this regard, microorganisms can be
cultured through submerged (SmF), solid-state (SSF) and biofilm (BF) fermentations 2. SmFs
involve the growth of the organism of choice in liquid culture suspensions, while SSF and BF
are surface adhesion fermentations which require the use of a support, where the microbial
species grow attached to the surface. While SmF and SSF technologies have been studied in
depth, BF have received less attention 2 but different studies have highlighted the potential of
this approach as a good alternative for SmF or SSF in bioproduction processes using bacteria

and fungi *°.

The use of solid supports for bacterial growth is also a hot topic in the bioremediation field, both
for in situ and ex situ methodologies ®. The inherent durability of biofilms has been studied in the
treatment of different recalcitrant compounds, like halogenated compounds, hydrocarbons,
pharmaceuticals residues, as well as heavy metals and toxic minerals. In biofilms,
bioremediation is facilitated by enhanced gene transfer among biofilm organisms and by the

increased bioavailability of pollutants for degradation, as a result of bacterial chemotaxis ’.

A broad range of materials are susceptible to be used as a support for microbial growth, and
they can be classified into inorganic and organic compounds. Inorganic materials used as
biofilm support in bioreactors are stainless steel or ceramics, which can feature a more complex
composition. The use of the latter type of materials seem favorable as they can be customized
in terms of charge and pore size to comply with possible special needs of the target organism 8,
This is also possible in case of organic materials, which in addition can be processed in an

easier way than the inorganic ones, are more flexible for modifications in terms of specific

2
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process needs, and are available at moderate cost ® In this regard, electrospun organic fibers
have become an alternative as microorganism carriers in water bioremediation studies % The
attention received by this type of synthetic materials has been mainly due to their analogy with

natural nanofibrous protein networks (morphology, mechanics and surface chemistry), and their

14

high biocompatibility with human cells ™, which makes them suitable to be used in human

healthcare applications. These properties make them ideal surfaces for the attachment of

microorganisms as well, and some research works have already studied the interaction

between nanofibers and bacteria, focusing in the biomedical field 1517

14

, and more recently in
biotechnological applications The possibility of bacterial encapsulation during the
electrospinning process has become a popular approach as well, for agriculture, food

technology and bioremediation applications """,

Since the surface chemistry has been found to have a significant effect on bacterial adhesion
and proliferation 16, the selection of the right material depending on the desired application is a
relevant matter. Electrospun fibers have been generated for several applications (wound
dressings, tissue engineering, filtering processes, etc.), and from a number of synthetic and bio
polymers such as nylon 6, polysulfone (PSU), polystyrene (PS), polyethylene oxide (PEO),
polyacrylonitrile (PAN), polylactide (PLA), polycaprolactone (PCL), polyurethane (PU), etc. In
this work, we have studied for the first time the suitability of PCL microfibers as bacterial BF
support. We selected different bacterial species used in several biotechnological applications
such as bioremediation, and the production of industrial enzymes and organic acids. Our aim
was to study the interaction of PCL microfibers with both well-known and less studied biofilm

producers, to assess their potential as BF carrying matrix in different biotech applications.
Material and methods
1. Materials for bacteria biofilm formation

PCL microfibers were synthesized by the company Nanofaber SRL, using the linear
thermoplastic PCL diol polymer CAPA® 6800 (80,000 MW) (Prestor), chloroform (99.2% purity,
stabilized with 0.6% ethanol; VWR) and dimethylformamide (DMF) (100% purity; VWR). Along a
commercial grade called “NBARE, two variations called “Pro3” and “Pro4”, were purposely
provided for this investigation. These treatments were obtained from 12% PCL solutions of
either DMF/chloroform 2:8 (NBARE and Pro3) or pure chloroform (Pro4). The NBARE meshes
are made by a mix of two kinds of microfiber with different size, while Pro3 and Pro4 meshes
present a more uniform microfiber size distribution. The NBARE and its variations were
benchmarked to prove robustness of bacterial conductivity towards microstructural variations.
The electrospinning parameters used for the production of each PCL microfiber type are

described in Table 1. The electrospun material was deposited on a flat aluminium collector.

‘ fiber ‘ flow ‘applied| Moving | X axis ‘ Y axis |spinning ‘ depositi | microfiber

3
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type rate voltage | needle speed | speed | distance | ontime diameter
(uL/n) (kV) diameter | (mm/s) | (mm/s) (cm) (min) (pum)
(mm)
3.80£1.08
NBARE | 6000 23 1.7 60 6 24 60
0.80+0.007
Pro3 4000 29 1.7 60 6 24 60 2.211£0.48
Pro4 4000 23 1.7 60 6 24 60 6.4311

Table 1. Process parameters used for the electrospinning of PCL solutions and microfiber

diameter in the different fiber types.

PLA fibers were purchased from the company Nanopharma a.s. The obtained electrospun PCL
and PLA microfibers sheets were processed with a round punch with an inner diameter of 12
mm to obtain round discs of the same diameter. Round glass coverslips (12 mm) were

purchased to Thermo Scientific.

Before use, all materials were treated with 70% ethanol during 30 minutes, and afterwards
irradiated with UV light for 30 minutes.

2. Raman analysis

The Raman spectra were acquired by means of a Alpha300R Witec employing a He-Ne laser of
532 nm and 20 mW on the sample. The spectra were recorded with 10 s integration time for

each single spectrum and in a spectral range from ca. 3750 to 200 cm”".
3. Contact angle and surface roughness analysis

The contact angle analysis of PCL microfibers was performed according to the European
Standard UNI EN 15802:2009. The surface roughness of NBARE PCL mats was measured
using stylus profilometry. Profilometry line-scan analysis was performed using a KLA-Tencor
Alpha Step 500 Profilometer equipped with a scanning stylus with 5-micron radius tip, and
60°angle, working at a stylus force of 14mg. Line scans of 2 mm in length were made at a

speed of 50 ym s
4. Scanning electron microscopy

The PCL samples containing microbial biofiims for scanning electron microscopy (SEM) were
obtained exactly as described above. Once the PCL microfibers were separated from the
culture supernatants and were washed 3 times, they were fixed in a DPBS solution containing

2% paraformaldehyde, 2% glutaraldehyde, and 3 mM CaCl,. The microfibers were sequentially
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dehydrated performing 10 minute incubations in the presence of ethanol solutions of the
following concentrations: 50, 70, 80, 90, 95 and 100% (v/v). Afterwards, the samples were
coated with a gold layer. Finally, the bacterial biofilms were firstly examined by with an ESEM
FEI-Quanta 200F model, at the Advanced Microscopy Facility from the University of Valladolid
(Spain), while the biofilm thickness was determined analyzing tilted cross-sections of the
different samples, using a Jeol JSM-6460LV model, at the Microscopy Facility of the University
of Burgos.

The morphological properties of PCL bare meshes NBARE, Pro3 and Pro4 were examined with

a SEM Leo 1530 model (ZEISS). The samples were previously coated with a gold layer as well.
5. Bacterial strains and culture conditions

Three of the bacterial strains were purchased from the Spanish Type Culture Collection (CECT):
P. putida CECT 4064 (DSMZ 548), B. diminuta CECT 317 (ATCC 11568), and S. fuliginis CECT
4425 (ATCC 27551). Escherichia coli DH5a was purchased from Invitrogen. All strains were

maintained at 30°C in LB broth or agar.
6. Crystal Violet assay

PCL samples containing bacterial biofilms, obtained as described above, were transferred into
clean wells and stained with 0.5% (w/v) crystal violet solution (Sigma). The PCL membranes
were incubated for 30 min at room temperature. Afterwards, the membranes were transferred to
50 mL tubes, and several washing steps with DPBS (20 mL) were performed until the washing
solution was colorless (4 to 6 washing steps). Then the washed samples were transferred back

to clean 24 well plates.
7. Determination of viable bacteria adhered to the different test materials

To study biofilm formation, static liquid micro-cultures, using 500 uL of inoculated LB, were
performed on 24 well plates containing the test materials. The cultures were inoculated through
a 1:100 dilution, using a pre-inoculum grown from each of the selected bacterial strains. Each
pre-inoculum was obtained through the inoculation of LB (5 mL) with a single colony from
freshly grown agar plates, followed by an overnight incubation. The micro-cultures were
incubated at 30°C for 48 hours under static conditions. Once the culture time was finished, the
materials were separated from the supernatants, rinsed three times with Dulbecco’s phosphate-
buffered saline (DPBS) to remove any unbound bacteria, and transferred into sterile conical
tubes containing 5 mL of DPBS. Subsequently, to release the attached bacteria from the
material the tubes were vortexed at full speed for 1 minute, placed in an ultrasonic bath, and
sonicated for 15 minutes at low power. Finally, an additional 1 minute vortex step was
performed, and the bacterial suspensions were serially diluted with DPBS. To determine the
number of viable bacteria adhered to the different test materials, a colony forming unit count

(CFU) determination was done by plating the serially diluted suspensions on LB agar plates.
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The percentage of bacteria adhered to the material and the Log CFUs/cm? was calculated.
Three independent biological replicates were included in each assay. The data are presented

as means = SD.
8. Statistical analysis

Statistical analyses were performed using the software Prism 6.0 (GraphPad Prism, GraphPad
Software, Inc.). The one-way analysis of variance (ANOVA) was used for multiple comparisons,
followed by Tukey’s HSD post hoc test. Differences between the attachment in PCL meshes
and other materials were stablished using a Student's f-test. Differences were considered
significant at P<0.05.

Results

1. Characterization of NBARE PCL microfibers

Commercial synthetic PCL microfibers (named NBARE), provided by the company
NANOFABER, were selected to study their potential as BF carrying matrix. To better
understand microfiber-bacteria interactions, the surface characteristics of the electrospun
material were analyzed. Firstly, the Raman spectrum of the NBARE mesh was obtained (Figure
S1), and four prominent bands at 1721 cm'1, 1303 cm'1, 1441 cm™ and 1107 cm™ could be
assigned to the vCO, wCH2, 8CH2 and skeletal stretching, respectively. The specific
assignment of peaks are in agreement with the data reported in the literature, confirming the
composition of the PCL meshes 1,

The microfibers wettability was measured through a contact angle test. The water contact angle
of the NBARE mats was 120.8° + 5°, a similar result to that previously described 22, showing the
hydrophobic nature of the studied microfibers. The apolar behavior was confirmed by the full
permeability displayed when droplets of seed oil were used to perform the test. In this case, the
fluid was fully absorbed by the mesh (Figure S2).

To assess the topography of the PCL microfibers, surface roughness quantification can be done
using profilometry 3, Using a stylus profilometer, representative line-scan measurements were
obtained (Figure S3) and values of maximum height excursion (44.4 um), average roughness

(Ra, 10.5 ym), and RMS roughness (R,, 7.8 um) were calculated.

2. Determination of biofilm formation in PCL microfibers by different bacterial

strains of biotechnological interest

The suitability of the NBARE microfibers as bacterial carriers was analyzed by studying their
interaction with four different species: the laboratory strain Escherichia coli DH5a (reference
strain), and the biotechnology relevant strains Pseudomonas putida CECT 4064 (DSMZ 548),
Brevundimonas diminiuta CECT 317 (ATCC 11568), and Sphingobium fuliginis CECT 4425
(ATCC 27551). To provide insights into the ability of these strains to develop a biofilm on PCL

ACS Paragon Plus Environment
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microfibers, they were grown in static liquid cultures, during 48 hours at 30°C, in contact with the
electrospun material. For this, a microculture protocol that consisted on submerging PCL
microfiber discs in 500 uL of the appropriate culture broth, using 24 well plates, was followed.
Once the culture time ended, the fibers were washed three times with DPBS, and subsequently
stained with crystal violet to visualize cell attachment. As it can be observed in Figure 1, the
PCL microfibers that were submerged in sterile LB were weakly stained by crystal violet, while
those submerged in liquid cultures containing each of the selected bacterial species showed to

be clearly colored.

LB medium

E. coli

P. putida

B. diminuta

S. fuliginis

Figure 1. Visualization of microbial biofilm formation on PCL microfibers through crystal violet

staining.

To confirm this result, and to visualize the biofilm formation by each of the bacterial species
under study, a SEM analysis was performed too. Through the analysis of the obtained SEM
micrographs the biofilm formation on the PCL fibers could be confirmed in all cases (Figure 2).
The type of biofilm varied between different species. Regarding B. diminuta, a high density of
cells was attached to the microfibers, forming tiny patches along the microfiber surface. E. coli
showed a similar attachment pattern, although patches of bigger size could be observed as well
in some areas of the PCL material. P. putida showed to form wide and homogeneous patches
over the PCL surface, while S. fuliginis formed as well a dense and homogeneous biofilm. The
thickness of the different microbial films could be determined by analyzing the microfibers cross-
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section, also by SEM analysis. | all cases, the films appeared to be formed by a bacterial

monolayer, being the observed thickness not higher than 1 um.

E. coli P. putida B. diminuta S. fuliginis

g

10 pm 10 pm 10 pm 10 pm

Figure 2. SEM imaging of biofilm formation by E. coli (a, b), P. putida (c, d), B. diminuta (e, f),
and S. fuliginis (g, h) on the surface of PCL microfibers. Images on the upper row were obtained
at a magnification of 3000x, while images on the lower row were obtained at a magnification of
10000x.

To determine the number of viable bacteria attached to the NBARE PCL fibers, the selected
species were also grown in static liquid cultures in the presence of PCL discs during 48 hours at
30°C. Afterwards, adhered bacteria were detached from the membranes by vortexing and
sonication, as described in the Materials and Methods section. As it can be observed in the
Figure 3, the presence of viable bacteria attached to the PCL fibers was high in all cases,
ranging from 6.4 to 8 log CFUs/cm®. In average, B. diminuta showed the highest CFU counts,
followed by E. coli, S fuliginis and P. putida. In some cases, the differences observed were
significant. B. diminuta showed to have significantly higher viable attached cells to PCL than P.
putida and S. fuliginis (P<0.01), while the log CFUs/cm? determined for E. coli and P. putida
were significantly different too (P<0.05).
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Log CFU/cm?

Figure 3. Ability of different bacterial strains to attach to PCL fibers. Data represent three
independent replicates. Differences were stablished using a One-way ANOVA, and considered
significant at P<0.05. *P <0.05, **P<0.01. The error bars represent the standard deviation of

values from three different biological replicates.

3. Comparison of biofilm formation on PCL fibers with different structure

To determine if changes on the electrospun PCL surface topography could have an impact in
the bacterial attachment and subsequent biofilm formation, electrospun mats with different
microfiber diameter were selected and subjected to biofilm quantification analyses. The selected
microfibers, named Pro3 and Pro4, were designed with an average fiber diameter of 2.21 ym
and 6.43 ym respectively # Besides being significantly thinner, the Pro3 microfibers seemed to
be more packed than those present in the Pro4 electrospun material, although both surfaces
showed to have almost the same nominal porosity (around 80%). The water contact angle of
Pro3 and Pro4 was found to be very similar too, and comparable to that obtained for NBARE
(Table S1).

The four bacterial species were grown in the presence of both PCL microfiber types, and the
attachment to Pro3 and Pro4 surface was subsequently quantified (Log CFUs/cmz). As
displayed in Figure 4, all four species could form highly viable biofilms on both material types,
with bacterial counts ranging from 6.8 to 8.4 log CFUs/cm? in case of Pro3, and 6.4 to 8.6 log
CFUs/cm? in case of Pro4. However, no significant differences in the capacity to form viable
biofilms on both surfaces were observed for any of the selected bacterial strains. Interestingly,

each of the selected species in this study showed comparable CFUs counts when grown on
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Pro3, Pro4 and NBARE (see previous experiment), confirming that electrospun PCL microfibers
form a good surface for bacteria biofilm formation. Again, B. diminuta and E. coli showed the
highest bacterial counts, indicating that the PCL microfiber surface is particularly suitable for the

proliferation of the studied strains.

a) b)
E. coli P. putida

Log CFU/cm?
Log CFU/cm?

c) d)
S. fuliginis

2

Log CFU/cm?
Log CFU/cm

Figure 4. Log CFU/cm? values for E. coli (a), P. putida (b), B. diminuta (c) and S. fuliginis (d),
present as a biofilm on the Pro3 (black) or the Pro4 (grey) PLC fibers. The error bars represent

the standard deviation of values from three different biological replicates.

4. Comparative analysis of biofilm formation on different materials

The attachment ability to the NBARE PCL microfibers shown by the four selected strains was
compared with their capacity to form viable biofilms on alternative surfaces. First, B. diminuta, E.
coli, P. putida and S. fuliginis were grown, following the procedure described in previous
sections, in the presence of NBARE PCL and glass surfaces. The attachment to electrospun
PCL and glass was quantified (Log CFUs/cmZ), and different bacterial counts could be observed
between both surfaces: higher microbial counts were observed on the PCL surfaces when
compared to the glass coverslips, in all cases (Figure 5). Also, the selected species showed

differences in the binding specificity on the two materials. Regarding B. diminuta, similar CFU

10

ACS Paragon Plus Environment

Page 10 of 22



Page 11 of 22

oNOYTULT D WN =

ACS Applied Materials & Interfaces

numbers were noted for both surfaces, but still significant differences in the attachment level
were observed (P<0.05). Differences in attachment level observed for S. fuliginis had the same
significance level (P<0.05), while P. putida (P<0.01) and E. coli (P<0.0001) showed clearer

differences in terms of biofilm formation between the two materials.

a) b)
E. coli P. putida
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Figure 5. Viable E. coli (a), P. putida (b), B. diminuta (c) and S. fuliginis (d) counts attached
(Log CFUs/cm2) to glass coverslips (black) and PCL electrospun discs (grey). Data represent
three independent replicates. Differences were stablished using a Student’s t-test, and
considered significant at P<0.05. *P<0.05, **P<0.01, ****P<0.0001. The error bars represent the

standard deviation of values from three different biological replicates.

The biofilm formation ability of the selected microorganisms was compared as well by testing
their ability to colonize electrospun surfaces with different chemical composition. This was done
by growing all four strains in the presence of NBARE PCL and polylactic acid (PLA) microfibers.
The bacterial attachment to the different microfibers was quantified and, as displayed in Figure
6, no significant differences between the attachment levels to the distinct polymeric surfaces

were noted.

11
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Figure 6. Log CFUs values for E. coli (a), P. putida (b), B. diminuta (c) and S. fuliginis (d),
present as a biofilm on the PCL (black) or the PLA (grey) fibers. The error bars represent the

standard deviation of values from three different biological replicates.

However, after bacterial detachment for CFUs quantification, clear integrity differences could be
appreciated between both materials. The PCL microfibers kept their integrity in a similar state to
that shown prior to the biofilm formation, while the PLA microfibers were, in most of the cases,
disintegrated as displayed in Figure 7. To discard that the bacterial detachment protocol (see
Material and Methods section for details) could provoke the structural deterioration of the PLA
electrospun material, sterile membranes were incubated in clean LB medium and subsequently
processed as usually done for CFUs quantification. The membranes keep their integrity,
showing that the observed degradation phenomenon was related to the presence of the

microorganisms.

12
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Figure 7. Integrity of PCL and PLA microfibers after bacterial biofilm detachment for CFUs
quantification.

Discussion

Their exceptional physicochemical characteristics, surface-to-volume ratio, and compatibility
with biological systems give electrospun fibers a great potential in biotechnological applications.
To date, only few studies have explored the use of polymeric fibers as microbial cell carriers, but
generally no proper controls have been used or quantitative data of cell attachment has been
provided to properly estimate the cell attachment level achieved. Also, these studies have
usually focused on a single material-microbial strain interaction for a specific application. In this
work, we assessed the suitability of commercial synthetic PCL nanofibers as bacterial carriers
by studying their interaction with four different species: the biotechnology relevant strains P.
putida CECT 4064 (DSMZ 548), B. diminiuta CECT 317 (ATCC 11568), and S. fuliginis CECT
4425 (ATCC 27551), and the laboratory strain E. coli DH5a. All together, they cover a wide
range of biotechnological applications, which could benefit from the use of electrospun fibers as
microbial support. E. coli DH5a was developed for laboratory work, and in the present study it
was chosen as reference strain, as done earlier in previous studies %2 p putida DSMZ 548
has a high capability to degrade rather recalcitrant and inhibiting xenobiotics 7 and related
strains are successfully used for the production of bio-based polymers and a broad range of
chemicals %. B. diminuta ATCC 11568 is a relevant coenzyme Q10 producer *°, a valuable
molecule for pharmaceutical and cosmetic applications % and related strains are used as well
in the production of other fine chemicals, enzymes and in bioremediation *""*. S. fuliginis ATCC
27551, previously known as Flavobacterium sp. ATCC 27551, and related strains, are model
organisms on the restoration of contaminated environments. S. fuliginis ATCC 27551 has the
ability to degrade a broad spectrum of organophosphorus pesticides and insecticides, which are

of great environmental concern due to their presence on contaminated soils, sediments and

13
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groundwater ®_For this reason, the immobilization of this strain for bioremediation purposes on
magnetic nanoparticles, through covalent binding and ionic adsorption, has been studied ¥ The
ability of E. coli, P. putida and B. diminuta strains to develop biofiims has been described
before, but knowledge on S. fuliginis biofilm formation capacity in any surface type is very

35

scarce. The presence of this organism in microbial communities forming biofilms and

colonizing the roots of the aquatic plant Phragmites australis has been confirmed %637

. However,
there are no previous studies reporting S. fuliginis biofilms developed by pure cultures on
specific surfaces, being a desirable characteristic that will increment the number of its potential
biotechnological applications. Therefore, the ability of the ATCC 27551 strain to form biofilms
was evaluated and compared to that of E. coli, P. putida and B. diminuta, better known species

for their surface colonization capacity >'***°

. Qualitative analyses using crystal violet staining
and SEM visualization indicated that all bacterial species can easily colonize the NBARE PCL
electrospun microfibers. The obtained results also showed that the crystal violet assay is a good
method for the visualization of bacterial biofilims formed on this material. The SEM analysis
allowed the visualization of the cell attachment pattern and biofilm microstructure of the selected
bacterial species on PCL microfibers, including S. fuliginis. Both biofilm visualization techniques
were useful to confirm the ability of the different species to attach to the studied surface, but
none of these approaches gave information on the viability of the biofilms. In similar studies,
where bacterial cell attachment to electrospun PS, PSU, cellulose acetate, and poly (d,I-
lactide)/poly (ethylene oxide) (PDLLA/PEO) nanofibrous webs was investigated *'%'"°
different methods to determine the relative amount of cells alive within formed biofilms were
used, as the LIVE/DEAD fluorescence assay or CFUs determination. Here, to provide
quantitative data that helps to understand and compare the ability of the selected strains to
develop viable biofilms on PCL microfibers, a determination of the CFUs attached to the
microfibers after 48 hours of incubation, at 30°C, was performed. The four selected strains
showed a good ability to form biofilms on the NBARE PCL surface. In general, the number of
bacteria recovered from the PCL microfiber discs was comparable to those obtained for good
biofilm formers in previous studies, using reference surfaces, like glass, PS or steel 4145
However, the availability of studies quantifying viable bacteria in biofilms formed on electrospun

17,40

fibers is currently limited, and the provided data is either qualitative , or not directly

comparable with the results reported here, as the reported quantitative data is expressed in

different units 2"

. Nevertheless, the reported results in these studies, where the biofilm
formation of different bacterial species was analyzed on polymeric fibrous materials different

than PCL, suggest that they could be good bacteria biofilm carriers as well.

Bacterial attachment and subsequent biofilm formation can be impacted by surface topography

. In a recent study by Abrigo and collaborators R

, the interaction of E. coli, Pseudomonas
aeruginosa, and Staphylococcus aureus with PS nanofibers with different fiber diameters was
investigated. The ability of the different strains to proliferate within the fibrous networks was
affected by fiber diameter, and the highest proliferation rates occurred when fiber diameter was

close to the bacterial size. However, in the present study no significant differences in biofilm
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formation were observed in PCL microfibers with different structure: NBARE (mix of two fiber
types with average diameters of 3.80 um and 0.80 um), Pro3 (average diameter of 2.21 um)
and Pro4 (average diameter of 6.43 ym) showed to have a similar bacterial load independently
of the studied specie. The fact that both studies show contrasting results is not surprising, due
to relevant differences in their experimental design: Abrigo and collaborators performed shaken
cultures (120 rpm) for 1 hour, while we performed static cultures for 48 hours. Therefore, the
results obtained by the two studies, using distinct incubation periods, provide complementary
information that helps to understand the colonization dynamics of microorganisms in surfaces
with a similar structure. The results presented here are in concordance with a previous study,
performed by our research group, that determined the colonization ability of different pathogenic
bacterial strains on electrospun PCL fibers using long incubation times too ' Both studies show
that, regardless of the above-mentioned microstructural differences displayed by NBARE, Pro3
and Pro4 (which can be visualized in the Figure S4), no variation on biofilm formation ability by
different bacterial strains was observed. In this regard, it is interesting to remark that although
the three electrospun PCL samples have different structure, all of them showed to have
comparable wettability (Table S1), a factor that can influence as well the adhesion properties of

bacteria on biomaterials, according to recent studies 47,48

Once stablished the good potential of electrospun PCL membranes as biofilm carrier surfaces
for various bacterial species of biotechnological interest, we aimed to compare the performance
of this type of biocompatible polymer with that of a reference surface (glass), and a similar
product with a different chemical composition (PLA). Circular borosilicate glass coverslips, with
the same diameter as the PCL microfiber discs, were used as reference material for the
comparative analysis of biofilm formation. This material was selected as it is of standard use
when studying the capacity of bacterial species to form biofilms 44454950 The CFUs determined
for glass and PCL surfaces indicated that the bacterial biofilms present in the electrospun
material retain greater viability or are present in higher abundance. Also, the attachment degree
in function of the microbial strain used was more variable on the glass surface (103-107 cfu/cmz)
than on the PCL surface (10°10% cfu/cm?). The potential of polymeric materials as good
bacterial carriers for industrial applications has been described before. This is the case of PLA
surfaces, which have been previously tested as biofilm carriers in bioremediation studies 5183,
This material has not been tested yet as carrier of biotechnologically relevant bacteria in the
form of electrospun fibers. Therefore, to find out whether electrospun biodegradable microfibers
with distinct composition could have different bacterial adhesion levels into their surface, the
biofilm formation capacity of the selected species on NBARE PCL microfibers and on
commercial PLA microfibers (for details about the providers see Materials and Methods) was
compared. Interestingly, no significant differences in biofilm formation were observed between
the NBARE PCL microfibers and the PLA microfibers. In this sense, it is remarkable that both
fiber types differed not only in their chemical composition but also in their surface topography,
being PLA (average diameter lower than 1 um) significantly thinner than the NBARE PCL

microfibers (mix of two fiber types with average diameter of 3.80 um and 0.80 ym). This result

15

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Materials & Interfaces

confirms that the biofilm formation of the selected strains in late colonization stages is not easily

affected by the electrospun microfibers diameter.

Regarding the endurance of the materials after the bacteria biofilm formation, relevant
differences were observed in the integrity of PCL and PLA microfibers. Our results showed that
the structure of PLA was seriously damaged by the four bacterial strains, while this was not the
case for PCL. Both polymers are biodegradable aliphatic polyesters, and certain fungal and

®_ The differences observed in

bacterial species have shown an ability to degrade them
degradation susceptibility by the selected microorganisms could have an influence on the
possible applications of this type of materials when used as solid supports for biofilm formation.
In case of the PCL fibers, the apparent robustness of this material shows its potential

applicability in biofilm bioreactors, as a support for immobilized microorganisms.

Conclusion

This study reports the ability of several bacterial species of biotechnological interest to attach
and develop biofilms in electrospun PCL microfibers. This material showed to have a high
microbial loading capacity, regardless the mesh density, the fiber diameter, or the selected
bacterial specie. In addition, the selected microbial strains showed to have a similar ability to
form biofilms in the surface of electrospun materials with distinct composition. Remarkably, S.
fuliginis, for which no previous reports on biofilm formation were found, showed a good ability to
form high density biofims on PCL and PLA electrospun surfaces. Finally, all three PCL
microfiber types used in this study showed to have a high resistance towards microbial
degradation, particularly when compared to the PLA polymeric material. The described
characteristics make electrospun PCL microfibers a promising material to be used as solid

supports for biotransformation processes using microbial strains.
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