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The initial attachment and subsequent biofilm formation of electroactive bac-
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Email: ozlem.ozcan@bam.de pared and characterized by means of infrared spectroscopy in terms of their
chemistry. Surface energy and Zeta (¢-) potential of the conditioning layers was
determined with contact angle and streaming current measurements. Among
the studied surface parameters, a high polar component and a high ratio of
polar-to-disperse components of the surface energy has emerged as a successful
indicator for the inhibition of the initial settlement of S. putrefaciens on stainless
steel AISI 304 surfaces. Considering the negative surface charge of planktonic
S. putrefaciens cells, and the strong inhibition of cell attachment by positively
charged polyethylenimine (PEI) conditioning layers, our results indicate that
electrostatic interactions do play a subordinate role in controlling the attach-
ment of this microorganism on stainless steel AISI 304 surfaces. For the biofilm
formation, the organization of the SAMs affected the local distribution of the
biofilms. The formation of three-dimensional and patchy biofilm networks was
promoted with increasing disorder of the SAMs.
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1 | INTRODUCTION

Stainless steels are commonly used as construction material nearly in all industrial applications due to their high corrosion
resistance and ability to withstand various environmental stresses. Stainless steel AISI 304 has been widely studied in

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2021 The Authors. Engineering Reports published by John Wiley & Sons Ltd.

Engineering Reports. 2022;4:€12458. wileyonlinelibrary.com/journal/eng2 1of12
https://doi.org/10.1002/eng2.12458

85U8017 SUOLILLOD BATea10 3(dedl|dde 8y} Aq peusenob ae ss(pie YO ‘SN JO S9N 10} ARIqiT8uljuO A8]IAN UO (SUONIPUOD-PUR-SWLIBIALIOD" A 1M ARIq 1 BUIUO//:SANY) SUORIPUOD PUe SW | 841 88S *[2Z0z/0T/yT] uo Ariqi]auliu AjIM ‘ullied weg - ded Aq 8GyZT ZbUs/z00T 0T/I0p/wod A8 | Im Areiq iUl |uoy/Sdny woiy pepeojumod ‘T ‘220z ‘96T8..LS2


https://orcid.org/0000-0002-7457-4985
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feng2.12458&domain=pdf&date_stamp=2021-09-21

20f12 i i WURZLER ET AL.
—I—Wl LEY Engineering Reports S

terms of its resistance to microbially influenced corrosion (MIC) because of its ability to cope with aggressive and corrosive
environments. However, it is vulnerable to pitting corrosion under certain environmental conditions.!?

Bacteria are a ubiquitous part of living mass on earth. As they can attach to, colonize, proliferate and form biofilms
on nearly all surfaces, the questions dealing with biofilms and biofilm induced material degradation are of crucial impor-
tance to technical, medical and environmental systems.* The adhesion and subsequent biofilm formation is a complex
physicochemical process initiated by the formation of a surface conditioning film.!

The native oxide on stainless steel surfaces is susceptible to contamination. Therefore, a conditioning layer will form
immediately when the surface is in contact with natural aqueous environments! by the adsorption of molecules present
in the surrounding medium or excreted polymeric substances from the bacteria,® such as polysaccharides, proteins, lipids,
and nucleic acids. Such surface conditioning layers alter the properties of the steel surface significantly.®

Despite intensive research efforts, by which mechanisms and to what extent different microorganisms adhere to solid
surfaces remained an unanswered question. The chemical and electrochemical properties of the bacterial cell surface
and its composition is very heterogeneous,’ and the attachment processes are closely related to the surface chem-
istry and thermodynamics.”!? The outer membrane of gram-negative bacteria is composed of asymmetrically assembled
lipopolysaccharides and proteins exposing both phosphoryl- and carboxyl- as well as amine-groups. The neutral pH
at incubation conditions leads to spatially heterogeneous surface charges over the cell surface.!! The chemical het-
erogeneity of the bacterial cell surfaces present manifold possibilities for interactions with solid surfaces of different
functionalities.

The Derjaguin-Landau-Verwey—Overbeek (DLVO) theory addresses several influencing factors for bacterial
attachment.'? Jain and Bhosle analyzed the natural marine conditioning film and the effect of these compounds on the
adsorption behavior of three marine bacterial cultures and saw opposing correlation between attachment and the amount
of carbohydrates in the conditioning film for three different strains.!> Lorite et al. investigated the intercorrelation of
protein (bovine serum albumin, BSA) adsorption on the attachment behavior and biofilm formation of plant pathogenic
bacteria and underlined the important role of the chemical composition of the surface rather than surface roughness and
hydrophobicity.!* The works of Gubner and Beech as well as Pranzetti et al. also supported that the surface hydrophobic-
ity plays a subordinate role.!>!¢ Yang et al. applied hyperbranched polymers like branched polyethylenimine (bPEI) for
functionalizing the surface of stainless steel AISI 304 for antibacterial applications.!”

Utilization of self-assembled monolayers (SAMs) as model systems for studying the initial attachment of bacteria to
substrata is a well-established strategy. Self-assembled monolayers terminated with hexa-ethylene glycol, methyl, car-
boxylic acid, and fluorocarbon groups were investigated by phase contrast microscopy by Ista et al. with the conclusion,
that different bacterial strains interact very differently with altered wettability characteristics.'® By systematically varying
the physicochemical properties, Khan et al. demonstrated that bacterial attachment is influenced strongly by the surface
free energy rather than the wettability of functionalized surfaces.!® In a combined experimental and modeling study, Liu
and Zhao defined the Chen and Qi (CQ) ratio as the ratio of disperse to polar components of the surface energy. They
reported that for Ni-P-PTFE coatings, the attachment of Pseudomonas fluorescens, Cobetia marina and Vibrio alginolyticus
decreased with decreasing CQ ratio.?’ Raman and Gawalt pointed out, that a lot of work on functionalizing surfaces for
biomedical applications and antifouling strategies has been performed on model substrates, but only a few papers apply-
ing SAMs to stainless steel can be found in literature, even less on studying the SAM’s influence on bacterial attachment.?!
This aspect is especially crucial, as the chain length and the headgroup of the monolayer molecule has an influence on
the electrochemical activity of electroactive bacteria via electron transfer mediation,?? having possible impact on the MIC
processes.

Shewanella putrefaciens is a facultative anaerobic microorganism, capable of utilizing various compounds present
in the protective passive film on stainless steel surfaces, such as Fe(III), Mn(IV), and Cr(VI) among other inor-
ganic/organic compounds as electron acceptor.2>-2® The Shewanella species as member of dissimilatory iron reducing
bacteria (DIRB) gained attention in different research areas due to their ability of metal reduction for bioremedia-
tion or biodegradation®”-?® as well as a threat in microbially influenced corrosion (MIC) to steel constructs submerged
in natural environments.?®3° In addition to the microbe’s ability to influence the corrosion behavior of steel directly,
the patchy deposits of natural biofilms can establish local regions of different surface potentials facilitating corrosion
processes.3!

The objective of this study was to elucidate a potential correlation between various properties of the conditioning
layers formed on stainless steel AISI 304 surfaces and the attachment of S. putrefaciens CN32. S. putrefaciens CN32 was
selected in this study as a model microorganism due to its abundance in natural environments and its relevance to micro-
bially influenced corrosion (MIC).3? Polyethylenimine (PEI) and humic acids (HA) were investigated as macromolecular
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conditioning layers. PEI has a high density of amine groups and is therefore widely used in many industrial applications®?
and is thus a common contaminant in water treatment making it probable to spontaneously occur in process waters in
contact with stainless steel AISI 304.333* Humic acids were chosen to provide a realistic scenario resembling sediment
conditions.> As they are formed during degradation of organic matter, humic acids account for the majority of dissolved
organic carbon in water.’® Additionally, four SAMs with different surface charges, varying chain length and changes
in chemical functionality were included into the study as model substrates, as their surface properties can be precisely
characterized. By combining a detailed surface characterization with the investigation of the attachment behavior of S.
putrefaciens CN32, the effect of different surface characteristics of the conditioning films on the initial bacterial settlement
and biofilm formation has been evaluated.

2 | MATERIALS AND METHODS
2.1 | Sample preparation

Stainless steel AISI 304 coupons were ground to P4000 with silicon carbide paper, ultrasonically cleaned in pure acetone
for 10 min and electrochemically preconditioned in NaClO,4 (20 mM) at +50 mV versus OCP (Ag/AgCl 3 M NaCl and gold
wire electrodes [Gamry 600+ potentiostat, C3 Prozessanalytik, Germany]) for 60 min. to create a thin and reproducible
oxide layer on all substrates.3’

Polyethylenimine (PEI, branched, H-[NHCH,CH,],-NH,, MW: 25000 molg~!, Sigma Aldrich) and humic acid
(native, MW: n.a., Carl ROTH) were dissolved in 70% isopropanol to a concentration of 1mM and 4.3 mgL~},
respectively.® The macromolecule conditioning layers will be referred to as PEI and humic in the manuscript text.

Following molecules were used for SAM surface functionalization: Oleic acid (oleic, CH;3-[CH,];5-COOH, MW:
282.52gmol™!, 99% purity, abcr), 3-aminopropylphosphonic acid (APPA, NH;-(CH;);-PO(OH),, MW: 139.09 gmol™!,
98% purity, Fluorochem, Ltd.), octadecylphosphonic acid (ODPA, CH;3-(CH;);7-PO(OH),, MW: 334.47 gmol~!, 97%
purity, Carl ROTH) and 16-hydroxyhexadecanoic acid (hydroxic, OH-(CH,);,-COOH, MW: 272.42 gmol~!, 98% purity,
Sigma Aldrich). One millimolar solutions were prepared with 70% vol. iso-propanol in water as solvent.

2.2 | Characterization of the conditioning layers

Fourier-Transform-infrared (FT-IR) spectroscopy measurements were performed using a Nicolet 8700 FTIR spec-
trometer (Thermo Fisher Scientific, Inc., USA) equipped with a variable angle VeeMAX III external reflection
accessory. A reflection angle of 80° was used for higher surface sensitivity. For the acquisition of single beam
spectra, 512 scans were accumulatively collected in a wavenumber range of 800-4000cm™! with a 4 cm™' spec-
tral resolution. To visualize the adsorption and assembly of molecules, ex situ absorbance spectra were calculated
using the pure steel sample as the reference. Atmospheric correction and base line adjustment were performed
manually.

Contact angle measurements and determination of the surface energies were performed on a Drop Shape Analyzer
DSA30 (KRUSS GmbH, Hamburg, Germany) with ADVANCE software (Version 1.6.2.0). Water, ethylene glycol and
di-iodomethane were used for contact angle measurements. More details on the calculation of the energy components
can be found in the Appendix S1.

The Zeta ({)-potential is the surface potential measured at the shear plane of the electrolyte over the surface and
is considered to give insights into the attractive and repulsive forces that can play a major role in the interaction
mechanisms between bacteria and surfaces upon adsorption. Zeta ()-potential measurements were carried out with a
SurPass electrokinetic analyzer (Anton Paar, Germany) in a clamp cell. The investigated substrate was covered with a
spacer foil leaving a test area of 5 cm X 0.8 cm X 100 pm free as a flow channel. On top of the spacer foil, a reference
polypropylene-foil was placed, and the cell was sealed and placed in the sample holder. The streaming potential as a
function of pressure was recorded by pumping an electrolyte (20 mM NaClO,) four times back and forth through the
sample gap at applied pressures up to 400 mbar. From the streaming potential values, the Zeta ({)-potential was calcu-
lated using the Helmholtz-Smoluchowski equation for planar, conductive substrates.® For each substrate a single-point
measurement was performed at the pH value of the incubation medium (pH 7) followed by a titration procedure from
pH 11 to pH 4.
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2.3 | Preparation of cell suspensions for attachment experiments

In order to eliminate various factors as different growth phases or changing environmental factors during investigation
of MIC, a chemostat was installed, maintaining the bacterial culture at a set Agyy of 0.1 and growth state. The chemostat
was placed in a temperature-controlled water bath on a magnetic stirrer and continuously bubbled with sterile air. A feed
solution of sterile minimal medium (ShMM-Shewanella minimal medium [see Table SI.1, adapted from M9 minimal
medium, Miller et al.*°]) with 40 mM lactate was pumped at a flowrate of 167 plmin~'. A drain was installed to prevent
overflow and acted as waste material outlet.

Dynamic light scattering (DLS) (Zetasizer Ver. 7.13, Malvern Instruments, Ltd.) was used to measure the surface Zeta
(¢)-potential of the bacterial cells in both, minimal growth medium ShMM as well as 20 mM NaClO,. An average was
built from 12 runs in each of the 5 repetitions.

2.4 | Investigation of the attachment behavior

For studying the initial irreversible attachment, 1 h of incubation with the bacterial solution was performed. The sub-
strates with different conditioning layers were placed in sterile containers and statically incubated with fresh minimal
medium mixed 1:1 with the bacterial solution from a continuous culture (final Aggy = 0.05). After 1 h, the samples were
washed in stirring water for 10 s, followed by a 4’,6-diamidin-2-phenylindol (DAPI) staining procedure. In the staining
procedure, samples were gently washed in tris(hydroxymethyl)aminomethan (TRIS) buffer solution at pH 7.4 and then
placed in 6-well plates. Each sample was covered with a mixture of TRIS buffer solution and DAPI stain stock solution
1 mgml~! at a concentration 1000:1 and incubated at 4°C for 30 min in the dark. After gently washing the samples, they
were pre dried in the laminar flow of the sterile bench in dark, fixated with mount floor, and covered with glass slips.
Samples were kept in dark until fluorescence imaging.

Five images per sample were collected in a predefined pattern to eliminate subjective analysis (details can be found
in Figures SI.1 and SI.2). A fluorescence microscope (Nikon H550L eclipse, x40 objective) was used for cell count-
ing. Cell counting was performed over 15 images per sample system with ImageJ by particle count method after
binary transformation of the images and setting a color threshold. The analysis was performed in triplicates to assure
reproducibility.

For the investigation of biofilm formation, SEM micrographs were taken after 20h incubation experiments. For
the SEM analysis, the samples were fixated in a 2.5% glutaraldehyde solution for 4 h at 4°C (diluted 25% for electron
Microscopy, Merck, Germany) followed by washing in ddH,O for 5 min and subsequent dehydration in an ethanol series
(gradually increasing alcohol of 30%, 50%, 70%, 80%, 90%, and 100% [twice], each step for 15 min.) before imaging.*' SEM
imaging was performed on a Zeiss SEM Evo MA10 operated at 10 kV accelerating voltage in SE mode at 7 x 10~> mbar
vacuum.

3 | RESULTS AND DISCUSSION
3.1 | Characterization of the conditioning layers

The adsorption of the macromolecular conditioning layers was confirmed by means of FTIR analysis (Figure 1). The IR
spectra after adsorption of PEI indicate an amine rich surface film with strong C=C vibrations, which indicate the presence
of a thick adsorption layer. The unknown substances grouped up in humic acids prevent a distinct identification of single
functionalities in IR spectra, however, a high amount of amine groups as well as phosphates and carbon chains are clearly
visible. At 1620 cm~! aromatic C=C vibrations and C=0 stretching of the H-bond quinones have been identified.3

The IR spectra of the SAMs (Figure 2B) are showing peaks characteristic for the CH;/CH, backbone
(2813-2950 cm~1).#2 Oleic acid molecules adsorbed on the surface in a disorganized structure given by the suppressed and
broader IR peaks in this region. This can be explained with the presence of the cis double bond between C9=C10 causing
steric hindrance of the molecules preventing the formation of a self-assembled monolayer with high order.** The region
around 1700 cm™! assigned to carboxylic acid species points to a preferential adsorption of the carboxylic group onto the
steel surface, leaving the CH; group as the terminal group.* For hydroxic SAMs, the v,sCH, shifted to lower wavenum-
bers at 2918 cm™! as a result of the well-ordered film of the alkyl chains which is a sign for a common tilt angle of all the

85US017 SUOWWIOD BA RSO 3(deal|dde 3y} Aq peusenob a/e 9 VO ‘SN 0 S3IN1 10} A%eIqIT BUIUO /B UO (SUOPUOD-PLIE-SWBHALIOD A8 | WA I 1 [BUUO//StIY) SUORIPUOD PUe SWS L 8U1 89S *[2202/0T//T] Uo ARIqITauluo 8| ‘ulleg urg - ed Aq 85t2T ZBUS/200T 0T/I0p/w00" A3 1M Afeiq 1Bul|uo//SANY WOy papeojumoq ‘T ‘2202 ‘96T8LLSE



WURZLER ET AL.
(A) (B)
4000 3500 3000 2500 2000 1500 1000 0.02 3
| humic
P @ —-—-PEI
@ 0.028 & ~
= g 296.1 N, ,/'/ \
5 0014 o 7 . . N
£ Eoo{ / = \
3 0.000 P / Y
8 2 / 2915-2918 \,
£ 0028 =2 3 2851 S
0 5 7
S 0.014 | i §
172}
) < 0.00
< 0.000 —M . . ! : : : . . :
4000 3500 3000 2500 2000 1500 1000 3000 2960 2920 2880 2840 2800 2760
Wavenumber (cm™) Wavenumber (cm™)
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FIGURE 2 FTIR spectra of adsorbed SAMs adsorbed from isopropanol (70% in ddH,O) onto stainless steel AISI 304 after 20 h, (A)

whole recorded range, (B) enlarged carbon chain backbone peaks

adsorbed molecules in an all-trans configuration.?!*> The films of APPA on stainless steel AISI 304 surfaces do not exhibit
high intensities in the CH3/CH, region due to the short chain length, however, can be identified in the fingerprint region.
The HO—P=O0 peak at 1620 cm™! and the high intensity for P=0 implies that the adsorption of APPA is a tail-to-surface
adsorption with the phosphate group being the terminal end. The fingerprint region of the ODPA SAM spectra adsorbed
to the steel substrate give evidence for a mixed mono- and bidentate adsorption state.**4” Moreover, the peak frequencies
of out-of-plane, in-plane v,sCHj; at 2961 and 2971 cm™! are quite intense compared to other SAMs in this study.*® These
findings imply the monolayer of ODPA behaves as a compact well-ordered SAM.

3.2 | Effect of the conditioning layers on surface charge and wettability

The measured surface Zeta ({)-potentials are presented in Figure 3A,B. Stainless steel AISI 304 surfaces prior to the
adsorption of conditioning layers (pure) have shown an isoelectric point (IEP) at ~ pH 6.4. As stated in the litera-
ture, PEI functionalized surfaces have a high positive charge within the whole pH range due to the presence of amine
functionalities.*® The observed negative surface charge for the humic acid coated surface in the alkaline conditions could
be explained with the presence of —COOH and —OH functional groups.>® At incubation conditions (pH 7), the ODPA
SAMs are at their isoelectric point (IEP), and therefore show a neutral net charge. Hydroxic and oleic SAMs showed a
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FIGURE 4 Contact angle measurements and surface energy determination of the formed conditioning layers as described in Appendix
S1 Equations (1)-(3)

very similar behavior with an isoelectric point at ~ pH 7.3. The adsorption of short chained APPA led to a negative surface
charge in the whole pH-range agreeing well with the adsorption via the amine functionality, which resulted in a strong
negative Zeta ({)-potential deriving from the phosphonate terminal end.

Contact angle measurements give insight into the wetting behavior of solid surfaces. The stainless steel AISI 304
surfaces without conditioning layers showed a water contact angle of about 70°, indicating a slightly hydrophilic surface
(Figure 4). The influence of —NH; groups on the water contact angle was strongly pronounced in PEI, which had the
lowest water contact angle and the highest polar component of the surface energies. The heterogeneous nature of humic
acid conditioning layers resulted in an overall hydrophilic behavior with very high surface energies in comparison to
untreated stainless steel AISI 304. The disperse component of the surface energy of humic acid film was the highest value
observed in this study.

ODPA SAMs showed the highest water contact angle, originating from the —CHj terminated, highly-ordered mono-
layer. Both surface energy components were suppressed, and the polar component was almost nonexisting. The water
contact angle of oleic SAMs was ~90° with an increase compared to the pure substrate originating from the —CHj tail
groups. However, the disorder of the oleic SAMs, as evidenced by FTIR analysis resulted in a much lower contact angle
than ODPA SAMs. The polar and disperse parts of the surface energy of oleic surfaces diverged widely with an almost
negligible polar component, similar to ODPA SAMs. As the pure steel surface is rich in hydroxyl groups, the adsorption
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of hydroxyl-terminated SAMs only led to a decrease in the water contact angle without any significant changes in the sur-
face energy components. APPA’s low water contact angle indicated a hydrophilic surface caused by the influence of the
phosphate groups and both components of the surface energy were high and equally distributed.

3.3 | Primaryirreversible attachment and biofilm formation

In the study of the attachment behavior of S. putrefaciens CN32, the primary irreversible settlement phase (1 h incuba-
tion) was investigated optically by means of fluorescence imaging and subsequent cell counting (for more information on
the procedures, see Figures SI.1 and SI.2). To correlate the general surface charge of S. putrefaciens cells with their attach-
ment behavior, DLS analysis was performed with cell suspensions. DLS measurements indicated a negative {-potential
of —7.3+£0.8 and —14.6 + 1.9 mV for planktonic S. putrefaciens cells suspended in ShMM and NaClOy, respectively. The
measured {-potential values of the S. putrefaciens agree well with literature where a negative surface charge density of
~—23 pC/cm? at pH 7 was previously reported.>!

In Figure 5A the coverage of bacteria is presented in percent of the available surface area. After 1 h initial attachment,
all conditioning layers have resulted in fewer adhered cells in comparison to the pure stainless steel AISI 304 substrates.
The highest affinity of the bacteria among the SAM conditioning layers was observed with surfaces functionalized with
oleic and hydroxic SAMs followed by ODPA and APPA.

The attachment behavior differs significantly between the conditioning layers formed by macromolecules. The highly
positively charged, thick and viscous PEI layer was the least attractive surface conditioning film and efficiently inhibited
the attachment of S. putrefaciens. The humic acid components were covering the surface very heterogeneously leading to
a high variation in attachment behavior and a high standard deviation. In the literature, the least attractive surface energy
in the Baier curve was reported to be in the range of 20-30 mN/m.>? In the present study, both ODPA and oleic SAMs
exhibit these values, however, the lowest inhibition effect was observed with surfaces functionalized with oleic acid SAMs.

In Figure 5B, the correlation between the polar component of the surface energy and the adhesion of cells within the
first hour of incubation is depicted. The polar component of the surface energy and a higher ratio of the polar to dispersed
component (a low CQ ratio?*>?) crystallized as an essential factor in this work. However, contrary to the observations
of Liu and Zhao,?° with the organic conditioning layers investigated in this work, no direct correlation of CQ ratio and
bacterial coverage was observed until values of <1.0 were reached. This controversy can be explained by the fact that in
their work other surface properties were kept nearly constant using Ni-P-PTFE coatings. Nevertheless, our results from
the S. putrefaciens CN32 - stainless steel AISI 304 system support the concept presented by Liu and Zhao? that a low CQ
ratio is crucial for the design of novel antifouling strategies.

Figure 6 gives an overview about surface properties and indicators that were investigated in this study together with
the percentage of bacterial coverage after 1 h of incubation. For similar values in coverage, a group can be formed of oleic,
hydroxic, and ODPA SAMs, all presenting a low total surface energy, a low polar component and a low ratio of polar
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FIGURE 6 Summary of all measured surface properties of the conditioning layers and the initial bacterial coverage

FIGURE 7 SEM images collected after 20 h incubation in Shewanella putrefaciens CN32 on the stainless steel AISI 304 without the
adsorption of conditioning layers at low (A) and high (B, C) magnification

to disperse part as well as a low surface charge seen by the bacteria. The very different contact angles did not have a
significant impact on bacterial attachment. Considering that the adsorption of SAMs does not alter the surface roughness
and generates a homogeneous film, the wettability of the surfaces can be discarded as an important factor in the initial
attachment for the studied microorganism/substrate system. Furthermore, at incubation conditions (pH 7.0), APPA and
PEI covered stainless steel AISI 304 surfaces exhibited very strong negative and positive surface charges, respectively.
Considering the negative surface charge of planktonic S. putrefaciens cells, based on electrostatic interactions, APPA
covered surfaces would be expected to lead to repulsive effects inhibiting the settlement of bacterial cells. However, our
results demonstrate an opposite effect, where adsorbed PEI films with very high positive charge led to a clear inhibition
of bacterial settlement indicating that electrostatic interactions do not play a significant role in controlling the initial
attachment of S. putrefaciens cells on stainless steel AISI 304 substrates.

After overcoming the initial attachment phase, the bacteria settle down in greater numbers and start to build a biofilm.
In Figure 7 the SEM images of the biofilms formed on stainless steel AISI 304 surfaces without the adsorption of condition-
ing layers (pure) are presented. The darker regions in Figure 7A are covered with a dense and three-dimensional biofilm
(Figure 7B), whereas the lighter areas are characterized by sparsely distributed singular cells as seen in and Figure 7C,
respectively.

The SEM images of the biofilms formed after 20 h of incubation on conditioning layer covered stainless steel AISI
304 surfaces are presented in Figure 8. Despite the prolonged incubation, PEI covered surfaces showed nearly no
bacterial colonization and an effective inhibition of biofilm formation. Oppositely, humic substrates progressed with
complete but very inhomogeneous coverage with higher three-dimensional biofilm buildups, which can be explained
with the presence of soluble and nonsoluble components with higher electronic conductivity. S. putrefaciens belongs
to iron reducing bacteria capable of performing indirect electron transfer with metallic surfaces utilizing electron
conducting paths offered by humic acid conditioning layers. Thus, the presence of conducting and nonconducting
film constituents in the humic acid conditioning film might explain the patchy and three-dimensional structure of
the biofilms.
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FIGURE 8 SEM images collected after 20 h incubation with Shewanella putrefaciens CN32 on conditioning layers at 10 kV, (A) humic,
(B) PEL, (C) oleic, (D) hydroxic, (E) ODPA, (F) APPA

Oleic acids initial uniform attraction has evolved into a highly differentiated/island-like attachment pattern. Hydroxic
functionalized surfaces showed a mixture of small patches of biofilms together with well dispersed singular cells. ODPA
exhibits a uniform and thicker biofilm formation. APPA SAMs on the other hand led to evenly distributed attached bacte-
rial cells with low EPS production. On SAM functionalized surfaces, the presence of defects as indicated by lower degree
of organization observed in infrared spectra, can lead to the formation of local defect sites. These can facilitate electron
transfer during longer incubation times and promote localized biofilm formation. This trend is visible in the SEM images
when comparing ODPA, hydroxic acid, and oleic acid functionalized surfaces, where the latter with the least ordered
structure led to formation of heterogeneous biofilms. Thus, our results indicate that for SAMs that have been chosen to
represent model short-chain organic thin films in this work, the biofilm formation behavior of S. putrefaciens on stainless
steel AISI 304 can be affected by the long-term integrity of the SAMs and their ability of blocking the electron transfer on
the metal surface.

4 | CONCLUSION

This article reports the investigation of SAMs and macromolecules with a range of wettability, surface energies, chemical
composition, and surface charge as conditioning layers to determine the attachment and biofilm formation behavior of
electroactive bacteria S. putrefaciens CN32 on stainless steel AISI 304.

Following conclusions can be drawn for the studied microorganism and substrate:

« The strongest correlation for the inhibition of initial settlement was observed with the polar component of the surface
energy. Moreover, a high polar-to-disperse ratio (a low CQ-ratio?®) indicated a higher inhibition of initial bacterial
settlement.

« Surface wettability and electrostatic interactions have a subordinate role for the studied conditioning layers in
predicting the initial settlement of S. putrefaciens on stainless steel AISI 304.

« The high density of the formed biofilms on humic acid conditioning layers, as well as the differences in
biofilm heterogeneity observed with SAMs of different molecular ordering indicates that electrochemical inter-
actions between the electroactive bacteria and the substrate could play a major role in controlling the biofilm
formation.
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« Further research shall focus on the application of high-resolution methods, especially on the stability of the SAMs
under incubation conditions and on the electroconductivity of these conditioning films to clarify the processes leading
to localized biofilm growth.
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