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Anti-fouling coatings are a common solution for the protection of porous building materials from the effects of
microbial colonization over their functionality and durability. Usually, this is achieved through the incorporation
of biocides or the passive control by reducing bioreceptivity. Superhydrophobic surfaces are considered a
promising strategy due to their reported capacity for reducing cell adhesion, but their affinity to non-polar
substances may decrease their effectiveness under the right circumstances (e.g. organic contamination, cell
walls with hydrophobic domains). The combination of these surfaces with active biocides may compensate these
drawbacks, however, a close contact with the microorganisms is necessary to promote their effect.

This work studies the factors that determine the anti-fouling capacity of a coating, tested on porous building
materials, that combines superhydrophobic surface with a nanostructured Ag/SiO, biocide agent. Special
attention is paid to understanding to which extent the cell-surface interactions modulate the initial cell
attachment to the surface and the biocidal effect. To this end, the electrostatic forces and surface energy balance
were considered using different reference bacteria and a yeast. The results indicate that the hydrophobic char-
acter of the surface favors the cell attachment and the biocide agent may be unable to fully compensate this effect
for all microorganisms. In addition, changes in micro and nano roughness seem to play an equally significant
role. Overall, this study aims to provide a theoretical and experimental insight to assist in the future design of
anti-fouling coatings tailored to the organisms responsible of fouling processes.

1. Introduction

Biological contamination of the materials that conform everyday
objects and structures is associated to a plethora of problems, ranging
from the spread of diseases (e.g. fomites, fungal infections, food
contamination) [1-5] to the alteration and decay of building elements
[6-9], which have a negative impact on their functionality and service
life. These issues entail considerable efforts and costs in the form of
cleaning, maintenance and rehabilitation actions. The effects of
biofouling on building materials include, but are not limited to: (1)
aesthetical alterations of the surface; (2) Negative changes to the ma-
terial functionality; (3) Structural damages to the material by
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physical-chemical processes. Such damages are accelerated when the
materials are exposed to outdoors environments, where biological,
physical and chemical agents tend to act in synergy [8]. Water, aside
from being necessary for microbial growth, is associated to a number of
decay processes, either as vehicle of other agents (e.g. soluble salts) or by
direct action mechanisms such as freeze/thaw cycles, leaching of soluble
minerals from the structure or solubilization of carbonates by acid rain
[10,11]. These processes lead to structural damages in the form of de-
laminations, pitting, granular disintegration, cracks or increased
porosity, which in turn increase the water absorption capacity and
bioreceptivity of the materials. Simultaneously, the damages caused by
biofouling may increase the material susceptibility to weathering.
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Aside from the material damages associated to biofouling, contami-
nated building materials may contribute to spreading diseases through
different mechanisms [1-5]. A prime example of these is the
cross-contamination of food sources in contact with kitchen surfaces,
one of the most common transmission methods of gastrointestinal
pathogens (e.g. Listeria monocytogenes, Salmonella spp.). The hazards for
human health become more evident indoors, especially in damp areas
with poor ventilation. Examples of these include respiratory mycoses
after prolonged exposure to fungal spores from black mold nad mildew
[12], or the systemic symptoms of the “sick building syndrome” [3,4],
associated to the inflammatory response to fungal spores, mycotoxins
and volatile compounds released by bacteria.

The biodeterioration process of building materials is complex and
involves a sequence of microorganisms such as bacteria, cyanobacteria
or meristematic fungi as first colonizers and algae, filamentous fungi,
lichens, mosses and vascular plants as secondary colonizers [8,13].

Fungi are often found in altered building materials, exposed to high
humidity and have been identified as one of the main causes of biode-
terioration by chemical and mechanical mechanisms, in addition to their
effects on aesthetic alteration due to the production of pigments. Con-
cerning mechanical deterioration, expansion of the fungal hyphae can
exert pressure between the mineral grains and structural defects (i.e.
cracks, macropores), penetrating into the structure and causing loss of
cohesion. This mechanism is especially remarkable for endolithic fungi,
which can produce pitting phenomena [12,14]. The chemical action of
fungi seems to be the most important degradation, as research shows a
close relationship between the solubility of the substrate and the
decrease in pH, due to the production organic acids as secondary me-
tabolites (e.g. citric, oxalic, gluconic, glucuronic, lactic, fumaric) that
form chelation complexes with the metal cations of the substrate, dis-
solving carbonates, silicates (mica and orthoclase), minerals containing
iron and magnesium (biotite, olivine, pyroxene) and various phos-
phates. In addition to the material decay, fungi are one of the main
caused of color alteration and may negatively affect the indoor envi-
ronment by releasing volatile, bad-smelling compounds, mycotoxins and
spores.

The role of algae and cyanobacteria [15-17] in biodeterioration of
building materials has been mostly attributed to aesthetical alterations,
and their ability to enable the growth of heterotrophic organisms by
providing a source of organic matter and creating a favorable environ-
ment through the secretion of extracellular polymeric substances (EPS).
However, research has shown that these microorganisms may also
induce chemical and physical degradation [15,16]. These mechanisms,
though, are generally less aggressive than fungi and difficult to identify
in exposed materials.

Bacteria are a group of colonizers with relatively simple nutritional
and ecological needs, which easily develop on building elements
exposed to the elements, especially when their moisture content is high.
The bacteria that settle on the surface of the building can be divided into
the so-called chemoautotrophs or chemosynthetic, which comprise the
sulfur cycle bacteria (sulfate-reducing and sulfoxide), the nitrogen cycle
bacteria and ferrobacteria, and, on the other hand, the heterotrophic
bacteria [8,13,18]. Sulfur cycle bacteria are mostly found on materials
subject to air pollution and sewer systems, where sulfur dioxide together
with hydrogen sulfide produces sulfur compounds on the substrate (e.g.
sulfates, gypsum), which favors their growth. Nitrogen cycle bacteria
are most common in elements in contact with soil, and are able to
degrade the materials through oxidation processes, from which they
obtain their energy, and the production of nitric acid as result of their
metabolism. Heterotrophic bacteria also play a very important role in
the degradation of building materials, specially on its earlier stages as
many of them are able to grow using organic contaminant deposits as a
carbon source. They can exert their action through the formation of
carbon dioxide and organic acids that, although relatively weak, can
damage carbonate minerals from the substrate [4,6,18]. The formation
of black scabs, brown patina, and exfoliation are examples of direct
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decay phenomena associated to bacteria, although their main influence
in biofouling is generally associated to their role as first colonizers that
provide organic matter for heterotrophs and create a favorable envi-
ronment through the secretion of extracellular substances.

A preventive strategy against the proliferation of microorganisms on
building materials is the application of surface treatments or coatings
incorporating of biocidal components. To this regard, metallic nano-
particles (Ag, Cu, functionalized Au ...) and oxide nanoparticles (CuO,
ZnO, SiO5 ...) have emerged in the recent years as broad spectrum
biocidal agents [19-22] with lower chance of promoting the apparition
of drug-resistant organisms. Another advantage of these biocides is the
ability to incorporate them in many types of matrices, including organic
coatings, sol-gel systems, cementitious materials or as dispersions in
water or solvents [19]. Among the oxide nanoparticles, TiO5 has been
thoroughly studied for the photo-disinfection of surfaces [23], including
medical equipment and fabrics. The TiO, photocatalytic effect generates
reactive oxygen species that produce oxidative stress on the pathogens
resulting in their elimination [24]. Silver nanoparticles (AgNPs) are
among the most widely used for their excellent antibacterial and anti-
fungal properties [25-27]. Its mechanisms of action include: (1) those
related to the release of Ag" ions, which denature DNA, proteins and
alter cellular respiration, and (2) those specific to NPs that lead to the
generation of ROS, direct physical damage, disturbance of mem-
brane/wall permeability. The use of biocides based on metal/metal
oxides, however, is not exempt of limitations, as their effect depends on
the dosage and distribution on the surface, and leaching processes may
lead to a loss of performance over time and release to the environment of
components toxic for aquatic organisms [28].

Alternative anti-fouling strategies rely on passive mechanisms to
control biofilm formation on its different stages [29-31], either by
limiting water/moisture retention with hydrophobic materials, reducing
the build-up of organic contaminants, decreasing surface porosity or by
modifying the adhesion between the surface and the cells. The first stage
of biofilm formation involves the adhesion of the microorganisms
(commonly bacteria or microalgae) to the surface through physical
forces, which depends on a number of factors [32] related to: (1) The
composition of the material and cell walls, which determine the
magnitude of attractive or repulsive forces (i.e. electrostatic, Van der
Waals, Hydrogen bonds). (2) Surface roughness, which generally in-
creases the effective area, and morphology of the topographical features.
(3) Exposure conditions, including mode of contamination (e.g. rainfall,
aerosols, flooded elements), flow conditions (e.g. pipe systems) and
composition of the media (e.g. salinity, organic matter content).

Among the eco-friendly methods to control biofouling, super-
hydrophobic surfaces have attracted attention in recent years [33-35].
These surfaces combine a low surface energy and regular micro- or
nano-roughness, leading to high contact angles (>150°) and water
repellence. Their hydrophobic character decreases the absorption of
water and soluble species (e.g. oligo elements, nitrogen sources) in
porous materials, prevent microbial growth, while decreasing the af-
finity for polar EPS. In addition, these surfaces are defined by a
Cassie-Baxter state, characterized by the entrapment of air pockets be-
tween the roughness valleys and water, which leads to a decrease of the
effective area for attachment of cells and pollutants and facilitates the
detachment of biofilms. On the flip side, these surfaces can sometimes be
ineffective and even promote biological colonization [36]. This may be
due to the limited stability of the Cassie-Baxter state, which can be easily
perturbed by contaminants (biogenic or abiotic) or physical damages to
the topography, leading to a Wenzel wetting regime. Under these cir-
cumstances, cell and EPS adhesion may actually increase due to their
high roughness and the differences in the microorganism-substrate
interfacial tension in comparison with a hydrophilic surface [37,38].
Multiple studies have shown that [32,37,39], in some aqueous systems,
the adhesion of different microorganisms to a surface can increase on
materials with a low surface energy. This has been explained in basis of
surface free energy balance by OWRK model and Good’s geometrical
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mean equation [32,39], as the cell walls have a high contribution of the
dispersive (non-polar) components, and more detailed analysis using
extended DLVO theory [32,37] have reached similar conclusions.
However, contradictory experimental results are found in literature [32]
due to the influence of multiple factors on bacterial attachment
(roughness, ionic strength of the media, bacterial motility and rigidity,
hydrodynamic conditions ...) [32]. Considering how the surface prop-
erties of cells (polarity, electrostatic charge, hydrophobicity) vary
enormously from one microorganism to another, it is difficult to predict
the anti-fouling effectiveness of strategies based on surface
modification.

A possible solution to the limitations raised above is the combination
of superhydrophobic surfaces with actives biocides in such a way that
the superhydrophobic surface would modulate cell adhesion and limit
water absorption, while the biocidal agent would enhance anti-fouling
performance at longer exposure intervals. The combination of these
surfaces with nano-biocides has been reported in different materials
including fabric [38,40,41] or metals [42-44], and our previous reports
show potential application on building materials [45,46]. At the same
time, the effect of nano-biocides is also dependent on their capacity to
interact with the cell structures [47,48], and is generally favored as the
attraction forces increase. Thus, changes in surface-cell adhesion forces
can lead to opposing effects related to the initial (passive) cell attach-
ment and cell survivability. In our previous works [39,46], we found
that the incorporation of AgNPs in a superhydrophobic coating was able
to offset the increased adhesion of cyanobacteria and microalgae after
the surface switched to a Wenzel state, but contradicting results were
obtained in tests with Gram - bacteria and a yeast on organically
modified silica (ormosil) xerogels.

This work aims to evaluate and understand the factors that deter-
mine the antifouling efficacy of a superhydrophobic and biocidal
multifunctional surface treatment formulated for the protection building
materials, focusing on the physical interactions (electrostatic, interfacial
tensions) of the biocide component and the coated surfaces with the
microorganisms and considering topography aspects, wetting properties
and toxicity of the biocide. While the individual effect of these factors is
well-known, their combination is seldom considered in the design of
anti-fouling coatings. To this end, the study was performed on mortars
treated with ormosil-based coatings containing Si/AgNPs modified to
obtain a positive charge to increase their contact with the cell walls, and
specific experiments were set up to evaluate interactions, initial cell
adhesion and cell survivability of Gram + & Gram — bacteria and yeast.
This information about the influence of different factors on the anti-
fouling capacity can be potentially extrapolated to different multifunc-
tional coatings for the protection of building materials, allowing to help
in the design and optimization of tailored solutions for varying systems
and working conditions.

2. Materials and methods
2.1. Synthesis of the nanoparticles and coatings

The AgNPs/N-[3-(Trimethoxysilyl)propyl]ethylenediamine-modified
SiO, (Ag/N-SiO2) were synthesized in a three-stage process, according
to the methodology reported in previous works [45]. In summary, the
process involves: (1) the synthesis of AgNPs from NaBHy4 by reduction of
AgNOs, (2) functionalization of SiO;NPs with N-[3-(Trimethoxysilyl)pro-
pyllethylenediamine (EAPTMS) and (3) grafting of the AgNPs to the
functionalized SiO;NPs via wet deposition, by mixing 1 g SiO with 200 ml
of a ~56 ppm AgNPs dispersion (1% nominal Ag content). For comparison
purposes, non-functualized particles (Ag/SiO;) were synthetized by
omitting the second step. A detailed description of the process is available
in supporting information.

In order to prepare the coatings, the synthesized nanoparticles were
incorporated into a hydrophobic formulation based on an ormosil
(Organically Modified Silica), synthesized by a sol-gel route (henceforth
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named BIOC). In addition to the product containing the Ag/N-SiO,NPs,
a product without NPs was synthesized as a control (henceforth referred
as HYDRO) to account for the influence of the ormosil matrix over the
effectiveness and interactions with the cells. The precursors used for the
sol-gel synthesis were a commercial product based on tetraethyl ortho-
silicate with dioctyltinlaurate as a catalyst (OH100, Wacker Chemie,
Germany) and a polydimethylsiloxane with an average chain length of 5
Si-O units and 5% terminal Si—~OH groups (PDMS, ABCR, Germany). The
starting sols were synthesized according to the general process reported
in previous work [45]. The typical synthesis process consists on the
following steps: (1) dispersing the particles in a 2% w/v proportion in
the silica precursors (86% v/v OH100, 14% v/v PDMS) under an ul-
trasonic bath for 10 min, (2) adding n-octylamine in a 0.083% v/v
proportion (3) sonicating for 10 min at a power of 2 W/cm® using a
BANDELIN HD 3200 ultrasound probe, with titanium probe model
TT25. A detailed description is available in supporting information.

2.2. Application as coatings

The substrates selected for the study were cement mortars, prepared
according to EN 196-1 with standardized CEN sand and CEM I 42.5R
cement, with a 0.5H,0/Cement proportions and a 1/3 Cement/Sand
ratio. Prismatic 16x4x4 cm® blocks were cured for 28 days under 90%
RH, cut into 4 x 4 x 2 cm® specimens and dried 4 days at 40 °C prior to
application of the coatings. Application of the different products was
done by brushing following the general process: (1) the sol is applied
until apparent saturation (c.a. 0.200 kg/mz), (2) the product is allowed
to absorb for 6 min, (3) a second layer is applied by repeating steps 1 and
2, (4) the excess product is removed with an air gun at 2 bars. After
application the specimens were cured and dried under laboratory con-
ditions (20 °C, 45% RH) for 21 days.

2.3. Microorganisms and cell cultures preparation

Five different reference laboratory microorganisms were employed
for the bioreceptivity and cell-surface interaction tests, namely: two
Gram + bacteria (Bacillus subtilis, Staphylococcus aureus), two Gram-
bacteria (Escherichia coli, Pseudomonas fluorescens) and a yeast (Saccha-
romyces cerevisiae). B. subtilis (CECT 497), S. aureus (CECT 240),
P. fluorescens (CECT 378) and E. coli (CECT 101) strains were acquired
from the Spanish Type Culture collection. S. cerevisiae strain were iso-
lated from an industrial alcoholic fermentation process and preserved in
the culture collection of the Microbiology Laboratory of the Faculty of
Marine and Environmental Sciences (University of Cadiz). Fresh bacte-
rial cell cultures were prepared in LB media and incubated for 24 h at
30 °C (for B. subtilis, P. fluorescens and S. aureus) and 37 °C (for E. coli).
S. cerevisiae cultures were prepared in YPD media and incubated at 28 °C
for 48 h.

2.4. Characterization techniques

Surface charge of the nanoparticles and microorganisms’ surfaces
was studied by measuring the zeta potential using a Zetasizer Nano-ZS
equipment from Malvern Instruments. Prior to the measurements, the
Ag/SiO5 nanoparticles were dispersed in distilled water (10 mg in 5 ml)
and stirred for 10 min in an ultrasonic bath. For determination of the
microorganisms’ Z-potential, the fresh cultures were diluted in sterile
de-ionized water to a concentration of 10* CFU/ml.

Contact angles of water and CHjl; were determined through the
sessile drop method, employing a video-based, software-controlled
contact angle analyzer (OCA 15 plus, Data Physics Instruments). Static
contact angles (SCA) were determined using 2.5 pl droplets (5 pl for
water CA on the coated mortar surfaces). Water repellence on the coated
mortars was determined by the hysteresis between advancing and
receding contact angles, measured after adding and removing 2.5 pl to
the droplet volume, respectively. Capillary water absorption of the
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mortar specimens was measured according to UNE-EN 1925 standard,
by placing the surface in contact with water and registering the weight
variations over time. Water absorption coefficient was determined as the
slope of the AM/A (kg/mz) Vs \/t (s’l/ 2) curve.

Surface energy of the surfaces and microorganisms, along with their
polar and dispersive components, were calculated from the contact
angle measurements of two probe liquids, water and CHyly, using the
Owens, Wendt, Rabel and Kaelble (OWRK) method [49]. A description
of the calculations is available at supporting information. In order to
minimize the influence of roughness and porosity over the SCA, the
SiO,NPs samples were prepared by compacting the powder into pellets
[50]. Cement mortars samples were prepared by sampling the surface,
grinding with a rubber cap, passing through a 100 pm sieve to separate
large sand grains and compacting into pellets. The flat hydrophobic
coating surfaces were prepared by casting 0.5 ml the sols in flat bottom
12-well microplates and curing for 60 days. The SCA was measured on
the surface in contact with the plate. Bacteria and yeast mats for SCA
measurements were prepared by collecting the cells on a nylon filter
(pore @ 0.22 pm) to a density of 108 CFU/mm?. To avoid the interference
of initial water content [51], the filters were equilibrated at room con-
ditions (20 °C, 40% RH) for 30 min before mounting them into a holder
with double-sided tape. The SCA measurements were determined at the
initial contact time with the liquid.

Scanning Electron microscopy images (SEM) were registered using a
NOVA NanoSEM apparatus (from FEI), in secondary electron mode
working at an acceleration voltage of 5.0 kV. The samples were gold
sputtered with a 5 nm conductive layer. The SEM specimens colonized
with microorganisms were previously fixed in 2% glutaraldehyde solu-
tion and dehydrated with successive washes of ethanol/water mixtures
(20%, 40%, 60%, 80% and 100%).

2.5. Evaluation of cell-surface interactions

The contribution of electrostatic forces to the interaction of the cells
with the NPs was studied by measuring the variations in Z-potential of
the cells in the presence of the functionalized (N-SiO5) or bare SiO;NPs.
The particles without Ag were chosen for the tests to avoid interferences
induced by its toxicity. For the tests, 5 ml of the 10* CFU/ml cell cultures
were mixed with 1.2 mg of the nanoparticles (so that the concentration
of the NPs falls below the measurement range) and homogenized in the
ultrasonic bath for 1 min. The Z-potential measurements of the micro-
organisms were performed before and 4 min after the NPs addition.

The contribution of the non-electrostatic forces to the NPs-cell and
substrate-cell adhesion was studied by calculating the solid-cell inter-
facial free energies (AF,qp) from the polar and dispersive components of
their surface energies. For a solid-cell-liquid system, this adhesion en-
ergy can be expressed as follows:

AFuh =Vse =¥ = Ya

Where vy is the solid-cell interfacial free energy, vy is the solid-liquid
interfacial free energy and y is the cell-liquid interfacial free energy.
The interfacial free energy between any two phases is calculated from
their surface tension components using Good’s geometric mean
approach:

Yo =rn+r=2[(7r) "+ (r173) 1/2]

2.6. Biocidal activity of the nanoparticles

The biocide effectiveness of the Ag/SiO, nanoparticles against the
microorganisms was determined through the plate microdilution
method. The assays performed in 96-well plates, adding 50 pl of the NPs
dispersions and 100 pl of a 10° CFU/ml cell culture, for increasing NPs
proportions of 100-10,000 ppm. The negative controls corresponded to
wells containing the same NPs concentrations with 100 pl culture media
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(w/o cells). Positive controls were prepared by adding 50 pl sterile water
and 100 pl cell culture. Cell growth was assessed by measuring optical
density (ODggp) with a ThermoFisher Scientific-Multiskan Go spectro-
photometer at the initial time and after 24 h. To avoid setting of the
cells/particles, the plate was stirred every 2 h. Cell growth inhibition
was calculated according to the following formula:

(TFSample - TOSample) - (TFCM - TOCM)

% Inhibition=1 —
‘ (TFGrowts — TOGrown) — (TFem — TOcm)

100

Where TOsample and TFsample correspond to the initial and final values
(after 24 h) of each well with the cell culture and particles, TOgrowth and
TFGrowth correspond to the initial and final values of the control w/o
NPs, TOcm and TF¢y correspond to the initial and final values of controls
w/0 microorganisms. The ECso values were calculated by regression
analysis of the normalized values using Quest Graph™ EC50 Calculator
[52].

Susceptibility of the microorganisms to the AgNPs was studied by a
semi-quantitative methodology described by Suppi et al. [53]. This
methodology was chosen because, in the presence of the culture media,
the bare AgNPs experienced a gradual red shift in the SPR band, inter-
fering with the ODggg readings. Briefly, fresh cell cultures were prepared
at 0.02 ODggp and incubated at the optimal temperature for 3 h. After-
wards, the culture media was separated by centrifugation and the pellet
was re-suspended in sterile water. 96-well microplates were prepared by
adding 100 pl of cell suspension and 100 pl of AgNPs suspension in
deionized water to each well (nominal Ag concentrations in the 1-50
ppm range) and incubated at the optimal growth temperature for 24 h.
Afterwards, 5 pl of each well were inoculated as a spot in Petri dishes
with optimal solid culture medium for growth and incubated for 24 or
48 h. Cell viability was assessed by determining whether growth
occurred for each concentration.

2.7. Bioreceptivity assay on mortars

In order to evaluate the effect of the coatings on initial cell attach-
ment and the inhibitory effect of the AgNPs, a methodology from pre-
vious works was adapted [45]. This methodology simulates a
quasi-static system and prevents gravitational setting of cells on the
surface. Specifically, the mortars were placed facing down on a Petri
dish containing 15 ml of the cell cultures diluted to 10° CFU/ml, covered
and gently stirred for 2 h. Afterwards, half of the replicates were
sampled with a sterile swab to determine the initial cell attachment and
the rest were removed from the plates, flipped upside down and incu-
bated for 24 h (see section 2.4) and subsequently sampled. A set of
replicates was also prepared for observation by SEM.

The microbial activity was determined by the chemiluminescence
measurement of the total ATP present on the surface with a LUMI-
NULTRA ATP® 2ND GENERATION model luminometer using the De-
posit and Surface Analysis kit from the same manufacturer. The relative
light unit values were converted to pg (ATP) per area unit by comparison
with a reference ATP solution. The fundamentals of the method and
calculations are available at supporting information.

3. Results and discussion
3.1. Characterization of the Ag/SiO2 nanoparticles

The surface properties and size of the nanoparticles, which are
exposed to the surface on the superhydrophobic coatings, are among the
factors that influence the interaction with the cell walls and, subse-
quently, the biocide effect of the AgNPs. In relation to these effects, Ag
toxicity towards the microorganisms is dependent on the particle size,
dispersion and concentration on the carrier SiO;NPs surface. To account
for these factors, a comparative study is presented between the bare and
—NHy functionalized SiO;NPs.
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As detailed in previous studies by the authors [39,45], the size and
distribution of the AgNPs over the SiO;NPs differs depending on the
functionalization. The TEM micrographs (available in supporting ma-
terial, Fig. S1) show that the AgNPs are distributed unevenly over the
SiO4 surface, and a majority of the particles are detached from it. The
size of the supported AgNPs is larger compared to the bare AgNPs and
large particles (>100 nm) are detected. This effect is attributed to ag-
gregation phenomena during the synthesis process and the low inter-
action forces with the SiO, surface, which is limited to electrostatic
interactions. Functionalization of the SiO5, on the other hand, leads to a
homogeneous distribution of the AgNPs over the N-SiO, surface and
their size is similar to the bare AgNPs. This is attributed to the strong
interactions of the surface -NHy groups with the Ag surface through
ligand-metal bonds. Further evidence of the interactions is found on the
yield of the deposition process (Table 1), which increases from 67% to
92% (nominal Ag content was set to 1%) for the functionalized SiO,.

Surface charge, estimated through the Z-potential values (Table 1),
determines the contribution of electrostatic interactions with the cell
walls—generally possessing a negative charge—that influence attach-
ment stages and the contact with the biocide. Bare SiO5 particles display
a negative Z-potential, which is consistent with the acid character of the
Si—OH groups on their surface (pH of the NPs dispersion was <4). After
functionalization, the Z-potential of the N-SiO;NPs becomes positive
due to the basic character of the -NHy groups, that possess a positive
charge density and/or positive charge in their protonated form. Depo-
sition of AgNPs over the bare SiO4 barely modifies the magnitude of the
charge, whereas a decrease was observed for the functionalized
N-SiO2NPs (albeit the charge was still positive). Considering that the
bare AgNPs show a positive charge due to lactam groups of the capping/
stabilizing agent (PVP), this can be directly related to blocking of the
—-NHy groups by the AgNPs.

To account for non-specific interactions other than electrostatic
forces (e.g. Dipole-dipole, London dispersion), the polar and dispersive
components of the SiO;NPs surface energy were determined (Table 2).
The bare SiO;NPs present a relatively high surface energy, mainly rep-
resented by their polar component. This high polarity may be attributed
to the silanol groups on their surface. The functionalized N-SiOoNPS
showed a similar dispersive surface energy, and the polar component
only decreased slightly, likely due to the lower polarity of -N-H bonds
compared to —O-H.

3.2. Characterization of the coating and mortar surfaces

Bacterial adhesion on a material is a complex process that depends
on multiple factors [32], including but not limited to surface-cell
interaction forces, surface roughness and topography or wetting prop-
erties. Along with the initial attachment, water retention inside the
material promotes biofilm growth.

The surface energy of the materials conforming the substrate and
coatings is presented in Table 2. For the mortar, the surface energy was
determined on two systems, representative of the components exposed
on the surface: (1) the cementitious matrix (referred as cement), mainly
composed by the cement hydration products (portlandite, calcium sili-
cate hydrate, ettringite ...). (2) Quartz, which is the main component of
the sand. The cementitious matrix shows a relatively high surface energy

Table 1
Properties of the Ag and SiO,-Ag nanoparticles used in this study.

Size (Ag)/nm % Ag"/%wt. Z-potential/mV

Ag 11.8 + 3.6 n/a 9.8 + 0.4
Si0, n/a n/a —27.6 + 0.4
N-SiO, n/a n/a 455+ 1.3
Ag/SiO, 15.0 + 6.1 0.67 + 0.05 —24.7 £ 0.4
Ag/N-SiO, 9.2 +3.2 0.92 + 0.02 30.7 £ 0.4

 Determined by ICP-AES. Nominal content 1%.
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Table 2
Surface energy and its polar and dispersive components of the material surfaces,
calculated by OWRK method.

y°/erg-cm 2 yP/erg-cm™2 y/erg-cm 2 “Polarity/%
SiOy 17.8 52.8 70.6 75
N-SiO, 17.7 47.3 65.0 73
“Cement 27.2 41.9 69.1 61
"Quartz 36.8 22.2 59.0 38
HYDRO 30.4 2.8 33.2 8
BIOC 36.4 0.7 37.1 2

@ Corresponding to the mortar cementitious matrix.
b Corresponding to the sand used in the mortar preparation.
¢ Calculated as y*/y *100.

with a major contribution of the polar component, owing to the presence
of polar groups (e.g. Si-OH, Al-OH, hydration H2O molecules) and/or
trapped ions (e.g. Ca?"). The y value for quartz is lower, and its
dispersive component is more significant. On the other hand, the
HYDRO and BIOCIDE gels, representative of the coatings, have a lower
surface energy with a minimal contribution of the polar component. This
is characteristic of the presence of aliphatic alkyl chains in the xerogel
structure, formed by co-polymerization of the alkylsiloxanes, alky-
lalkoxysilanes and TEOS. By comparing the HYDRO and BIOC surfaces,
a slight increase is observed in the y values of the latter, attributable to
the presence of the N-SiO;NPs. Anyways, the differences are of little
relevance and the effects of surface roughness on the measurements
cannot be fully discarded.

Changes on surface topography after application of the coatings,
down to the sub-micron scale, are presented in the SEM micrographs
(Fig. 1). The untreated mortar surface (Fig. 1A-C) is characterized by an
irregular roughness at the micrometric scale, where typical morphol-
ogies of cementing phases are visible (portlandite hexagonal plates,
ettringite needles, foil-like C-S-H). After treatment with HYDRO
(Fig. 1D-F), the surface presents a slightly more compact aspect,
specially in the micrometric range, where the polymerization products
are partially covering the features observed on the untreated mortar. At
higher magnification, the coating presents irregular or poorly defined
foil-like structures, which are consistent, respectively, with the forma-
tion of organically modified silica by auto-condensation and C-S-H gel
by reaction with the cement matrix [54]. In a similar vein to the un-
treated mortar, no regular patterns are observed in the surface
morphology. The surface treated with BIOC presents more marked dif-
ferences due to the presence of the Ag/N-SiOoNPS (Fig. 1G-H). As
evidenced by the micrographs, the particles accumulate on the surface,
creating a compact layer that covers the topographical features and
leads to a flatter profile at the micrometric range. At higher magnifi-
cations, though, it can be observed that the (50-100 nm) particles are
arranged in such a way that the surface presents a high nano-roughness
characterized by regularly spaced peaks.

Wetting properties of the surfaces (Table 3), which depend on their
roughness and surface energy, influence the water absorption capacity
and the adhesion of microorganisms or extracellular matrix components
to the surface, all of them factors involved in the different stages of
biofilm formation. The untreated mortar, in line with its high surface
energy, behaves as a hydrophilic material, with static contact angles
below 30° (it should be noted that accurate measurements are difficult
to the quick absorption). After treatment with the HYDRO coating, the
surface shows a marked hydrophobic character with a SCA of 141°. The
low surface energy of the coating (~30 erg cm™2) by itself does not
suffice to explain such high values, as typical SCA values on ormosils
range in the 90-110°. As observed in the SEM micrographs (Fig. 1), the
HYDRO surface shows a rough aspect with disordered features at the
micron and sub-micron scale, which contribute to an increase in the
apparent contact angle according to the Wenzel wetting model [55].
Specifically, the Wenzel model states that, for a surface with a random
roughness, the static contact angle is proportional to the extended
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Fig. 1. SEM micrographs of the mortar surfaces. (A-C) Untreated. (D-F) Treated with HYDRO. (G-I) Treated with BIOC.

Table 3
Wetting properties (static contact angle and hysteresis), capillary water ab-
sorption coefficient and total water absorption after 48 h of the mortars.

SCA/° Hysteresis/° WAC/kg-m 257172 TWU/%w
Untreated <30 n/a 0.030 3.4
HYDRO 141+ 4 15+1 0.005 0.6
BIOC 153 + 2 7+1 0.001 0.2

area/projected area ratio. Another characteristic of a Wenzel surface,
observed for the HYDRO surface, is the pinning of the water droplets, as
they fully impregnate the roughness features, which is evidenced by
relatively high contact angle hysteresis (>10°). The BIOC surface, on the
other hand, is characterized by a superhydrophobic behavior (SCA
>150°, Hysteresis <10°), which, considering its similar surface energy
respect HYDRO, can be attributed to the promotion of a Cassie-Baxter
wetting regime due to its surface topography [56]. The presence of
regularly spaced roughness features at the nanometric scale promotes
the entrapment of air pockets between the surface and water, decreasing
the interaction forces (which explains the water repellence phenomena)
and increasing the contact angle proportionally to the amount of
entrapped air.

Different authors have reported that the low interaction of super-
hydrophobic surfaces with aqueous systems and polar substances is an
effective route to decrease cell deposition and/or facilitate the detach-
ment of biofilms [34,36,57,58] by cleaning actions, as a combination of
the high contribution of the air-solid interface and the presence of
roughness valleys smaller than the cell dimensions [31,59]. However,
the superhydrophobic surfaces may be ineffective and even increase cell
attachment under favorable circumstances [32,36]. Examples of factors
causing this behavior include: (1) Contamination of the surface causes it
to transition to a Wenzel state, which implies an increase of the effective
contact area. (2) Non-polar substances—including some of the cell wall
components—may attach more strongly to hydrophobic surfaces. (3)
The effect of the roughness valleys on cell attachment is dependent on
their morphology, size range (e.g. its relevance decreases at smaller
sizes) and the rigidity of the cell walls.

Aside from surface phenomena, water absorption capacity of the
materials is related with their bioreceptivity, as water availability is
essential for microbial growth. This factor is the main reason why hy-
drophobic or waterproof coatings are commonly used to control the

growth of molds and algae on building materials susceptible to damp-
ness. The capillary absorption coefficient and total water absorption
(Table 3), calculated from the absorption curves (see Fig. S2 in sup-
porting material), of the mortars before and after treatment evidence a
clear decrease due to the hydrophobic character of the coatings, with
reductions in the 80-95% range. This mostly results from the low surface
energy of the coated pore walls, which significantly decreases the
capillary suction forces [60]. The slightly lower absorption of the mortar
treated with BIOC respect HYDRO is likely because the compact
nano-SiO, coating partially covers the surface pores.

3.3. Study of cell-surface interactions

Biofilm formation and biofouling processes involve multiple stages
which depend on different factors related to the environment, the ma-
terials and the specific microorganisms [32]. These processes become
even more complex when the changes in the system over time are
considered. Regardless of this, the initial stages of biofilm formation are
essential to the progress of the process. Specifically, the first stage in-
volves the attachment of the cells (generally bacteria) to the surface via
non-specific attraction forces with the cell walls (electrostatic, Van de
Waals) and/or specific interactions [32], with the former depending
exclusively on the physical-chemical properties of the substrate and the
cell walls.

In order to study the influence of electrostatic forces, the Z-potential
of the microorganisms was measured and its variation, after contact
with the non-functionalized (negative charge) and functionalized (pos-
itive charge) SiO, particles, was determined (Fig. 2A-B). In accordance
with other studies found in literature [61,62], all the microorganisms
present negative Z-potential values due to the charge densities of their
outer wall components. More specifically, this charge is influenced by
the presence of negatively charged peptidoglycan in the case of Gram +
and Gram - bacteria [61], lipopolysaccharides in the case of Gram —
bacteria, and B-glycan, chitin and mannoproteins in the case of the yeast
[62]. The differences between microorganisms depend on multiple
factors, including the strain and metabolic state, that affect the structure
and composition of the external cell walls. The more negative value
observed for E. coli is consistent with data reported by other authors [63]
and may be related to the negative charge density of the lipopolysac-
charide layer.

The interaction with the SiO,NPs causes in all cases changes of the
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Fig. 2. Study of the cell-surface interactions. (A) Z-potential of the microorganisms before and after contact with the SiO5 nanoparticles. (B) Variations of Z-potential
expressed as absolute value. (C) Surface-cell adhesion forces in aqueous system, calculated from the interfacial energies balance. (D) Surface-cell adhesion forces

calculated for the functionalized and bare SiO, nanoparticles.

cells’ Z-potential, which are indicative of the interactions, and the in-
fluence of the particle surface charge becomes evident by the consis-
tently higher magnitude of these variations with the positively charged
N-SiO;NPs. On the one hand, the Z-potential of the cells experiences
relatively low changes towards negative values after contact with the
bare SiO,, which are expected considering the electrostatic repulsion
should hinder the particle-cell contact. On the other hand, the positive
charge of the N-SiOoNPs generates an electrostatic attraction, which
may explain the overall variations of Z-potential over four times higher
in comparison with the bare SiOoNPs. In the case of B. subtilis, the trend
is maintained but the differences between particles are less marked.
Although B. subtilis is coincidentally the organism with a lower surface
charge, this factor alone would not suffice to explain the observed
behavior, as the differences for E. coli were not the highest despite it
having the more negative charge. Considering that the differences in
surface energy between the particles (Table 2) and non-specific cell-
surface adhesion forces (Fig. 2D) are subtle, it can be assumed that the
observed behavior is governed by both electrostatic and specific in-
teractions with the surface Si-OH and —-NHy groups.

The obtained results are in line with a previous work from the au-
thors [39], where it was observed through Z-potential measurements
that the electrostatic interaction of the particles with algae and cyano-
bacteria significantly increased for the -NHy functionalized SiO, parti-
cles. In the aforementioned work, a more evident effect of the
microorganism surface charge was observed, though it should be
considered that their differences were more marked and one of the or-
ganisms possessed domains with positive charge. Other authors have
also observed [37] a marked difference in bacterial cell adhesion to gold
surfaces functionalized with positively charged -NH; and negatively
charged —-COOH groups respectively, and the attributed the adhesion
kinetics to the former to a diffusion-controlled process with no activa-
tion energy or with values below the thermal energy. Overall, the
electrostatic charge of the surfaces has been consistently reported by
different researchers as a factor with a high influence on microbial
adhesion [32].

Other than electrostatic interactions, the non-specific attraction
forces (e.g. London, dipole-dipole) may play an important role on the
initial cell attachment, although their effect is not as straightforward and
there are conflicting reports in scientific literature [32], since it also
depends on the environment (i.e. medium composition, flow conditions

...) and it is difficult to isolate them from other factors under experi-
mental conditions. In a simplified manner (assuming no specific in-
teractions), it is possible to estimate the work of adhesion of a cell to a
surface through the balance of interfacial tensions in the cell
wall-surface-water (medium) system, which ultimately depends on the
non-specific polar and dispersive forces. A lower (more negative) work
of adhesion indicates that the formation of the cell wall-surface interface
is thermodynamically favorable. For the present work, the work of
adhesion was calculated, using Good’s geometric mean approach, from
the polar and dispersive surface energy components of the materials
(Table 2) and microorganisms (Table 4). The calculations considered
adhesion in an aqueous system (y* = 51.0 erg cm 2, yD =21.8erg em™2),
as all bioreceptivity and biocidal tests were performed in diluted culture
media with similar surface tensions.

By comparing the work of adhesion (AFpqp) calculated for the bare
and functionalized SiO;NPs (Fig. 2D), it can be observed that the
interaction with the cells is disfavored for the former (except for E. coli),
and the functionalization slightly increases the adhesion. In any case,
the values for the work of adhesion are low and the differences do not
reach +2.5 erg em 2 for neither of the microorganisms, suggesting that
these non-specific interactions do not play a significant role in the Z-
potential changes from the experiment described previously (Fig. 2A).
Regarding the trends, it can be observed that adhesion to the bare SiO; is
favored for the microorganisms with a higher contribution to the polar
component, whereas the trend is inverted for the N-SiOoNPs, which
coincidentally become slightly less polar after functionalization.

The differences in AFpqy, become more pronounced when comparing
the other surfaces relevant for this study (Fig. 2C), namely: the cement
mortar (matrix), quartz (aggregate) and the HYDRO xerogel (coating).

Table 4
Surface energy and its polar and dispersive components of the microorganisms’
surfaces, calculated by OWRK method.

yP/erg-em =2 y*/erg-cm 2 y/erg-cm 2 “Polarity/%
E. coli 19.5 44.2 63.6 69.4
P. fluorescens 25.3 12.4 37.7 32.9
B. subtilis 19.9 239 43.9 54.6
S. aureus 20.3 29.1 49.4 58.9
S. cerevisiae 31.3 20.0 51.3 39.0

2 Calculated as y*/y *100.
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For all microorganisms, the magnitude of AFaqp is the lowest on the
N-SiO3, which is expected considering their surface energy and polarity
are close to water, minimizing the cell wall-media interface tensions.
The adhesion becomes more favorable as the substrate surface tension
and polarity decrease in the order mortar < quartz < HYDRO. In fact,
the differences increase for the microorganisms with a lower polarity up
to the point that the absolute values of AFpqy on the HYDRO surface are
one order of magnitude higher than on mortar for P. fluorescens and
S. cerevisiae. In the case of E. coli, which has the highest polarity and
surface energy, the trend is maintained but differences are less
remarkable.

This higher adhesion of the microorganisms to the hydrophobic
surfaces is in line with previous works from the authors [39], where it
was also determined that the effect of the hydrophobic surface was more
marked for cyanobacteria species with a low polarity (Synechococcus sp.)
compared with those containing highly polar cell wall components
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(Phormidium sp.). Oh et al. [37] also found in their experiments that a
decrease in surface energy of coated surfaces with controlled chemistry
increased the number of attached E. coli and S. aureus cells, which they
attributed to a higher contribution of the Van der Waals forces
decreasing the total energy of the system.

To have a better understanding of the trends observed for the work of
adhesion, it is necessary to define the different interfacial tensions
involved in the cell wall-substrate-media triple interface and how the
material and cell composition affect them. The interfacial tension (ya.g)
defines the free energy involved in increasing the contact area between
two phases A and B, meaning that lower interfacial tensions are more
favorable. Attachment of a cell on a substrate—assuming monolayers
and disregarding cell-cell interactions, as we are considering only the
initial stage of biofilm formation—involves an increase of the cell-
substrate contact area (defined by yc.s) and an equivalent decrease of
the cell-water (yc1) and substrate-water (ysy) areas. Fig. 3 shows the

Pseudomonas fluorescens

2

AFadh (erg-cm

.2)

AFadh (erg-cm

Fig. 3. Estimation of the cell-surface adhesion forces, in an aqueous system, varying the polar and dispersive components of the surface energy. The dots represent

the surfaces tested in this study.
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variations of the work of adhesion—calculated from the surface energies
balance—for each microorganism with the polar and dispersive com-
ponents of the substrate surface energy. For all cases, adhesion is dis-
favored at higher values of the polar component of the substrate,
whereas the influence of its dispersive component is comparatively
lower and it depends on the polarity of the microorganism surface (i.e.
its increase favors cell adhesion for S. cerevisiae and P. fluorescens, or-
ganisms with the least polar contribution).

Independently from the microorganism, one of the factors that favors
cell adhesion to the hydrophobic surfaces (i.e. HYDRO) is the relatively
high energy of the surface-water interface, as, in contrast with water,
these are characterized by a low surface tension with a major contri-
bution of the dispersive component (Table 2). As a consequence,
reducing the water-substrate contact area on surfaces such as HYDRO,
whose yg.1, values are >30 erg cm ™2, would contribute to decreasing the
energy of the system. The opposite holds true for hydrophilic surfaces
with a distribution of their polar and dispersive components similar to
water, such as the mortar and silica with yg|, values < 5 erg cm 2,

On the other hand, the contribution of the cell wall-water interface
highly varies for the different microorganisms. In general, the yc.1, values
(Table 5) follow an inverse trend to the polarity, rather than the total
surface energy of the cell wall, with the minimum found for E. coli (ycL
= 0.3 erg cm~2) and the maximum for P. fluorescens (yc1 = 13.2 erg
cm~2). In other words, the decrease of the cell-water interface area will
contribute favorably to the adhesion on a surface for those organisms
with a less polar cell wall.

The cell wall-substrate interface generally has a higher influence
than the cell-water one, and the differences in interfacial tensions vary
heavily with the microorganisms. In the case P. fluorescens, the interfa-
cial tension (yc.s) is lower for the hydrophobic surface (HYDRO) respect
to the hydrophilic phases (mortar, silica), and the differences between
substrates with varying surface energies are more marked due to the low
polarity of the cell’s surface. This higher stability of the cell-substrate
interface, along with the high cell-water surface energy explains why
the highest adhesion on hydrophobic surfaces is calculated for this
microorganism. For the rest of the microorganisms, the yc g values are
actually higher on the HYDRO surface, although the differences respect
to the hydrophilic substrates are relatively low (~5-13 erg cm™2) except
for E. coli. Therefore, the higher energy of the cell-substrate interface on
a hydrophobic material is offset by the decrease in the total energy
promoted by the reduction in the substrate-water (ys > 30 erg cm™?)
and, to a lesser extent, cell-water (yc.w ~3-8 erg cm?) contact areas. On
the other hand, the differences in substrate-cell surface energy for E. coli
with hydrophobic or hydrophilic substrates are in a similar range
(20-25 erg cm™2) to the substrate-water interface, and its cell-water
interface energy has a low contribution (0.3 erg cm™2) due to the
cell’s high polarity. In this case, the energies of the substrate-water and
substrate-cell interfaces practically compensate each other, leading to a
lower influence of this factor over the initial adhesion.

It is worth mentioning that the considerations based on surface en-
ergy balances are mostly representative of the initial stages of cell
attachment and do not take into account specific interactions, hetero-
geneities of the cell wall nor the influence of elastic deformation forces
[37]. At longer time scales, other factors may modify the involved sur-
faces or the attachment processes, including but not limited to: (1) The

Table 5
Surface tension values calculated for the cell-water and cell-solid interfaces.
YL Ycs Ycs Ycs Ycs
(water)/ (mortar)/ (HYDRO) (quartz)/ (~N—si02)/
erg-cm 2 erg-cm 2 erg-cm 2 erg-cm ™2 erg-cm 2
E. coli 0.3 0.7 25.9 6.5 0.1
P. fluorescens 13.2 8.7 3.7 2.5 14.7
B. subtilis 5.1 2.6 11.5 3.1 4.0
S. aureus 3.1 1.7 14.9 2.9 2.3
S. cerevisiae 8.0 4.1 7.8 0.3 7.7
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secretion of extracellular substances (EPS) and their adsorption on the
substrate can alter its surface energy and charge, as well as promote
specific interactions with the cells and formation of clusters [64]. (2) At
high cell densities, the bacteria may be able to produce and release
chemical signals that regulate gene expression, affecting key processes
in biofouling such as EPS secretion, motility or cell division [65]. (3)
Certain motile bacterial species, including E. coli, possess chemotaxis
mechanisms [65] that allows them to detect and respond to chemical
gradients through specific receptors. Specifically, it has been found that
E. coli produces exopolysaccharides, which promote the formation of
bacterial clusters.

3.4. Biocidal activity of the nanoparticles

The susceptibility of the different microorganisms to the toxic effects
of the active biocide agent is, along with the adhesion properties, one of
the factors that determine the antimicrobial effect of the coatings. As
noted by different authors [47,48], the biocide effectiveness of nano-
particles depends not only on the release of soluble species (e.g. Ag™") to
the media, which is governed by their size and composition, but also on
their ability to interact with the cell surface promoting contact mecha-
nisms and localized release of toxic ions. This interaction capacity is
ultimately determined by the adhesion forces (e.g. electrostatic,
dipole-dipole, London ...) and the specific area of the particles or their
clusters.

In order to check the susceptibility of the tested microorganisms
towards Ag without interference from the carrier SiONPs surface
properties and aggregation processes, a semi-quantitative spot test [53]
was performed (Table 6).

In all cases, it was observed that the minimum inhibitory concen-
tration (MIC) of the AgNPs, falls below 10 ppm, demonstrating that the
active component is expected to present toxic effect in the concentration
range used for the coatings (c.a. 200 ppm in the BIOC sol). P. fluorescens
and S. cerevisiae were the most sensitive species, showing total growth
inhibition at 1 ppm Ag, whereas growth was partially inhibited at 1-5
ppm for E. coli, S. aureus and B. subtilis. Silver nanoparticles have been
generally found less toxic to Gram + bacteria than Gram - [48], which is
in line with the obtained results. The higher resistance of Gram + bac-
teria has been attributed to the thicker peptidoglycan layer of their outer
wall (20-80 nm), which protects against physical damages by the par-
ticles and hinders the uptake of Ag" ions. On the other hand, the lipo-
polysaccharide layer on the outer wall of Gram - bacteria possess
negatively charged domains that can increase the uptake and accumu-
lation of released Ag™ ions.

Toxicity of the silver supported over the carrier SiO; follows a
different trend, manifesting the influence of surface phenomena and
particle aggregation. The dose response curves (Fig. 4) and the obtained
EC50 values (see Fig. 5B for values normalized for Ag concentration) fall
in ranges consistent with the spot test, with inhibitions of 35-70% in the
100-500 ppm Ag/SiO3 (c.a. 1-5 ppm Ag) and values in the 75-80% at
higher concentrations, where the spot test showed total growth inhibi-
tion. Overall, the spot test showed a higher activity of the bare AgNPs at

Table 6
Susceptibility of the microorganisms towards the AgNPs, according to the “spot
test”. (-) Total inhibition. (+-) Partial inhibition/biostatic effect. (++) Normal
growth.

E. coli P. fluorescens S. aureus B. subtilis S. cerevisiae

50 ppm - - - - -
40 ppm - - - - -
30 ppm - - - - -
20 ppm - - - - -
10 ppm - - - - -
5 ppm +- - +- +- -
1 ppm +- - +- +- -
Control ++ ++ ++ ++ ++
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lower concentrations, which can be attributed to their lower tendency to
aggregate and the differences in the experimental setup (e.g. some
components of the liquid media in the micro-dilution test contain -NHy
and -SH moieties that can interfere with AgNPs). It should be noted that,
at high Ag/SiOy concentrations, ODgg values are less precise due to
turbidity of the media. In both tests, inhibition was the highest for
P. fluorescens, indicating that its susceptibility is the predominant factor.
S. cerevisiae, on the contrary, showed a lower susceptibility to Ag/SiO».

Toxicity of the functionalized particles (Ag/N-SiO2) with positive
charge was, in most cases, similar or higher than the negatively charged
Ag/SiO4 (see EC50 values in Fig. 5). For E. coli and P. fluorescens, the
differences are of little significance, suggesting that the effect of the Ag is
predominant over the SiOy surface under the test conditions. Surface
charge, however, played a more relevant role in the tests for B. subtilis
and S. cerevisiae, decreasing EC50 by a factor of 4-5 for the N-SiO5 with
positive charge. As pointed out by different researchers [45,47,48], a
positive electrostatic charge can enhance the contact of the biocides
with the cell walls, which is in line with the Z-potential measurements
(Fig. 2A), and increase their effectiveness. While this phenomenon likely
occurs under our experimental conditions, the differences in EC50 do
not follow the same trend as those in electrostatic interactions, even
showing a lower effect for Ag/N-SiO; in the case of S. aureus. The

differences in non-specific forces of adhesion (Fig. 2D), on the other
hand, are too small to justify these differences. Thus, it can be assumed
that other unaccounted for factors are affecting the results, namely: (1)
the functionalization process of the Ag/N-SiO, particles makes them
more susceptible to aggregation phenomena, as reported in works using
similar synthesis processes for Ag/TiO5 systems [66]. This leads to a
lower effective area and subsequent decrease in toxicity. (2) The
different microorganisms may possess specific interaction mechanisms
with the particles surface, especially in the case of N-SiOy which has
—-NHy groups, similarly to common biomolecules.

3.5. Bioreceptivity of the mortars

Bioreceptivity of the mortar surfaces and the capacity of the biocide
to inhibit cell growth were evaluated through the ATP measurements on
the surfaces at short times after inoculation and after incubation for 24
h. Under the test conditions, the effect of gravitational setting is mini-
mized, and the ATP signal (proxy for the number of cells) at 2 h is
representative of the initial cell attachment on the surface. These in-
teractions are complex and depend on the magnitude of the interactions,
partially determined by electrostatic charge and surface energies of the
cell all and material surface, and factors related to surface topography
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Fig. 6. Results from the bioreceptivity test on the untreated and treated mortars. %Decrease corresponds to the different between t[ATP] at 2 h and 24 h.
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(e.g. roughness, morphology, surface pores) [32,67].

The ATP measurements at 2 h for the different the microorganisms
(Fig. 6) show a number of general trends that can be related to the
characterization data and cell properties. When comparing the un-
treated mortars with those coated with the hydrophobic primer
(HYDRO), different behavior is displayed by the Gram - (E. coli and
P. fluorescens) and Gram + (S. aureus and B. subtilis) bacteria. The Gram —
bacteria showed a lower adhesion to the hydrophobic surface, whereas
the Gram + bacteria attached more strongly, especially in the case of
B. subtilis. The yeast S. cerevisiae displayed a similar trend to the Gram +
bacteria. As predicted from the interfacial tension calculations (Figs. 3
and 2C), the force of adhesion by non-specific interactions is in all cases
higher for the hydrophobic coating than the hydrophilic substrate
(composed by quartz and cement matrix). On the other hand, the effect
of the coating on other surface properties may contribute to decrease cell
adhesion and offset the adhesion forces. More specifically, (1) the SEM
micrographs (Fig. 1) evidence a decrease in micrometric roughness
features after coating with HYDRO. Multiple studies have demonstrated
that rough surfaces in the micron scale (similar to the cell size) promote
cell adhesion due to their higher specific area. (2) Surface charge of the
mortars at neutral and basic pH is generally positive [68,69] due to the
adsorption of Ca?* ions, whereas the HYDRO coating forms a silica gel
(ormosil) which typically has negative charge due to the acidic Si-OH
groups on its surface.

In the case of E. coli, the influence of surface energy over cell adhe-
sion is the lowest (Fig. 3), which may explain why the other opposing
factors are predominant. The behavior of P. fluorescens, however, is
contradictory with the adhesion force calculations and, while the test
with the SiO, particles showed a high influence of electrostatic forces
over the surface-cell interactions (Fig. 2A), this factor alone would not
suffice to explain the differences. Thus, the results suggest that adhesion
of Gram - bacteria seems more influenced by specific interaction
mechanisms. As an example, some authors [32] have identified the role
of fimbria/pilli on the early stages of biofilm formation, which promote
the interaction between cells (manifesting in cluster formations) and
certain abiotic surfaces. Similarly, cell motility and properties of the
flagella have been identified by some authors as relevant factors.
Adhesion of the tested Gram + bacteria seems to be mostly influenced by
the non-specific adhesion forces, as the trend of the ATP values matches
the calculated forces (Fig. 3), where the higher adhesion is observed on
the hydrophobic surfaces and the differences with the untreated mortar
become more marked for B. subtilis. Anyways, deeper characterization
studies would be required to discern the effect of cell-specific mecha-
nisms from physical interaction forces.

By comparing the ATP measurements on the HYDRO and the BIOC
surfaces, a clear increase of cell adhesion on the latter is observed for all
the microorganisms despite its superhydrophobic character. The anti-
fouling capacities of superhydrophobic surfaces have been studied by
different authors [34,36,57,58], as their low interaction with aqueous
systems (i.e. Cassie-Baxter state), self-cleaning effect, and topographical
details smaller than cell size can hinder cell adhesion and facilitate
biofilm removal under flow conditions. However, the first two effects
are lost when the surface switches from a Cassie-Baxter to a Wenzel
state, which is a common effect of contamination with organic matter (e.
g. EPS, atmospheric pollutants), and the increased roughness can in-
crease cell adhesion if their wall is sufficiently flexible.

Under the experimental conditions used in this study, a number of
factors may contribute to the higher adhesion on the superhydrophobic
surface, namely: (1) the experimental measurements showed that the
surfaces after inoculation switch to a Wenzel state (SCA ~ 120°, H ~
20°). Under these conditions, the effective contact area is increased due
to their high nano-roughness, promoting cell adhesion due to their high
affinity for the hydrophobic surfaces (see Fig. 3). (2) The BIOC coating
contains positively charged N-SiO;NPs exposed on the surface (Fig. 1)
that promote cell adhesion through electrostatic attraction, as evidenced
by the Z-potential experiments (Fig. 2A and B). (3) The experimental
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setup simulates static/low flow conditions, which are more represen-
tative of the working conditions of building elements exposed to the
environment.

An evidence suggesting the influence of the N-SiO3 positive charge is
found when comparing the differences between bacterial adhesion on
HYDRO and BIOC. Specifically, this difference is more marked for
P. fluorescens and S. aureus, which coincidentally are the bacteria that
showed a higher shift in Z-potential after contact with the N-SiO;NPs
(see Fig. 2A and B). In a similar vein, the difference in adhesion is lower
for E. coli, which showed the lowest sensitiveness to the particle charge
and surface hydrophobicity (Fig. 3), suggesting that the increase in
roughness may have a lower effect. Another factor that may influence
the initial adhesion results is cell motility, as suggested by the remark-
ably higher increase in adhesion observed for S. aureus and S. cerevisiae,
which are both non-motile organisms. In the case of the yeast, this aspect
may explain in part why the differences are high despite a comparatively
low influence of the N-SiO,;NPs electrostatic charge. The effects of cell
motility on adhesion to abiotic surfaces have been studied by different
authors [32], who suggest some organisms take advantage of chemo-
taxis mechanisms to move away from unfavorable surfaces or counter
weaker physical adhesion forces. Identifying if such effects occur in the
test conditions of this work, however, would require deeper studies (e.g.
comparison with mutant strains w/o functional flagella).

The ATP measurements after incubation for 24 h evidence how
survival of the microorganisms was affected by the substrate and coating
composition, which, along with the differences in initial number of
attached cells can even mask the effect of the biocide agent (Ag/
N-SiO3). With the exception of S. aureus, cell survivability decreased on
the untreated mortar surfaces, which can be attributed to cell wall lysis
processes that occur at the basic pH of this material (ranging from 10 to
12). Similar observations have been made by other authors when fresh
mortars are compared to carbonated ones [13], where pH drops to the
8-9 range. According to our measurements with pH strips, the water in
contact with the untreated surface (60 s) showed pH of 10.5-11.0. On
the other hand, the samples coated with HYDRO generally presented a
lower reduction of cell survivability, and a growing trend was even
observed for E. coli and S. aureus. Although hydrophobic coatings are
known to decrease bioreceptivity of porous materials by limiting water
availability, this factor seems to be of minor relevance under our
experiment conditions, where it can be offset by the surface properties.
The pH measurement of the coated surfaces indicated a value of 8.5-9.0,
attributable to the acidic nature of the silica gel and a lower interaction
of the cement phases with water. In addition, the higher initial cell
attachment observed for some organisms may contribute to this
observation.

The effect of the biocide component on the mortars treated with
BIOC was only observed for S. cerevisiae, S. aureus and P. fluorescens, and
the decreases in t[ATP] are not directly correlated to the EC50 values of
the Ag/N-SiO2NPs, indicating that surface phenomena and interactions
with the cells had a greater impact than susceptibility to Ag. Interest-
ingly, the microorganisms where the effect of the biocide was observed
are those which showed the highest differences in initial cell attachment
(t[ATP] values at 2 h) between HYDRO and BIOC surfaces. As reported
by different authors [47,48], promoting a better contact of biocides with
the cell wall via electrostatic or other interactions can increase their
effectiveness. This observation is in line with our previous works [39,
45], where it was observed that similar coatings (applied on stone)
presented a higher inhibitory effect when the Ag/SiO, particles were
functionalized to present a positive charge. Therefore, the higher
attachment of the microorganisms, compared to HYDRO, due to the
surface properties of BIOC can be offset by the biocide agent
(Ag/N-SiO2NPs) as long as its contact with the cell walls is favored. It
should be noted that, the measurements after 24 h may also be affected
the deposition of organic components from the culture media or secre-
tion of extracellular substances, as suggested by the presence of deposits
observed in the SEM micrographs (Fig. S3). These exogenous materials
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may alter the surface properties (e.g. charge, surface energy), cell
viability or interact with the biocide decreasing its effect (e.g.
complexation of Ag™ ions by —SH of -NH, groups).

4. Conclusions

Antimicrobial effectiveness of the studied multifunctional super-
hydrophobic/biocide ormosil coatings, formulated for cementitious
materials, depends simultaneously on a complex combination of effects
related to the surface properties (electrostatic charge, surface energy,
wetting, pH, topography), microorganism species and effectiveness of
the biocide (toxicity of the component, interaction with cell walls). To
study these factors, a comparison was made with the untreated mortar
and a hydrophobic coating without the biocide component (function-
alized Ag/SiO, nanoparticles). The effect of the silica particles func-
tionalization with —-NHy groups (Ag/N-SiO;) was also assessed by
comparison with bare Ag/SiOs.

Under conditions where water availability is not a limiting factor for
cell growth, it was found that hydrophobic and superhydrophobic
coatings may lead to an undesired increase of cell attachment at the
early biofilm formation stages, which limits the anti-fouling effective-
ness of the coating.

In general terms, the surface tension calculations indicated that the
cell-substrate adhesion forces via non-specific interactions are higher on
hydrophobic surfaces than hydrophilic ones, especially for microor-
ganisms with a less polar cell wall. The effect of the surface energy
dispersive component is minor in comparison to the polar component.
The contribution of these forces has been observed experimentally in the
ATP measurements of the surfaces after 2 h in contact with the cell
cultures, although it may be offset by opposing factors, mainly the
decrease in surface porosity and smoother profile of the coated surface.
The type of cells was found relevant on this balance, as the attachment to
the hydrophobic surface was more favored for the Gram + bacteria and
yeast. Further studies would be necessary to identify whether this effect
is mediated by specific interactions. In comparison with the hydropho-
bic surface, the superhydrophobic one showed a higher tendency to
initial cell attachment, as it switches to a Wenzel wetting state,
increasing the effective contact area due its higher nano-roughness. This
difference was more marked in the non-motile microorganisms.

An evident effect of the electrostatic charge (from the z-potential
values) was observed for the interaction of the biocide nanoparticles
with the cells, where functionalization with positively charged groups
increases cell-particle contact. The magnitude of this interaction, how-
ever, is not proportional to the z-potential of the cells, which suggests
the influence of cell-specific mechanisms. In general terms, the positive
charge increased the biocide effect of the Ag/SiO, particles during the
micro-dilution assay, although aggregation phenomena should be
considered. Similarly, it was found that the biocide effect of the coating
with Ag/N-SiO, particles (after incubation for 24 h) increased for the
microorganisms where electrostatic interactions showed a higher effect,
suggesting that contact with the biocide plays a key role. Toxicity of the
silver itself could not explain the trends observed for the coating.

The results of this work highlight how the use of hydrophobic and
superhydrophobic coatings as anti-biofouling strategies should be
carefully considered depending on the substrate properties and working
conditions, as there are different factors that can make them more sus-
ceptible to initial stages of colonization. The combination with biocide
nanoparticles can offset such effects by inhibiting subsequent cell
growth, but their effectiveness is similarly affected by cell-surface in-
teractions, which greatly vary between different microorganisms. Thus,
the insight obtained about how the cell and surface properties affect the
interactions may help in the design and optimization of coatings tailored
to different materials and applications.
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