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ABSTRACT

Silver-fluoropolymer (Ag-CFx) composed of encapsulated bioactive nanophases within a thin polymer coating are
promising antimicrobial films with excellent bioactivity. In this contribution, we report on Ag-CFx thin films
obtained by ion beam co-sputtering, accurately tuning film thickness, and inorganic loading. The Ag-CFx films
were characterized by spectroscopic and scanning probe microscopy techniques with respect to composition and
swelling behavior. Next to electrothermal atomic absorption spectroscopy (ETAAS) studies, scanning electro-
chemical microscopy (SECM) experiments in combination with anodic stripping voltammetry (ASV) were carried
out to study the release mechanism of silver(I) from the embedded silver nanoparticles (AgNPs). Silver(I) con-
centration profiles at the Ag-CFy films in contact with water resulted in a release of 1310 = 50 pg L™} (n = 3)
after 27 h of immersion and corresponded well to the swelling of the films. The antimicrobial properties towards
biofilm formation of P. fluorescens were studied by attenuated total reflection Fourier-transform infrared (ATR-
FTIR) spectroscopy during a period of 48 h. The obtained IR data revealed biofilm inhibition due to the presence
of the antimicrobial layer but also indicated potential surface re-colonization after 30 h of contact with the
bacteria-containing solution. The occurrence of cyclic changes in the characteristic IR bands correlated with
apparent stress of bottom-layered bacteria, along with re-colonization on top of dead biomass, indicative of
potential cannibalism events.
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1. Introduction

Bacterial biofilms represent a major cause of serious health issues in
human medicine and the food industry, due to their ensuing resistance
against harsh conditions and pharmacological treatments, in compari-
son with their planktonic counterparts [1]. Biofilms are defined as
well-organized three-dimensional structures comprising cells rooted in a
viscous matrix build-up by extracellular polymeric substances (EPS) [2].
This intricate system, mainly composed of polysaccharides, nucleic
acids, and proteins, is dynamic, and its structure is strongly influenced
by a plethora of parameters such as biofilm age and exterior conditions,
e.g. nutrients deficiency, and attack of different agents [3]. The forma-
tion of biofilms is a complex multi-stage process, in which bacteria
transmute from planktonic to sessile form. The interaction between
bacteria in a biofilm and the surrounding environment can largely
determine the extent and the composition of the bacterial colonies [4].
Depending on the stress conditions to which biofilms are exposed (e.g.
the presence of antimicrobial agents), bacterial colonies can activate
different survival strategies [5,6] including a cannibalistic response that
may occasionally occur [7]. This behavior involves the secretion of
cannibalism toxins, which favor the damage and death of bacteria from
the same colony and the generation of lysed cells acting as nutrients.
Methodologies for the investigation of biofilm formation have been
developed or adapted to gain a comprehensive understanding of biofilm
physiology, structure, and composition to find novel and more effective
eradication strategies [8-10]. Biofilm growth may occur during
extended timespans [11]; therefore, not only long-term effective bac-
terial treatments are required, but also appropriate analytical methods
to study the long-term behavior of biofilms. Among others, attenuated
total reflection Fourier-transform infrared (ATR-FTIR) spectroscopy is a
powerful technique that provides in-situ and real-time monitoring of
biofilm lifecycles with molecularly specific details on the first attach-
ment stages [12,13].

Within the last decades, novel strategies to prevent biofilm growth
have been developed and, among others, antimicrobials based on
nanoparticles (NPs), such as ZnONPs, AgNPs, and CuNPs [14-16], have
been intensively studied. Despite the numerous and strong antibiotics,
which are nowadays available, infections caused by antimicrobial
resistant bacteria are still a major cause of morbidity and mortality.
Consequently, novel antimicrobial such as nanoparticle-based antimi-
crobial agents have been developed — among those - antimicrobial NPs
and nanosized carriers for antibiotics delivery, which have shown high
effectiveness for treating infectious diseases, including antibiotic resis-
tant ones [15]. In comparison to ZnONPs and CuNPs, AgNPs have the
capability to adsorb onto bacterial membrane, causing “pits” in the cell
wall and consequent apoptosis. Moreover, AgNPs may induce the pro-
duction of reactive oxygen species (ROS), causing oxidative stress to
bacteria [17].

The controlled disposal of antimicrobial agents has been used as a
strategy to release active species at specific rates to attenuate the for-
mation of biofilms. The diffusion and migration processes of antimi-
crobials from NPs embedded in polymers are one of the principal
strategies to achieve controlled release. In recent studies, AgNPs
embedded in a fluoropolymer matrix (Ag-CFx) have shown attractive
properties as biocompatible antimicrobials with a controlled release of
silver(l) ions [16,18-20]. It is known that AgNP-based films exhibit high
antimicrobial properties, as silver(I) ions can damage the cell mem-
brane, penetrate the cell, and induce oxidative stress via the generation
of ROS [21]. The characterization of the antimicrobial films in respect
with the release kinetics of silver(I) ions is therefore important to un-
derstand the efficiency of the antimicrobial films against biofilm for-
mation. Herein, the kinetics of the silver(I) release has been studied
using scanning electrochemical microscopy (SECM) and electrothermal
atomic absorption spectroscopy (ETAAS). SECM is an in-situ scanning
probe microscopy technique [22,23] that utilizes a micro- or nano-
electrode to obtain laterally resolved information on electrochemical
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properties of the investigated sample, such as heterogeneity of electron
transfer kinetics [24,25] but also allows localized quantitative electro-
analysis [26,27]. SECM has been used to investigate the electrochemical
behavior of NPs-modified polymers in respect with the kinetic of silver
(D) release and the AgNP distribution [28,29]. For example, in combi-
nation with voltammetric techniques, such as anodic stripping voltam-
metry (ASV), quantification of soluble electroactive species at
sub-micromolar levels has been achieved [30].

Following previous studies performed by our research group on the
antimicrobial properties of Ag-CFx thin films [20], we investigate here
the antimicrobial effectiveness of Ag-CFx composites against Pseudo-
monas fluorescens biofilms. The amount of silver(I) release could be
determined via SECM and ETAAS and was correlated to the effects on
the surface colonization, with the eradication of the bacterial biofilm
within few hours. The long-term ionic release properties of Ag-CFyx thin
films, and their effect on mature P. fluorescens biofilms have been
studied, correlating ionic release results with biofilm chemical response
to the presence of the antimicrobial material. It should be pointed out
that long-term surface/biofilm interactions pave the way for the possible
evolution of antimicrobial resistance processes; for the first time, we
provide here analytical insights in the events occurring during long-term
interactions. ATR-IR data reveal that bacterial cells can re-colonize on
dead biomass.

2. Material and methods
2.1. Ion beam sputtering deposition of Ag-CFx thin films

Deposition of silver-fluoropolymer composite thin films is already
described elsewhere [20]. Briefly, Ag-CFx nanocomposites were depos-
ited on silicon substrates (SiMat Silicon Materials, <110>, 300 pm,
undoped, single-side polished) by co-sputtering a PTFE target (Good-
Fellow LTD) and a pure silver target (Gambetti-CERAC, 99.999%) with
Ar" beams, at room temperature and a pressure of 102 Pa. The silver
volume fraction was ¢ = 0.25.

2.2. Characterization of Ag-CFx films

Details on transmission electron microscopy (TEM) and atomic force
microscopy (AFM) morphological characterization of Ag-CFx are re-
ported elsewhere [20,31]. TEM analysis was performed with a FEI
(Eindhoven, The Netherlands) Tecnai T12 instrument and AFM mea-
surements were obtained in contact mode using a Keysight Model 5500
AFM system (Keysight Technologies, AZ, USA). X-ray photoelectron
spectroscopy (XPS) measurements were performed using a PHI (Chan-
hassen, MN, USA) Versaprobe II spectrometer, with monochromatized
Al-Ka radiation (1486.6 eV). Experimental details and data treatment
protocols for elemental analysis and peak fitting are described in
Ref. [32]. The binding energy (BE) scale was calibrated taking the Cls
spectrum at BE = 291.8 eV (—CFo- component) as reference.

2.3. Study of silver(I) release kinetics

2.3.1. Electrothermal atomic absorption spectroscopy (ETAAS)

Spectroscopic quantification of the silver(I) released into an aqueous
solution was performed using ETAAS. The Ag-CFx samples were placed
in contact with 500 pL of phosphate buffer saline solution (pH = 6.8, 1 =
0.1, Sigma Aldrich, Trace-SELECT®, for trace analysis, >99.999%,
anhydrous) up to 48 h. 50-uL aliquots were analyzed after a dilution
with 0.2% HNOj (Sigma Aldrich, 65-71%, Trace-SELECT® Ultra, for
ultra-trace analysis), with a Perkin-Elmer PinnAAcle AS 900Z double-
beam spectrometer (Milan, Italy). Further details on instrument cali-
bration and data analysis can be found elsewhere [20]. Data analysis and
processing was performed by OriginPro® 2016 softwareV 9.3 (Origin
Lab Corporation).
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2.3.2. Scanning electrochemical microscopy (SECM)

Electrochemical experiments were performed with a CHI842B
potentiostat (CH Instruments, Austin, TX, USA) in combination with a
three-electrode set-up using a platinum (Pt) counter (CE) and Ag/AgCl/
KCl (sat.) reference (RE) electrode, respectively. A Pt disk ultra-
microelectrode (UME) with a nominal radius of 12.5 pm was used as the
working electrode (WE). Pt UMEs were fabricated according to well-
established procedures [33], sealing a 12.5 pm radius Pt wire (Good-
fellow, Bad Nauheim, Germany) in a borosilicate glass capillary (Hil-
genberg GmbH, Massfeld, Germany). UMEs with RG ratios (i.e., the ratio
between the radius of the glass and the radius of the platinum wire) in
the range of 10-12 were characterized by cyclic voltammetry in 1 mM
ferrocene methanol/0.1 M KCl. Anodic square wave voltammetry
(ASWYV) was used to determine the concentration of the released silver
(I) ions over time. A pre-concentration step of 120 s at —0.2 V vs
Ag/AgCl/KCl (sat) was employed to deposit silver(I) onto the UME
surface. The stripping ASWV was performed at 0.05 V s™! scan rate,
frequency of 25 Hz, 2 mV increments, and 25 mV amplitude. The con-
centration of the silver(I) ions was obtained from the area of the peaks in
the potential range of —0.2 to 0.9 V. The limit of the detection (LOD) and
limit of quantification (LOQ) were calculated based on the standard
deviation of the response (Sy) of the calibration curve and the slope (S),
according to: LOD = 3(Sy /S) and LOQ = 10(S, /S). All experiments
were performed at a tip-substrate distance equal to 79 pm, previously
determined by using feedback mode approach curves, employing oxy-
gen as electroactive species. Prior to the silver(I) release studies at the
Ag-CFx samples, calibration curves were recorded at the Pt UMEs in
AgNOg standard solutions (stock solution 100 pM) using 0.1 M KNOg as
electrolyte. AgNO3; and KNO3 were purchased from Merck (Germany),
and all solutions were prepared in ultrapure water (18.0 MQ cm, Elga
Labwater; VWS Deutschland, Germany). Data evaluation was performed
using Mira software (G. Wittstock, University Oldenburg, Oldenburg,
Germany) and OriginPro® 2019b software, V 9.6.5.169 (Origin Lab
Corporation).

2.4. Swelling measurements via atomic force microscopy

To perform swelling studies, Ag-CFx samples were patterned using
focused ion beam (FIB)-milling (DualBeam Helios Nanolab 600, Ther-
moFisher Scientific, Eindhoven, NL) with an acceleration voltage of
30.0 kV and a milling current of 0.3 nA. Swelling experiments were also
carried out at mechanically removed films (scratches). These patterned
Ag-CFx samples were placed in the liquid cell of the AFM filled with ~
1.0 mL of MilliQ water or buffered solution and imaged at different
immersion times at the same location. Images were acquired using a
Keysight AFM system Model 5500 in contact mode AFM with a scan rate
of 0.75 pm min~! using a silicon nitride cantilever (ORC8 cantilever
with 0.05 N m~! nominal spring constant, Bruker). Data were processed
using Pico Image Basic software, V 5.January 1, 5944 (Keysight
Technologies).

2.5. Morphological characterization of biofilms on Ag-CFx

Non-pathogenic P. fluorescens culture (DMS 50090) with an optical
density (ODggo) equal to 1.6 was grown in 25 g L™! Luria-Bertani broth.
This bacteria suspension was then harvested and resuspended in a
diluted LB medium (0.5 g L™!) and seeded on Ag-CFx films by immersing
them into the bacteria solution and incubate the samples at 30 + 1 °C,
using a shaking incubator (KS 4000ic control, Keison Products, UK).
After 40 h of incubation, the Ag-CFx samples were rinsed twice with LB
medium and MilliQ water. The samples were air-dried, and AFM images
were recorded in air at room temperature in contact mode AFM (silicon
nitride cantilever; nominal spring constant of 0.05 N m™!). The bac-
teriall culture was incubated onto two different Ag-CFx samples: an Ag-
CFy film prior to its exposure for 30 h to MilliQ water (swollen film) and
a pristine Ag-CFx sample. A statistical analysis of bacterial morphology
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variation has been performed using AFM images (20 x 20 pm?) recorded
in air in three different spots of the same sample. Statistical data eval-
uation was performed using ImageJ 1.53e software for the adjustment of
the threshold and IBM SPSS Statistics V 27.0 (Armonk, NY: IBM Corp).

2.6. Monitoring of biofilm formation

2.6.1. Bacterial culture conditions

Non-pathogenic P. fluorescens cultures were prepared by inoculating
5mLof25g L7! sterile Luria-Bertani (LB) broth (dehydrated culture
media, VWR International GmbH, Darmstadt, DE) at 27 4+ 1 °C over-
night, using a shaking incubator (KS 4000ic control, Keison Products,
UK). The resulting bacterial suspension was harvested and re-suspended
in 500 mL of LB medium (25 g L’l) and incubated at 27 + 1 °Cup to a
concentration of 108 CFU mL™!. Bacterial growth was monitored by the
ODggo using a UV-VIS spectrometer (Thermo Scientific NanoDrop One,
Massachusetts, USA).

2.6.2. ZnSe ATR crystal modification

To evaluate the effectiveness of Ag-CFx nanocomposites towards
biofilm inhibition, ZnSe ATR crystals were modified with Ag-CFx
nanocomposites following two different strategies: by covering the
entire surface of the crystal with the Ag-CFx film and by the deposition of
the film only onto the IR-inactive areas along the crystal surface (i.e., in
between the internal reflections of the propagating IR radiation). Hence,
the monitoring of the biofilm formation was investigated, by using (i) a
fully surface-modified crystal, (ii) a partially modified crystal, and (iii) a
pristine crystal, serving as a control specimen.

2.6.3. Characterization via ATR-FTIR spectroscopy

The experimental ATR-FTIR setup has been described elsewhere
[20]. Briefly, the bacterial suspension of 108 CFU mL™! in LB medium
was pumped into the ATR-FTIR flow cell for 2 h, to favor the first
attachment of bacteria at the ZnSe crystal. After 2 h, sterile LB medium
(0.5 g L™1) was pumped during 48 h and the development of the biofilm
was monitored using a Bruker Tensor II Fourier transform infrared
spectrometer (Bruker Optics GmbH, Ettlingen, DE). Changes of the
amide II (1588-1483 cm 1), amide III (1280-1196 em™ Y bands, as well
as the EPS (1187-952 cm™!) and glycogen (1145 cm™!) bands [20,34]
were monitored for 48 h at 15 min intervals, recording spectra with a
resolution of 4 cm™! and an average of 128 scans for each spectrum. All
interferograms were processed using the Mertz phase correction mode,
and the Blackman-Harris three-term apodization function. Water vapor
subtraction and baseline correction were applied on each spectrum.
Data were processed for representation using OriginPro® 2016 soft-
ware, V 9.3 (Origin Lab Corporation).

3. Results and discussion

3.1. Morphological and spectroscopic characterization of Ag-CFx thin
films

TEM and AFM data depicted in Fig. S1 show that the composite
material, obtained by IBS deposition, is homogeneously distributed with
a regular in-plane distribution of the AgNPs and an average NP size
around 10 nm. Surface roughness and film thickness values are 1.48 +
0.06 nm and 133 + 11 nm (n = 3), respectively.

The chemical composition of the Ag-CFx films was obtained by XPS
and the elemental atomic percentages (Table S1) are in agreement with
previous studies performed using a silver volume function (¢) equal to
0.25 with a surface Ag% equal to 4.5 + 0.2. Ag photoelectron (Fig. S2a)
and Auger (Fig. S2b) spectra were curve-fitted according to literature
criteria [35] and led to an o’ (modified Auger parameter) value of 724.0
+ 0.4 eV. The latter resulted to be in-between the value relevant to
elemental Ag, and the one reported for Ag,0 [36,37]. This is reasonably
due to a partial surface oxidation of the elemental Ag nanophases,
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induced by air-exposure of the Ag-CFx films.

Representative high-resolution XP spectra for the studied Ag-CFx
films are shown in Fig. S2. Cls signal (Fig. S2c) was fitted with six
photoelectron components; that were attributed to the presence of
alcoholic, carbonyl, and fluorinated unsaturated functional groups [20].
The F1s spectrum (Fig. S2d) shows a single component at 688.8 + 0.3 eV
(n = 3), which is univocally related to the organic fluorine [19] and
confirms the absence of toxic inorganic fluorides.

3.2. SECM analysis

The quantification of the silver(I) was performed by combining
SECM and ASWV (Fig. 1). The determination of silver(I) consists of two
steps: firstly silver(I) is electrodeposited onto the UME surface and then
(second step) stripped from the surface by the re-oxidation of the
deposited silver, generating a current response, proportional to the
concentration of silver(I).

To optimize the quantitative determination of silver(l), the redox
behavior of silver(I) ions was investigated from the recorded calibration
data. Depending on the concentration of the AgNOj3 solution, several
anodic peaks were observed in the stripping step. Fig. 2 shows the
representative square wave voltammograms at different silver(I) con-
centrations, from 210 pg L™! to 2224 pg L. In the range of 311-1300
pg L~! (lower concentrations), two peaks are observed: a broad anodic
peak at +0.56 V vs. Ag/AgCl and a well-defined anodic peak centered at
+0.37 Vvs. Ag/AgCl. A third sharp peak, correlated with concentrations
of silver(I) higher than 1300 pg L1, appeared at +0.24 V vs. Ag/AgCl.

The electrochemical behavior of silver in neutral and weakly alkaline
solutions has been extensively studied for decades, and the observation
of the stripping anodic peaks in the potential window between —0.2 and
+0.9 V vs. Ag/AgCl has been previously reported. Abduali et al. [38]
describe the appearance of the peaks at +0.37 V and +0.56 V as a
consequence of the formation of silver(I) oxide and silver(Il) oxide,
respectively, according to the following reactions:

2Ag + H,0-Ag,0 + 2H" +2¢~ 3)

Ag,0 +H,0—2Ag0 + 2H" + 2e~ @

It is reported in the literature [39,40] that the peak at +0.24 V might
be associated with the electro-dissolution of silver and the formation of
the complex [Ag(OH)2] :

Ag+20H —[Ag(OH),] +e” (5)

Hampson et al. [40] showed that the stability of the dihydrox-
osilverate(I) in dilute alkaline solutions is due to an equilibrium between
silver(I) oxide and silver(II) oxide. Hence, only the signals arising from
the direct stripping of reduced silver species, i.e., the peaks at +0,37 V
and +0.24 V vs. Ag/AgCl, result in a quantifiable response related to the
actual silver(I) concentration. Fig. 3a and b show the peak deconvolu-
tion of a representative square wave voltammogram and the calibration

SWv
Ag° collection ——> Ag° oxidation
Ago - Ag+ + e

Ag* release
AgNPs —> Ag“.p“"’.-
L

Fig. 1. Schematic showing the silver(I) release, deposition at the SECM tip
and stripping.
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Fig. 2. Square wave voltammograms at different AgNOs; concentrations
measured in the bulk solution with a Pt UME (radius: 12.5 pm and RG = 9).

plot obtained from the sum of the integrated signal of the anodic current
peaks at +0,37 V and +0.24 V, in a concentration range of 211-1947 pg
L™L. In this concentration range, a linear correlation was obtained (R? =
0.99112) and the obtained limit of detection (LOD) and quantification
(LOQ) were determined with 74 pg L™! and 245 pg L™}, respectively.

3.2.1. Silver(I) release kinetics

In-situ information on the release kinetics of silver(I) species from
the Ag-CFx samples was obtained by combining SECM and ASWV
measurements. The concentration of silver(I) was monitored as a func-
tion of time, after the UME was positioned at a distance of 79 pm above
the surface. The UME to sample surface distance was determined by
recording an approach curve above the Ag-CFx surface (Fig. S3) using
oxygen as redox active species [41]. Fig. S4 shows typical square wave
voltammograms obtained for an Ag-CFx sample during the first 27 h of
immersion in 0.1 M KNOs. The concentration of released silver(l) ions
was evaluated by using the calibration curve recorded prior to the SECM
experiments performed at the UME in a 0.1 M KNOs solution with
known concentrations of AgNOs. Fig. 4a shows the concentration pro-
files obtained within the first 27 h of contact of the Ag-CF films with the
aqueous medium. A tendency to follow a pseudo-first order kinetic is
clearly evident (R2 = 0.98606), according to equation (6):

[Agl =[Ag] (1 —¢™) 6

from which the values of the rate constant (k = 0.113 + 0.008 h™ 1)
and the plateau concentration of released silver(l) ([Ag]., = 1310 + 50
ng LY could be extrapolated. The in-situ SECM-ASWV measurements
were also compared with ex-situ ETAAS bulk experiments. Fig. 4b shows
that the silver(l) release measured by ETAAS also follows a pseudo-first
order kinetic (R? = 0.95265) with a release rate equal to 1.6 + 0.7 h7t,
which reaches a plateau at 116 + 7 pg L1, After 24 h, a further increase
of the ionic release was detected, which revealed an almost linear cor-
relation with time. This unexpected release was hypothesized to be
related to substantial film swelling, which in case of extended contact
with aqueous solutions activates a release mechanism that involves not
only silver(I) species located at the thin film surface, but from the entire
3D volume of the film. Due to the hydrophobic nature of the Teflon-like
matrix, as demonstrated in our previous studies [20], we believe that the
penetration and subsequent swelling of the composite film is not im-
mediate, after the addition of the aqueous solution; it becomes
increasingly evident, with a sudden change at about 24 h, due to the
depletion of the inorganic nanophases, leaving a more porous fluo-
ropolymer structure, which is expected to be prone to 3D release
mechanisms, in case of prolonged release and swelling experiments.

The significant difference in the silver(I) concentration between the
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Fig. 3. (a) Peak deconvolution of an exemplary square wave voltammogram (silver(I) concentration in solution equals to 2735 pg LY. (b) Calibration curve (red
line) of silver(I) recorded at a Pt UME with increasing AgNO3 concentrations. The blue lines denote the uncertainty range, and the error bars reflect three repetitive
measurements. Electrolyte: 0.5 M KNOs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. (a) First-order kinetic model of silver(I) release obtained by SECM-ASWYV at a distance of 79.0 pm above Ag-CFx surface. (b) Long-term ionic release kinetics
of Ag-CFx thin film obtained by ETAAS. The error bars reflect the measurement of three different samples.

two experiments can be explained by the difference of the investigated
area (bulk vs. localized) of each technique. In the case of the ETAAS
measurements, as schematically depicted in Fig. 5a (estimated probed
volume), the maximum concentration of released silver(I) after 24 h of
immersion was around 116 pg L™}, which is a weight of silver(I) equal to
0.058 pg in a volume of 500 pL. Considering that the contact area was ©
(1)? em ™2, the total amount of silver(I) released per unit area was
0.0186 pg cm 2. For the SECM experiments, the amount of silver(I) was
calculated based on the electric charge of the stripping step. The charge
was obtained from the anodic peak area of the voltammograms and,
using Faraday’s law (equation (7)), the amount of silver(I) was esti-
mated as:

V=500l

Fig. 5. (a) Schematics of the probed area by ETAAS.

M Peak Area M

"R Fz

@)
v
Here, q is the electric charge in coulomb, M the atomic mass of silver in g
mol ™!, F is the Faraday constant, z the valency of the ion, and v the
stripping scan rate (0.05 V s~!). The total amount of silver(I) was
determined as 1.3 107> + 0.1 107> pg (n = 3). The area of the sample
investigated in the SECM experiment (Fig. 5b) can be roughly approxi-
mated to the total UME diameter (which equals the electroactive
diameter and surrounding glass shielding). Considering an average
radius of 145 pm, obtained by optical microscopy, the total area inves-
tigated was approx. 7.45-10~* cm?, thus the amount of silver per unit

(b) Geometry of a SECM tip approached to the surface and the diffusion layer of silver(I).
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area was 0.0174 pg em 2.

Hence, taking into account the amount of silver(I) released per unit
area, the comparison of the performed experiments (SECM and ETAAS)
revealed an excellent agreement with a relative error lower than 2.5%.

To investigate the kinetics of silver(I) release from the Ag-CFy films,
the data obtained for the first 14 h of immersion, were fitted to the
Korsmeyer-Peppas model [42], which was developed to describe the
drug release from polymeric substrates by combining Fickian and
non-Fickian diffusion. Diffusion is, thus, controlled by the relaxation of
the polymeric chains that is related to the diffusion of water into the
polymer, yielding a swelling of the organic matrix [43]:

M,

=kt" 8
My (®

Here, M; /My is the fraction of drug released in time t, k is the kinetic
rate constant and n is the release exponent, which describes the mech-
anism of the drug release.

Depending on the value of the n exponent, the drug release mecha-
nism can be classified as case-I (Fickian model), case-II (non-Fickian
model), and anomalous transport [44]. In case-I, the drug release is
governed by thermodynamic forces, such as concentration and chemical
potential gradients, and the solvent diffusion rate is higher than the
processes related with the polymeric chain relaxation. Hence in case-I,
the release is controlled only by diffusional processes of the drug. In
contrast, in case-II transport the drug release is influenced by other
physical-chemical processes, such as swelling and polymeric relaxation.
The anomalous transport is an intermediate behavior between case-I and
case-II in which the drug release is controlled by diffusion and swelling,
i.e., the diffusion and the swelling rates are equivalent. In case, the ge-
ometry of the substrate is a slab or a thin film, such as the Ag-CFx
samples, the two limiting cases are the diffusion-controlled release (n =
0.5) and the swelling-controlled release (n = 1.0). Values between 0.5
and 1.0 describe the superposition of both limiting cases.

The log-log plot of [Ag*],/[Ag"],, versus time (Fig. 6) fits quite nicely
to the Korsmeyer-Peppas model, according to the following equations:

Log[Ag"], =Log[Ag"],, + Log(k) + nLog(t) Q)
Log [El:gg:]t =Log(k) 4+ nLog(t) (10)

where [Ag*], is the concentration of silver(l) in time t and [Ag"]_, is the
maximum amount of silver(I) released that was obtained by the study of
the pseudo-first order kinetic. Under the experimental conditions, the

0.1

Log (IAG"VIAg )

08 1 1 1 I 1 1
0.0 0.2 04 0.6 0.8 1.0 12 1.4

Log(t)

Fig. 6. vs. log(t) graph according to the Korsmeyer-Peppas kinetic model of
silver() release at the distance of 79.0 pm above the Ag-CFx surface. The error
bars reflect the measurement at three different samples.
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rate constant was 0.1593 4 0.0001 h™! (n = 3) and the n value was
0.6420 £ 0.0003 (n = 3), suggesting that the silver(I) release was mainly
controlled by the swelling of the Ag-CFx matrix.

According to the literature [45-47], the inherent mechanism of silver
(D) release from the fluoropolymer can be described by firstly diffusion of
the water into the polymer matrix leading to subsequent swelling of the
film and the oxidation of the Ag-NPs to silver(I) ions, which diffuse into
the solution.

3.3. Swelling properties of the Ag-CFx films

Fig. 7a and b show the AFM topography images of FIB-milled
patterned and scratched Ag-CFx samples recorded in air. The heights
of the film were obtained via cross-sectional AFM line-scans (Fig. 7c and
d) at the patterns/scratches. The swelling was calculated according to
the following equation:

Swelling =D; — Dy 11

where D and Dy are the depths of the pattern/scratch in the swollen and
the dry state, respectively.

As expected, the polymeric matrix shows swelling behavior when the
film is in contact with MilliQ water resulting a total swelling of 128 + 5
nm (n = 3) after 14 h of immersion, and at that time also a plateau is
reached (Fig. 7e). Similar behavior was observed in buffered solution
with a slightly reduced swelling behavior of approximately 30 nm
(Fig. S5).

Fig. 7f presents the overlay of the swelling behavior of the FIB-
modified (black dots) and the scratched samples (red dots). We are
well aware that the impact of the Ga™ ion beam on the polymer leads to
increased crosslinking [48-51], which is also confirmed by XPS mea-
surements (see Fig. S6). Interestingly, the altered crosslinking in the area
of the FIB-patterns does not significantly affect the swelling behavior of
the organic matrix within the first 14 h of immersion in MilliQ water,
which is clearly visible in the overlaid data of the swelling behavior of
films with the film mechanically removed and FIB-milled sample, as
shown in Fig. 7f.

3.4. Investigation of P. fluorescens biofilms grown on Ag-CFx thin films

To understand the antimicrobial effect due to the release of silver(I)
from the Ag-CFx films on the growth of biofilms, a culture of
P. fluorescens in Luria Bertani broth (ODggo = 1.60) was incubated at
30 °C for 30 h on either a previously swollen Ag-CFy surface or a pristine
Ag-CFx film. The swollen Ag-CFx was prepared by immersing a pristine
sample in MilliQ water for 30 h to trigger silver(I) release. AFM imaging
was performed to investigate the density and morphology of bacteria
and formed biofilm.

Fig. 8a and b shows AFM topography images of P. fluorescens after the
incubation on the pristine Ag-CFx film and the swollen film,
respectively.

It is clearly evident that the density of bacteria in contact with the
two different films (pristine and swollen) is significantly different. The
swollen film, which is assumed to have a reduced surface atomic per-
centage of Ag due to the release of silver ions [20], shows a higher
bacterial density and the formation of biofilm, as visible in Fig. 8b. The
surface coverage was 41.5 + 0.7% (n = 3) evaluating an area of 60 x 60
um?. Whereas at the pristine sample, where the silver(I) release took
place during the incubation of the bacteria, results in a significant lower
number of bacteria and attenuated formation of biofilm, with a coverage
of 24.1 + 0.5% (n = 3), as shown in Fig. 8b and c, respectively.

It is worth mentioning that after 30 h of incubation on a pristine Ag-
CFx sample, bacteria exhibit also different shapes. Fig. 9a shows that at
the pristine sample, a layer of coccoid round-shaped bacteria are visible
around of rod-shaped cells, while at the swollen film (Fig. 9c), the shape
and size of the bacterial cells show the expected rod-shaped form, which
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Fig. 7. AFM image in air of the (a) patterned
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is the characteristic morphology of the P. fluorescens in the absence of
antibacterial agents [52]. It is well known that as response to environ-
mental stress, such as nutrients starvation, extreme pH conditions or the
presence of antimicrobials, the morphology of bacteria may be altered.
Cefali et al. [53] suggested that the change in morphology from rod-like
to a smaller and coccoid shape can be associated with the reduced en-
ergy requirements to overcome hostile conditions. Hence, the presence
of a layer of round-shaped cells may limit the adverse effects of silver(I)
released from the Ag-CFy film to a new layer of bacteria grown in a less
hostile environment as indicated through the rod-like morphology of the
bacteria.

The morphology of the bacteria was statistically evaluated in terms
of circularity, from three AFM images (area: 20 x 20 pmz) recorded at
different locations of the same sample. Circularity ( #) is defined as the
degree of roundness of an object and is calculated based on equation
12):

Area

& =4n (12)

(Perimeter)*

Thus, values of circularity proximate to 1.0 describe typical coccoid-
shaped cells (with a length to width ratio close to 1.0), while values of
circularity below 0.7 are more characteristic of rod-shaped bacteria with
length to width ratios higher than 2.4-2.5 [52].

ANOVA statistical tests (significance level a = 0.05) show that there
is not significant difference among the three AFM images recorded of
each sample; thus, the pristine and the swollen samples can be assumed
homogeneous. In order to compare the different morphology of the
bacteria in the pristine and swollen samples, the non-parametric Mann-
Whitney U test (« = 0.05) was performed and it revealed that there is a
statistical difference between the circularity, i.e., the morphology, of the
bacteria grown in the pristine (# = 0.68 + 0.04, n = 300) and in the
swollen (¢ = 0.91 + 0.04, n = 300) samples. Fig. 9b and d show the
shape distribution of the bacteria in terms of circularity in the pristine
and swollen samples, respectively.

3.5. Spectroscopic characterization of biofilms grown on Ag-CFx thin
films

In addition, a comprehensive ATR-FTIR study was performed to
evaluate the effectiveness of Ag-CFx nanocomposites towards biofilm
inhibition. Amide I, amide II and EPS bands were monitored over time,
as they are indicative of biofilm formation and proliferation [54]. ZnSe
ATR crystals were modified with Ag-CFx nanocomposites in a variety of
ways. Firstly, only IR-inactive areas along the crystal surface (i.e., in
between the internal reflections of the propagating IR radiation) were
covered with the film, as already demonstrated during short-term IR
biofilm inhibition studies [20]; subsequently, the entire crystal surface
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Fig. 8. Contact mode AFM topography image recorded in air of P. fluorescens after 30 h of incubation on the (a) pristine and (b) swollen surface Ag-CFx. (c) Bar chart
of the measured coverage (error bars reflect the measurements of three different samples).
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Fig. 9. (a) Contact mode AFM topography image of P. fluorescens after 30 h of incubation on a pristine sample and (b) frequency counts of bacteria circularity. (c)

Contact mode AFM topography image of P. fluorescens after 30 h of incubation on a previously swollen film and (d) frequency counts of bacteria circularity. Images
were recorded in air.
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was modified with a 150-nm-thick film. Hence, three different experi-
ments were carried out: (i) using fully surface-modified crystals (ii)
partially modified (i.e., patterned) crystal surfaces, and (iii) control
experiments using a bare crystal without antimicrobial thin film. All
experiments were performed over a 48 h timespan at the same experi-
mental conditions. Fig. 10 shows the time dependence of the band areas
relevant to biofilm development. In the case of the bare crystal
(Fig. 10a), all bands significantly increased as a function of time. After
30 h, the integrated peak areas of amide I and II almost reached a steady
state, indicating a lower attachment of new bacteria to the biofilm and
returning to grow rapidly after 40 h. These findings indicate that bac-
teria start to colonize on existing biomass after almost two days. This is
consistent with findings of Humbert et al. [34] and Stenclova et al. [12],
who observed a similar evolution of amide II and EPS characteristic
bands resulting from bacterial (re-)colonization at the crystal surface
after the maturation/detachment stages [12]. Presence of a thick bio-
film, which exceeds the evanescent field, cannot be excluded [12].

Fig. 10b reveals the evolution of the same bands for a biofilm grown
on a patterned crystal. In general, crystal colonization appeared to be
slowed down by the presence of the antimicrobial coating. Instead, the
EPS band grew faster showing a strong increase after 15 h and 30 h,
respectively. This may be related to the attempt of recolonization of
biofilm on top of dead biomass [34]. Fig. 10c describes the variation of
band area as a function of time for a fully modified crystal. It is evident
that there is no biofilm attachment at the crystal surface. This can be
indicative of the fact that the Ag-CFx thin film exerts not only an anti-
bacterial action, but also shows an antifouling effect. Following these
general observations, the spectra were evaluated in more detail studying
the evolution of selected peaks of the three different experiments. In
particular, the bands relevant to amide II (~1550 cm™!), glycogen
(~1145 cm_l) and nucleic acid phosphate groups (~1220 cm_l) were
evaluated. It is known that a sharp decrease of Amide II band is asso-
ciated with the removal of biofilm sections from the colonized surface
[55] (Fig. 11a). This removal can be either due to the accumulation of an
excessive amount of biomass at the colonized surface, or due to
stress/starvation. The experiment using a bare crystal revealed that the
band decreased after approx. 30 h, which could be related to an exces-
sive accumulation of bacteria and to partial detachment of the biofilm
[56]. For the patterned crystal, the intensity decreased after approx. 20
h, probably because of the stress induced by the antimicrobial material
(for contact times >7 h, the silver(I) concentration in solution reached
its maximum), and the band intensity returned to its initial level after 40
h indicating a possible re-colonization of the surface. No colonization
was observed for the completely modified crystal. Regarding DNA and
RNA phosphate groups (i.e., nucleic acids), an increase of the band
associated to the asymmetric POy stretching vibration from DNA and
RNA is an indication of the increase in metabolic activity of the biofilm
[571 (Fig. 11b). For the bare crystal, metabolic activity was continuously
increasing except a slight shift at approx. 10 h. For the patterned crystal,
the intensity decreased after 20 h, because of stress induced by the
antimicrobial film followed by a gradual increase during the remaining
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experiment. This is indicative of a likely re-colonization of the surface.
Absence of colonization was confirmed for the completely modified
crystal.

An additional comparison of the evolution of glycogen and amide II
band was also performed, as shown in Fig. S7 and comments therein. As
expected from the AFM experiments, images obtained by optical mi-
croscopy at the interface of the coated and the bare areas of the ZnSe
crystal (Fig. S8) show similar round-shaped bacteria in the areas with
the presence of the Ag-CFx film, whereas predominantly rod-shaped
bacteria are visible on the bare crystal.

4. Conclusions

This work demonstrates the efficiency of a second-generation anti-
microbial nanomaterials based on Ag-NPs embedded in a fluoropolymer
matrix (Ag-CFx). The advantage of these films is a low toxicity which is
evident based on the absence of potentially toxic inorganic fluorides,
confirmed by XPS experiments. Silver(I) release from Ag-CFx has been
investigated using SECM in combination with ASWV. The results
confirmed the inherent relation between the kinetic of the antimicrobial
release with the swelling of the organic film, which could be confirmed
by the Korsmeyer-Peppas mathematical model. We could show the
antimicrobial effect of the Ag-CFx surfaces against Pseudomonas fluo-
rescens revealing the difference in density of the formed biofilm and the
morphology of the bacteria for pristine and swollen Ag-CFx films. Ac-
cording to the literature, bacteria exhibit a coccoid shape to counteract
the effect of the presence of antimicrobial silver(I), while in an envi-
ronment with an expected reduced concentration of antimicrobial
(swollen films), bacteria grow without any change in the morphology.
Also, the antimicrobial properties of the Ag-CFx films were confirmed by
long-term experiments (48 h) performed with ATR-FTIR spectroscopy.
The absorption bands related to the amide I, amide II, EPS, and glycogen
vibrations were investigated, and we could show that the silver(l)
release can slow down surface colonization and enables the eradication
of the bacterial biofilm within few hours. ATR-FTIR data also confirmed
that bacterial cells can re-colonize on dead biomass when the latter is
thick enough to prevent direct interaction with the antimicrobial sur-
face. In other words, dead biomass in direct contact with the active
coating may behave like a sink for ionic silver, lowering its availability
in case of further bacterial colonization of the same surface. In conclu-
sion, this study represents an excellent approach for investigating bio-
film formation on antimicrobial surfaces over extended periods of time.
It is a promising strategy to better understand the early stages that lead
to the antimicrobial resistance phenomena.
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