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Against the increase of bacterial resistance to traditional antibiotics, antimicrobial peptides (AMP) are considered
as promising alternatives. Bacterial biofilms are more resistant to antibiotics that their planktonic counterpart.
The purpose of this study was to investigate the action of an AMP against a nascent bacterial biofilm. The activity
of dermaseptin S4 derivative S4(1-16)M4Ka against 6 h-old Pseudomonas fluorescens biofilms was assessed by
using a combination of Attenuated Total Reflectance-Fourier Transform InfraRed (ATR-FTIR) spectroscopy
in situ and in real time, fluorescence microscopy using the Baclight™ kit, and Atomic Force Microscopy (AFM,
imaging and force spectroscopy). After exposure to the peptide at three concentrations, different dramatic and
Antimicrobial peptide fast changes over time were observed in the ATR-FTIR fingerprints reflecting a concentration-dependent action of
ATR-FTIR spectroscopy the AMP. The ATR-FTIR spectra revealed major biochemical and physiological changes, adsorption/accumulation
AFM of the AMP on the bacteria, loss of membrane lipids, bacterial detachment, bacterial regrowth, or inhibition of biofilm
Fluorescence images growth. AFM allowed estimating at the nanoscale the effect of the AMP on the nanomechanical properties of the
sessile bacteria. The bacterial membrane elasticity data measured by force spectroscopy were consistent with
ATR-FTIR spectra, and they allowed suggesting a mechanism of action of this AMP on sessile P. fluorescens. The
combination of these three techniques is a powerful tool for in situ and in real time monitoring the activity of

Keywords:
Bacterial biofilm

AMPs against bacteria in a biofilm.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Biofilms are complex assemblages of microorganisms embedded in a
self-produced exopolymer matrix attached to material surfaces [1].
Formation of biofilms is a major economic and health problem in
numerous areas from food production to medical implants or water
distribution systems. Compared with the planktonic counterparts, the
bacteria present in a biofilm can tolerate up to 1000 times more
disinfectant or antibiotic [2,3]. Bacteria growing in a biofilm are
physiologically distinct from planktonic cells of the same bacteria.
The reduced biocide susceptibility of bacteria in biofilms is primarily
a function of biofilm structure and composition (delayed penetration
of the antimicrobial), but may also be influenced by the physiologic
state of bacteria within the biofilm (alteration of the cellular growth
rate), adaptive responses (repression or induction of genes), occurrence
of persisters even in young biofilms [4,5]. Consequently, their eradication
requires higher antibiotic concentrations which unfortunately favour the
emergence of multi-resistant strains. Antimicrobial peptides (AMPs) are
considered as an alternative to conventional antibiotics since they are
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not specific, and they are less susceptible to give bacterial resistance
[6-8]. Several mechanisms of action are proposed in the literature.
The peptides can act by membrane permeabilization and/or as metabolic
inhibitors [9,10].

Among the hundreds of antimicrobial peptides discovered,
dermaseptin S4, an antimicrobial peptide expressed in amphibian skin,
showed a broad antimicrobial activity [11]. It is a linear cationic peptide,
which is structured in a-helix in apolar solvents [12]. However, this
natural antimicrobial peptide having high antimicrobial effects is also
toxic [13-16]. The modification of dermaseptin S4 was therefore
performed in order to increase its antimicrobial effects and decrease its
toxicity [15,17]. Notably, shorter derivatives have shown to keep a very
good antimicrobial activity with a significant decrease of their toxicity
[14-16].

The studies of the activity of antimicrobial peptides against bacterial
biofilms are quite recent. They deal principally with the inhibition of the
formation of a bacterial biofilm analysed after a definite number of
hours of the AMP action by usual methods of microbiology, and
sometimes microscopy [18-28]. They conclude to the inhibition of the
formation of the biofilm often by the analysis of fluorescence or scanning
electron microscopy images recorded at the end of the experiments.

These studies gave a picture of the biofilm after several hours of
action of the antimicrobial agent. A better understanding of biocide action
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can only be possible by gaining more insight into their molecular
mechanisms of action against sessile bacteria inside the biofilms.
Such a goal is possible by probing and tracking in situ, at the cellular
and/or molecular scales, and in real time the changes induced by
AMPs in bacterial cells. Vibrational spectroscopies can be used for
such a purpose [29-32]. Among the possible tools, the Attenuated
Total Reflectance-Fourier Transform InfraRed (ATR-FTIR) spectroscopy
could be a valuable tool. Indeed, because its depth of analysis is typically
of the order of 1-2 pm, the ATR-FTIR technique enables, via the ATR-
FTIR fingerprints of biomolecules, to monitor in situ not only the initial
stages of biofilm formation but also, subsequently, the response of the
base sessile bacteria monolayer to environmental condition changes.
It has been successfully employed to explore biofilm formation and
biocide transport at solid-liquid interfaces at the molecular scale
[33-38]. Furthermore, Atomic Force Microscopy (AFM) is a very attrac-
tive tool for studying many biological applications [39-41], such as
molecular recognition [42], proteins/proteins interactions, cell/proteins
interactions [43], and many other largely intermolecular forces
governed phenomena. The ability to detect very low forces (~10 pN)
and the high lateral resolution (<10 A), along the ability to operate in
real time [44] under aqueous or physiological conditions [45,46] with
minimal sample preparation [47], makes it a good technique for studying
biological systems [48]. In addition to its ubiquitous role in the investiga-
tion to observe morphological changes induced by the action of an
antimicrobial peptide as it was performed on planktonic bacteria
[49-51], the AFM can be exploited to probe in situ the nanomechanical
properties (Young modulus) of the bacterial cells upon action of an
antimicrobial peptide [52,53].

The aim of this work was to assess the potential of this physico-
chemical approach to in situ and in real time monitor the changes
induced by one antimicrobial peptide in sessile bacterial cells over the
early stages of biofilm formation. For this assessment, we have
chosen to probe in situ the activity of dermaseptin S4 derivative
S4(1-16)M4Ka against a 6 h-old Pseudomonas fluorescens biofilm.
This peptide has shown a high antibacterial activity with a low toxicity
[15]. We show here how ATR-FTIR can monitor the interaction of an
AMP with sessile bacteria in a young biofilm, in situ and in real time.
In addition, the bacterial membrane integrity was assayed by the
Baclight™ kit and AFM was used to visualize the local effect of the anti-
microbial peptide upon the cell morphology and nanomechanic
properties.

2. Materials and methods
2.1. Antimicrobial peptide

S4(1-16)M4Ka is a cationic peptide modified from dermaseptin S4.
Its amino acid sequence is ALWKTLLKKVLKAAAK-NH, [15], and its net
charge is + 6 [54]. It was obtained by stepwise solid phase synthesis
using Fmoc (fluoren-9-ylmethoxycarbonyl) polyamide-active ester
chemistry as described in a previous work [15]. The peptide was stored
at —20 °C as a stock solution at 1 g/L in non-pyrogenic sterile water
(Aqua B-Braun, Melsungen, Germany).

2.2. Bacterial strain and culture conditions

The non-pathogenic strain Pseudomonas fluorescens CIP 69.13 (batch
1046), a Gram-negative bacterium, was purchased from the collection of
the Pasteur Institute (Paris, France). The subculture and culture conditions
were the same as in the work of Quilés et al. [34]. Briefly, the bacterial sub-
culture was carried out in 400 mL of Lysogeny Broth (LB; Fluka) in deion-
ized water (Millipore Corp., Milli-Q) at 28 + 1 °C, and under magnetic
stirring (300 rpm) for 24 h. 45 mL of the subculture was then introduced
in 400 mL fresh sterile LB medium and incubated for 14 h under magnetic
stirring. The bacterial growth was monitored by the measurement of the
optical density at 620 nm (ODgpo) with a WPA S1000 Spectrawave

visible spectrophotometer (Biochrom Ltd.). The reference was the
sterile nutritive medium in which the bacteria were in suspension.
The 14 h-old P. fluorescens culture, in end-exponential phase, was
then harvested by centrifugation (10,000 g, 10 min, and 4 °C) for further
use.

2.3. Antimicrobial activity against planktonic P. fluorescens

The antimicrobial assays against planktonic P. fluorescens were
performed in sterile 96-well plates (Nunc) in a final volume of 100 pL.
It was carried out with a modified method from Zairi et al. [15]. 20 pl
of the stock solution of the peptide was spotted in the fourth plate
column wells in presence of 80 pl of non-pyrogenic sterile water, and
then a serial of two fold dilutions of the initial concentration was
performed and subsequently double diluted in non-pyrogenic sterile
water. The centrifugation cap of P. fluorescens at end-exponential
phase was re-suspended in 200 mL of diluted 1:50 sterile LB medium
(0.5 g/L, hereafter called LB/50), adjusted to ODgyg = 0.28
(~10® CFU/mL). Aliquots (50 pL) of a suspension containing the
bacteria in LB/50 were added to 50 pL of the solution containing
the peptide in serial 2-fold dilutions. The peptide solution was
then serially double diluted from the first well to the next and
so forth with non-pyrogenic sterile water (concentration range
of 100-1.56 mg/L). The 50 pL peptide solutions were then inoculated
with 50 pL of the bacterial suspension previously prepared in LB/50.
Sterility and growth controls were 1:100 diluted LB (hereafter called
LB/100) and non-pyrogenic sterile water, and a bacterial suspension
without peptide, respectively. The plate was incubated for 24 h at 28
°C. The growth of bacteria was determined by means of the
occurrence or not of a bacterial cap in the well bottom. Minimal inhibi-
tory concentrations (MICs) were defined as the lowest concentration at
which no growth was apparently detectable. MIC was determined from
two independent experiments performed in duplicate.

2.4. Biofilm for antibacterial tests

Biofilms of P. fluorescens were obtained in an ATR flow cell enclosed
in an open circuit as described in a previous work [34]. In the present
study, a ZnSe crystal was used, and the medium for biofilm initiation
was LB/100. Briefly, a P. fluorescens suspension with ODgyg = 0.28
(~108 CFU/mL) in LB/100 was pumped into the ATR flow cell at a
constant rate (42 mL/h) during 3 h to promote bacterial adhesion, and
then the bacterial suspension was replaced by sterile LB/100 medium
flow for 3 h at the same rate, obtaining a 6 h-old biofilm.

2.5. 54 (1-16)M4Ka action on the 6 h-old biofilm of P. fluorescens

The 6 h-old P. fluorescens biofilms were exposed for 24 h to either
LB/100 medium, as the control experiment, or at three concentra-
tions (MIC, 4xMIC, and 32xMIC) of peptide S4(1-16)M4Ka in sterile
LB/100 medium. The pH of all the solutions was 7.0 £ 0.1. The peptide
solutions were limpid, suggesting that the aggregation is negligible at
the concentrations used [14,54]. For this, 40 mL of the sterile LB/100
medium solution, with or without AMP, was injected in the flow cell
into a new closed circuit in maintaining the same flow rate as in previ-
ous both steps. The inoculation of the LB/100 medium and the peptide
solutions were carefully performed under sterile conditions, avoiding
formation of air bubbles in the flow cell. An abiotic experiment was
conducted with the same conditions for a peptide solution at 4xMIC,
i.e. sterile LB/100 medium was flowed in the flow cell during 6 h in
the open circuit, followed by the flow of the peptide solution during
24 h in the closed circuit. Two independently conducted measurements
were performed for every experiment, and they were consistent.
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2.6. ATR-FTIR spectroscopy

The ATR-FTIR fingerprints of bacteria were monitored in situ and
in real time during the development of the biofilms with or without
the AMP. The ATR-FTIR spectra were recorded between 4000 and
800 cm~ ! on a Bruker Vector 22 spectrometer equipped with a KBr
beam splitter and a deuterated triglycine sulphate (DTGS) thermal
detector. Spectra recording and data processing were performed
using the Bruker OPUS 3.1 software. The resolution of the single
beam spectra was 4 cm~ '. One hundred scans were collected per
spectrum (corresponding to a 1-min accumulation time). All inter-
ferograms were Fourier processed using the Mertz phase correction
mode and a Blackman-Harris three-term apodization function. No
ATR correction was performed. ATR-FTIR spectra are shown with
an absorbance scale corresponding to 10g(Ryeference/Rsampie), Where
Ris the internal reflectance of the device. A sample-reference spectrum
acquired immediately before the step under study was recorded. Water
vapour subtraction was performed. All spectra were baseline corrected
at 3580, 2750, 1800, and 900 cm™!. FTIR measurements were
performed at 21 £ 1 °C in an air-conditioned room. For the biofilm
monitoring, an ATR-FTIR flow cell (SPECAC) enclosing a trapezoidal
ZnSe crystal with an incidence angle of 45° yielding six internal reflec-
tions on the upper face in contact with the sample. In the course of bio-
film monitoring experiments, ATR-FTIR spectra were recorded every
10 min during the 6 h of bacterial inoculation and LB/100 circulation
(open-circuit), then every 15 or 20 min during the 24 h of the peptide
circulation (closed-circuit).

2.7. Fluorescence optical microscopy

Biofilms at the end of the experiments were analysed by fluores-
cence microscopy using the BacLight™ stain kit (L7012, Molecular
Probes, Eugene, USA) in order to determine the permeability of the ses-
sile cells and the average bacterial surface coverage in the absence and
presence of the AMP. This kit contains two nucleic acids stains: SYTO 9
(excitation/emission maxima: 480/500 nm) that penetrates all the
cells, and propidium iodide that penetrates only cells with damaged
membranes (excitation/emission maxima: 490/635 nm). Therefore,
bacteria with intact membranes fluoresce green, while bacteria with
damaged membranes fluoresce red. The ATR cell was demounted; the
ZnSe crystal was carefully removed, rinsed with non-pyrogenic sterile
water to remove non-adherent cells. The BacLight™ solution was laid
on the ZnSe crystal, and stained for 20 min in the dark at 21 + 1 °C.
The ZnSe crystal was then rinsed with non-pyrogenic sterile water to
eliminate excess BacLight™ solution, and wicked dry with a filter
paper to remove excess water. The sample was mounted in BacLight™
mounting oil as described by the instructions provided by the manufac-
turer. Both fluorescences were viewed simultaneously with the 100 x oil
immersion objective of an Olympus BX51 microscope equipped with an
Olympus XC50 camera.

2.8. AFM imaging and force measurements

AFM experiments were carried out using a MFP3D-BIO instrument
(Asylum Research Technology, Atomic Force F & E GmbH, Mannheim,
Germany). Silicon nitride cantilevers of conical shape were purchased
from Bruker (MLCT-AU, Bruker-nano AXS, Palaiseau, France). The spring
constants of the cantilevers measured using the thermal noise method
were found to be 0.020-0.024 nN/nm. Experiments were performed
in PBS (pH = 7.4) at room temperature. AFM images were recorded at
room temperature (20 °C) in contact mode and in aqueous medium.
The applied force between the tip and the surface was carefully moni-
tored and minimized at about 0.25 nN, and all images were collected
with a resolution of 512 x 512 pixels and a scan rate of 1 Hz. The nano
indentation method provides the Young's modulus calculated from
the force curve vs. the indentation curve. Mechanical properties were

obtained by recording a grid map of 32-by-32 force curves at different
locations of the biofilm surface. The maximal loading force was 4 nN,
the piezodrive was fixed to 2 pm and the approach rate was 1000 nmy/s.
The bacterial spring constant (kpact) was determined from the slope of
the linear portions of the raw deflection versus piezo displacement

curves [55] according to: Ky = (ffs) where s is the experimentally
accessible slope of the compliance region reached for sufficiently
large loading forces, and k; is the cantilever spring constant. The histo-
grams corresponding to the statistic distribution of Young modulus E
were estimated from the analysis of the approach curves according to

the Sneddon model [56]. In this model, loading force F is given by:

_ 2E-Tan(a)

2
m(1—12) o

F

Where « is the semi top angle of the tip, 6 is the indentation
depth, and v is the Poisson coefficient. All the force volume images
were analysed by mean of an automatic Matlab algorithm described
elsewhere [57].

3. Results and discussion

The MIC for S4(1-16)M4Ka was 3.125 mg/L or 1.8 uM for planktonic
P. fluorescens (Pf). It was in the range of those measured for other Gram
negative bacteria [15,17].

In order to assess the effect of this AMP on the development of Pf in
sessile form, a 6 h-old biofilm was exposed for 24 h either to LB/100
medium (control) or to an AMP solution in LB/100 at three different
concentrations (MIC, 4xMIC, and 32xMIC). The 6 h-old biofilm was
obtained in two steps in an open circuit. The first one was the inocula-
tion in the flow cell of a Pf suspension during three hours to initiate
the bacterial adhesion, and the second one was the flow of a sterile
LB/100 nutritive medium during three others hours to promote the
biofilm development.

The changes in the ATR-FTIR spectra over 6-h of the biofilm forma-
tion were in agreement with our previous studies [34] (Fig. S1 in
Supplementary Material or SM). In short, during the bacterial inoculation,
the intensity of the whole bacterial ATR-FTIR fingerprint increased
reflecting the attachment and the colonization of bacteria on the crystal.
Subsequently, during the second 3-h period, the intensity of all bands
continued to increase but the nucleic acids polysaccharide region,
between 1200 and 900 cm ™!, increased at a higher rate than the
amide II band located around 1550 cm™ ! mainly associated with
proteins. This increase reflected the biofilm development, the bacterial
cells dividing on, colonizing the ZnSe surface, and producing extracellular
polymeric substances. This 6 h-old biofilm also consisted of a single layer
of bacteria as confirmed by epifluorescence microscopy. Bacteria had an
average diameter of about 0.7 pm for 2-3 um long. The penetration
depth is of about 0.95 and 1.33 pm at 1550 and 1000 cm™ ', respectively,
in the conditions used. Consequently, assuming that bacteria are in close
contact with the ATR crystal, the whole bacterial cell are analysed with
ZnSe crystals.

3.1. Development of the 6 h-old P. fluorescens biofilm in LB/100 medium
(control experiment)

The 6 h-old P. fluorescens biofilm was exposed for 24 h to the sterile
LB/100 medium that was injected in the flow cell into a closed circuit in
maintaining the same flow rate as in previous steps. Fig. 1a shows the
ATR-FTIR spectra recorded during this step. The reference spectrum is
the spectrum of the 6 h-old Pf biofilm on the ZnSe ATR crystal recorded
just before supplying sterile LB/100. Hence, the spectra in Fig. 1 reflect
only the time evolution of the cells attached on the ZnSe crystal in the
6 h-old biofilm. They showed that during two hours the bacterial
growth occurred on the crystal with the high synthesis of proteins
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Fig. 1. Evolution over time of ATR-FTIR spectra from 6 to 30 h of the experiment during (a) the flow of sterile diluted 1:100LB: 6,7, 8,9, 10, 11, 12, 15, 18, 21, 24, 27, and 30 h-old biofilm
from the bottom to the top; (b-c) the flow of the solutions of the antimicrobial peptide in sterile diluted 1:100 LB at (b) 3.25 mg/L (MIC), (¢) 12.5 mg/L (4xMIC) and (d) 100 mg/L (32xMIC):
6h15,6h30,6h45,7h,7h15,7h30,7h45,8h,8h15,8h 30,8 h45,9h,12h,15h,18 h,21h,24 h, 27 h, and 30 h-old biofilm. The background spectrum is the spectrum of the 6 h-old
reference biofilm on the ZnSe ATR crystal. Times offset of spectra are used for clarity in Fig. 1(a).

(amide I and Il bands at 1642 and 1547 cm™ !, respectively), nucleic
acids and polysaccharides (region between 1250 and 1000 cm™!).
After this time, whereas amide bands continued to grow, nucleic acids
bands decreased gradually (~1230, 1116, 1085 and 1042 cm™ '), and
polysaccharidic bands (mainly at 1157, 1082, 1050 and 1022 cm ™!
that were assigned to glycogen) grew from about 12 h to the end of
the experiment as it was already observed in other conditions [35]. Of
note, the first negative spectrum is due to the detachment of some
bacteria due to a little air bubble generated when the tubes of the
system were replaced. The 30 h-old biofilm was stained with the
Baclight™ kit. A representative picture is given in Fig. 2a. The fluorescence
of the bacteria was green showing intact membranes. In addition, a very

high coverage was observed, and bacteria were arranged in multilayers.
The infrared and fluorescence data showed the growth of a biofilm,
however, the closed circulation of the nutritive medium changed the
infrared spectral evolution of the biofilm with respect to open circuit
conditions already used (Fig. S2 in SM) [35].

3.2. Development of the 6 h-old Pf biofilm exposed to the flow of solutions of
peptide S4(1-16)M4Ka at 4xMIC and 32xMIC in LB/100 medium

As shown in Fig. 1c and 1d, the spectral evolution was totally
different when the 6-h biofilm was exposed to the flow of solutions
of peptide S4(1-16)M4Ka at 4xMIC or 32xMIC.
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(c) 32xMIC

(a) control (b) 4xMIC

Fig. 2. Representative fluorescence microscopy images of P. fluorescens biofilms on the ZnSe crystal after 24 h of continuous flow on the 6 h-old biofilm of (a) sterile diluted 1:100 LB without
peptide (control); (b, ¢, d) solutions of antimicrobial peptide at 12.5 mg/L (4xMIC), 100 mg/L (32xMIC), and 3.25 mg/L (MIC) in sterile diluted 1:100 LB, respectively. Bacteria were stained with

the Baclight™ kit. Bar: 20 um.

The presence of the AMP induced a very strong increase of the inten-
sity of both the amide I and amide II bands associated with proteins at
1653 and 1644 cm™ !, respectively. When the same experiment was
carried out without bacteria such an increase of both the amide I and
amide Il bands was not observed. The spectra exhibited only a weak signal
in this region (Fig. 3a) reflecting a low quantity of AMP onto the crystal
surface despite the high potential for adsorption of proteins on surfaces
[58]. The spectral profile in region 2800-3000 cm ™' (C—H stretching's
region) was also very different from the one observed during the initial
bacterial colonization. Four bands at 2961, 2925, 2874 and 2854 cm ™!
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Fig. 3. Comparison of ATR-FTIR spectra (a) at 4 h of flow of solutions of the antimicrobial
peptide in sterile diluted 1:100 LB at 12.5 mg/L (4xMIC) in absence of biofilm (black line)
and in presence of the 6 h-old biofilm (grey line); (b) of 30 h-old biofilms in sterile diluted
1:100 LB without the antimicrobial peptide (black line), and in sterile diluted 1:100 LB
with the antimicrobial peptide at 100 mg/L (32xMIC, grey line). The second derivative
spectra are given in the dotted lines. The background spectrum is the spectrum of the
6 h-old reference biofilm on the ZnSe ATR crystal.

were observed during the elaboration of the 6 h-old biofilm. Only three
quite intense main bands at 2957, 2934, and 2871 cm™ ! occurred when
the solution of AMP was flowed. The feature of these three bands fitted
well with the one usually observed for proteins [59].

The maximum value of the integrated intensities of the amide Il band
is reached after one hour of circulation of the AMP at concentration
32xMIC whereas it took about 2 h 45 at concentration 4xMIC (Fig. 4a).
Anyway, the maximum amide II value of the integrated intensities was
the same for both experiments. The integrated intensities of amide
Il band decreased very slightly for the experiment at 32xMIC, whereas
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Fig. 4. Plot of integrated intensities as a function of time during the circulation of the
antimicrobial peptide (a) at 12.5 mg/L (4xMIC, closed symbols) and 100 mg/L
(32xMIC, open symbols). Insert: zoom from 6 to 9 h for the amide II bands; (b) 3.25 mg/L
(MIC). Grey vertical lines: times corresponding to spectra used to calculate the difference
spectra of Fig. 8. The background spectrum is the spectrum of the 6 h-old reference biofilm
on the ZnSe ATR crystal. Key: amide II: amide II band (region 1597-1483 cm™'); PO-AmlIII:
PO antisymmetric stretching and amide Il band (region 1280-1188 cm~'); PS: mainly C—C,
C—0, PO stretchings (region 1187-952 cm™1).
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they significantly decreased for the experiment at 4xMIC from about 5 h
of the circulation of the AMP (i.e. from the 11 h-old biofilm, Fig. 4a).

The fluorescence images of biofilms after 24 h exposure to the AMP
stained with the BacLight™ kit showed clearly bacteria in a monolayer
where 100% of bacterial membranes were damaged (Fig. 2b-c). The
average surface coverage was estimated to 35 + 11% and 38 + 8% for
the experiments at 4xMIC and 32xMIC, respectively. These values
were very similar to those obtained with the 6 h-old biofilm. It should
be noted that although the membranes were damaged the cells were
not deformed. These results suggested that when the 6-h biofilm was
exposed to the AMP, the changes in ATR-FTIR spectra reflected a very
high uptake of the AMP by sessile bacteria, and probably a high adsorp-
tion of the AMP on the bacterial membranes. Indeed, it is known that
high AMP concentrations can be expected in the bacterial membranes
[60]. This fact is also supported by the profile and the wavenumbers of
the amide bands which were different from those observed in the case
of the spectra recorded for the biofilms grown without AMP (Fig. 3b
and S3 in SM), and were characteristic of an a-helical conformation
[23]. Such a structure is adopted by this peptide family to form amphi-
pathic structures allowing them to insert the hydrophobic face into
the lipid bilayers [6,7,14].

Little and undefined variation was observed in the spectra below
1200 cm™ . In particular, almost no change in the nucleic acids infrared
fingerprint suggested a very rapid inhibition of nucleic acids biosynthe-
sis upon the AMP treatment. The bacteria are stopped in proliferation
and appeared to be trapped in the process of cell division. This result
was in accordance with epifluorescence images that shown the same
surface coverage by bacteria for the 6 h-old and these 30 h-old biofilms.
In contrast, bands at 2920, 2851 and 1737 cm™ ! decreased gradually
during about the first 13 h of circulation of the AMP. These bands
were assigned to lipids (mainly phospholipids and lipopolysaccharides
(LPS) from the bacterial membrane) even though it was difficult to
ascertain the decrease of phosphate bands around 1230 and 1085 cm ™!
because of numerous overlapping bands in this region [59]. This
decrease in intensity may reflect a slight loss of membrane lipids (likely
LPS which are the major components of the outer leaflet [61,62]) from
the sessile bacteria upon the AMP action.

All these findings, namely, a slight loss of some bacterial lipids,
a-helical structure of the AMP, permeation of membranes, are quite
consistent with the first stages of the accepted model which describes
the mode of action of most AMPs against Gram-negative bacteria as
follows [6,9,10,63,64]: the cationic AMPs are first attracted to negative
bacterial surfaces, interact with the lipopolysaccharides on the outer
leaflet, and pass through it. Once the cytoplasmic membrane is reached,
peptides interact with the negatively charged phospholipid head
groups. Insertion of the AMP into the outer leaflet leads to a disturbance
of the outer membrane and permeabilizes this membrane to other
peptide molecules in a process termed “self-promoted uptake” [9].
The peptide can move to the cytoplasm membrane by assuming an
amphipathic a-helical conformation that allows them to insert the
hydrophobic face into the bilayer. Then the membrane permeation
occurs via one of the three general mechanisms named “barrel-stave
pores”, “toroidal pores”, and “carpet” forming possibly transient pores
or holes, and/or the AMP translocates across the membrane into the
cytoplasm where they can interfere with essential intracellular processes
[6,7,10]. It should be noted that these models of membrane permeation
rely mainly on studies with model membranes and not studies in vivo
like here. Furthermore, the latter stage is still widely debated. For
dermaseptins, some studies suggested that at high concentration, they
disrupt the bacterial membranes in a detergent-like manner (“carpet
model”), leading to cellular lysis [7,64]. Others studies showed that
some dermaseptins can also inhibit intracellular functions without
damaging the cytoplasmic membrane at concentrations up to fivefold
its MIC [65]. In the present study, although a slight loss of lipids and
membrane permeation were observed, the fluorescence images did
not show deformed cells and the IR-ATR spectra did not revealed a

significant loss of sessile bacteria. To analyse more precisely injury of
cell membranes upon AMP treatments, AFM studies were carried out.

Fig. 5 shows the AFM images and height cross sections obtained
from the 6 h-old biofilm, and the 30 h-old biofilms after 24 h exposure
to solutions of AMP at 4xMIC and 32xMIC. The 6 h-old biofilm was
chosen for the blank biofilm because it was mainly a monolayer of
bacteria as it was for the 30 h-old biofilms submitted to the solutions
of AMP. The images recorded after slight N, drying of the biofilms did
not give evidence of the occurrence of holes in the bacterial membrane.
By this N, drying, the bacteria were flattened with an average height of
about 200 and 125 nm for bacteria before and after treatment with the
AMP at 4xMIC, respectively.

Such a flattening is generally observed when bacteria lose their
intracellular water. Indeed, in hydrated medium the average diameter
of untreated cells is around 600-700 nm [66]. The slight drying reduced
by factors 3 and 5 the thickness of the bacteria for the untreated and the
4xMIC treated cells, respectively, which point out the antimicrobial
effect of the peptide on the membrane permeability. Astonishingly,
the flattening effect was less drastic when the AMP concentration was
32xMIC, since the same drying resulted in an average thickness of
bacteria around 400 nm. The permeability of the bacterial membranes
being intimately related to their nanomechanical properties, the AMP
activity against the bacteria can be investigated through the elastic
features of the bacterial cell wall by force spectroscopy.

Force-distance curves were recorded in aqueous medium, converted
into force-indentation curves, and then analysed using the Sneddon
model to generate statistical distributions of the Young modulus. Fig. 6
shows two types of histograms and typical force-indentation curves
recorded on the biofilm and on the ZnSe crystal. Most curves were
well-described by the Sneddon model, allowing us to obtain Young
modulus values. The curves recorded before the action of the AMP
against the bacteria in the 6 h-old biofilm yielded a pseudo Gaussian
behaviour of the Young modulus distribution with an average value of
273 4+ 81 kPa (which corresponds to an estimated bacterial spring
constant of 0.018 nN/nm). This value was in the same range than the
one measured on the planktonic form [66].

The statistical analysis of the bacterial elasticity in the 30 h-old
biofilm with the flow of the AMP at 4xMIC (Fig. 6b) evidenced a lower
Young modulus with an average value of 218 4+ 58 kPa (estimated
bacterial spring constant of 0.015 nN/nm). The distribution of the
Young modulus of the bacterial cells in the 30 h-old biofilm with the
flow of the AMP at 32xMIC was broad and mainly above 450 kPa, but
by using a theoretical log normal fitting the most probable Young
modulus was found at 772 4+ 221 kPa (Fig. 6¢, which corresponds to
an estimated bacterial spring constant of 0.061 nN/nm). These results
are consistent with those above regarding the effect of a slight N, drying
of the biofilms. The sessile cells exposed to the AMP at 4xMIC were less
rigid and more permeable than the untreated cells. This result is in good
agreement with IR-ATR spectra that highlighted the loss of some
membrane lipids as well as of a part of the AMP. The decrease of the
cell wall stiffness upon antimicrobial treatment was already observed
on Staphylococcus aureus treated with lysostaphin where the Young
modulus was reduced by a factor 9. On the contrary, the sessile cells
exposed to the AMP at 32xMIC were less permeable and more rigid
than the untreated cells. Such a stiffening effect was already reported
for P. aeruginosa treated with colistin (from 0.33 to 0.75 nN/nm, before
and after treatment, respectively) [67]. The authors suggested that this
increase of the permeability goes in pair with an incorporation of
colistin into the peptidoglycan layer. This discrepancy of effect between
concentrations at 4xMIC and at 32xMIC was unexpected. To gain
insights into the changes occurring at the highest concentration of
AMP, the nanomechanical properties of the bacterial cells were
monitored Throughout the AMP treatment. Fig. 7 compares the time-
evolution of the average Young modulus with the kinetics of AMP
adsorption through the integrated intensities of the amide Il band, and
the integrated intensities of the ester C=O0 stretching band from the
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membrane lipids at 1737 cm ™. The time evolution of the AMP effect
can be divided into three phases: (i) In the first one, the Young modulus
decreased during about one hour to reach a minimum value of 200 kPa
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drastically increased whereas those of the ester C=0 stretching band
decreased gradually.

(ii) Then, in the second phase, both infrared integrated intensities
continued their evolution more slightly during about 2 h. On the
contrary, the Young modulus of the bacteria increased drastically. (iii)
After 10 h of the experiment a steady state was reached for all the
data measured (Fig. 7). The high adsorption of the AMP leading to the
decrease of the Young modulus and a loss of membrane lipids in the
first phase was probably connected to the degradation of the cell wall.
The mechanism involved in this period of time should be the same as
for the 4xMIC concentration. However, when a threshold concentration
is reached at the 32xMIC concentration, another phenomenon occurred.
It is suggested that the transient holes became plugged by the AMP at
very high concentration leading to the accumulation of the AMP in the
cell wall concomitantly to the increase of the Young modulus. These
results suggested that when the sorption of the AMP reached a
maximum on the bacteria, the membrane lipid loss became negligible
because of the very high insertion of the AMP in the cell wall structure.
This explanation is corroborated by the structure in a-helix of the AMP
that occurs only when it is associated to lipid bilayers (Fig. 1d) [14].
Infrared data showed almost no evolution of the bacterial metabolism
during the flowing of the AMP (inhibition of the nucleic acid synthesis),
it is suggested that something like a petrification was induced by the
high concentration of the AMP. This effect may be due by an intracellular
action of the peptide that inhibited further growth of the bacteria.

To sum up, it is proposed that the mechanism of action of S4(1-
16)M4Ka followed at the beginning a ‘carpet-like’ model for the peptide
sorption on the sessile bacteria involving a high local concentration on
the surface of the membrane after all the surface of the membrane is
covered with the AMP as it was already described for dermaseptin S
and analogues [64]. However, the AMP action did not lead here to the
lysis of the sessile bacteria. The AMP inhibited intracellular processes
such as nucleic acids synthesis, suggesting that part of the peptide was
translocated across the membrane in the bacterial cytoplasm.

3.3. Development of the 6 h-old Pf biofilm exposed to the flow of a solution
of peptide S4(1-16)M4Ka at the MIC in LB/100 medium

When the 6-h biofilm was exposed to a flow of a solution of the AMP
at the MIC, the spectral evolution over time was very different from the
two other series (Fig. 2b-d). It exhibited four different periods as it is
shown by the evolution of the band integrated intensities as a function

of the time (Fig. 4b). Fig. 8 shows the difference spectra calculated from
the border times of these four periods. The first period (from6 hto 7 h
30) corresponded to the detachment of some biomass, but also to the
beginning of the sorption of the AMP on the bacteria. These facts are
supported by the negative bands in regions 1650-1550 cm ™! (amide I
and I bands of bacterial proteins) and 1100-1000 cm ™! (polysaccha-
rides and nucleic acids region), and by the appearance of positive
bands at 1653 and 1540 cm™ !, the latter couple being assigned to the
amide [ and I bands of the AMP with an «a-helix conformation
(Fig. 8a). In the second period (from 7 h 30 to 11 h), those amide I
and Il bands continued to increase. The sorption of the AMP on the bac-
teria continued (Figs. 4b and 8b). No inhibition of the biosynthesis
nucleic acids was observed during this period, since the bands centred
at 1230 and 1084 cm™ !, assigned principally to nucleic acids, increased
in the spectra (Fig. 8b). A significant loss of biomass was observed
during the third period of time (from 11 h to 19 h, Figs. 4b and 8c).
Notably, the amide I and II bands at 1653 and 1540 cm™ !, as well as
the C—H stretching bands at 2957, 2935 and 2874 cm™ ! decreased
drastically. These bands were already observed for the other experi-
ments at higher concentrations of AMP, and assigned to the AMP in
a-helix conformation. As it was observed for the experiment at
4xMIC, a high desorption of the AMP occurred from about 11 h. It was
not the case for the experiment at 32xMIC where the AMP was in
large excess. The negative bands at 1703, 1240, 1222, 1118, 1085,
1060 cm ™! (Fig. 8c) are assigned to nucleic acids [59].

This loss of metabolic activity could be due to the onset of antimicro-
bial activity of peptide when a critical concentration is reached [14].
From 19 h, all the integrated intensities increased (Fig. 4b). The differ-
ence spectrum obtained by the subtraction of the spectrum of the
19 h-old biofilm from the spectrum of the 30 h-old biofilm showed
the characteristic features of Pf (Fig. 8d). Indeed four C—H stretching
bands (2957, 2923, 2874, and 2853 cm™ '), amide I and II bands at
1642 and 1540 cm™ !, and bands assigned to nucleic acids at 1230 and
1084 cm~ ! were typical of Pf that grew as a biofilm associated with
the production of glycogen as it is indicated by the increase of bands
at 1154, 1054 and 1027 cm™ ! (Fig. 8d) [35].

The fluorescence pictures of the 30 h-old biofilm stained with the
Baclight™ kit were in good agreement with these conclusions
(Fig. 2d). They showed a heterogeneous layer of biofilm with damaged
bacteria (orange in the picture), live bacteria (green in the picture) and
cell fragments (size often smaller than a bacterium, and with an unde-
fined form, usually with dark green fluorescence). Unfortunately, these
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Fig. 8. Differences of ATR-FTIR spectra recorded during flow of the solution of the
antimicrobial peptide in sterile diluted 1:100 LB at 3.25 mg/L (MIC). (a) Spectrum
7 h 30 old biofilm — 6 h old biofilm (black) (b) spectrum 11 h old biofilm — 7 h 30
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features did not allow the measurement of reliable AFM images and a
fortiori nano indentation with force spectroscopy experiments.

4. Conclusion

The present work shows clearly that the ATR-FTIR technique can be
used to probe and in situ monitor, at the molecular scale and in real time,
the biochemical changes induced by AMPs in sessile bacteria cells over
the first stages of biofilm formation. However, this technique does not
analyse one single cell but a large part of bacteria present on the crystal.
The combination with atomic force microscopy gave information
localized at the cellular scale the biochemical changes revealed in the
ATR-FTIR spectra. Consequently, they can be valuable tools to increase
our understanding about modes of action of AMPs on sessile bacteria,
and to optimize their structure in order to improve their antimicrobial
activity and toxicity profile. The response of the 6-h biofilm exposed
to the AMP depends strongly on the concentration of the AMP. The
tested peptide at concentration 12.5 mg/L (or 7.2 uM), which stayed in
the range of usual MIC of AMP for planktonic bacteria, exhibited an
inhibitory activity against the development of a mature biofilm. It is
important for the preventing formation of biofilm, because once the
early biofilm is inhibited, the mature biofilm may in turn be prevented
or at least controlled.
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