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. Introduction

Towards a better understanding of the effect of
protein conditioning layers on microbial adhesion:
a focused investigation of fibronectin and bovine
serum albumin layers on SiO, surfaces

® Marvine Soumbo,*®
*3 and

Maya Rima, (2@ Christina Villeneuve-Faure,
Fatima El Garah, (2 ® Ludovic Pilloux, = ® Christine Roques
Kremena Makasheva () *°

The interaction of foreign implants with their surrounding environment is significantly influenced by the
adsorption of proteins on the biomaterial surfaces, playing a role in microbial adhesion. Therefore, under-
standing protein adsorption on solid surfaces and its effect on microbial adhesion is essential to assess
the associated risk of infection. The aim of this study is to evaluate the effect of conditioning by fibronec-
tin (Fn) or bovine serum albumin (BSA) protein layers of silica (SiO;) surfaces on the adhesion and detach-
ment of two pathogenic microorganisms: Pseudomonas aeruginosa PAO1-Tn7-gfp and Candida albicans
CIP 48.72. Experiments are conducted under both static and hydrodynamic conditions using a shear
stress flow chamber. Through the use of very low wall shear stresses, the study brings the link between
the static and dynamic conditions of microbial adhesion. The results reveal that the microbial adhesion
critically depends on: (i) the presence of a protein layer conditioning the SiO, surface, (ii) the type of
protein and (iii) the protein conformation and organization in the conditioning layer. In addition, a very
distinct adhesion behaviour of P. aeruginosa is observed towards the two tested proteins, Fn and BSA.
This effect is reinforced by the amount of proteins adsorbed on the surface and their organization in the
layer. The results are discussed in the light of atomic force microscopy analysis of the organization and
conformation of proteins in the layers after adsorption on the SiO, surface, as well as the specificity in
bacterial behaviour when interacting with these protein layers. The study also demonstrates the very dis-
tinctive behaviours of the prokaryote P. aeruginosa PAO1-Tn7-gfp compared to the eukaryote C. albicans
CIP 48.72. This underscores the importance of considering species-specific interactions between the
protein conditioning layer and different pathogenic microorganisms, which appear crucial in designing
tailored anti-adhesive surfaces.

generated by microbial colonization mainly as a complex slimy
“biofilm” leading to both clinical illness and device dysfunc-

The tremendous effort dedicated to the understanding and
advancement of innovative biomedical devices arises from
their ability to improve and even to save patients’ lives.
However, the implantation of these foreign materials into the
human body poses unavoidable risks." According to the US
Center for Prostheses Infection, biomedical devices are impli-
cated in 50% of annual nosocomial infections, making them a
major concern in healthcare systems worldwide, with serious
clinical and economic burden.? These infections are typically
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tion.® Indeed, upon their initial adhesion to the surface, the
adhered microbes proliferate and excrete gelatinous polymeric
substances, thus forming a resilient mature biofilm. The harm
by this microbial community lies in its ability to escape the
host’s immune defense, as well as to tolerate high doses of
antimicrobial agents.*

The initial adhesion of microbes on foreign implants is
strongly related to surface properties and surface conditioning
by various components of corporal fluid, particularly by
proteins.’> Indeed, protein adsorption is considered one of
the first biological processes to occur upon implantation,
resulting in protein layers with various conformations, orien-
tations, and quantities and favoring cellular and microbial
adhesion.®®

This journal is © The Royal Society of Chemistry 2024
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Regarding microbial adhesion, adhesins, which are cell-
surface components, have been recognized to be strongly
involved in microbe-protein interactions, thus ensuring suc-
cessful microbial colonization.”'® Therefore, the type and the
properties of protein conditioning layers, such as their rough-
ness and hydrophobicity, play a key role in defining the infec-
tion risks associated with an implanted material."*

Among the various proteins found in the human body,
fibronectin (Fn) is well known as the main mediator of
microbial and cellular adhesion on foreign substrates. Fn is a
dimeric, high-molecular = weight (monomer  weight:
230-270 kDa) multidomain glycoprotein present in two major
forms: soluble plasma Fn and less-soluble cellular Fn,
assembled into the extracellular matrix.">™** While Fn adsorp-
tion on implants can be beneficial in terms of enhancing their
bio-compatibility, particularly by promoting human cell
migration, adhesion, and differentiation, this protein layer
poses a serious risk of infection.">'® Indeed, several studies
have proved the high affinity between Fn and adhesins of
many pathogenic microbes, leading to a wide variety of
diseases."

On the other hand, albumin (66.43 kDa) is known as the
major plasma protein with a physiological concentration of 33
to 52 ¢ L™"." In addition to its important metabolic role,
albumin is also able to bind to the surface of implants upon
their implantation. Despite its notable role in cell growth,
especially of stem cells, as well as in tissue formation and
regeneration, albumin has shown a significant anti-adhesion
effect on microbes in several studies. >

In order to gain insight into the influence of the protein
conditioning layer on microbial adhesion, and hence on the
associated risk of infection, we experimentally investigated in
this work the role of protein adsorption and conformation
changes on SiO,-solid surfaces. The choice of SiO, thin layers
as a support is based on their well-established biocompatibil-
ity, classified by the US Food and Drug Administration (FDA)
as “Generally Recognized as Safe” (GRAS). Despite the large
number of studies devoted to exploring the biocompatibility of
silicon oxides in vivo or in vitro, the reported results and the
description of the physicochemical properties that drive or
influence the biocompatibility of the SiO, surface remain
limited. Furthermore, many nanotechnology devices for bio-
medical applications involve SiO, thin layers, in particular
when biosensing and/or Complementary Metal Oxide
Semiconductor (CMOS)-compatible bioelectronic devices are
forecast.>” In addition, the SiO, thin layers are well-known for
their optically transparent properties in the visible range of the
spectrum and can successfully be used as antireflective coat-
ings, if properly dimensioned. The interest towards SiO, thin
layers is also based on their extensive application in plasmo-
nics as a host matrix for biological studies, in microelectronics
as diffusion or thin electrical insulating layers, among
others.”*** When talking about CMOS compatible devices, the
development also involves the synthesis of thin SiO, layers.
Other than the thermal growth of SiO, on Si-wafers, the
plasma (electrical discharge) based deposition methods
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appear as very versatile ways of SiO, layer deposition on Si-sub-
strates,>* allowing a fine control over the thickness and the
composition of the deposited SiO, thin layers. Moreover, the
plasma deposition of thin silica layers allows the development
of strategies for surface coating of different medical implants,
for example titanium-made dental implants.>® All these poten-
tial applications of SiO, thin layers require a deeper under-
standing of the physicochemical properties and the basic prin-
ciples of the complex material surface-microbiological
interactions.>®

Therefore, the main objective of this study was to explore
the evolution of the adhesion and detachment profiles of
opportunistic microorganisms (Pseudomonas aeruginosa and
Candida albicans) on the surface of thin silica (SiO,) layers
after conditioning with a thin layer of human plasma fibronec-
tin (Fn) or of bovine serum albumin (BSA).

For P. aeruginosa, a major nosocomial pathogen widely
associated with medical device-related infections,?” the studies
were firstly performed under static conditions. Subsequently,
the dynamic behavior of bacterial shear-induced detachment
from the surfaces was evaluated in a broad spectrum of wall
shear stresses. Atomic force microscopy (AFM) was employed
to characterize the adsorption and organization of proteins to
form conditioning layers on the SiO, surfaces, as well as to
localize adhered bacteria. We also investigated the effect of
protein conditioning of the SiO, surface on the adhesion of
C. albicans, a yeast widely recognized for its important impli-
cation in nosocomial infections, leading to severe illnesses
and even fatalities.?®>°

lI. Experimental
I1.1 Proteins

The two proteins used in this study were human plasma fibro-
nectin, usually existing as a dimer (Fn, MW: 450 kDa for the
dimer) and bovine serum albumin (BSA, MW: 66.43 kDa), both
purchased from Sigma-Aldrich, St Quentin Fallavier, France
under a lyophilized powder form. In order to avoid possible
interactions, water for injectable preparations (WIP, French
Pharmaceutical Cooperation, Cooper, Melun, France) was used
in the preparation of the protein solutions. The pH-value of
the WIP was measured to 7.0 with a conductivity of 1.2 pS
ecm ™. The pH-value of the BSA stock solution was measured to
5.6. The pH-value of the Fn stock solution was measured to
7.5. For both proteins, all diluted solutions were prepared
from a stock solution (1.0 g L™") stored at —20 °C.

I1.2 Elaboration of thin thermal silica (SiO,) layers

The thin SiO, layers (100 nm-thick) used in this study were
thermally grown on pre-cleaned Si-substrates (Sil'tronix) at
1100 °C under a controlled slightly oxidizing atmosphere (N,
with 1% O,). The samples were pre-cut to always have an
exposed surface of 1 cm® The coupons were designed to fit
into the shear-stress flow chamber.

Biomater. Sci, 2024,12, 3086-3099 | 3087
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I1.3 Preparation of thin protein conditioning layers on the SiO,
surfaces

The method used in the preparation of the thin protein con-
ditioning layers on the SiO, surface was dip coating.*® It allows a
fine control over the homogeneity of the protein layer. Briefly, the
SiO,/Si samples were immersed in 1.0 mL of protein solution at a
defined protein concentration. After one hour of immersion at
room temperature, the samples were rinsed with WIP to remove
non-adsorbed proteins on the surface and air-dried.

Molar and mass concentrations of the tested protein solu-
tions are presented in Table 1. For the next sections and in all
graphs, we refer to molar concentrations in solution, when
describing the resulting protein conditioning layer. It should
be noted that the choice of these concentrations was based on
evaluating low and high ones while encompassing physiologi-
cal levels. Given Fn’s physiological concentrations range of
0.3-0.4 g L™, both lower and slightly higher concentrations
were examined in order to elucidate the correlation between
Fn concentration, organization, and microbial adhesion. As
for BSA, concentrations close to those of Fn were tested for
comparison, alongside slightly higher concentrations reflect-
ing BSA’s elevated physiological levels (33-52 g L™')."”

11.4 Microbial strains and culture conditions

The two microbial strains used in this study were the opportu-
nistic bacterium P. aeruginosa (PAO1-Tn7-gfp, Tn7 chromoso-
mal insertion of gfp, provided from the Department of
Microbiology, University of Washington, Seattle, Washington,
USA)*' and the yeast C. albicans CIP 48.72 (Collection of
Pasteur Institute, Paris, France) preserved at —80 °C in a cryo-
protective solution.

Prior to each experiment, a first subculture of P. aeruginosa
PAO1-Tn7-gfp was performed on tryptic soy agar (TSA, Sigma-
Aldrich, St Quentin Fallavier, France) at 37 °C for 24 h. The inocu-
lum used in each experiment came from an overnight second
subculture in tryptic soy broth (TSB). To eliminate bacterial aggre-
gates, the bacterial culture was filtered under vacuum on a sterile
membrane filter (Durapore® Membrane Filter, 5.0 um, Merck-
Sigma, Saint-Quentin Fallavier, France) followed by centrifugation
at 2400 rpm for 10 min at room temperature. The pellet was then
rinsed twice with WIP to remove all the residual culture medium.
The bacterial suspension was prepared in WIP and adjusted to an

Table 1 Fn and BSA solutions, expressed in molar (uM) and in mass (g
L™Y concentrations, used to obtain the protein layers on the SiO,
surfaces

Concentrations
Proteins Molar (uM) Mass (g L")
Fibronectin (Fn) 0.11 0.05

1.0 0.45

2.0 0.90
Bovine serum albumin (BSA) 0.75 0.05

2.0 0.13

10.0 0.66

100.0 6.60
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View Article Online

Biomaterials Science

optical density of ODg40 nm = 0.15 at 640 nm, corresponding to a
concentration of 10° CFU mL ™. In all assays, the final concen-
tration of the P. aeruginosa PAO1-Tn7-gfp suspension used was 107
CFU mL . The viability of the bacteria was monitored all over the
experiment.

The same procedure was followed for C. albicans CIP 48.72
cultures, using Sabouraud agar (BioMérieux, Crapone, France)
(30 °C, 48-72 h) and Sabouraud Dextrose liquid medium
(OXOID, CMO0145) (30 °C, 72 h) as culture media. Microbial
culture was filtered through a sterile membrane filter (Isopore
Membrane Filter, 10.0 pm, Merck Sigma, Saint-Quentin
Fallavier, France). Yeasts were then recovered after centrifu-
gation (1300 rpm, 3 min, room temperature), rinsed twice with
WIP and adjusted to a final concentration of 10 CFU mL™"
(optical density at 600 nm, ODgog nm = 1.5). The viability of the
yeast also was monitored all over the experiment.

I1.5 Evaluation of the effect of protein conditioning layers on
microbial adhesion/detachment

I1.5.1 Static conditions - adhesion assay. The potential effect
of adsorbed proteins, resulting from the contact with different
concentrations in solution on the initial adhesion of
P. aeruginosa PAO1-Tn7-gfp, was evaluated under static con-
ditions following the protocol developed by Khalilzadeh
et al.,** with some modifications. This assay was performed on
sterile glass coverslips (Cover Glasses, Round, 12 mm @&, VWR,
Rosny-sous-Bois, France) placed in a 24 well plate (Falcon,
TC-Treated, polystyrene). Coverslips were conditioned with Fn
or BSA protein layers according to the method described
above. Non-conditioned coverslips were used as the control.
Then, 1.0 mL of P. aeruginosa PAO1-Tn7-gfp suspension (107
CFU mL™") was added to the wells containing the control cov-
erslips and those conditioned with dehydrated protein layers.
After incubation for 1 h 30 min at room temperature, wells
were rinsed twice with 1.0 mL of WIP to remove weakly
adhered bacteria. Finally, 1.0 mL of WIP was added to each
well to recover the attached bacteria by scarping (for 1 min)
with a sterile spatula. The recovered suspension was then
diluted by serial dilutions (107" to 107°) in WIP. For each
dilution, 900.0 pL were inoculated by inclusion in TSA plates.
The number of CFU was counted after 48 h of incubation at
37 ©°C. It should be noted that in this experiment, only the
initially adhered bacteria were quantified, as the sedimented
and/or weakly adhered bacteria were removed through rinsing
prior to the scarping step in the procedure.

The results are presented as fraction of the adhered cells
counted on proteins-conditioned coverslips (Nprotein-conditioned)
relative to those adhered on non-conditioned ones (control,
Nsio,), according to formula (1):

Nprotein-conditioned (CFU Cmiz)
]\]sio2 (CFU Cm*Z)

Relative adhesion =

(1)
I1.5.2 Dynamic conditions - detachment assay

I1.5.2.1 Shear-stress flow chamber experimental set-up.
Evaluation of the shear-induced detachment of the two tested

This journal is © The Royal Society of Chemistry 2024
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microorganisms on different non-conditioned and protein-
conditioned surfaces of SiO, thin layers was carried out under
hydrodynamic conditions following the protocol described by
Guillemot et al.,** with some modifications. A commercially
available shear-stress flow chamber (BST Model FC 71 Coupon
Evaluation Flow Cell, BioSurface Technologies Corporation,
USA) was used with a house-made customized coupon
support, adapted to receive the tested SiO,/Si-samples and to
ensure a uniform laminar flow. By including a syringe pump,
our experimental arrangement was adapted to work with
laminar flows at very low flow rates, in addition to the flow
rates involved in the protocol of Guillemot et al. Such improve-
ment gives the possibility to attain very low wall shear stresses.
This is a very large step ahead to simulation of wall shear stres-
ses comparable to those exerted on implants in the human
body.>*7*¢ A schematic representation of the experimental set-
up is shown in Fig. 1.

First, the flow chamber in which the tested surface was
inserted, was connected through tygon tubes (tubing size: 16,
Masterflex™ Tygon™ E-Lab (E-3603) Pump Tubing, Thermo
Fisher Scientific, Illkirch, France) to a syringe pump (CMA/100
Microinjection Pump) and a peristaltic one (Cole-Parmer 7550-
50 Masterflex L/S), allowing the application of low and high
flow rates, respectively. The wall shear stress (zp, Pa) induced
by the different flow rates was calculated using formula (2):

3uQ
T aner @

where, x4 is the fluid dynamic viscosity for WIP at room temp-
erature (10~° Pa s), Q is the flow rate (m® s™"),  denotes the
channel half-height, 107 m in this study and [ is the channel
half-width, 6 x 10> m in this study. The wall shear stresses
applied in this experiment are summarized in Table 2. The
selected stresses encompass those typically encountered under
physiological conditions, where blood flow can induce shear
stresses ranging from 0.1 Pa to 9.5 Pa. Depending on the posi-
tion, lower values may also be faced (0.005-1.5 Pa), especially
at the ocular level.*”

11.5.2.2 Detachment assay. The syringe and the tank con-
nected to the peristaltic pump were filled with WIP, for the
whole flow chamber experiment. Before starting the assay, the
apparatus was pumped with WIP. Air bubbles were evacuated

Conditioned or unconditioned
Si0,/Si sample surface

-
A\ Shear-stress flow chamber
= Microbial
— o . suspension y
T Peristaltic & =L — —
pump H W=, Inlet Outlet,
— -+ . e I
Bubble trap Valve Injection ‘ ll
orifice -
. t Microscope
WIP reservoir
connected toa
PC
9 g
&y

Syringe pump

Outlet tank
placed on a balance

Fig. 1 Schematic representation of the shear-stress flow chamber
experimental arrangement.
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Table 2 List of very low and high wall shear stress ranges generated in
the flow chamber with the syringe pump and the peristaltic one

Flow rate
Wall shear

Wall shear stress range mL min™" m®s™" stress 7, (Pa)
Very low (low flow rates 0.048 8.0x107*° 0.01
maintained with syringe 0.240 4.0x107°  0.05
pump) 0.480 8.0x107° 0.1

0.960 1.6x107% 0.2
High (flow rates produced 24.0 4.0%x1077 5.0
with peristaltic pump) 37.8 6.3x1077 7.9

51.6 8.6x1077  10.75

66.0 1.1x107°  13.75

through the bubble trap and/or in the outlet tank. The output
reservoir was placed on an electronic balance in order to weigh
the outgoing fluid following flow application. The microbial
suspension (10’ CFU mL™") was injected through the injection
orifice and maintained under static condition for contact time
of 1 h 30 min, allowing microbial settling and adhesion.

After the contact time, the number of initially sedimented
cells (N,) was determined by microscopic observations. This
initially observed cell count comprises both sedimented cells
and adhered ones.

For P. aeruginosa PAO1-Tn7-gfp, the microscopic obser-
vations were made with a Zeiss-Axiotech epifluorescence micro-
scope using a 20x/0.50 (Zeiss, EC Plan-Neofluar) objective,
equipped with an HXP 120 C light source, and a digital camera
(Zeiss AxioCam ICm 1), coupled to the ZEN software. For
C. albicans CIP 48.72, a numerical optical microscope (Keyence
VHX-1000) coupled to VHX 1.3.07 software was used. In order to
evaluate the detachment profiles of the two microorganisms
adhered on control SiO, surfaces and on protein conditioned
SiO, surfaces, increasing wall shear stresses were applied each
3 min. This is the required time to get a constant number of cells
remaining adhered on the surface. The number of cells remain-
ing adhered on the surface (N) was determined in the obser-
vation area after the application of each shear stress. For com-
parison purposes, the cells remaining adhered are reported in
percentage, according to formula (3):

Cells remaining adhered (%) = 1% x 100. (3)

The detachment profiles, representing the percentage of
cells remaining adhered on the surface, are plotted as a func-
tion of the wall shear stress.

I1.5.2.3 Microbial viability control. Microbial viability upon
injection (t,) as well as after 1 h 30 min of contact was con-
trolled. For this purpose, the procedure described above
(11.5.2.2) was followed while adding 1.0 pL of propidium iodide
IP (1 mg mL™', Invitrogen™, Thermo Fisher Scientific,
Illkirch, France) and a mixture of Syto9 (5 mM, Invitrogen™,
Thermo Fisher Scientific)/IP (1/1 vol.) to the injected suspen-
sion of P. aeruginosa PAO1-Tn7-gfp and C. albicans CIP 48.72,
respectively. The percentage of live cells, with respect to ¢,, was
then calculated.

Biomater. Sci,, 2024,12, 3086-3099 | 3089
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I1.6 Atomic force microscopy (AFM) analyses

In order to investigate the organization of adsorbed proteins
forming the conditioning dehydrated Fn and BSA layers on the
SiO, surfaces, after contact with several protein concentrations
in solution, as well as to localize the adhered bacteria on the
stack (conditioning protein layer/SiO, layer/Si-substrate), AFM
microscopic analyses were performed. The dehydrated protein
layers were directly studied. For the AFM observations of the
adhered bacteria on the conditioned by protein layers SiO, sur-
faces, the samples were prepared as described above (IL.5.1).
After rinsing, the samples with adhered microorganisms were
air-dried.

The AFM analyses in this work are based on topographic
investigations. The topographic data were acquired with a
Bruker Multimode mode 8 set-up in the Peak-Force
Quantitative NanoMechanical (PF-QNM) mode. A SNL tip with
a spring constant of 0.24 N m~" and a curvature radius of
around 5 nm was used to probe the soft materials (the protein
layer of interest and the microorganisms). The peak force was
set to 0.5 nN.>® For BSA-conditioned SiO, surfaces, the average
surface roughness (arithmetic S, and quadratic S;) was
determined.

11.7 Statistical analysis

All values were expressed as mean + standard deviation (SD)
from three independent experiments. The corresponding stat-
istical test (one- or two-way ANOVA followed by Dunnett’s or
Tukey’s test for multiple comparisons) as well as all graphs
were generated by using GraphPad Prism 10.2.1 for Windows
(GraphPad Software, USA). Statistically significant values were
defined as a p-value (* < 0.05, ** < 0.01, or *** < 0.001).

[1l. Results

II1.1 Evaluation of the effect of protein conditioning of SiO,,
surfaces on P. aeruginosa PAO1-Tn7-gfp adhesion and
detachment

III.1.1 Static conditions - adhesion assay of P. aeruginosa
PAO1-Tn7-gfp. The potential ability of the Fn and BSA protein
conditioning layers, obtained after protein adsorption on the
SiO, surface, to modify the adhesion of P. aeruginosa PAO1-
Tn7-gfp was first evaluated under static conditions. The
protein layers result from contact with several protein concen-
trations in solution (Table 1). Results are expressed as the frac-
tion of adherent cells for the tested condition in comparison
with a non-conditioned SiO, layer (formula 1) and show for
both proteins an increased bacterial adhesion as the protein
solution concentration used in the conditioning was increased
(Fig. 2). Interestingly, concerning the Fn conditioning layer, a
significant reduction in P. aeruginosa PAO1-Tn7-gfp adhesion
was observed when the protein adsorption resulted from the
lowest tested concentration (0.11 uM), while an increased bac-
terial adhesion was observed at the highest one (2.0 uM). For
the BSA conditioning layer, an enhancement of P. aeruginosa
PAO1-Tn7-gfp adhesion was observed with increasing protein

3090 | Biomater. Sci,, 2024, 12, 3086-3099
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non-conditioned
SiO, surface

Nprctein-conditioned/ NSi02

N & & & & 8
SR R R R
SIS SIRCSNNS
&
< & & & &

Fig. 2 Effect of Fn and BSA protein conditioning layers of SiO, surfaces
on P. aeruginosa PAO1-Tn7-gfp adhesion under static conditions.
Results are expressed as the fraction of adhered cells counted on
protein conditioned glass coverslips relative to those adhering on non-
conditioned ones (mean + SD from three independent experiments).
Statistically significant differences determined by one-way ANOVA with
Dunnett's test for multiple comparisons (**p-value <0.01) between
protein-conditioned and non-conditioned glass coverslips are indicated.

concentration in solution. Subsequently, in order to evaluate
their potential effect on bacterial detachment under dynamic
conditions, protein layers resulting from two concentrations in
solution of each protein were chosen, namely 0.11 and 1.0 pM
for Fn and 0.75 and 10.0 pM for BSA.

III.1.2 Dynamic conditions -
P. aeruginosa PAO1-Tn7-gfp

II1.1.2.1 Fn conditioning layer adsorbed on the surface of SiO,
thin layers. Prior to all experiments, the cell viability was
assessed after 1 h 30 min of contact with non-conditioned and
Fn-conditioned SiO, surfaces. In both cases, the bacteria
(100%) remain viable.

The number of initially sedimented bacteria (N,) for non-
conditioned and Fn-conditioned SiO, surfaces resulting from
the contact with solutions with two different concentrations of
Fn (0.11 and 1.0 pM) are summarized in (Table 3). For com-
parison reasons, Table 3 also reports the obtained results for

detachment assay of

Table 3 Number of initially sedimented P. aeruginosa PAO1-Tn7-gfp
(No) on non-conditioned SiO, surfaces and SiO, surfaces with an Fn
conditioning layer. The last column reports the wall shear stresses
required to detach 50% of the initially sedimented bacteria (zps05). All
results stem from three independent experiments

Molar concentration N, (bacteria

of proteins in per cmz) Tps50%
SiO, surfaces solution (uM) Mean + SD (Pa)
Non-conditioned n/a 1.3+0.7%x10°  0.09
(control)
Fn-conditioning 0.11 1.8+0.4%x10°  0.08
layers 1.0 1.5+1.1x10°  8.00

This journal is © The Royal Society of Chemistry 2024
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the wall shear stresses required to detach 50% of the initially
sedimented bacteria. The first observation to highlight is that
no significant difference in the number of sedimented bacteria
(Vo) is observed under all tested conditions.

The detachment profiles of P aeruginosa PAO1-Tn7-gfp
under increasing wall shear stresses on bare SiO,/Si samples
(control), and on the same surfaces conditioned with protein
layers are presented in Fig. 3a. The results are reported accord-
ing to the two well-distinguished stress ranges, with the first
one of very low wall shear stresses (up to 0.2 Pa) and the
second focusing on wall shear stresses in the range 5-13.75 Pa,
called hereafter “high”.

Analysis of the recorded P. aeruginosa PAO1-Tn7-gfp detach-
ment profiles in the very low wall shear stress range shows a
very important observation (Fig. 3a and b). The first applied
wall shear stress (0.01 Pa) is too low to exert any impact on the
adhered cells. It only serves to evacuate those of the initially
sedimented bacteria that have not adhered to the surface.
Thus, the very low wall shear stress represents an experimental

e SiO,

& Si0, +Fn (0.11 uM)

I+ SiOy + Fn (1.0 uM)
g
ZQ .............................
P4
0 T T T o o
0.00 0.05 0.10 0.15 0.20 5 10 15
Wall shear stress (Pa)
(b)

Si0,+ Fn (0.1 uM)

Si0,+ Fn (1.0 uM)

0.01 Pa

0.2 Pa

Fig. 3 Shear-flow induced detachment profiles of P. aeruginosa PAO1-
Tn7-gfp adhered on non-conditioned SiO, surfaces and SiO, surfaces
with an Fn conditioning layer (0.11 and 1.0 pyM) (a) with the corres-
ponding epifluorescence microscopy images (b). Results are expressed
as mean + SD, from three independent experiments. Statistically signifi-
cant differences determined by two-way ANOVA with Tukey's test for
multiple comparisons (*p-value <0.05, **p-value <0.01, ***p-value
<0.001) between t; 1, 30 min and after flow application (a) are indicated.
The red dashed line shows the 50% limit.
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situation that can be compared to static conditions and the
accounted number of cells can be considered representative for
the initially adhered cells. This situation underlines the same
trends as observed for static conditions (section III.1.1) i.e., there
is a lower number of adhered cells for the SiO, surface con-
ditioned by Fn-protein layer resulting from contact with the lower
protein concentration (0.11 pM), compared to the non-con-
ditioned (bare) SiO, surface. In the same way, when the SiO,
surface is conditioned by a Fn-protein layer resulting from larger
protein concentration in solution (1.0 pM), the number of
adhered bacteria is identical to the one representing the cell
adhesion on the bare SiO, surface. A slight increase in the wall
shear stress, up to 0.05 Pa leads to detachment of the weakly
adhered bacteria and thus to leveling out the number of cells
remaining adhered on the surface (N) for the control and the two
Fn-protein conditioned SiO, surfaces.

Beyond wall shear stresses of 0.05 Pa, a significant detach-
ment of adhered bacteria is observed on the non-conditioned
SiO, sample surface, resulting in a reduction of nearly 60% of
the number of cells remaining adhered for 0.1 Pa. The wall
shear stress required to detach 50% of the initially sedimented
cells is at 0.09 Pa (zp500, = 0.09 Pa). When examining the SiO,
surface conditioned with the Fn protein layer adsorbed at low
protein concentration in solution (0.11 uM), a significant, and
even more pronounced detachment is observed at 0.1 Pa. Only
18.8 + 5.5% of the bacteria remain adhered on the surface.
Tpso% 1S at 0.08 Pa in this case. Of particular interest is the
obtained large number of cells remaining adhered on the SiO,
sample surface conditioned with the Fn-protein layer resulting
from solution with a protein concentration of 1.0 pM for the
same wall shear stress (0.1 Pa). The level of remaining adhered
bacteria is as high as 75.7 + 14.2% and is the largest one com-
pared to the two other studied surfaces. For the upper limit of
this very low shear stress range (0.2 Pa), the behavior remains
unchanged for the three surfaces. Besides, the wall shear
stress required to detach 50% of the initially sedimented cells
in the case of conditioning of the SiO, surface with protein
layer resulting from 1.0 pM protein solution cannot be
attained. The percentage of cells remaining adhered on this
conditioned SiO, surface is of 68.5 + 10.4% (Fig. 3a and b).

As the wall shear stress is increased to the range of high
wall shear stresses, a progressive decrease in the number of
bacteria remaining adhered on the three surfaces is observed.
A total detachment of the bacteria is achieved at 13.75 Pa for
the non-conditioned SiO, surface and for the SiO, surface con-
ditioned with Fn-layers resulting from contact with low protein
concentration in solution (0.11 pM). The adhesion behavior of
bacteria is again different for the SiO, surface conditioned
with Fn-layers resulting from contact with high protein con-
centration in solution (1.0 pM). A wall shear stress as high as
8.0 Pa is required to detach 50% of initially sedimented bac-
teria, which is 100 times higher than the wall shear stress
needed for the non-conditioned SiO, surfaces and for those
conditioned with Fn layers at a low protein concentration in
solution (0.11 puM). Total detachment of the bacteria is not
achieved in this case.
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II1.1.2.2 BSA conditioning layer adsorbed on the surface of SiO,
thin layers. The effect of BSA conditioning layer adsorbed on
SiO, sample surfaces at two protein solution concentrations
(0.75 and 10.0 pM) on the detachment profile of P. aeruginosa
PAO1-Tn7-gfp was also investigated. In line with the studies
performed for the Fn-protein conditioning of the SiO, sur-
faces, prior to each experiment, the cell viability preservation
was assessed after 1 h 30 min of contact with non-conditioned
and BSA-conditioned SiO, surfaces. In all cases, the majority
of bacteria (95%) remain viable.

Results show no significant difference in the number of
sedimented bacteria between the BSA-conditioned and the
non-conditioned SiO, surfaces (Table 4). For the very low shear
stress range, similar detachment profiles are obtained for the
non-conditioned SiO, surface and the SiO, surface con-
ditioned with protein layer resulting from contact with low-
concentration of BSA solution (0.75 uM): 42.3 + 8.4% of bac-
teria remain adhered at 0.1 Pa and the 50% limit is attained at
Tpsow = 0.09 Pa (Fig. 4a).

A high wall shear stress (7, = 5.0 Pa) induces a rapid and
total detachment of the bacteria from the BSA conditioned
SiO, surface at low protein concentration (0.75 uM) conversely
to a bare SiO, surface (Fig. 4a). A total detachment from the
bare SiO, surface is only achieved at 71900, = 13.75 Pa. When
the BSA solution concentration used for conditioning the SiO,
surface is increased to 10.0 uM, a doubled wall shear stress
(Tp1009% = 0.2 Pa) is required to detach 50% of adhered bacteria
(Table 4). The defined range of high wall shear stress is insuffi-
cient to detach all adhered bacteria under those conditions.

I11.2 Evaluation of the effect of Fn and BSA protein
conditioning of SiO, surfaces on C. albicans CIP 48.72
adhesion and detachment under dynamic conditions

The same as for P. aeruginosa PAO1-Tn7-gfp, the cell viability of
C. albicans CIP 48.72 was assessed after 1 h 30 min of contact
with non-conditioned, Fn-conditioned (0.11 uM) and BSA-con-
ditioned (0.75 uM) SiO, surfaces. The following values were
respectively recorded: 100%, 99.6% and 96.3%.

Regarding the number of initially sedimented yeast cells
(No), no significant difference was noticed between the non-
conditioned (control) and protein-conditioned SiO, surfaces
(Table 5). On the non-conditioned SiO, surface, a significant

Table 4 Number of initially sedimented P. aeruginosa PAO1-Tn7-gfp
(No) on non-conditioned SiO, surfaces and SiO, surfaces with a BSA
conditioning layer. The last column reports the wall shear stresses
required to detach 50% of the initially sedimented bacteria (ry505). All
results stem from three independent experiments

Molar concentration N (bacteria

of proteins in per cmz) Tp50%
SiO, surfaces solution (uM) Mean + SD (Pa)
Non-conditioned n/a 1.3+0.7x10°  0.09
(control)
BSA-conditioning 0.75 1.0 £ 0.3 x 10° 0.09
layers 10.0 1.1+1.1%x10°  0.20
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Fig. 4 Shear-flow induced detachment profiles of P. aeruginosa PAO1-
Tn7-gfp adhered on non-conditioned SiO, surfaces and SiO, surfaces
conditioned with the BSA layer (a) with the corresponding epifluores-
cence microscopy images (b). Results are expressed as mean + SD, from
three independent experiments. Statistically significant differences
determined by two-way ANOVA with Tukey's test for multiple compari-
sons (*p-value <0.05, ***p-value <0.001) between t; , 30 min and after flow
application (a) are indicated. The red dashed line shows the 50% limit.

Table 5 Number of sedimented C. albicans CIP 48.72 (Ny) on hon-con-
ditioned SiO, surfaces and SiO, surfaces with Fn or BSA conditioning
layers and the wall shear stress required to detach 50% of the initially
sedimented yeasts (7,505, Pa). Results are expressed as No mean (yeasts
per cm?) + standard deviation (SD), from three independent experiments

Molar concentration Ny, (yeasts per cm?)
of proteins in

Si0, surfaces solution (uM) Mean + SD Tpsov (P2)
Non-conditioned n/a 5.6 + 0.2 x 10* 0.006
(control)

Fn-conditioning  0.11 6.5+ 0.3 x 10* n/a

layer

BSA-conditioning 0.75 6.5 + 0.4 x 10* 0.007
layer

reduction in the number of yeasts remaining adhered is
observed when subjected to the application of the lowest wall
shear stress (0.01 Pa). It results in the detachment of nearly
70% of the initial yeast population (27.5 + 5.5% of remaining
cells at 0.01 Pa, 7p500, = 0.006 Pa). The adhesion of the remain-
ing yeasts is maintained up to the highest value of the very low
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Fig. 5 Shear-flow induced detachment profiles of C. albicans CIP 48.72
adhered on non-conditioned, Fn- and BSA-conditioned SiO, surfaces
(Fn, 0.11 pyM, BSA, 0.75 uM). Results are expressed as mean + SD, from
three independent experiments. Statistically significant differences
determined by two-way ANOVA with Tukey's test for multiple compari-
sons (**p-value <0.01, ***p-value <0.001) between t; , 30 min and after
flow application are indicated. The red dashed line shows the 50% limit.

wall shear stress range (0.2 Pa) (Fig. 5). Change to the high
wall shear stress range leads to a progressive detachment of
the yeasts from the bare SiO, surface, although some cells
remain adhered even for the upper limit (z, = 13.75 Pa) of the
applied wall shear stress.

The BSA-conditioned SiO, surface with a protein layer
resulting from contact with a solution with a protein concen-
tration of 0.75 pM shows a rapid and dramatic detachment of
the yeast cells with 14.5 + 8.4% of cells remaining adhered at
0.01 Pa (zpse, = 0.007 Pa). It appears that the attachment of
these residual yeasts on the BSA-conditioned SiO, surface
remains unchanged even though the wall shear stress is
increased up to the highest applied value.

The detachment profile of C. albicans CIP 48.72 cells from
Fn-conditioned SiO, surfaces with a protein layer resulting
from solution with concentration of 0.11 uM shows a very dis-
tinctive behavior in comparison with the recorded profiles of
non-conditioned and BSA-conditioned SiO, surfaces (Fig. 5).
The percentage of cells remaining adhered at 0.01 Pa is as
high as 84.3 + 6.0% of the initial population. This is about 3
times higher than the recorded one on the non-conditioned
SiO, surfaces and more than 5 times higher than the one on
the BSA-conditioned SiO, surfaces. Even though the wall shear
stress is increased up to the upper limit, the 50% detachment
limit cannot be reached. At 7, = 13.75 Pa, 62.89 + 8.4% of the
yeasts remain adhered.

II1.3 Nanoscale analysis of P. aeruginosa PAO1-Tn7-gfp
adhesion on SiO, surfaces conditioned with Fn and BSA layers

II1.3.1 Protein organization on SiO, surfaces. The topogra-
phy of the adsorbed proteins on the SiO, surface was investi-
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gated by AFM in PF-QNM mode in order to gain insights into
the nanoscale organization of the Fn and BSA conditioning
layers. Observations of the Fn-layers resulting from the two
tested protein solution concentrations reveal mostly a unique
fiber-like arrangement of the proteins. Fig. 6a and b present
optical images of the studied by AFM regions. They also allow
to appreciate the FN-protein organization in a larger area.
Regarding the Fn conditioning layer, resulting from contact
with the low tested Fn solution concentration (0.11 uM), the
protein fibril assemblies form branched and rather short
fibers (Fig. 6¢). When increasing the Fn solution concentration
to 1.0 pM, the resulting protein layer on the SiO, surface is
composed of long and relatively straight protein fibers, well
aligned in a bundle-like structure (Fig. 6d). These observations

Fig. 6 Optical images and PF-QNM surface topography images of Fn-
dehydrated conditioning layers adsorbed on SiO, surfaces using 0.11 uM
(@, cand e) and 1.0 uM (b, d and f) protein solution concentrations. The
aligned 60 nm x 60 nm blue squares represent the Fn protein domains.
PF-QNM surface topography of the BSA-dehydrated conditioning layers
adsorbed on SiO, surfaces using 0.75 pM (g) and 10.0 pM (h) protein
solution concentrations. The insets in figures (a) and (g) represent
typical Fn and BSA structures and are for illustration purposes only,
taken from UniProt.>®

Biomater. Sci, 2024,12, 3086-3099 | 3093


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm00099d

Open Access Article. Published on 22 April 2024. Downloaded on 3/19/2026 5:26:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

indicate modifications in the conformation of the adsorbed Fn
in the layer based on the increased concentration of proteins
in the solution employed during the SiO, surface conditioning.
As the concentration rises, there is a noticeable transition
towards piling and expanding fibers, which may correspond to
more significant Fn-Fn interactions.

Looking at the protein organization on the SiO, surface at a
higher resolution, the two Fn protein solution concentrations
lead to fibers formed of small and aligned blocks, more visible
at a low concentration, measuring around 60 nm x 60 nm,
which corresponds to the dimensions of the Fn domain (type
III) (Fig. 6e and f). Measurements of the fiber height indicate a
value of 8.0 = 1.0 nm and its multiples. The multiplication of
this height can be attributed to either a pile-up of Fn mole-
cules or to adoption of more complex conformations of the
proteins in contact with the SiO, surface.

For the dehydrated BSA conditioning layer, the results
suggest a complete coverage of the SiO, surface for the low
(0.75 uM) and the high (10.0 pM) BSA solution concentrations
(Fig. 6g and h). The surface topography of the adsorbed BSA
conditioning layer is completely different from that of the Fn
one, lacking any visible particular arrangement on the surface.
The measured heights (<5 nm) suggest that the BSA proteins
adsorb on the SiO, surface in a “side-on” configuration, i.e.,
with their major axis parallel to the surface.*®

Moreover, the surface roughness of the resulting protein
layers increases with the protein concentration in solution.
Indeed, considering a 1 pum X 1 pm surface, the BSA protein
conditioning layer resulting from solution concentration of
0.75 pM displays a lower surface roughness (S, = 0.4 nm, S, =
0.5 nm) compared to the one obtained from 10.0 pM (S, =
0.6 nm, S, = 0.8 nm). This is a sign of an increased surface
concentration of the BSA proteins in the layer.

IIL.3.2 Bacteria-protein layer interactions. In view of the
morphological differences between the Fn- and BSA-de-
hydrated layers, bacteria-protein layer interactions were also
investigated (Fig. 7). Regarding P. aeruginosa PAO1-Tn7-gfp
adhered on the SiO, surface conditioned with an Fn-layer
resulting from contact with a solution of the higher concen-
tration (1.0 pM), the observations show a high tendency of bac-
teria to bind the Fn fibers, having their flagella located on the
bundle of Fn fibers (Fig. 7a). To strengthen the analysis, an
AFM stitching mode was applied to investigate a total area of
17 500 pm?® (7 zones x 2500 pm? each). The number of adhered
bacteria found in this area was 20 in total, with 17 bacteria

(0 200 nm

Fig. 7 PF-QNM surface topography images of P. aeruginosa PAO1-Tn7-
gfp adhering on Fn (1.0 pM) (a), BSA (0.75 uM) (b), and BSA (10.0 pM) (c)
dehydrated protein conditioning layers adsorbed on SiO, surfaces.
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located on Fn-protein covered regions and only 3 bacteria
adhered on a SiO, zone non-covered by Fn-proteins. All bac-
teria, adhered on the Fn-proteins were located on the Fn-
fibers, as shown in Fig. 7a.

For the interaction of P. aeruginosa PAO1-Tn7-gfp with a BSA
conditioning layer of the SiO, surface from a solution concen-
tration of 0.75 uM, the bacteria are systematically observed
with their flagella (Fig. 7b). However, for a BSA conditioning
layer resulting from high solution concentration (10.0 pM), a
reorganization in the BSA protein layer surrounding the bac-
teria is detected. The latter is found extending to nearly
200 nm and with a height of 4 nm which corresponds to the
BSA small dimension (Fig. 7c). In this case, the bacterial fla-
gella are no visible.

IV. Discussion

Microbial adhesion followed by colonization of surfaces are
widely recognized as being the initial stage of infections
associated with biomedical devices. These steps depend on
diverse physicochemical interactions, especially those invol-
ving a protein conditioning layer that spontaneously forms on
indwelling medical devices immediately after their contact
with a physiological fluid.>® Indeed, the type, composition,
conformation, surface density, and orientation of the proteins
within this layer can vary depending on the physicochemical
properties of the surface.’” In this context, several studies have
highlighted the significant correlation between the character-
istics of the surface and those of the conditioning protein
layer, and their ability to either promote or inhibit microbial
adhesion.*** However, these studies consider complex body
fluids, such as human saliva and human serum, which are
known to contain mixtures of a large number of proteins. As
identified by Kallas et al.,*' there are at least 10 most signifi-
cant proteins, in addition to other constituents, as cations
which are largely involved in the process. The richness of this
media prevents from a fine description of the relative contri-
bution of each constituent.

In the present study, we have evaluated the effect of protein
conditioning layers adhered on the surface of SiO, thin layers,
on the adhesion of P. aeruginosa PAO1-Tn7-gfp under static
and dynamic conditions. The combination of these two comp-
lementary methods represents one of the unique aspects of
this study, enabling the exploration of two key phenomena:
initial adhesion in the static experiment and its strength in the
dynamic one, depicted by the detachment profile.

The methodology applied in this work is for the evaluation
of microbial detachment under dynamic conditions with
increasing wall shear stresses. By combining all stresses into a
single experiment, as performed in this work, uniform
environmental factors across all rates were ensured, leading to
more robust results compared to an experimental approach
based on separate stress variations. In addition, the applied
approach primarily focuses on investigating the impact of
protein conditioning layers on microbial adhesion/detachment

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4bm00099d

Open Access Article. Published on 22 April 2024. Downloaded on 3/19/2026 5:26:52 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

by comparing protein conditioned and non-conditioned SiO,
surfaces. Consequently, any potential microbial adaptation to
increasing wall shear stresses would occur on both protein
conditioned and non-conditioned samples.

Two proteins were considered, fibronectin and bovine
serum albumin, aiming at to focus on the relative contribution
of each specific type of protein and the protein organization in
the layer. The selection of the two proteins was based on their
specific properties: Fn was chosen for its well-known involve-
ment in cell adhesion and biofilm formation,"*** while BSA
was selected as a model protein due to its physicochemical
properties similar to those of human serum albumin, the
major plasma protein.'® Dip coating method was applied for
conditioning of the SiO, surfaces since it naturally represents
similarities with the immersion of implantable devices in cor-
poral fluids. For covering a large range of experimental con-
ditions, the SiO, surfaces were brought to contact with protein
solutions with varying concentrations. On the other hand, in our
quest for a comprehensive understanding of the interaction
between protein conditioning layer and microbial adhesion, we
extended our investigation to C. albicans CIP 48.72, an opportu-
nistic fungus known for its increased ability to form biofilms on
implantable medical devices, leading to recalcitrant infections.**
To investigate microbial adhesion/detachment under dynamic
conditions, a shear-stress flow chamber was used, employing a
broad range of wall shear stresses. Variation of the wall shear
stress is particularly interesting and enlightening, as the very low
wall shear stresses simulate conditions representative of slow-
flowing implants, such as ocular ones, while the high wall shear
stresses are typical of high-flowing implants, similar to urinary
catheters.** 3¢

Starting with the analysis of the results obtained with a
non-conditioned SiO, surface, a notable difference appeared
between the two very different in nature microorganisms
(Fig. 3a and 5). While P. aeruginosa PAO1-Tn7-gfp bacterium
exhibited a gradual detachment when increasing the wall
shear stress, C. albicans CIP 48.72 yeast displayed a swift
detachment upon the application of the lowest wall shear
stress (0.01 Pa). These findings highlight the diverse features
displayed by the microbial adhesion processes according to
the corresponding kingdom, genus, species, size and strain.

The adhesion/detachment process of P. aeruginosa PAO1-
Tn7-gfp under static conditions was found dependent on the
conditioning Fn-protein layer, with the latter being functional
of the protein concentration in solution. In particular, the bac-
terial adhesion was observed identical for non-conditioned
SiO, surfaces and for SiO, surfaces conditioned with protein
layers resulting from high Fn concentration in solution
(1.0 pM). When the SiO, surfaces were conditioned with
protein layers resulting from low Fn concentration in solution
(0.11 pM), a significant reduction in bacterial adhesion was
found (Fig. 2). This finding was confirmed under dynamic con-
ditions for the very low wall shear stress (0.01 Pa) which could
be considered comparable with the rinsing phase under the
static condition experiment. It underlines the removal of non-
adhered bacteria out of all sedimented ones on the surface
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(Fig. 3a). Moreover, it places the adhered bacteria on the three
different surfaces (non-conditioned, Fn-conditioned after
contact with low and high protein concentration solutions) in
the same order as under static conditions. The observed differ-
ences in the adhesion of P. aeruginosa PAO1-Tn7-gfp under
dynamic conditions can be attributed to either increased
surface concentration of the Fn proteins in the layer resulting
from contact with a higher protein concentration in solution
or to a variety of conformations of the adsorbed Fn. Actually,
the performed PF-QNM analysis revealed the link between the
bacterial adhesion and the adopted conformation of Fn. It
should be noted that the elasticity of the Fn proteins and its
ability to adopt a wide variety of assemblies and confor-
mations have been demonstrated in various studies.’>*® Our
results are in line with these reports. They show a fibrillar
organization of the Fn domains for the conditioning layers
resulting from the two tested protein concentrations (Fig. 6¢
and d). However, at 0.11 pM Fn in solution, a fibrillar pattern
with short branches is observed in the protein layer,
suggesting an early arrangement of Fn in a “bead-on-a-string”
structure with periodicity of 60 nm (Fig. 6e and f). Such chain-
like assemblies of Fn have been observed for protein inter-
action with negatively charged surfaces.”” According to our
results, the surface charge does not appear a necessary con-
dition for their formation, although the electrostatic inter-
actions are most likely at their origin. However, the results
reported here confirm that such chain-like assemblies can be
obtained only after protein adsorption on solid surfaces. The
obtained protein layer is discontinuous due to its structuration
in fibers. The protein surface concentration resulting after
contact with the low Fn-concentration in solution is found: I" =
1.32 pg cm>.*® Besides, the refractive index of such a protein
layer is measured of n = 1.62, which is a typical value for a
polymer layer. Higher concentration of Fn in the solution
leads to the formation of long and well aligned Fn fibers,
suggesting also a higher protein surface concentration (mul-
tiple superposed fibers). Concerning the high Fn concen-
tration in solution (1.0 pM), the extended length, as well as the
structuring of the Fn fibers in bundles, can explain the
enhanced bacterial adhesion obtained under this condition.
In this context, Khan et al. demonstrated that Fn-proteins
adsorbed in a fibrillar form promote the adhesion of the
Gram-positive Staphylococcus epidermidis, in contrast to the
folded protein form.*® The authors suggest that this dissimilar
behavior arises from the position of the protein binding sites,
which are exposed in the fibrillar Fn structure and buried in
the folded one. Our results go beyond this demonstration. The
adhesion of P. aeruginosa PAO1-Tn7-gfp also depends on the
Fn-fiber organization on the SiO, surface. It is reduced for Fn-
protein layers with short and branched fibers, resulting from
protein solution with a lower concentration and strengthened
when occurring on fibrillar Fn-layers with long and aligned in
bundle fibers, resulting from solution with a higher protein
concentration.

Moreover, the PF-QNM surface topography studies of
P aeruginosa PAO1-Tn7-gfp adhered to Fn-conditioned SiO,
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surfaces confirm the strong affinity of bacteria for Fn fibers,
since a clear preference for adhesion to protein fibers was
observed (Fig. 7a). The effect is more pronounced for Fn-layers
with long and well aligned fibers, stemming from a high
protein concentration in solution. Interestingly, the bacterial
flagella are prominently visible on the Fn fibers, which
suggests implication of this organelle in the bacteria-Fn inter-
action and thus in cell adhesion. In this context, various
studies have highlighted the crucial role of flagella, a bacterial
apparatus composed mainly of flagellin, in bacterial adhesion
and invasion.’® In addition, the study conducted by Moraes
et al. emphasized the substantial involvement of flagellin of an
atypical enteropathogenic Escherichia coli in its interaction
with Fn.>!

Despite the scarcity of studies investigating P. aeruginosa
PAO1 adhesion on Fn-conditioned SiO, surfaces, the bacterial-
Fn affinity has been demonstrated in some previous publi-
cations, both at a cellular scale and on inert surfaces. For
instance, previous research has revealed a close association
between P. aeruginosa PAO1 adhesion and the elevated depo-
sition of fibronectin on cystic fibrosis airway epithelial cells.>>
On the other hand, Arhin et al., have identified OprQ, an outer
membrane protein, as Fn-binding protein (FnBP). The loss of
the expression of this porin has been shown to hinder bac-
terial adhesion to Fn in vitro (wells coated after interaction
with a protein solution at 10.0 pg mL™*).>*>*

Concerning the effect of the Fn conditioning layer on the
adhesion/detachment of C. albicans CIP 48.72, interestingly,
unlike P. aeruginosa PAO1-Tn7-gfp, this yeast exhibits a strong
adhesion to SiO, surfaces conditioned with Fn protein layers,
even at the lowest protein concentration in solution (0.11 uM)
(Fig. 5). The difference in adhesion between these two microor-
ganisms can be attributed to their distinct adhesion patterns
involved in their respective behaviors. Regarding the
C. albicans yeast, the fungal surface protein phosphoglycerate
mutase 1 (Gpm1) has been shown to possess good affinity for
Fn.>® Furthermore, the work of Rauceo et al. sheds light on
another key player in C. albicans adhesion to Fn, namely Als5p
(agglutinin-like protein 5), surface adhesin expressed by the
fungus.®®

On the other hand, the adhesion under static conditions of
P. aeruginosa PAO1-Tn7-gfp on SiO, surfaces shows a positive
correlation with the conditioning protein layers, resulting from
contact with increasing BSA concentrations in solution (Fig. 2).
In this context, Yang et al. revealed that BSA adsorption on
polyvinylidene fluoride microfiltration membrane enhances
the adhesion of P. aeruginosa CMCC10104.°” This improve-
ment in adhesion was attributed to the alteration of the mem-
brane properties following BSA adsorption, notably an increase
in hydrophobicity, thus favoring its proadhesive character. An
increase in hydrophobicity of the SiO, surfaces after BSA con-
ditioning from increasing BSA-concentrations in solution was
also demonstrated in our prevous work.*® Moreover, except for
the very high protein concentration in solution (100.0 pM), for
which the BSA proteins are “end-on” adsorbed on the SiO,
surface and the resulting protein layer is not a monolayer but
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adopts complex structuring, the two other protein layers, those
resulting from BSA concentration in solution of 0.75 uM and
10.0 pM, are formed from “side-on” adsorbed BSA proteins on
the SiO, surface.®® They both are continuous monolayers as
obtained by the AFM measurements, with an increase in their
surface roughness (Fig. 6). The protein surface concentration
is around I = 0.58 pg cm > for the protein layer resulting from
BSA concentration in solution of 0.75 uM and almost doubled
for the larger concentration in solution, keeping the same
refractive index n = 1.61.*® However, a more focused investi-
gation of the protein surface concentration, the fate of
adsorbed on the surface proteins and the integrity of these
thin protein conditioning layers is worthy, especially under
dynamic conditions of microbial adhesion/detachment.
Implementation of a quartz crystal balance would definitely
benefit the analyses of these protein monolayers containing
very small protein surface concentrations.

The interaction of P. aeruginosa PAO1-Tn7-gfp with these
two protein conditioning layers was tested under dynamic con-
ditions. The detachment profiles of P. aeruginosa PAO1-Tn7-gfp
are similar as far as the wall shear stress is below 0.2 Pa. The
difference in the adhesion of P. aeruginosa PAO1-Tn7-gfp
becomes noticeable when the applied wall shear stress is 5.0
Pa and more, with a total bacteria detachment for the protein
layer resulting from low BSA concentration in solution
(Fig. 4a). This difference can be attributed to the surface
roughness of the BSA protein layer, and more generally to the
BSA layer structuring as demonstrated in Fig. 7b and c. The
positive impact of the surface roughness on bacterial adhesion
has been demonstrated in several studies although the
reported outcomes remain contradictory and are shown to be
dependent on the bacterial species as well as on the experi-
mental conditions.>®*

Concerning the PF-QNM surface topography of
P. aeruginosa PAO1-Tn7-gfp adhered to the SiO, surface con-
ditioned with a BSA layer, resulting from a solution with a
protein concentration of 10.0 pM, the bacteria display a ten-
dency to burrow into the BSA layer, thus modifying its local
organization and rendering the bacterial flagella undiscernible
in the contrary to the BSA layer obtained from solution with a
lower protein concentration (0.75 uM) (Fig. 7b and c).

On the other hand, the investigation of the effect of BSA
conditioning layer on C. albicans CIP 48.72 adhesion/detach-
ment properties revealed a rapid and significant microbial
detachment immediately after application of the lowest wall
shear stress (0.01 Pa) (Fig. 5). This observation aligns with the
fact that albumin is usually recognized as an eukaryotic cell
adhesion-inhibiting protein on inert surfaces.'®®* Similarly,
research conducted by Austermeier et al. reported that
albumin has no impact on the initial adhesion of C. albicans
SC5314 on intestinal epithelial cells.®® This can be attributed
to the scarcity of adhesins involved in C. albicans adhesion to
BSA, unlike those identified for adhesion to Fn. For instance,
the agglutinin-like sequence Als1p, recognized for its role in
C. albicans adhesion and biofilm formation, was found to have
no part in adhesion to BSA.®* However, its implication in
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binding to Fn has been well established.®> These cumulative
pieces of evidence consistently demonstrate the inhibitory
effect of albumin on eukaryotic cell adhesion, including
C. albicans, on various surfaces.

All these findings would naturally bring their value to
eventual clinical trials, where the fundamental characteristic
of this study will successfully draw the application perspec-
tives. Moreover, the selected thin silica layers would find
their implementation, given the biocompatibility properties
of SiO,. The work here is performed with very thin SiO,
layers, of only 100 nm of thickness, that present a very flat
surface and a hydrophilic character. They can be deposited,
by a plasma (electrical discharge) based process®® on
surfaces, including titanium, which is largely
applied for different kinds of medical implants.>®> Thus, this
study represents a part of a much broader project aiming at
elaboration of antimicrobial surfaces involving SiO, as a
host matrix, to be applied as coating layers for implantable
medical devices.

various

V. Conclusion

In the present work, we have investigated the effect of protein
conditioning of the surface of SiO, thin layers with dehydrated
protein layers resulting from contact with protein solutions
with different Fn and BSA concentrations on the adhesion and
detachment of P. aeruginosa PAO1-Tn7-gfp and C. albicans CIP
48.72 under static and dynamic conditions.

The novelty of this work resides in the improvement of
the experimental arrangement that allowed the application
of very low wall shear stresses, which in turn provided data
necessary to perform analyses and to compare with static
conditions, thus demonstrating a way to distinguish between
the sedimented and adhered microorganisms in the initial
phase of microbial adhesion, in relation to a specific
protein conditioning layer present on the solid surface. The
study successfully addresses the static and dynamic con-
ditions of microbial adhesion and brings the link between
the two.

Overall, this study provides new insights into the relation-
ship between protein adsorption and microbial adhesion,
which is crucial for the design of novel anti-adhesive surfaces.
The obtained results show that the microbial adhesion criti-
cally depends on: (i) the presence of a protein layer condition-
ing the SiO, surface, (ii) the type of protein and (iii) the
protein conformation and organization in the conditioning
layer. The presence of a protein conditioning layer on the SiO,
surface alters the microbial adhesion compared to a bare SiO,
surface. Moreover, very distinct behaviours are observed
regarding the two tested proteins, Fn and BSA. This effect is
reinforced by the amount of proteins adsorbed on the surface
and their organization in the layer. While the former is closely
related to the protein concentration in solution, the latter
results from the dynamic processes of protein adsorption on
the surface and the conformation change they undergo. For
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lower protein concentration in solution, the adsorption of Fn-
proteins leads to protein fibril assemblies forming branched
and rather short fibers, as demonstrated by PF-QNM analysis.
Increasing the Fn protein concentration in solution entails the
formation of long and relatively straight protein fibers, well
aligned in a bundle-like structure. In both cases, the fibrillar
patterns suggest an arrangement of the Fn domains in a
“bead-on-a-string” structure with a periodicity of 60 nm and
confirm the necessity of interaction with a solid surface for the
appearance of such assemblies. A higher Fn-protein concen-
tration in solution results in multiplication of the fiber height
that can be attributed to a pile-up of the Fn molecules, thus
providing conditions for stronger adhesion of P. aeruginosa
PAO1-Tn7-gfp, mainly via binding of the bacterial flagella on
the bundle of Fn fibers. The BSA-proteins condition the SiO,
surface differently since they organize in continuous layers,
however with increased roughness when the protein concen-
tration in solution is increased. This second condition allows
the P. aeruginosa PAO1-Tn7-gfp flagella to be located under-
neath the BSA protein conditioning layer and thus to
strengthen the bacterial adhesion.

The hydrodynamic method applied for the study of
P. aeruginosa PAO1-Tn7-gfp adhesion reveals that higher wall
shear stresses are required in order to detach 50% of the bac-
teria initially sedimented on SiO, surfaces conditioned with
protein layers resulting from contact with solution with a
higher protein concentration, for either Fn or BSA protein.
Complete detachment of the bacteria cannot be achieved even
for the upper limit of the wall shear stress range. It is worth
recalling that the high wall shear stresses applied in this study
are similar to those in urinary catheters. It means that such
medical devices require careful treatment.

Switching to the model yeast C. albicans CIP 48.72 in the
study demonstrates the very different behaviour of the eukar-
yote species compared to prokaryote P. aeruginosa PAO1-Tn7-
gfp ones and underlines the need for the investigation of
different pathogenic microorganisms. Conditioning the SiO,
surface with a BSA protein layer leads to a much smaller
number of C. albicans CIP 48.72 cells remaining adhered on
the surface, while the presence of a Fn conditioning layer on
the SiO, surface provides conditions for a very strong adhesion
of the yeasts. Although different degrees of the percentage of
cells remain adhered, a complete detachment of C. albicans
CIP 48.72 has not been achieved even for the highest applied
wall shear stress in both cases.

In light of these results, further experiments are envisaged
to reveal the microbial adhesion on solid surfaces via the inter-
actions between proteins and microbes. Of particular interest
are the examination of the protein adsorption and formation
of protein conditioning layers on SiO, surfaces from Fn/BSA
protein mixtures and thus the evaluation of their effect on the
microbial adhesion. Furthermore, it would also be interesting
to explore the mechanisms underlying microbial adhesion to
the two tested proteins through molecular approaches in order
to enhance our understanding of species-specific microorgan-
ism-protein interactions.
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