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ABSTRACT

Biomedical implants are an important part of evolving modern medicine but have a potential
drawback in form of post-operative pathogenic infection. Accordingly, the “race for surface”
combat between invasive bacteria and host cells determines the fate of implants. Hence,
proper in vitro systems are required to assess effective strategies to avoid infection. In this
study we developed a real time observation model, mimicking post-operative contamination,
designed to follow E. coli proliferation on titanium surface occupied by human osteoblastic
progenitor cells (STRO). This model allowed us to monitor E. coli invasion of human cells and
titanium surface coated and uncoated with fibronectin. We showed that the surface
colonization of bacteria is significantly enhanced on fibronectin coated surfaces irrespective
of if areas were uncovered or covered with human cells. We further revealed that bacterial
colonization of the titanium surfaces is enhanced in co-culture with STRO cells. Finally, this
co-culture system provides a comprehensive system to describe in vitro and in situ bacterial
and human cells and their localization but also to target biological mechanisms involved in
adhesion as well as in interactions with surfaces, thanks to fluorescent labelling. This system

is thus an efficient method for studies related to design and function of new biomaterials.
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1. INTRODUCTION

A major challenge in bone implant integration is the prevention of biomaterials associated
infection (BAI). The consequences of BAI for patients are severe as their hospitalization time
isincreased and may sometimes lead to complementary surgery.>? BAl are commonly studied
in vitro with either eukaryotic or prokaryotic cells.31° The “race for the surface”!! between
bacteria and cells during BAI, has been more recently reproduced in vitro using a co-culture
model with host cells and bacteria. The simplest in vitro BAl models on various biomaterials
are based on static co-cultures of human eukaryotic cells (gingival fibroblasts or osteoblasts)
with different strains of Streptococci,*?'® Pseudomonas’*® or Staphylococci*®-?! in multi-well
plates. Even though these models provide a wealth of knowledge their preparatory
procedures along with chemical fixation to quantify the amount and viability of cells or
bacteria are done long after the co-culture is initiated. Due to this the initial events of

interaction between material-cell/bacteria and cell-bacteria remains largely unexplored.

Thus, there is a need to develop the existing methods in order to explore the preliminary
interactions of cell and bacteria on implants. In situ optical microscopies can allow continuous
observation of real-time interactions in co-cultures. When equipped with culture set-ups to
provide continuous nutrient medium exchange, these systems, furthermore, provide
adequate conditions for live cells and bacteria. In 2000, Heydorn et al. used such a
hydrodynamic system to evaluate in vitro reproducibility of biofilms.?? Later on, microfluidic
systems were applied to cellular or bacterial culture separately.?>2* However, while they
enabled real-time imaging under flow, these devices were inadequate for investigating large
pieces of biomaterial. Considering this, in 2006 Busscher and Van der Mei proposed a new
type of flow chamber, which allowed working with a bigger volume of culture medium and
larger culture surfaces.? In 2009, the same group proposed for the first time a prokaryote
and eukaryote co-culture model based on previously developed flow chamber.?® Later, this

co-culture model was used to evaluate the simultaneous response of Staphylococci and
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osteoblasts on different materials.?’3! In 2011, they improved their co-culture model by
associating three different bacterial strains, macrophages and osteoblasts to study tissue
integration in BAI context.32 However, chemical fixation of cells was still needed in this model

before their observation.

Lee et al. have provided significant advances to the field by an attempt to simulate 3D tissue
with osteoblastic cells in an in vitro co-culture system, designed to simulate BAI with S.
epidermidis in actual organs.?* Nevertheless, most of these approaches focused on specific
biological behaviors resulting from the bacteria/cell co-culture, without any consideration for
biological interactions with the underlying material. Aiming at mimicking clinically relevant
cells/bacteria/material complex environments, in 2014 Yue et al. focused on the interaction
of bacteria and cells with active titanium surfaces.?®* However, bacteria-cell interaction was
not evaluated and the system did not allow dynamic fluid circulation or real-time imaging of
the co-culture. The most comprehensive co-culture model developed until now was reported
by Lee et al. while studying interactions between mouse osteoblasts (MC3T3-E1) and S.
epidermidis on a titanium surface by real-time imaging and recording live cells and bacteria
under an upright fluorescent microscope.3* However, images of both cells and bacteria could

not be obtained at the same time.

Thus ultimately, there is still a lack of a co-culture system that includes all the methodologies
and experimental approaches needed to provide a thorough and dynamic description of
interactions between mammalian cells, bacteria and materials. Such a dynamic microfluidic
flow system would allow renewing culture medium of fluorescently stained cells and bacteria
and real-time florescence imaging at high resolution of material-cell/bacteria and cell-
bacteria interactions. With this aim we developed a versatile and reliable system based on a
flow chamber designed for investigation of any biomaterial.>>-3¢ Previous studies postulated
bacterial adhesion prior to cell arrival on the implant, in order to simulate an infection
occurring during the operation and before tissue integration.?® Herein, we explore another
aspect of implant contamination by focusing on the infection by bacteria of cells previously
adhered to the biomaterial. This situation can occur during early stage of tissue integration or
when integration is already achieved i.e. a post-operative contamination model.?®
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With this objective, we attempted to develop a dynamic system to control cell viability and
mimic arrival of bacteria via bloodstream by renewing culture medium through use of a
peristaltic pump. Moreover, our aim was to deal with orthopedic materials such as ceramic
or titanium with variable surface chemistry and topography. With the help of an upright
confocal laser microscope equipped with a 63X magnification objective of high optical
aperture, well-adapted for imaging bacteria, we imaged in situ bacteria/cell growth on such
opaque materials. Furthermore, we optimized the set-up previously designed by our lab.3¢
Notably the distance between the material sample and the microscope objective was adapted
to the short focal-length of the objective and for the reduction of the culture medium height
crossed by light. To be able to follow the behavior of both bacteria and cells, their staining
became a key factor. Thus, for bacteria, we took advantage of GFP-expressing bacteria
technology.?” For cells, labeling required adjustments to compromise on sufficient
fluorescence emission versus oxidative toxicity resulting from photo-bleaching.3®4° Thus, the
real-time and high magnification imaging of the initial contamination of pre-adhered
osteoblastic progenitor cells by E. coli on clinically non-transparent relevant titanium surfaces

became possible.

2. MATERIALS AND METHODS

2.1. Flow chamber design and circuit construction

Flow chamber and procedures were designed on the basis of set-ups and procedures
developed for investigation of bacteria/material interface and described previously.3>3¢ The
flow chamber was fabricated out of polycarbonate Makrolon™ (NEOTEC Plastique SAS,
France). It exhibits a co-culture chamber with a 20x40 mm flat bottom and a height of 1.8 mm.
These dimensions allow the incorporation of large surface material, e.g. 16 mm diameter
titanium disks in a centered circular cavity. The total volume of the chamber (1.44 ml) contains
enough culture medium to ensure cell viability during non-dynamic phases (cell adhesion to
surface, bacteria adhesion to surface, cell fluorescent staining). The chamber was sealed by a
0.17 mm thick glass cover slip (Menzel-Glaser, Fisher Scientific, France) with the help of a thin
line of biocompatible glue (Aqua SiliconeTM, Den Braven, Netherlands). The use of this wide

glass cover slip gives a large field of view and allows scanning the entire surface of the material

4



with minimum adjustments. The input and the output sides of the chamber were connected
to the circuit by 0.5 mm diameter cylindrical holes on which were plugged flexible tubes
(TYGON R-3603, Fisher Scientific, France) (Figure 1). A peristaltic pump (ISMATEC ISM945D,
Fisher Scientific, France) provided fresh culture medium through the circuit at the constant
flow of 0.028 ml/min (1.68 ml/h) except during inoculation with bacteria (0.28 ml/min) to
mimic short inoculation phase duration (<10 min). The medium is stored in a sterile bottle
connected to the circuit across a 0.22 um Millipore filter, which prevents undesired chamber
contamination. Indeed, this medium does not contain antibiotics, and therefore is vulnerable
to bacterial proliferation. A manual valve is used to switch between medium and bacterial
solution for starting and stopping the infection step. A tube leads from the valve to the
plugged 2 ml syringe that contains the bacterial solution. A passive bubble trap extracts gas
bubbles out of the incoming medium.%! Then the chamber volume is gently renewed by a
laminar flow as evaluated elsewhere.3® The observation phase flow is 1.68 ml/h and the total
chamber volume is changed every 51 min. Outcoming medium is driven to the waste bottle.
The entire circuit fits under an upright confocal microscope (Carl Zeiss LSM700) within an
environmental chamber. During experiments, temperature is maintained at 37°C and the
atmosphere inside the environmental chamber is a mixture of air and 5% CO,. The air mixture

reaches the culture medium through gas exchange across porous circuit wires.

ALO Jj¢

Flow chamber

Millipore filter + junction

Culture medium Peristaltic pump Bubble trap Waste

Figure 1 : Scheme of the nutrient and inoculation circuit for co-culture in flow chamber.



2.2. Microscopy techniques: Confocal objective and automation

Observation was performed with an upright confocal microscope (Carl Zeiss LSM700). Upright
configuration permits to solve part of the biological versus material concern, as opaque
implantable material such as titanium will be observed from the top when cells is growing
upon it. AW Plan-Apochromat 63x/1.0 from Zeiss with a 2.1 mm focal distance was used. This
objective is designed for immersion in water and does not possess an optical correction for
glass coverslip. However, it was shown to be efficient for bacteria and cell imaging on
biomaterials through the liquid (distillated water drop) / transparent solid (glass coverslip) /
liquid (culture medium) optical interfaces of the sealed flow chamber (Figure 2). Compared
to 50x long distance air objective micrographs, on the same flow chamber, the acquired

information is greatly improved, both quantitatively and qualitatively (Figure S1).

The confocal microscope is equipped with a motorized X-Y stage that permits an automated
acquisition on various surface locations. Eight positions were fixed at the beginning of
experiment. Evolution of the surface colonization was then automatically followed on these

locations throughout the duration of the experiment (Figure 2b).

A B
W Plan-Apochromat 63x/1.0 objective Uncoated titanium
7 (Water immersion)
Water drop Cover slip

A b4
I
| f

\ },.-"

[ Glue seal Positions of

/
I 1.8 mm =
Outflow tube
Mitanium surface

acquisition

50 mm

Coated by Fn
Figure 2 : Setting of the flow chamber under upright confocal microscope (A) and positions of image

acquisition on the titanium surface uncoated or coated by human plasma-derived fibronectin (Fn) (B).

2.3. Biomaterial and fibronectin surface functionalization

The material used was a mirror polished titanium disk of 16 mm diameter and 0.5 mm height
provided by Prof. H. Pelletier (INSA, Strasbourg). The disk was cleaned by successive ultrasonic
baths in PBS-SDS 1%, Acetone, Chloroform, Ethanol (15 min each), dried with nitrogen gas
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and then heat-sterilized (180°C, 1h). The titanium surface was functionalized with 50 pg/ml
human plasma-derived fibronectin (Fn) during 30 min at room temperature, then rinsed three
times with sterile PBS and stored in sterile PBS.*? To allow the simultaneous study with and
without fibronectin culture conditions, only half of the surface was coated with fibronectin
by immersing half of the titanium surface in fibronectin solution (Figure 3.D). The coating was
visualized by immunostaining with F3648 anti-Fn antibody (Sigma) and the corresponding

secondary antibody labelled to TRITC. (Figure 3.A, B, C).

Figure 3: Immunostaining (red) of human plasma fibronectin coated on half titanium surface. (A) A

scratch on the surface after staining enables to visualize the fibronectin layer revealed by fluorescent
labeling. Boundary between coated and uncoated surface is observed in (B) and (C) surfaces. Size of
(A) and (B) micrographs is 256 um x 256 um. (D) Image showing immersion of half surface of titanium

substrate in solution of fibronectin.

2.4. Cell culture and medium

The eukaryotic cells F/STRO-1+A (STRO) i.e. immortalized osteoblast progenitors from human
fetal bone marrow stroma were a kind gift from Dr Pierre J. Marie (Inserm U1132, University
Paris Diderot). Cells used were between 20t and 35 passage to maintain the homogeneity
of the observed population. STRO cells were cultured in ISCOVE’s modified Dulbecco’s
Medium (IMDM, Gibco) supplemented with 10% of Fetal Bovine Serum (FBS) (v/v), 2mM of
L-glutamine and 100 U/ml penicillin-streptomycin (100pg/ml) solutions (further on referred

to as complete medium). They were maintained at 37°C in 5% CO, humidified atmosphere



and were passaged at 80-90% confluence using 5% (v/v) Trypsin-EDTA. Cell density used was
7.5 10* cell/ml, and injected in the sealed flow chamber before each experiment and

incubated overnight to promote cell adhesion.

2.5. Bacterial culture and medium

Prokaryote cells were modified Escherichia coli (K12 SCC1) which express the eGFP
fluorescent molecule. They were obtained from Prof. Chun Chau (Division of Genomics &
Genetics, Nanyang Technological University).*® Bacteria were thawed from -80°C storage
solution, and grown overnight at 30°C on Luria Broth (LB) agar medium in Petri dish. One
colony was used to inoculate 15 ml LB solution before overnight incubation at 30°C. Lag-phase
of bacterial growth was obtained by inoculating 30 ml of LB solution with the previously
incubated bacterial solution. After 4 hours of growth, the Lag-phase solution was centrifuged
(3500 rpm during 20 min at 4°C) and the medium was replaced by the co-culture medium.
Bacterial concentration of this solution was estimated by measurement of absorbance at 600
nm wavelength. This solution was diluted in co-culture medium to obtain a final 2 ml solution
at an optical absorbance of 0.01 (~5 10 bacteria mL?), stored in a 5 ml syringe which was

plugged into the flow chamber circuit.

2.6. Co-culture medium

Co-culture experiments were carried out in a cell culture medium adequate for mammalian
cells, in order to describe in a close manner in situ cell behavior in context of implant
contamination. Phenol red-free ISCOVE medium was used to minimize interactions with
fluorochromes and to optimize microscope laser signal in red wavelengths. Phenol red-free
ISCOVE medium was supplemented with 5% of FBS and 1% of L- glutamine (referred as co-
culture medium) and was verified to allow normal growth of bacteria (Figure 4). The co-

culture medium was maintained at 37°C before and during the experiments.
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Figure 4: E. coli SCC1 growth in different media with time: Luria Broth (LB), ISCOVE, ISCOVE + 1% L-
glutamine, ISCOVE + 1% L-glutamine + 5% FBS.

2.7. Bacterial inoculation in the co-culture chamber

Bacterial inoculation phase followed three steps: 1) the syringe content was pumped through
the circuit to the co-culture chamber with a flow of 0.28 ml/min; 2) Once the total volume of
the bacterial solution had replaced the flow chamber volume, the pump was stopped and the
circuit closed before and after the flow chamber to avoid undesired flow movements during
the sedimentation of bacteria. The sedimentation phase was maintained for 10 minutes,
which is the estimated time needed by bacteria to reach and adhere to the titanium surface;
3) The volume of co-culture chamber was then replaced with fresh medium at a 0.28 ml/min
flow, in order to rinse out planktonic bacteria without displacing the adhered ones. When 2
ml of fresh medium was pumped through the circuit, the flow was set to 0.028 ml/min for the

rest of the experiment.

2.8. Labelling of cells
To assess STRO cell behavior in real-time during bacterial contamination, their membrane was
stained prior to the beginning of the experiment. Staining of live STRO cells was performed

with Cell Tracker Red dye (CellTracker Red CMTPX Dye, Invitrogen, USA) by injection into the



flow chamber through the junction that is also used to connect the syringe for injection of the
bacterial solution (Figure 1). This was done after overnight adhesion of cells onto the titanium
surface. 2 ml of 10 uM Cell Tracker Red dye solution (diluted in red phenol free ISCOVE
medium) was gently injected in the flow chamber after removing culture medium. Cells were
incubated with the stain solution during 30 minutes at 37°C with 5% CO, and then incubated
during 30 minutes with co-culture medium. Afterwards, medium was renewed with fresh co-
culture medium, and the flow chamber was left for 30 minutes at 37°C with 5% CO;

atmosphere until the start of experiment.

2.9. Confocal microscope settings

Acquisition parameters were set on ZEN® software for Zeiss confocal microscope. For each of
the 8 positions on the titanium surface, the microscope automated plate was configured to
capture 10 images following the z axis, which resulted in 10.49 um thick 3D stacks. The
microscope pinhole was maintained below 1 Airy Unit (52 um). 555 nm and 488 nm lasers
were used to excite Cell Tracker Red (with 4.0 % of the maximal laser power), and eGFP
fluorochromes (with 4.6% of the maximal laser power) respectively. The W Plan —
Apochromat 63 x objective was used at 0.5X zoom and final images resulted of 4x4 tile scan
merged with 10% overlap. Gain levels of the photomultipliers were maintained in the range

of linearity.

2.10. Image analysis

Bacterial counting, cell area calculation and comparison of the surface areas occupied by cells
versus bacteria were processed using ImageJ® software (NIH, version 2.0.0-RC-61/1.51n, USA),
with “Analyze Particles” and “Image calculator” functions.* Each acquisition was composed
of two tracks i.e. cell and bacterial track corresponding to the red and green channel
respectively. Z-projection function was applied to the cell track to reduce the acquired 3D
stacks into a 2D image that contains all the information about cell shape and cell area. Z-
projection was also applied to bacterial stack to measure bacterial density. 3D observations
were done with unreduced stacks (see Results). Measurements were done after setting the
upper grayscale threshold in order to get higher signal/noise ratio. Objects were then

identified and saved as binary images from which noise was removed. Final data such as cell
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number, shape (circularity, perimeter), area and bacterial size and number were extracted
from these binary images. Images of minimum 30 cells were treated with Imagel® software.
Circularity was calculated by using the formula 4ni(area/perimeter?) while Area and Perimeter
correspond respectively to the area of the selection and the length of the outside boundary
of the selection. The total population of adhered bacteria was measured as the number of
bacteria adhered on each micrograph. Besides, two sub-populations were determined: The
population of bacteria adhered on the titanium (uncoated or coated with fibronectin) are
called as “on substrate”; The population of bacteria adhered on the cells are called as “on

III

cell”. The sub-populations are distinguished from each other by superposing the mask of the
cells as determined on the Z-projection of the cell track on the Z-projection of the bacterial

track. Experiments were repeated at least three times.

2.11. Statistical analysis

Results are depicted as the average and standard deviation (error bars) of the experimental
values. The statistical significance of differences was assessed by bilateral Student’s t tests
and ANOVA with significance threshold of 0.05. The alternative hypothesis (H1: 1 # p2) was

assumed to be true when the main hypothesis (Ho: p1 = 42) was rejected.®

3. RESULTS

3.1. Live imaging

With the help of our experimental set up, we were able to visualize both live eukaryotic and
prokaryotic cells during the initial time period of infection by bacteria of titanium surfaces
already colonized by eukaryotic cells. As shown in Figure 5, the quality of images was high
enough to allow further image treatment and analysis for a precise quantification of cell area,
cell shape and bacterial number (Figure S3). In addition, 3D visualization provided information
about the organization of bacterial consortium and their localization relative to mammalian
cells (Figure S4), as illustrated by Figures 6A.1 and 6A.2. This further allowed us to study
potential correlation between bacteria and cell localizations. On the uncoated and fibronectin

coated titanium substrates, the density of bacteria appeared not to be affected by cell contact.
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Figure 5: Fluorescent real-time images of STRO cells (in red) in co-culture with bacteria E. coli (in green)
adhered on titanium surface without (-Fn) (A,C,E,G) and with (+Fn) fibronectin coating (B,D,F,H).
Images were obtained at At=0 (A,B), 1 (C,D), 2 (E,F) and 3 (G,H) hours after infection and removal with

fresh medium of the planktonic bacteria (step 3, see Experimental Section above).
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Figure 6: 3D visualization of bacteria (green) on STRO cells (red) adhering on a fibronectin (+Fn) coated
sample after 2 hours of co-culture with (A) top view (1) and transversal view (2 and 3) and (B) projected

top view with high magnification.

3.2. Cell adhesion and shape

Three different cell shape descriptors were compared after 3 hours of co-culture and single
cell culture conditions: cell area, circularity and perimeter. These parameters are descriptors
for cell adhesion, morphology and spreading onto the surface respectively. As depicted in
Figure 7, average cell area, circularity and perimeter did not significantly vary with culture
condition when cells were cultured on titanium substrates. In contrast average cell area and
circularity decreased in presence of bacteria compared to cells alone on Fn coated titanium.
For cells alone, cellular circularity value had decreased on fibronectin while cellular perimeter
logically increased, indicating that cells were not as round as on titanium. Interestingly, this
effect of fibronectin coating on cell shape descriptors was not visible anymore when cells

were co-cultured with bacteria.
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Figure 7: Shape descriptors of cells after 3 hours in co-culture and single cell culture conditions onto
titanium surface without (-Fn) or with (+Fn) fibronectin: cellular average area (a), circularity (b) and
perimeter (c). *: Significant difference with single cell culture on fibronectin (pFN) coated titanium,

assessed with Student t-test and ANOVA (p-value < 0.05).
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3.3. Bacteria proliferation and localization

From inoculation (t0) to 3 hours afterwards, bacterial density was higher on titanium coated
with fibronectin compared to uncoated titanium irrespective of culture conditions as shown
on Figures 8.A and 8.B. Bacterial proliferation was also significantly enhanced on fibronectin
coating compared to uncoated titanium, leading to a time offset in the kinetics of biofilm
formation between both surfaces. This was particularly evident for bacteria in co-culture with
the mammalian cells (Figure 8.B). Small colonies formed by sessile bacteria and in contact
with each other were observed on the entire surface coated with fibronectin (Figures 5.F and
5.H, see zoom in Figure S3), which is characteristic of early stage of biofilm formation.*¢ In
contrast, colonies were less present on uncoated titanium (Figures 5.E and 5.G). This revealed
a biofilm growth delay on uncoated titanium especially if mammalian cells were present. The
guantity and the distribution of bacteria adhered after 3 hours in co-culture on fibronectin-
coated titanium (Figure 5.H, see zoom in Figure S3) can be interpreted as early stage biofilm,
while the sessile bacteria and the sparse colonies observed on uncoated titanium (Figure 5.G)

are not yet representative of a biofilm.
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Figure 8: Influence of fibronectin (Fn) coating on bacterial density in single E. coli cultures (A) or in co-

cultures (B), and influence of co-culture on bacteria density on titanium uncoated (-Fn) (C) or coated
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with fibronectin (+Fn) (D) (*: Significant difference between both displayed conditions at the same

culture time, with p-value < 0.05).
Moreover, as Figures 8.C and 8.D show, bacterial growth was faster in presence of cells

irrespective of the substrate. The difference between single and co-culture was significant

after 3 hours of culture both on fibronectin and uncoated titanium surfaces.
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Figure 9: Bacteria density after 3 hours on top of cells or on the substrate with (+Fn) and without (-Fn)
fibronectin coating. Significant difference between cell and substrate (*) and between +Fn and -Fn (§)

(p-value < 0.05).

Figure 9 shows the comparison of bacterial density on top of cells or on the substrate on
coated and uncoated titanium substrates. The difference between the density of bacteria
upon and beside cells was not significant on titanium substrate. In contrast, bacterial
colonization of coated titanium substrate was less on cells than on the substrate. This
demonstrates that bacteria were not uniformly distributed over the sample in presence of
adsorbed fibronectin. Their localization appeared to be affected by the presence of
mammalian cells, resulting in a denser bacterial population on fibronectin-coated titanium
than on the cell surface fraction. Interestingly, bacterial proliferation was promoted by the

presence of fibronectin both upon and beside cells. A significantly higher density of bacteria
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was observed after 3 hours of culture on fibronectin-coated titanium surfaces as well on the

substrate as on cells.

4. DISCUSSION

It has been shown in previous studies that E. coli bacteria can easily grow on untreated Ti
surfaces.*” E. coli has also been found on failing dental titanium implants, confirming their
affinity for orthopedic titanium substrates.*® These observations were confirmed by our
results that showed a high bacterial proliferation on uncoated titanium surfaces. Surface
roughness, wettability and substrate composition (such as RGD motifs) have been shown to
have significant impact on bacterial adhesion and proliferation.*® Moreover, the affinity of E.
coli for fibronectin has been demonstrated for several strains.>® Even, fibronectin is known to
be a receptor for the adherence of several E. coli strains onto eukaryotic cells, which further
allows bacteria’s internalization by the eukaryotic cells.>'>? In our experiments, fibronectin
coating was done to introduce chemical modification to the titanium surface and favor cell
adhesion. As expected, the growth of E. coli on fibronectin-coated titanium surface was higher

compared to uncoated.

The behavior of osteoblastic cells on titanium is known for being modulated by the surface
chemical and topographical properties® >3 but also by the shear stress provided by flow.>*
However, only insignificant shear stress (0.3 mPa) was here induced by the flow of fresh
medium compared to those provided by interstitial fluid transport in bone tissue (35-3000
mPa.>*>% On the other hand, it has been shown that surface modification, e.g. increasing of
roughness and wettability, can stimulate cell adhesion and differentiation.>” For example,
mouse osteoblastic cells have been shown to spread and form more cytoplasmic extensions
and filopodia on mirror polished titanium than on rough titanium. We confirmed these
observations. In addition, similar to bacteria’s growth, the spreading of cells was enhanced
on substrates with adsorbed fibronectin. Moreover, cells were not as round as on the
uncoated titanium substrate. This behavior has also been observed with human fibroblasts
adhering on surfaces with adsorbed fibronectin.”® Finally, we confirm here that fibronectin

promotes both STRO cell spreading and E. coli K12 adhesion and growth on titanium.
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The ability of E coli to adhere cell membrane has been shown to involve specific interactions
between fibronectin and specific receptors on E. coli.>>®° Therefore, bacteria adhesion is
expected to be favored on cells and on a fibronectin coating in contrast to titanium surface.
We confirmed the enhancement of bacterial adhesion on fibronectin coating compared to
titanium surface. However, we observed that bacteria were more prone to adhere and grow
on the fibronectin-coated titanium surface compared to on cells while they adhered similarly
on cell membrane and on the uncoated material. Nevertheless the ability of STRO cells to
reduce bacterial ability to adhere to cell membrane has already be observed.'® Furthermore,
this may be the result of cell defense mechanisms such as the controlled release of
antimicrobial peptide through bacteria-host cells binding,®® which may have adversely and

specifically affected the colonization by E. coli of the cell membrane.

Nevertheless, the colonization of cells by bacteria in the presence of adsorbed fibronectin on
the substrate was slightly yet significantly higher than on cells cultured on uncoated titanium
substrate. Vroman effect due to culture medium, especially FBS, may lead to the increase in
fibronectin quantity in culture medium by the release of pre-adsorbed fibronectin.®? Released
fibronectin may then react with cell membrane and finally result in the enhancement of
bacterial adhesion on cells compared to with uncoated substrate. However, according to
initial protein content of FBS (~40 mg/mL)® and rate of release expected due to Vroman
effect (15-20% of the adsorbed quantity),®? protein content of FBS is not expected to be
increased of more than 0.01% of the initial content if fibronectin is adsorbed at about 1
ng/cm?.%* Therefore, Vroman effect is not expected to be high enough to significantly change
the quantity of proteins adsorbed on the cell and consequently change cell invasion by
bacteria. The most probable hypothesis is thus based on the capacity of sessile bacteria to
spread on bacteria-free part of the surface to colonize it:%> Cell invasion was probably the
result of spreading from colonies already developed on the fibronectin-coated surface aside
from sedimentation and further proliferation of pioneer bacteria directly adhered on the cells.
Since bacteria were adhered in higher amount on fibronectin-coated substrate than on
uncoated substrate, cell invasion by spreading is thus probably higher on the fibronectin-

coated substrate.
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We also observed that bacterial proliferation is significantly promoted in the presence of
human cells, which seems contradictory to the unfavorable invasion of the cell membrane
discussed above. Promotion of bacterial proliferation in coculture could be related to the
capacity of bacteria to perceive mammalian cells signal proteins as a trigger for growth and
invasion.®® For example, cytokines such as interleukins are likely to interact with E. coli
receptor and to stimulate bacterial growth. TNFa factor was shown to stimulate virulence
and invasive behavior in E. coli. Also, adrenaline and noradrenaline enhance growth, motility,
virulence and biofilm formation of enterohemorrhagic E. coli.®® Since interleukins such as IL-
1, hormones, and growth factors such as TNFoa are secreted in the supernatant of
mesenchymal stromal cells in significant amount,®’ these cellular secretions could be a key
factor in increasing bacterial growth we observed under co-culture conditions. However, the
positive effect of these factors released in the environment may be locally counteracted by
cell defense mechanisms occurring at the cell membrane.®! Bacteria proliferation may be thus
favored on the coated or uncoated titanium surfaces while specifically prevented on the cell

membranes.

Cell number was not affected by the co-culture, which demonstrates the non-lethal effect of
E. coli K12 on cells in our co-culture model. This was expected since E. coli K12 is considered
as a non-pathogenic strain®® as the level of toxicity of compounds secreted by K12
(MG1655) strains has been shown to be significantly lower compared to pathogenic E. coli.
Molecules such as glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and chaperone
Hsp70 that are crucial for bacteria development in host tissues by helping both bacterial
adhesion and fighting against host defense mechanisms, are missing in this strain.”®’! This
absence of GAPDH and Hsp70 in the K12 bacteria secretome can explain the non-lethal effect.
Nevertheless, an adverse effect of the co-culture was observed on the cell spreading as shown
by the decrease in cell area in co-culture with bacteria compared to cell culture alone. This
illustrates that cells are less comfortable in presence of bacteria than alone as previously
observed also by other authors (4-8). The reasons are probably that occupation of the surface
by bacteria proliferating faster than cells as well as nutrients consumption by bacteria reduce

surface area and nutrient availability for cells,?* thus inhibiting cell spreading.
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Finally, these results show that our system is suitable for studying complex interactions
between bacteria, cells and biomaterial surface. As far as we know our system is one of the
rare published systems allowing in situ imaging of live cells and bacteria with the possibility
to tune the biomaterial substrate and to follow evolution of the co-culture. Even micro-
textured or porous surfaces can be considered without compromising quality of the images
in contrast to what may be suspected from reflectance and dispersion of incident light on
topographically complex surfaces (Figure S5). On fibronectin-coated titanium biomaterials
typically, STRO cells were here shown to be not only directly affected by the biomaterial and
by the presence of K12 strain E. coli bacteria, probably due to competition for space, but also
indirectly by the effect of the biomaterial on bacteria (i.e. more bacteria on cells on the coated
versus uncoated surfaces). Bacterial colonization was also shown to be favored by both the
presence of cells and the biomaterial. Biological and biochemical processes involved in BAI
and infection of cells can be also targeted thanks this co-culture system. Aside from
description of the bacterial and human cells and their localization, our method enables
harvesting of medium samples throughout the co-culture and their further biochemical
analysis e.g. of the secretome. Bacterial species and strains e.g. pathologic strains can be also
varied, which will allow the study of specific infection situations such as toxin-related
pathogenicity, intracellular infection of cells by bacteria or host defense mechanisms.6¢ 7274
Finally, our co-culture system could be also used as a pre-contamination model by inoculating

the bacteria before the cells.

5. CONCLUSION

This new dynamic flow chamber system mounted under an upright confocal microscope
enables the real-time observation of contamination of pre-adhered STRO cells by E. coli on
clinically relevant titanium surface. High quality of the images associated to simultaneous
acquisition of fluorescent micrographs of cells and bacteria allows not only the quantification
of variations in prokaryote’s and eukaryote’s behavior during the early stage of a simulated
infection on an implanted surface, but also collection of accurate information regarding their
localizations and interactions. Moreover, our results suggest that bacteria take advantage of
the presence of eukaryotic cells and proliferate faster in co-culture context. These

characteristics are shown to be the determining factors in very early steps of infection for the
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“race for the surface”, that decide the fate of implant’s integration with human pre-
osteoblastic cells. The resulting protocol and analysis prepare the way to a visual approach of
the interactions between cells and bacteria, with the opportunity to test various eukaryotic
and prokaryotic strains, and use different materials and surface treatments, in a reliable in
vitro simulation of BAI. This system is thus an efficient method for studies related to design
and function of new biomaterials and represents a real innovation compared to the existing

co-culture set-ups.
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SUPPORTING INFORMATION

STRO cells visualized with air and water objectives (Figure S1).

Example of image treatment and analysis (Figure S2).

Detail of Figure 5 to facilitate visualization of the sessile bacteria (Figure S3).
Example of cell masks used for colocalization analysis (Figure S4).

Example of micrographs obtained with a micro-structured surface (Figure S5).
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