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Abstracts

Abstract: Postoperative infection is a dreaded complication in human and veterinary
orthopedics which can be associated with significant consequences in terms of morbidity, costs
and recurrence. Its eradication is difficult, especially due to the development of biofilms on
implants used. As a matter of fact, bacteria within a biofilm are tolerant to antibiotics, thus
explaining the high number of therapeutic failures when antibiotic therapy alone is used.
Investigating factors that could affect biofilm development, and particularly exploring the
impacts of the solid and fluid mechanical stresses to which a healing bone is permanently
submitted, could allow developing therapeutic strategies alternative to antibiotics and minimize
the risk of antibiotic resistances.

The main hypothesis of this work consisted in supposing that a mechanical stimulus could
modify bacterial proliferation and biofilm formation.

The first part of this work is based on describing the clinical aspects of bacterial infection in
human and veterinary orthopedic surgery, as well as the mechanisms of biofilm formation. A
multiscale approach of the mechanobiology underlying biofilm development is then discussed,
starting from the bacterium to reach the biological tissue, and the therapeutic strategies
alternative or additional to antibiotics are presented. In the second part, the original
experimental workbench developed in this study is presented. A microfluidic device capable of
sustaining a bending moment while still allowing bacterial biofilm growth was conceived. It
consisted in a chip containing a microchannel molded into PDMS bonded to a flexible PETG
coverslip. A mechanical system capable of generating a cyclic bending moment of controlled
frequency and amplitude (0 — 2.5 Hz and 0 — 3.10 mm, respectively) was also conceived. The
equations governing the kinematical response of the device were provided. The third part of the
document presents and discusses the preliminary results of the in vitro study. To quantify
biofilm development, PDMS chips were inoculated with a strain of P. aeruginosa containing a
fluorescent protein-expressing plasmid. The microfluidic devices thus inoculated were then
submitted to a bending moment (dynamic condition), and the static response was used as
control. Imaging with epifluorescence microscopy was performed to compare fluorescence in
the static chips with that in the dynamic chips.

Preliminary results showed that cyclic bending may influence biofilm development. On the
one hand, biofilms formed rather randomly along the microchannels submitted to bending,
contrary to those formed in the static microchannels during the same period of time. On the
other hand, biofilms size and fluorescence intensity were also affected by bending, with
intensity remaining unchanged between microscopic images obtained at 24h and at 48h and
size increasing. Compared to static results, this latter observation suggests that bending may
alter biofilm composition, especially by decreasing bacterial concentration.

In conclusion, the methodology presented in this thesis tends towards validating the initial
hypothesis regarding the mechanobiological susceptibility of biofilms, in particular under
steady state dynamical stimuli. This work suggests a reproducible experimental framework
allowing to assess the impact of a dynamic cycle on bacterial biofilm development, and
eventually to test therapeutic strategies in a controlled environment.

Key words: Biofilm, Mechanobiology, Microfluidics, Pseudomonas aeruginosa, Infection,
Dynamic loading, Experimental methods



Résumeé : L’infection postopératoire est une complication redoutée tant en chirurgie
orthopédique humaine que vétérinaire, pouvant avoir des conséquences lourdes en termes de
morbidité, de codts et de récidives. Son éradication est particulierement difficile, notamment a
cause du développement de biofilms sur les implants utilisés. Les bactéries au sein d’un biofilm
sont en effet tolérantes aux antibiotiques, ce qui explique les nombreux échecs thérapeutiques
lorsqu’une antibiothérapie seule est utilisée. L’exploration des facteurs influant sur le
développement de ces biofilms, en particulier I’impact de contraintes mécaniques fluides et
solides auxquelles 1’0os en cours de cicatrisation est en permanence soumis, permettrait de
développer des stratégies thérapeutiques alternatives aux antibiotiques, et de minimiser les
risques d’antibiorésistances.

L’hypothése centrale de ce travail a consisté a supposer qu’un stimulus mécanique pouvait
modifier la prolifération bactérienne et la formation du biofilm.

La premicre partie de cette thése s’attache a décrire les aspects cliniques de 1’infection
bactérienne en chirurgie orthopédique humaine et vétérinaire, ainsi que les mécanismes de
formation d’un biofilm. La mécanobiologie sous-jacente au développement d’un biofilm est
ensuite discutée dans une approche multi-échelle, de la bactérie au tissu biologique, et les
stratégies thérapeutiques complémentaires ou alternatives aux antibiotiques sont présentées. La
deuxieme partie présente le dispositif expérimental original développé dans cette étude. Un
dispositif micro-fluidique pouvant étre soumis a un moment de flexion et permettant la
formation d’un biofilm bactérien a été congu. Ce dispositif a consisté en 1’assemblage d’une
puce contenant un micro-canal moulé dans du PDMS, et d’une lamelle flexible en PETG. Un
systtme mécanique générant une force de flexion cyclique de fréquence et d’amplitude
contrélables (0 — 2.5 Hz et 0 — 3.10 mm, respectivement) a également été congu. Les équations
gouvernant la réponse cinématique du dispositif ont été fournies. La troisiéme partie du
document présente et discute les résultats préliminaires obtenus dans 1’étude in vitro. Afin de
quantifier le développement du biofilm, les puces en PDMS ont été inoculées avec une souche
de P. aeruginosa contenant un plasmide exprimant une protéine fluorescente. Les dispositifs
microfluidiques ainsi inoculés ont ensuite été soumis a un moment de flexion (condition
dynamique), et la réponse statique a été utilisée comme contrble. La microscopie en
épifluorescence a permis de comparer la fluorescence des puces dynamiques a celle des puces
statiques.

Les résultats préliminaires ont montré que la flexion cyclique pouvait impacter le
développement des biofilms. D’une part, les biofilms se sont formés de fagon aléatoire le long
des micro-canaux soumis a la flexion, contrairement a ceux formeés dans les micro-canaux
statiques pendant ce méme laps de temps. D’autre part, la taille et I’intensité de la fluorescence
des biofilms formés ont également été impactées par la flexion, 1’intensité restant inchangée
entre les images capturées a 24h et 48h mais la taille augmentant. En comparaison avec les
résultats statiques, cette derniere observation suggeére que la flexion pourrait altérer la
composition des biofilms, en particulier en diminuant la concentration bactérienne.

En conclusion, la méthodologie proposée dans ce travail de these tend a valider I’hypothése
initiale au regard de la sensibilité mécanobiologique des biofilms bactériens, en particulier sous
stimuli mécaniques a 1’état d’équilibre. Ce document propose un cadre expérimental
reproductible permettant d’évaluer I’impact d’un cycle dynamique sur le développement d’un
biofilm bactérien, et éventuellement de tester des stratégies thérapeutiques dans un
environnement controlé.

Mots clés : Biofilm, Mécanobiologie, Microfluidique, Pseudomonas aeruginosa, Infection,
Chargement dynamique, Méthodes expérimentales
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Surgical site infection (SSI) is a common postoperative complication, occurring in
approximately 1-3% human patients (Calderwood et al. 2023). Orthopedic surgery carries the
highest risk of postoperative SSI, as up to 20% of orthopedic patients can be affected
(Motififard et al. 2021). SSI is more common after surgical treatment of open fractures than
closed fractures, with a risk ranging from 8.5% to 14.9% when one-stage treatment can be
performed (Gopal et al. 2000), and exceeding 30% when multiple-staged surgeries are needed
(Mathews et al. 2015). It can lead to delayed bone healing, permanent functional loss and, in
up to 17.6% cases, amputation (Papakostidis et al. 2011). Surgical revision is required in more
than 80% of SSI cases in orthopedics, and success rates vary between 70 and 90% (Thakore et
al. 2015). Economic outcomes associated with orthopedic postoperative SSI are consequent.
Indeed, treatment costs associated with these orthopedic complications are more than 2.5 times
higher compared to patients without a postoperative SSI (Badia et al. 2017), with a difference
in health and social care cost exceeding £1,500 (Png et al. 2022; Parker et al. 2018). This
difference is in part due to the cost associated to revision procedures and to prolonged hospital
stays (Badia et al. 2017). In veterinary orthopedics, the incidence of SSI is similar to what is
described in human orthopedics, but can reach up to 30% after surgical repair of an open or a
closed fracture in dogs (Gieling et al. 2019). The consequences can be as disastrous as those
observed in human patients, and can necessitate amputation in extreme cases.

Treatment of postoperative SSI in orthopedics is a challenge for the surgeon. This is in part
due to the development of bacterial biofilms on implants used for bone fixation (Costerton,
Stewart, and Greenberg 1999; Kennedy et al. 2022). Biofilms are complex microbial
communities, developing on interfaces usually comprising a liquid phase and encased in a self-
secreted polymer matrix (Costerton, Stewart, and Greenberg 1999). Their formation is a multi-
step process, and begins when a bacterium adheres to a surface. Some substrates, like implants,
are more amenable to bacterial adhesion (Filipovi¢ et al. 2020). Biofilms developing on the
surface of an implant eventually induce an inflammatory response in the host, and may cause
implant failure. Currently, antibiotics are commonly prescribed as first-line treatment when
SSls are diagnosed after orthopedic surgery. However, their systematic and unreasonable use
and their inefficiency in eradicating infections once a biofilm has formed have led to the
emergence of multidrug-resistant organisms (Gieling et al. 2019; Bowler, Murphy, and Wolcott
2020). Antibiotic resistances are a cause for concern nowadays, and therapeutic alternatives to
antibiotics are needed given the slow rate of new drug development (Bowler, Murphy, and
Wolcott 2020; Connaughton et al. 2014; Simpkin et al. 2017).

In this context, investigating bacterial biofilm formation may allow the emergence of
alternative therapeutic strategies that do not rely solely on antibiotics. As cartilage and bone
tissues are reactive environments, the exploration of the roles played by biophysical factors may
be of particular interest. However, the influence of mechanics on biofilm development has little
been studied so far (Jara et al. 2020; Xiao, Xu, and Li 2021; Araujo et al. 2019). Mechanical
constraints play key roles in the regulation of many biological processes (Dumont and Prakash
2014). Bacteria are sensitive to mechanical stimuli via numerous receptors and effectors, which
allow them to adapt, deform, adhere to or detach from a support (Araujo et al. 2019; Chawla et
al. 2020). It also seems that some mechanical stimuli may promote biofilm development as a
defensive strategy in a hostile environment (Bottagisio et al. 2020).

In this project, we hypothesized that a mechanical stimulus could influence biofilm growth.
We conceived a mechanical device that allowed submitting bacteria and biofilms to cyclic
mechanical loading and we compared biofilm growth using fluorescence microscopy.

The present document is divided into three chapters. Firstly, we present a state-of-the-art of
bacterial biofilm mechanobiology and its implications for treating orthopedic infection. In the
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second chapter, we describe the experimental setup that we have elaborated to expose the
substrate of a bacterial biofilm to a bending moment. In the third chapter, we present the first
results obtained with this setup as we assess the effect of bending on biofilm growth. At last,
we shall conclude and expose the perspectives brought by this project for future studies.



Chapter I:
Understanding and overcoming biofilm-associated
Infections in orthopedic surgery






1. Introduction

In this chapter, the clinical aspects of SSls in bone tissue are presented in both animals and
humans, and the mechanisms underlying bacterial biofilm formation are described. The role
mechanical factors play on biofilm development is then discussed at different scales: bacterial
microscopic scale, biofilm mesoscopic scale and fracture/implant macroscopic scale. Finally,
research strategies in complement or alternative to antibiotics are presented.

Part of this chapter has been published as a review article (Blondel et al. 2024). The article
can be found at the end of this work.



2. Clinical aspects of bacterial infection in orthopedic surgery

Implants are indispensable in orthopedic surgery, but they are considered as foreign
materials by the body. Furthermore, the local inflammatory environment is modified secondary
to trauma, and further amplified by disruption of the skin barrier related to material
implantation. These factors collectively increase the risk of bacterial contamination at the
surgical site. Once bacteria adhere to an implant, they form surface-adhering biofilms, which
exhibit not only tolerance to the host defense and to antibiotics, but also mature over time,
preventing bone healing through cytokine mediated osteoclast activation and bone resorption
(Moriarty et al. 2022). Bone healing is also influenced by bacterial toxins, which may play
detrimental roles in shifting the host response toward bacterial clearance or exaggerated pro-
inflammatory response. They can contribute to mechanisms leading to biofilm formation and
dispersion (Saeed et al. 2021).

The sequence of events in osteosynthesis-associated infection is described in Figure 1.

Mhtias of ot o i )
Naar g

P e e LY

ot s M 2ot gy See b
| S a e w by — e
Nty " o o —— | - _....-.._.-u.—-ml lun—‘o.—-—.-....--
| 3

(3

B

Figure 1: Sequence of events occurring in osteosynthesis-associated infection (from Fang
etal. 2017)

2.1 Prevalence of bacterial isolates

Monomicrobial infections involving Staphylococcus aureus are most prevalent in human
and animal orthopedic patients (Gonzalez-Martin et al. 2022; Depypere et al. 2022). In fact, S.
aureus is the most commonly isolated bacterium causing SSIs regardless of time to onset of
infection, with the methicillin-resistant strain more frequently encountered than the methicillin-



sensitive strain (Gieling et al. 2019; Depypere et al. 2022; Fang et al. 2017a; Morgenstern et al.
2021). This Gram-positive bacterium is capable of forming biofilms on an implant or on
necrotic bone, of forming abscesses in soft tissues and in bone marrow, and of penetrating into
cells and colonizing the osteocyte-canaliculi network of cortical bone. Other skin commensal
bacteria can also cause SSIs, such as coagulase-negative staphylococci, Corynebacterium and
Propionibacterium as well as enterococci, enterobacterales, streptococcus, and Candida spp
(Gonzalez-Martin et al. 2022; Depypere et al. 2022). In human patients, SSls developing within
2 weeks of surgery are mainly polymicrobial and frequently include enterobacterales and
Enterococcus spp. (Depypere et al. 2022). Furthermore, the Gram-negative bacteria
Pseudomonas aeruginosa are also frequently involved, primarily due to their minimal
nutritional needs, their tolerance to relatively high temperatures and their resistance to various
antibiotics (Shrestha et al. 2022). It is worth noting that P. aeruginosa is responsible for more
recurrences and therapeutic failures than S. aureus, and that an increased number of multi-
resistant P. aeruginosa infections is reported (Fang et al. 2017a). Anaerobes present more
frequently in polymicrobial infections, but remain rarely isolated overall (Depypere et al. 2022;
Gitajn et al. 2022).

2.2 Infection in bone healing

Bone healing occurs by one of two different repair mechanisms: primary bone healing or
secondary bone healing (Foster et al. 2021). The degree of fracture reduction, the biological
environment of the fracture and the stability obtained at the fracture site once the implant is
placed determine whether a fractured bone heals through primary or secondary bone
healing. Primary bone healing occurs when stability of the construct is absolute and when strain
at the fracture site has been eliminated, which implies anatomic reduction of the fracture,
compression of bone fragments and rigid fixation. When mechanical strain at the fracture site
exceeds 2%, secondary bone healing occurs and involves formation of a bone callus (Foster et
al. 2021).

Stability at the fracture not only determines the type of bone healing, but it is also closely
linked to bone infection. Bone infection promotes instability and non-union, but an unstable
fracture site can also predispose to bone infection (Figure 1) (Foster et al. 2021). Indeed, clinical
and experimental evidence show that a stable internal fixation of a fractured bone leads to less
septic complications than an unstable fixation (Sabaté Bresco et al. 2017; Friedrich and Klaue
1977). In fact, stability at the fracture site is considered compromised if bone infection persists
for more than two weeks (Foster et al. 2021).

2.3 Diagnosis of postoperative orthopedic SSI

The diagnosis of postoperative SSIs primarily relies on clinical signs, which can vary
depending on the bacteria involved, the route of infection and the stage of bone healing. Main
complaints in human patients include pain, local erythema and soft tissue swelling, and can be
accompanied by wound dehiscence, fistula formation, purulent discharge and fever (Fang et al.
2017a). Clinical signs in animals are somewhat similar and include lameness, swelling, heat,
pain upon palpation and draining tracts (Gieling et al. 2019). As in humans, pyrexia is not a
consistent finding (Gieling et al. 2019).

Additional diagnostic imaging examinations may support the diagnosis of SSIs in human
and veterinary patients (Gieling et al. 2019; Fang et al. 2017a). While radiography can provide
information on bone healing and implant stability, it has low sensitivity and specificity in
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detecting acute osteomyelitis and only strongly correlates to bone infection when performed 1-
2 weeks or greater following infection (Funk and Copley 2017; Jennings et al. 2023). Advanced
imaging modalities, such as high-resolution imaging or positron emission tomography, may
therefore be necessary (Jennings et al. 2023).

However, a definitive diagnosis of bone infection requires bacterial analysis of deep
samples, such as bone or soft tissue (Gieling et al. 2019; Fang et al. 2017a; McNally et al. 2020).
In human or animal patients suspected of developing bacterial infection secondary to orthopedic
surgery, bacterial analysis on five or more deep tissue/implant samples should be performed
(Gonzélez-Martin et al. 2022; Depypere et al. 2022). Infection is confirmed when either a single
positive culture test identifies a virulent pathogen, or at least two positive bacterial cultures
isolate the same pathogens (Metsemakers et al. 2018).

2.4 Management of postoperative orthopedic SSI

In both human and veterinary medicine, treating bone infection presents a significant
challenge for the orthopedic surgeon due to various factors that contribute to the persistence
and resilience of these infections. The nature of implants, providing ideal surfaces for bacterial
colonization, exacerbates this challenge. Bacteria that colonize fracture sites, such as S. aureus,
are difficult to eradicate given their virulence and their capacity to form biofilms (Zimmerli and
Sendi 2017; Cheung, Bae, and Otto 2021). Several factors contribute to the development of
bacterial biofilms at a fracture site, notably by impairing both adaptive and innate host
immunity. These include fracture type (open or closed), bacterial strains involved, type of
implant, degree of soft tissue trauma, and environmental and physicochemical conditions (such
as necrotic debris, hypoxia, attenuated immune response, fluid flow, circulating proteins). In
veterinary medicine, age, American Society of Anesthesiologists (ASA) physical status, wound
classification, anesthesia and surgery time, the use of surgical implants, the use of perioperative
antimicrobial prophylaxis and/or postoperative antibiotics, the timing of preoperative hair
clipping, the number of people present in the operating theater, hypotension and the presence
of endocrine disease are the most frequently reported risk factors (Stetter et al. 2021). In human
medicine, other patient-related factors such as hypothermia, hypoxia, hypertension, as well as
smoking, diabetes, cardiac failure, previous surgeries and immunodeficiency can also impact
the development of bone infections (Filipovic¢ et al. 2020; Foster et al. 2021; Stetter et al. 2021;
Y .-K. Wu, Cheng, and Cheng 2019).

Treatment of SSls associated with implants is a challenge for the surgeon, mainly because
infections around implants will frequently lead to the formation of a biofilm (Costerton,
Stewart, and Greenberg 1999; Kennedy et al. 2022). In most cases, biofilm elimination requires
orthopedic implant removal. However, this cannot be considered an option until bone healing
is completed, and amputation should only be considered as a last resort. Therefore, the purposes
of treating SSls are to not only eradicate the infection but also promote successful healing, while
minimizing the risks associated with antibiotic resistance. The initial therapeutic approach is
identical in human and veterinary patients, and consists in combining surgical debridement
under general anesthesia to systemic antibiotic administration, associated if needed with local
antibiotic therapy. Broad-spectrum antibiotics are initially selected to provide coverage against
a wide range of bacteria, and antibiotic therapy may be adjusted eventually according to
sensitivity testing. However, the systematic and excessive use of antibiotics and their relative
inefficiency once a biofilm has formed have led to the emergence of multidrug resistant
organisms (Gieling et al. 2019; Bowler, Murphy, and Wolcott 2020). Nowadays, antibiotic
resistance is considered a major public health issue (Bowler, Murphy, and Wolcott 2020),
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especially as antibiotic resistance genes are transmissible by horizontal gene transfer (Uruén et
al. 2020). To address this issue, new efforts are directed towards determining the minimal
biofilm eradication concentration (MBEC), which is more relevant than the minimal inhibitory
concentration (MIC) used for planktonic bacteria (Okae et al. 2022; Tillander et al. 2022). The
MBEC takes into account the unique characteristics of bacteria within biofilms and aims to
identify antibiotic concentrations that can effectively eliminate biofilm-associated infections.

Postoperative orthopedic SSIs are a major health issue in human and veterinary
medicine. SSls are difficult to diagnose but mainly challenging to treat. This challenge is
in part due to the formation of biofilms on implants. Bacteria developing within a biofilm
are tolerant to antibiotics, thus explaining the possible emergence of multidrug resistant
organisms when antibiotics are used once a biofilm has formed. Bacterial proliferation
and biofilm growth are complex multi-factorial processes. In this context, investigating
bacterial biofilm formation may allow the emergence of alternative therapeutic strategies
that do not rely solely on antibiotics.
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3. Mechanisms of bacterial biofilm formation

Bacterial biofilm formation is a dynamic and multifactorial process. A biofilm is a
community of microorganisms coated with a hydrated matrix rich in self-produced extracellular
polymeric substances (EPS) and in contact with a surface (Costerton, Stewart, and Greenberg
1999). EPS are composed of proteins, polysaccharides, lipids and extracellular DNA providing
mechanical resistance, protection against antibiotics and immune cells, tolerance to
dehydration, and constitute a carbon source to microorganisms (Shrestha et al. 2022).

All bacteria are capable of forming biofilms but the mechanisms governing adhesion to a
surface, growth and maturation, and dispersion are inherent to each bacterium (Shrestha et al.
2022). Indeed, bacterial genotype determines its ability to form a biofilm on a given surface
and each bacterium has a preferred surface and an optimal pH and temperature for growth. For
example, S. aureus adheres particularly well to metal, which explains why it is the most
common isolate found in postoperative orthopedic SSls (Gieling et al. 2019; Morgenstern et al.
2021; Fang et al. 2017b).

Biofilm formation is commonly considered to occur in four main stages as described in
Figure 2: (1) reversible to irreversible bacterial adhesion to a surface; (2) bacterial growth and
biofilm formation; (3) biofilm maturation and (4) detachment and dispersion of bacteria (Y .-K.
Wu, Cheng, and Cheng 2019; Sauer et al. 2022).
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Figure 2: Stages of biofilm formation

3.1 Bacterial adhesion

Biofilm development is initiated by the adhesion of bacteria onto a surface due to physical
forces such as Van der Waals forces and electrostatic interactions. Reversible adhesion of the
bacterium to the surface occurs due to weak interactions involving mechanosensing, the ability
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of a cell to sense mechanical cues of its microenvironment, including surface properties
(Filipovi¢ et al. 2020; Krsmanovic et al. 2021). After mechanotransduction of the sensed signal,
production of intracellular signaling molecules occurs, thus fortifying the adhesion and making
it irreversible (Krsmanovic et al. 2021).

Adhesion onto the surface is influenced not only by the bacterium itself, but also by the
environmental characteristics and the surface properties (Fang et al. 2017b; Cordero, Munuera,
and Folgueira 1996). Indeed, components of bacterial surfaces may affect initial adhesion.
While lipopolysaccharides comprising the outer membrane of Gram-negative bacteria play a
key role in this process, Gram-positive bacteria are deprived of an outer membrane and rely
mostly on cell wall glycoproteins such as teichoic acid (Ruhal and Kataria 2021). Furthermore,
each bacterium has a specific affinity for a surface depending on its topology, chemical
composition, charge, and hydrophobicity, but also depending on environmental factors such as
temperature, pH, electrolytes concentration, flow, and presence of antibiotics (Krsmanovic et
al. 2021). Adhesion is most effective when electrostatic potentials and hydrophobicity between
the bacterium and the surface are opposite and similar, respectively (Filipovi¢ et al. 2020).

3.2 Biofilm formation

Following adhesion, bacteria multiply and form numerous microcolonies embedded in
multiple layers among an exopolysaccharide matrix composed of EPS (Filipovi¢ et al. 2020;
Jamal et al. 2018). This extracellular matrix (ECM) provides the mechanical stability of a
biofilm and the protection for the community of cells against environment stresses (Wilking et
al. 2011). The ECM provides hydration, nutrient storage and protection from external
environmental conditions, including mechanical forces, osmolarity fluctuations and
antimicrobial treatments. Similar components are found within the matrixes of Gram-negative
and Gram-positive bacteria, such as extracellular DNA, polysaccharides, and amyloid-type
proteins. These latter proteins are required for biofilm formation but also play roles in biofilm
maturation and dispersion (Ruhal and Kataria 2021).

Biofilm growth is initiated by mechanotransduction and chemical signaling within the
matrix. The different bacterial microcolonies are separated by aqueous canals in which fluid
and molecules circulate (Jamal et al. 2018). Biofilm growth is also influenced by genotypic
factors, physicochemical factors, stochastic processes, determinist phenomena, mechanical
processes, molecular exchanges and temporal modifications (Krsmanovic et al. 2021). Bis-3'-
5'-cyclic dimeric guanosine monophosphate (c-di-GMP) is a key regulator in biofilm formation
of Gram-negative bacteria, while its role remains to be established in Gram-positive bacteria
(Ruhal and Kataria 2021).

3.3 Biofilm maturation

Maturation of the biofilm involves the formation of pores and channels, which serve as a
circulatory system for distributing oxygen, water and nutrients, and evacuating waste, and allow
the circulation of molecules produced by bacteria (Quan et al. 2022). Such intercellular
signaling system, known as quorum sensing (QS), enables inter-bacteria communication via
chemotaxis and directly affects their physiological state (Waters and Bassler 2005).
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3.4 Biofilm detachment and dispersion

The final stage of biofilm formation is the detachment and dispersion of planktonic cells
(Sauer et al. 2022). It is initiated by several mechanisms that allow bacterial release from the
biofilm matrix and dispersion into the surrounding environment for further infection.
Mechanical stress is one of the primary factors that triggers detachment. The stress can result
from shear forces and wearing secondary to fluid flow. When subjected to these stresses,
biofilms can become disrupted, leading to the release of individual or clusters of bacteria
(Veerachamy et al. 2014). Bacteria can also produce enzymes and tension-active agents, which
can induce degradation of or detachment from the ECM (Krsmanovic et al. 2021). This is the
case for P. aeruginosa, which produces alginate lyases secondary to stress (Jamal et al. 2018).
Moreover, bacteria attached to a surface can change condition and become motile again
(Krsmanovic et al. 2021). Regulation of biofilm dispersion may differ between Gram-positive
and Gram-negative bacteria (Ruhal and Kataria 2021). A priori, mechanical stimuli could also
influence toxin release, but this open question merits dedicated multidisciplinary and multiscale
explorations.

Once parts of biofilms are detached, bacteria are able to disperse throughout the organism.
They eventually reach the circulatory system and can cause systemic infections (Rumbaugh and
Sauer 2020).

Each stage of the complex biofilm formation is governed and is regulated by
mechanobiological factors. The mechanisms by which bacteria detect and respond to
mechanical cues come from their environment.
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4. Multi-scale mechanobiology of biofilm development

While a healing bone is constantly subjected to mechanical stresses, little is known about
the impact of this mechanical environment on biofilm development (Jara et al. 2020; Araujo et
al. 2019; Xu et al. 2022). Recent advances in high-resolution imaging techniques and bacterial
studies have shed light on bacteria and biofilm mechanobiology. Studies have shown that
bacteria are not passive recipients of mechanical cues. They sense mechanical stimuli through
different receptors and effectors, which enable them to adapt, deform, and attach to or detach
from a surface (Chawla et al. 2020; Araujo et al. 2019). Some mechanical stimuli may even
support bacterial development as a defense strategy in a hostile environment (Bottagisio et al.
2020). As the biofilm grows and matures, bacteria are embedded in the self-produced ECM
whose composition can change in response to mechanical forces, significantly impacting the
overall stability of biofilms.

In the following section, these mechanobiological interactions are explored through a multi-
scale prism starting from the bacterial microscopic scale to reach the biofilm mesoscopic scale
and finally the macroscopic scale of the fracture site or bone-implant interface. These
interactions are illustrated in Figure 3.
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Figure 3: Mechanobiological interactions: from the bacterium to the implant. (A) At the
microscopic scale, the isolated bacterium perceives mechanical signals thanks to its
membranous receptors, its bacterial envelope and its surface organelles. (B) At the biofilm
scale, bacterial growth within the self-produced ECM induces internal mechanical stimuli and
increases inter-bacterial cohesion forces. (C) At the macroscopic scale, mechanical loading of
the implant and host tissue behavior affects the bone-implant interface.
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4.1 Mechanical factors at the microscopic scale of bacteria

Mechanosensitivity, the capacity to sense and respond to mechanical cues, plays a crucial
role in the physiological response of bacteria and their survival (Chawla et al. 2020; Dufréne
and Persat 2020; Gordon and Wang 2019). Though studies have identified a direct link between
bacterial initial accumulation and motility to the surface properties (Song et al. 2017; Zheng et
al. 2021; Gomez et al. 2023), the mechanisms of how bacteria perceive and interact with the
substrates are poorly understood. The bacterial cell envelope is a key element of
mechanosensitivity, providing not only mechanical stability due to its turgor pressure but also
functioning as a sensory interface, allowing bacteria to sense and respond to external
mechanical cues such as changes in osmotic pressure and substrate stiffness and topography
(Figure 3A) (Song et al. 2017; Zheng et al. 2021; Gomez et al. 2023; Auer and Weibel 2017;
Rojas and Huang 2018; Harper and Hernandez 2020; Maier 2021). For example, in Escherichia
Coli, the NIpE-Cpx transmembranous system activates the virulence factor regulation upon
contact between the bacterial envelope and a surface (Otto and Silhavy 2002). Other bacteria
respond to mechanical forces through membrane depolarization, which is responsible for a
calcium influx, translating mechanical forces into intracellular ionic concentration (Bruni et al.
2017). As a response to the mechanical cues, mechanosensitive channels transduce the
mechanical stimuli into cellular responses, regulating ion fluxes and cytoplasmic pressure.
Another mechanism is based on cell surface components such as adhesins, which undergo
conformational changes when subjected to tension, as seen in E. Coli adhesin FimH , thereby
reinforcing the bond between the bacterium and the surface (Anderson et al. 2007; Nilsson et
al. 2006). This mechanism is known as catch bond and is responsible for a stick and roll motion
of the bacterium on a surface. S. aureus can also reinforce its adhesion to a surface when
external forces increase (Kerrigan et al. 2008). On the contrary, mechanical forces can destroy
a cell-binding site, further proving that mechanosensitivity plays a crucial role in bacterial
adhesion (Chabria et al. 2010). The exact mechanisms underlying detection, signaling and
responses by membranous receptors are still to be discovered.

Bacterial motility, a fundamental aspect of bacterial behavior, is closely linked to
mechanobiology. Some bacteria have extensions, such as flagella or pili, which can serve as
mechanosensory systems and enable bacteria to sense the surface and respond according to the
structure of the surface, its topography and stiffness (Kreve and Reis 2021; Asp et al. 2023).
Flagella-driven propulsion adapts to changes in fluid viscosity and flow by using the
coordination of motor proteins within the bacterial cell envelope. The activation system of
bacterial flagella is composed of a stator combined to a rotor, which is responsible for rotation
and torque. Conformational changes of the stator’s components are caused by the proton-motive
force, and induce rotation of the rotor and of the flagellum consequently (Dufréne and Persat
2020). In E. Coli, flagella adapt rotation speed and torque according to resistances met by the
stator (Chawla et al. 2020; Persat 2017). Adaptation happens mainly through positive feedback:
if a force counteracts flagella rotation, for example due to an increase in fluid viscosity, other
subunits of the stator are recruited to increase the speed of rotation (Dufréne and Persat 2020;
Persat 2017). When bacteria encounter a surface, the physical interaction with the surface can
change the rotation of the flagella. This alteration in flagella rotation allows bacteria to detect
the surface and respond by modulating their motility. They may exhibit behaviors such as
swimming along the surface, attaching to it, or changing direction to explore the surface
features.

Type IV pili are motorized filaments present on the surface of many Gram-positive and
Gram-negative bacteria. They are involved in motility and adhesion on surfaces, and they have
been shown to have a critical role in bacterium motility. The molecular motor of type IV pilus
is composed of different subunits which hydrolyze ATP to polymerize and depolymerize other
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subunits (Burrows 2012). When type IV pilus is in contact with a surface, it detects a traction
force and retracts, thus attracting the bacterium against the surface. This mechanism is known
as twitching motility and enables bacteria to move on a surface (Burrows 2012). If the bacterium
is subjected to increasing fluid flow and friction forces, the retraction force of the pilus is even
greater.

Further research has suggested that bacteria also respond to acoustic cycled waves (Murphy
et al. 2016). Specific acoustic waves in the range 800-1600 Hz appear to aggregate bacteria
together and promote biofilm formation. Although the underlying mechanisms remain
unexplained, concomitance with bacterial population increases might play a role. Indeed,
increasing tension in bacteria might activate mechanosensitive channels of the cell membrane
with a specific impact upon bacterial wall turgor pressure (Murphy et al. 2016). Biofilms also
exhibit frequency-dependent responses. For instance, growth of P. aeruginosa and S. aureus
biofilms are enhanced when exposed to 800 and 1600 Hz cycles for 48h, respectively (Murphy
et al. 2016). Conversely, low frequencies might either stimulate or inhibit biofilm growth in E.
Coli depending on exposure duration (Martirosyan and Ayrapetyan 2015).

4.2 Mechanical factors at the mesoscopic scale of biofilm

While bacteria mechanosensing occurs predominantly on the microscale, biofilms size can
range from micrometers, like dental plaques, up to centimeters, such as SSls, which can be
visible to the naked eye. This shift in scale from individual bacteria to biofilms brings new
challenges and insights to the mechanobiology.

At the biofilm scale, internal mechanical stimuli induced by bacterial growth can be
considered (Figure 3B). The self-produced biofilm matrix not only maintains cohesion between
bacterial cells, but also links them to the underlying surface (Costerton, Stewart, and Greenberg
1999). This cohesion is substantial for biofilm survival, as it protects the bacterial community
against chemical, biological and mechanical stresses. From a mechanical perspective, the
biofilm behaves like a hydrated colloidal gel with rigid bacteria and a viscous matrix
(Krsmanovic et al. 2021). This structure grants viscoelastic properties to the biofilm, resulting
in both solid-like and liquid-like responses and enables biofilms to withstand mechanical forces
such as fluid shear through energy dispersion and mechanical stress distribution and adapting
to their mechanical environment (Nguyen et al. 2021). Indeed, mechanical cues can trigger
changes in the production of EPS components, thus altering biofilm viscoelasticity through
gene expression (Nguyen et al. 2021). For instance, one could hypothesize that bacteria residing
within an overly rigid matrix may produce matrix-destroying enzymes to reduce local elasticity
S0 as to pursue bacterial growth. Conversely, bacteria may increase the production of matrix
components when they perceive a local increase in elasticity, rendering their environment more
rigid. Regardless of the conditions, bacterial cells arrangement within a biofilm influences
their mode of interaction and communication, and impacts therefore QS and biofilm growth
(Dufréne and Persat 2020).

Fluid flow and shearing forces play pivotal roles, as they affect biofilm composition. Indeed,
biofilms grown under a flow are thicker and denser (Krsmanovic et al. 2021). Moreover, two
biofilms originated from the same initial planktonic inoculum exhibit different compositions
depending on whether bacterial growth occurs in a laminar or turbulent flow (Dufréne and
Persat 2020). Turbulent flows seem to promote growth of a thin and dense biofilm, whereas
laminar flows promote the formation of a more homogeneous, thicker and less dense biofilm
(Krsmanovic et al. 2021). Mechanical forces associated with both types of flow can affect the
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transport of signaling molecules and nutrients, and are likely to deform or damage the matrix,
thus promoting adhesion or dispersion (Dufréne and Persat 2020).

4.3 Mechanical factors at the macroscopic scale of fracture or implant fixation

Little is known about how mechanical forces influence the risk of infections at the bone
implant interface (Figure 3C). At this scale, mechanical stresses and loading patterns
significantly affect the dynamics and persistence of infections in and around orthopedic
implants and can lead to fracture. A priori, clinical practice is considering that instability of the
fracture site promotes infection (Fang et al. 2017b)' and that conversely, stable fracture sites are
less prone to fracture related infection (Foster et al. 2021).

Some experimental studies showed contradictory results depending on bacteria phenotypes
and animal species. It has been shown that a femoral osteosynthesis with rigid fixation enabled
eradication of inoculated S. epidermitis at the fracture site in mice, whereas infection was
persisting with a compliant fixation. However, the authors showed that the mouse strain and
the type of bacteria affected these results, especially with S. aureus resulting in more severe
infections (Sabaté Bresco et al. 2017).

Biomechanical analysis and computational modeling have been developed to
understand the properties and behavior of biofilms at the bone-implant interface (Acemel,
Govantes, and Cuetos 2018; Ferreira, De Oliveira, and Silva 2020). While these models provide
valuable insights for optimal fixation configurations and prediction of outcomes, these studies
are still relatively new and a need for collaborations between scientists working with numerical
models and clinicians is needed.

While bacterial and biofilm responses to mechanical cues are well documented and
the subject of many recent studies in interdisciplinary fields, an important gap in
knowledge exists on the mechanobiology of infectious sites at the bone-implant interface.
A comprehensive understanding of the mechanobiology of biofilms at these different
scales is crucial for the development of innovative therapeutic strategies.
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5. Therapeutic strategies beyond traditional antibiotics

The complex nature of biofilm-associated infections makes biofilm eradication very
challenging, as discussed in section 2.4 of this chapter. In fact, bacteria embedded in biofilms
are ten thousand times more tolerant to antibiotics than their planktonic counterparts (Singh et
al. 2022). Even if the causes of this tolerance have not clearly been elucidated, some
mechanisms have been identified. Among these, one could cite the barrier role played by the
ECM, the adaptation of bacterial metabolism through the phenomenon of quiescence... These
are illustrated in Figure 4 and summarized in Table 1 (Singh et al. 2022; Dincer, Masume Uslu,
and Delik 2020; Hawas, Verderosa, and Totsika 2022).

It should be underlined that MICs are significantly higher for bacteria within a biofilm than
for their planktonic counterparts, rendering antibiotic treatments with standard dosages useless.
As a result, it is recommended to increase dosage and duration of antibiotic therapy when
treating biofilm-associated SSls, thereby increasing the risk of toxicity and side effects (Y.-K.
Wu, Cheng, and Cheng 2019). Therapeutic strategies complementary or alternative to
antibiotics are therefore crucial.

Biofilm Degraded Biofitm
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Figure 4: Mechanisms contributing to enhanced biofilm tolerance to antibiotics (from
Singh et al. 2022)
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Mechanism Description
Forms a barrier preventing antibiotic

Extracellular matrix penetration within the deeper layers of the
biofilm
Phenomenon through which persistent
Quiescence bacterial cells have an extremely low basal
metabolism and cell division rate
Accumulation of enzymes within the These enzymes are capable of degrading
extracellular matrix antibiotics

Mechanism for bacterial cell-cell
communication via signaling molecules,
which controls biofilm volume, thickness

and rugosity

Horizontal transfer of antibiotic Transfer of these genes from one

resistance genes bacterium to the other within a biofilm

Greatest number of efflux pumps
expressed by bacteria contained within a

Quorum sensing

Allows bacteria to extract more
intracellular toxins, including antibiotics

biofilm
These gradients create aerobic and
Presence of several concentration anaerobic micro-environments which
gradients within a biofilm increase tolerance to antiseptics and

antibiotics.

Table 1: Underlying mechanisms of bacterial tolerance associated with biofilms
(summarized from Singh et al. 2022, Dincer et al. 2020 and Hawas et al. 2022)

The strategic focus for eradicating biofilms encompasses two fronts: (1) inhibition of
bacterial adhesion to prevent biofilm formation and (2) promotion of bacterial dispersion to
eliminate pre-existing biofilms and eradicate the more easily accessible planktonic bacteria.
The prevention of biofilm formation can be achieved through surface modifications to impede
bacterial adhesion or biofilm maturation, and implies either physicochemical modifications of
surfaces or control of genes implicated in biofilm formation and maturation. Conversely,
biofilm dispersion can be induced via cell programming or by disrupting matrix constituents.
In this section, therapeutic alternatives are discussed according to their underlying mechanisms,
i.e. biochemical, biological or biophysical mechanisms.

5.1 Biochemical alternatives

As the SSI environment is predominantly avascular, antibiotics delivered via the systemic
route often do not reach the targeted infected site with a concentration high enough to be
effective. As such, administering antibiotics locally, that is directly at the infection site, enables
the reaching of high concentrations while keeping blood concentrations low to undetectable,
thus limiting undesirable systemic effects (Patangia et al. 2022). This approach ensures that the
antibiotic concentration remains consistently higher than the MIC, which allows eradicating
bacteria resistant to systemically-delivered antibiotics (Singh et al. 2022). Local route also
reduces the risk of antibiotic resistance (Patangia et al. 2022). However, challenges arise when
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the infection site is inaccessible without invasive strategies, such as re-opening of the surgical
site.

To overcome this barrier, it is possible to resort to biochemical agents like nanoparticles or
specific enzymes that induce bacterial cell death before or in the early stages of biofilm
development.

Some nanoparticles have intrinsic antibacterial properties and can be used as vectors for
therapeutic agents (Rotello 2023; Bano et al. 2023). Their mechanism of action relies on the
creation of electrostatic interactions with the ECM, thus promoting the diffusion of molecules.
These interactions also stimulate the dislocation of cell membranes, leading to intra-bacterial
components leakage. Furthermore, nanoparticles can induce the production of free radicals and
reactive oxygen species, the inactivation of enzymes and the denaturation of proteins (Rotello
2023; Bano et al. 2023). Despite promising in vitro results, their translation to clinical practice
requires further validation (Rotello 2023).

Lysine or other enzymes acting as cell lysis inducers can kill bacteria in the early stages of
biofilm development (Shrestha et al. 2022). In vitro, it has been shown that enzymes targeting
cell wall peptidoglycans, such as hydrolases, can rupture bacterial cells (Shrestha et al. 2022).
Chelators such as ethylenediaminetretraacetic (EDTA), and other biomaterials such as chitosan,
are also capable of disrupting bacterial cell walls. These agents were proven to alter effectively
in vitro the development of P. aeruginosa biofilm (Shrestha et al. 2022).

Biochemical agents promoting biofilm dispersion have also been proposed as alternatives
to antibiotics. However, when used alone, they lead to the release of bacteria into the circulation
system. Dispersal agents are therefore combined with systemic antibiotics to prevent spreading
of infection. Promising results have been reported with agents inhibiting QS, with nitric oxide
(NO) and with antimicrobial peptides (AMPs) (Hawas, Verderosa, and Totsika 2022).

QS inhibition implies inhibiting the synthesis of auto-inducers, destroying signaling
molecules like the c-di-GMP, disrupting mechanisms implicated in signal reception, or
inhibiting the reaction chain leading to transduction (Shrestha et al. 2022; Hawas, Verderosa,
and Totsika 2022). These mechanisms lead to biofilm dispersion or inhibition. The majority of
QS inhibitors are derived from proteins naturally taking part in QS, such as autoinducers,
transcription factors and regulators (Auer and Weibel 2017).

NO is a free radical that leads to bacterial biofilm dispersion by decreasing the intracellular
concentration of c-di-GMP (Hawas, Verderosa, and Totsika 2022; Visperas et al. 2022). The
use of NO is however limited due to its reactivity, its instability and its toxicity at high
concentration.

AMPs are multifunctional proteins composed of 12-50 amino acids capable of destroying
Gram-positive and Gram-negative bacteria, viruses, and fungi. They act by splitting
peptidoglycans, modifying cell membrane permeabilization or potential, neutralizing, or
separating lipopolysaccharides, inhibiting cell division and modulating the synthesis and
function of adhesion molecules. The bioavailability of antibiotics is increased when they are
administered combined to AMPs (Shrestha et al. 2022; Singh et al. 2022; Hawas, Verderosa,
and Totsika 2022; Visperas et al. 2022). However, AMPs may be unstable, rendering their use
for therapeutic treatments difficult.
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5.2 Biological alternatives

Biofilm resistance to antibiotics in vivo is in part due to the hypoxic environment at the
infection site (Singh et al. 2022; Khan et al. 2021). Hyperbaric oxygen therapy consists in
increasing local partial pressure in oxygen and may improve antibiotic efficacy by re-
oxygenating poorly oxygenated environments and by establishing an aerobic bacterial
metabolism (Jensen et al. 2019). Results are somehow controversial regarding the efficacy of
this strategy to improve antibiotic treatment in device-related infections (Bartek Jr. et al. 2018;
Jorgensen et al. 2017). Questions also arise as to whether this strategy may promote antibiotic
resistance (Jensen et al. 2019).

Another biological alternative relies on the use of phage therapy. Phages are host-specific
viruses which infect bacteria and rely only on these for their survival and self-replication
(Chang et al. 2022). Many phages have the ability to induce host lysis, thus releasing other
phages that will infect neighboring bacterial cells. Some phages are even capable of disrupting
biofilm structures (Domingo-Calap and Delgado-Martinez 2018). Bacteriophages have shown
encouraging results in vitro in combatting orthopedic implant-related infections caused by S.
aureus (Morris et al. 2019).

Finally, monoclonal and polyclonal antibodies, traditionally used in rheumatology, are
being explored for biofilm infections in orthopedic surgeries (Mao et al. 2021; Chung 2023).
Their effectiveness in treating biofilm-associated infections has been proven in vitro in many
animal models, and a vaccine against S. aureus is currently under phase Il clinical trials
(Shrestha et al. 2022). However, only a small number of these antibodies have been proved to
be effective in clinical trials (Visperas et al. 2022; Varrone et al. 2014).

5.3 Biophysical and multiphysical alternatives

Physicochemical modification of local adhesion properties of substrate surfaces has been
considered a strategy to control device-associated biofilm (Wildemann and Jandt 2021; Getzlaf
et al. 2016). Pure surface modifications to modify its topography and decrease the pore size, to
increase its stiffness and wettability and to decrease its roughness can render the implant less
prone to bacterial adhesion (Wildemann and Jandt 2021). Surfaces can also be rendered anti-
adhesive by using passive or active coatings. Passive coatings can imply the use of ultraviolets
to irradiate orthopedic implants or the resort to hydroxyapatite, tricalcium phosphate or
polymers such as hydrophilic polymethacrylic acid, polyethylene oxide or protein resistant
polyethylene glycol (Filipovi¢ et al. 2020; Wildemann and Jandt 2021; Getzlaf et al. 2016). As
an example, titanium implants were shown to have a bactericidal effect when exposed to UV
light due to an increase in reactive oxygen species activity (Gallardo-Moreno et al. 2010).
Active coating implies covering implants with broad-spectrum antimicrobials such as N, N
dodecyl, methyl-polyethylenimine (Schaer et al. 2012), chitosan (Chua et al. 2008), Gendine
(Bahna et al. 2007), which were all proven to be effective in vitro to prevent S. aureus biofilm
formation, or with hydrogels capable of delivering multiple antibiotics to the implant site
(Drago et al. 2014). Studies published so far on surface modifications show promising results
in vitro (Wildemann and Jandt 2021). However, clinical efficiency remains to be proven.

Active physical stimuli might be attractive to envisage clinical applications, and
propagation of ultrasonic waves seems to be a good candidate. Low-frequency ultrasound might
render bacteria more susceptible to antibiotics, as demonstrated with E. Coli and gentamicin
(Peterson and Pitt 2000; Carmen et al. 2004). Even if magnitude and frequency might show
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contradictory influences on biofilm responses, it appears that waves could modify diffusive
properties of the ECM, increase antibiotic concentration, and lowers the risk of gene mutation.

Finally, recent developments in multi-physical treatments include cold atmospheric plasma
therapy and bacterial photodynamic inactivation, both of which induce bactericidal properties
and constitute promising treatment options (Ribeiro et al. 2022; Alqutaibi et al. 2023).

Numerous strategies complementary or alternative to antibiotics have been explored.
However, the viability of their use in clinical settings remains uncertain for many of them.
Other complex and as yet unexplored biophysical mechanisms may play a role, such as
specific mechanobiological responses due to strain or stress relaxation and creep or cyclic
fatigue associated with physiological thresholds.
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Chapter II:
Design of an experimental setup to study the
Influence of a mechanical stimulus on biofilm growth
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1. Introduction

A healing bone is constantly subjected to mechanical stresses, either inherent to the healing
process itself, or due to external forces applied to it consequently to load bearing for instance.
A loaded bone is mainly subjected to three stresses — shear, compression and tension — which
result in bending and torsion.

When considering fracture fixation, bone plates are among the most common internal
fixation implants used (Kim et al. 2020). An osteosynthesis plate must withstand three main
types of loading: axial compression, bending and torsion. Bending forces cause the highest
stress, because plates are placed eccentric to the neutral axis of the bone, unlike other implants
such as nails which are placed near the neutral axis of the bone (Deprey et al. 2022).

While a healing bone and an osteosynthesis plate are constantly subjected to mechanical
stresses, little is known about the impact of this mechanical environment on biofilm
development (Jara et al. 2020; Aradjo et al. 2019; Xu et al. 2022). As discussed in chapter I,
bacteria and biofilms respond to mechanical cues. Nevertheless, the impact of an external
mechanical stimulus, especially bending, on biofilm development has not been studied so far.
In fact, it is not known whether bending stimulates or inhibits biofilm formation. Exploration
of this phenomenon could allow understanding how a biofilm forms on an osteosynthesis plate
under mechanical stimuli, and how it behaves once it has formed.

In this chapter, we have developed an experimental setup that enables application of a
bending moment during the attachment and growth of a biofilm. We shall first present the
experimental setup that includes a mechanical and a microfluidic device, and the challenges
related to its conception. We then present how the mechanical device was designed, by
describing its kinematics and its different components. Next, we focus on the microfluidic
device and provide details on microchip fabrication, on manufacturing of the bending substrate
and on the assembly of both components to create the microfluidic device. Finally, we present
the mechanical response of the microfluidic device, which was explored using numerical
modeling.
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2. Experimental setup and associated challenges

The experimental workbench designed to expose a bacterial biofilm to a bending moment
included a microfluidic device and a mechanical device. The microfluidic device comprised of
two microchips bonded to a flexible substrate. Each microchip contained a fluidic microchannel
in which bacteria were subsequently inoculated and left to grow until biofilms formed. Fluid
and nutrients necessary for biofilm growth were delivered through the microfluidic device using
a controlled syringe pump and were collected in an output reservoir (Figure 5).

inlet outlet

cyclic bending moment

Figure 5: General description of the experimental setup. PDMS microchips were bonded
to a PETG coverslip to form the microfluidic device

We chose to use polydimethylsiloxane (PDMS) to create the microchips. In fact, PDMS is
often used for fabricating microfluidic chips given its material properties such as elasticity,
optical transparency, biocompatibility, gas permeability and low autofluorescence (Shakeri,
Khan, and Didar 2021). PDMS is also known to facilitate cell adhesion (Pattanayak et al. 2021),
and therefore constituted an ideal substrate for biofilm growth (Ramos et al. 2023). Fluid and
nutrients were delivered into the microchannel through a specific inlet punch.

Glass is the substrate most commonly used when creating microfluidic devices (Borok,
Laboda, and Bonyar 2021), but the substrate had to be flexible for the purpose of our study so
as to submit the chips to bending forces and to study the effects of this mechanical stimulus on
biofilm growth. Polyethylene terephthalate (PET) is one of favored substrates when the planned
application requires flexibility; it is optically transparent, strong and lightweight, has chemical
inertness, good gas permeability and low cost (Borok, Laboda, and Bonyar 2021). In this study,
we developed a method to bind the PDMS microchips to polyethylene terephthalate glycol
(PETG) coverslips, which proved to be challenging since bonding of two differentiated
polymeric species is especially arduous, as detailed in section 4.3 of this chapter.

The flexible coverslip was subjected to a cyclic bending moment generated by a homemade

mechanical device that induced lateral deflection and mechanical strain inside the microchips (

Figure 6). The cyclic lateral force F(t) in the transverse plane (O, yo, Zo) induced lateral and
symmetrical deflection v(x) in the longitudinal plane (O, Xo, Yo). As the PETG coverslip was in
pinned-pinned boundary conditions, the symmetry plane involved (O, yo, z0) for geometry,
material distribution pattern, boundary conditions and loading conditions. Given the low elastic
modulus of PDMS compared to PETG, the mechanical response, and in particular the lateral
deflection, was close to that of a sole PETG coverslip tested in three-point bending, with a
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maximum bending moment located at the symmetry plane and with negligible shear effect due
to significant slenderness, i.e. ~ 70 mm/2 mm = 35.

Nevertheless, the PDMS microchip and the microchannel in the vicinity of the coverslip
interface may show local mechanical strain and stress gradients due to local material properties
gradient. This point will be later discussed in section 5 of this chapter.

Yo

Microchip comprising a
Microfluidic _ fluidic microchannel

device _ _
Flexible coverslip

v(x): lateral deflection

y(®), F(1)

PETG coverslip \ Cyclic lateral displacement
in pinned-pinned and force
boundary conditions

ERC Bebop 2020-2025 project
PI Yohan Davit
Groupe Milieux Poreux et Biologiques, IMFT

Figure 6: Schematic description of the experimental workbench: PDMS microchip
bonded to a PETG coverslip with a cyclic lateral force F(t) that induces a bending moment
and symmetrical deflection v(x).
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3. Design of the mechanical device

The design of the mechanical device was based on the use of a motion transformation
system to impose a bending moment to the flexible substrate of the microfluidic device. The
system consisted in associating an engine shaft to a cam system, and was composed of three
components (Figure 7): a rotating shaft 1, a cam disk 2 and a rolling ring 3. Ball bearings were
interposed between cam disk 2 and rolling ring 3.

The Young modulus of a PDMS microchip and a PETG coverslip are 2 MPa and 2 GPa,
respectively, and their densities are 970 kg/m3 and 1400 kg/m?, respectively. Thus, imposed
displacement y(t) and induced lateral force F(t) were targeted between 0 Hz and 2 Hz, in order
to avoid resonance excitation for both components of the microfluidic device.

3.1 Kinematics of the mechanical device

A schematic representation of the kinematics of the mechanical device is given in Figure 7.
Reference frame of the base was set at (Oo, Xo, Yo, Zo). A rotating shaft 1, associated with
reference frame (Ox, X1, Y1, Z1), was connected with a pivot joint at Oo; its rotation was described
by 61(t). A cam disk 2, associated with reference frame (O, X2, Y2, z2), was connected to rotating
shaft 1 with a pivot joint at Oy; its position relative to rotating shaft 1 was set by adjusting 6>.
Arolling ring 3 centered on O established a linear contact with a flexible coverslip 4 supporting
the microchips at point Ms. It enabled having only rolling without sliding on the flexible
coverslip 4. Figure 8 shows the geometrical settings and the successive reference frames.
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PETG coverslip 4

e

Figure 7: Schematic representation of the kinematics of the mechanical device. Rotating
shaft 1 is in pivot joint 61(t) with base 0 at point Og. Cam disk 2 is in pivot joint &> with
rotating shaft 1 at point Oy, and rolling ring 3 is in pivot joint G5(t) with cam disk 2 at point
O2. Rolling ring 3 and flexible coverslip 4 are in contact at point M3

Zo, 21

Figure 8: Geometrical settings and reference frames showing time varying parameters
61(t) and 65(t). Modifiable parameters are: 6», eccentric e and the radius of ring 3 r3
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By conceiving the mechanical device as exposed, the flexible coverslip not only described
a vertical displacement, but also a horizontal displacement, which was the consequence of the
kinematics by adjustable cam. This point is discussed in section 6.

The kinematical equations describing the motion of the mechanical device are detailed in
Appendix A. The horizontal and vertical displacement fields (equations (2a) and (2b)
respectively in Appendix A) and the vertical acceleration (equation (4b) in Appendix A) of Ms
when the angle 8> = 0 and when the constant angular frequency of rotating shaft 4, = 2,
presented harmonic variations as shown in Figure 9. The harmonic patterns were of a 2 z-period,
and both vertical displacement and acceleration were of opposite sign.

Magnitude of displacement

Figure 9: Kinematics of Mz for 62 = 0 and 6, = (2,. The normalized horizontal
displacement of M3, i.e. xmale, is plotted in blue, the normalized vertical displacement of M3,
i.e. (yms-r3)/e, is plotted in red, and the normalized vertical acceleration of Mg, i.e. y,3 /e, 2,

is plotted using black points.

The magnitude of both the horizontal and vertical displacements of the flexible coverslip
4 could be changed by modifying angle 2, as shown by equations (2) in Appendix A. Indeed,
when 6, varied in the range [0; 7#], lateral bending varied in the range [2e sin 61; 0] while
horizontal magnitude varied in the range [2e cos 61; 0]. The magnitude of the normalized
vertical displacement of Ms, i.e. (yms-r3)/e, when cam disk angle 6, varied from 0 to #/2 is
illustrated in Figure 10. Disruption of the transverse displacement cycles can be obtained by
modifying the initial location of the coverslip 4 relatively to cam disk 2. As an illustration, the
black points plotted in Figure 10 shows nil transverse displacement due to contact loss for 61
varying between zand 2 for an initial location of 2e.
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Magnitude of displacement

Figure 10: Magnitude of the normalized vertical displacement of Ms, i.e. (y,;-I3)/€), when
cam disk angle 6, varies from 0 to 7 /2. Red line, blue line and green line are associated to
0,=0,0,=rl4and 6, = /2, respectively. Nil transverse displacement of the microfluidic

device can be obtained for 6, varying between rand 2, as shown by the black points.

3.2 Fabrication and assembly of the different components

The motion transformation system is schematically represented Figure 11A, with the
following values for 01, 82 and 63: 61 = 212, 62 = 0 and 65 = 0. The distances between Og - O1
and O1 - O were identical and fixed to e. The angle &> between cam disk 2 and rotating shaft 1
could be adjusted thanks to a cylindrical pin which could be positioned at five discrete and
predetermined locations, i.e. 0, /4, /2, 3714 and 7. Cam disk 2 was associated to ball bearings
(HPC®) also in contact with rolling ring 3. The main technological components of the
mechanical device were created thanks to additive manufacturing process (Ultimaker).

Figure 11B describes how the flexible coverslip 4 supporting the microchip was fixed
relatively to the shaft-cam device. The coverslip was clamped into a dedicated pivot joint to
represent pinned-pinned boundary conditions. Only one kinematic joint is shown on Figure
11B. Two symmetrical bearing springs associated to a vertical sliding joint were used to adjust
the initial distance between the coverslip 4 and rolling ring 3. The controlled location of the
coverslip 4 was then locked by 2 mm screws not represented in Figure 11B.

The motion transformation system was actuated by an encoder gear motor associated with
electronic control and acquisition boards (Arduino®). Housing is shown in Figure 11C and the
assembled device is shown in Figure 11D. Details on mounting of the different electro-
mechanical components are provided in Appendix B. The controlled angular frequency ranged
between 0 Hz and 2 Hz with an accuracy of 0.02 Hz, and lateral bending deflection could vary
between 0 mm and 3 mm with a mean reproducibility of 0.1 mm. Vertical displacement of the
PETG coverslip once the motor was turned on is shown in Figure 11E and is in good agreement
with the kinematical equation (2b) provided in Appendix A.
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Figure 11: Technological design of the mechanical device. (A) Schematic representation
of the motion transformation system, composed of a rotating shaft 1, a cam disk 2, and a
rolling ring 3. The flexible coverslip 4 was in contact with rolling ring 3 at point Mzs; (B)

Details of the pinned-pinned boundary conditions of the PETG flexible coverslip 4 and the
PDMS chip; (C) Housing description and electro-mechanical components mountings; (D)
Assembled mechanical device with PETG coverslip locked into the pivot joints; (E)
Experimental signal describing the vertical motion of the PETG coverslip
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4. Elaboration process of the microfluidic device
4.1 Microchip fabrication

In our study, the PDMS microchips were fabricated using Sylgard™ 184 by mixing the
silicone elastomer base with the corresponding curing agent in a ratio 1:10 which was then
degassed. Straight channels (19.56 mm long and with a 100 pm x 100 pm square cross-section)
were created in the PDMS chip by molding the former degassed elastomer mixture on a silicon
wafer so as to obtain final chips 2 mm thick (Figure 12A-B). The silicon wafer was fabricated
using photolithography methods and dry film negative photoresist (EMS-Nagase DF10100). A
final degassing was achieved for another 30 minutes to remove all bubbles, before the mold
containing the PDMS was cured at 80°C for 1h30.

Unmolding was performed cautiously once the mold was at room temperature. The different
chips were individualized using a scalpel blade. The final microchips were 30 mm long, 10 mm
large and 2 mm thick (Figure 12C). Inlets and outlets were finally punched at each end of the
microchannels with a 1.5 mm punch cutter to provide access to the channel. The processes of
cutting and punching were performed with the engraved microchannels located side up.

fluid outlet

fluid inlet

fluid microchannel
h=2mm, b=10mm
[ =30 mm

Figure 12: Fabrication of a PDMS microchip. (A) Silicon wafer used to create the
microchannels; (B) Molding of PDMS mixture on silicon wafer; (C) Schematic representation
of the microchips obtained. The fluidic microchannel was 19.56 mm long with a 100 pm x
100 pum cross-section. Fluid inlet/outlet measured 1.5 mm diameter.
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4.2 Manufacturing of the bending substrate

As discussed in section 2 of this chapter, PET is the substrate most commonly used when
the planned application requires flexibility. In this study, we used polyethylene terephthalate
glycol (PETG) sheets (HIPEX® G) 1 mm thick. The sheets were cut using a laser cutting
machine (Speedy 360 Flexx, Trotec) so as to obtain PETG coverslips measuring 75 mm long,
25 mm large and 1 mm thick.

Holes were finally drilled at both ends of the coverslip to accommodate the 2 mm screw
used to lock the coverslip into the pivot joint of the mechanical device (Figure 11B-D).

4.3  Assembly of the microfluidic device components
4.3.1 Principles for microchip bonding

The next step in the preparation of the microfluidic device was to choose an effective
method to bond the PDMS chips to the PETG coverslip.

Bonding methods can be categorized into direct and indirect approaches (Giri and Tsao
2022). While direct bonding does not require using additional material or reagent layer in the
bonding interface, indirect bonding implies using materials such as chemical reagents, epoxy
or adhesive tape to assist the bonding. Different PDMS-PET bonding techniques combining
surface activation, surface functionalization and/or adhesive-based gluing have been reported
in the literature (W. Wu et al. 2015; Tang and Lee 2010; Sivakumar and Lee 2020; Agostini,
Greco, and Cecchini 2019; Zhang and Lee 2015; Lee and Chung 2009) (Appendix C).

Surface activation is categorized as a direct bonding approach. Its aim is to remove
contaminants and to increase the surface energy by forming polar functional groups for covalent
bonding (Shakeri, Khan, and Didar 2021; Borok, Laboda, and Bonyar 2021). It can be
performed either using corona discharge treatment or oxygen plasma treatment.

The use of oxygen plasma requires working in a clean room facility and placing the exposed
bonding surfaces in a low-vacuum environment in the presence of oxygen gas. On the contrary,
corona discharge can be performed at room temperature and standard pressure, thus reducing
the cost and the complexity of the procedure. Corona discharge is obtained through a hand-held
corona device that generates a high voltage potential between the electrodes at the tip of it, thus
ionizing the air (Haubert, Drier, and Beebe 2006). When treating PDMS with a corona
discharge for instance, the terminal methyl groups (-CHjs) are replaced by silanol groups, which
can form covalent siloxane bonds (Si-O-Si) with a similar silanol group on another activated
silicon-based surface.

Bonding of PDMS to thermoplastics further requires surface functionalization, also called
chemical gluing, because reactive covalent groups are not generated when a polymer is
activated with corona or oxygen plasma (Bordk, Laboda, and Bonyar 2021). Surface
functionalization is categorized as an indirect bonding approach.

The thermoplastic substrate needs first to be activated either with corona or oxygen plasma
to break the carbon backbones of the thermoplastic substrate, and it must then be covered with
a coupling agent. An organosilane, such as (3-aminopropyl) triethoxysilane (APTES), (3-
mercaptopropyl) trimethoxysilane (MPTMS), (3-glycidyloxypropyl) triethoxysilane (GPTES),
(3-glycidyloxypropyl) trimethoxysilane (GPTMS), and (3-triethoxysilyl) propylsuccinic
anhydride (TESPSA), is commonly used. The silanol groups of the activated PDMS can directly
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form bonds with the amino groups (-NHz) of APTES or the thiol groups (-SH) of MPTMS
functionalized polymers.

Adhesive-based gluing is another indirect bonding method. It consists in applying a small
amount of adhesive material, such as epoxy or a silicon-based adhesive, between the two
surfaces to bond (Bordk, Laboda, and Bonyar 2021). It is often used in combination with
chemical gluing methods to improve the quality of the bond.

To choose the proper bonding process for the required application, several factors have to
be taken into consideration, especially the mechanical and optical properties of the bonding
interface. For the purpose of our study, the resulting PDMS/thermoplastic bond had to be strong
enough to prevent leakage while a flow circulated through the microchip microchannel and
while the microfluidic device was submitted to a bending moment. Moreover, the bonding
interface had to be optically transmissive to allow observation of bacteria under a microscope.

Bonding strength is another important factor to consider. Different methods are used to
check the quality of the prepared bond, such as manual peeling, tensile strength measurements,
shear strength measurement, peel test (Borok, Laboda, and Bonyar 2021). Manual peeling is a
simple, easy and cheap qualitative test. It consists in forcibly removing by hand the PDMS chip
from the substrate. If the PDMS chip cannot be easily removed, or if it breaks instead of
detaching from the substrate, the formation of chemical bonds can be assumed, and the result
of the manual peeling test is considered positive. Manual peeling was performed for each
microfluidic device assembled to check bond formation.

4.3.2 Application

Several bonding protocols were tested as summarized in Table 2. In all protocols, surface
preparation was similar, with both the PDMS chip and the PETG coverslip being cleaned with
ethanol 70% and deionized water (DIW), and further dried with compressed air. Surface
activation was performed with a corona plasma wand (ElectroTechnic BD-20AC Corona
surface treater), and surface functionalization involved depositing APTES (Sigma-Aldrich
440140) on the surface (PDMS or PETG) during 20 minutes at room temperature. The protocols
differed by the surface treated (PDMS and/or PETG) and the time duration of corona discharge
(either 30s or 60s). In some cases, adhesive-based gluing with a light cure adhesive (Loctite®
AA3494, Henkel) was further added to the bonding process via different methods.

The quality of the bond obtained with each protocol was tested by manual peeling and
microchannel permeability was checked (Appendix D, part A). When an adhesive was used, its
distribution at the PETG coverslip/PDMS chip interface was also subjectively evaluated.

Only two protocols successfully passed both the manual peeling test and the microchannel
permeability test: protocols 1 and 11. In fact, protocol 1 turned out to be effective for several
microchips. However, it could no longer be retained after several weeks, as many PDMS chips
could be peeled off manually from the PETG coverslip, either immediately or after several
hours under a mechanical stimulus. The use of an adhesive in the following tested protocols
added challenge regarding the maintenance of channel permeability. In many protocols tested,
the adhesive was found to seal either the inlet/outlet of the microchannel, or the channel path
itself.
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Two microfluidic devices fabricated using the bonding protocols 1 and 11 were
subsequently tested for leakage over three days, one in static, the other in dynamic conditions
(see Appendix D, part B). No leak was observed between the PDMS chips and the PETG
coverslip after 60 hours of flow whether the coverslip had been submitted or not to a mechanical
stimulus. Manual peeling of the chips from the coverslip could not be achieved after 60 hours
for both conditions.

Surface preparation Adhes'lve- Treated area
based gluing .
L octite® Observations
PDMS PETG AA3494 PDMS PETG
Ethanol 70% | Ethanol 70% Surface
1 DIwW DIW None Surface activation (30s)
Compressed | Compressed activation (30s) Surface
air air functionalization
Ethanol 70% | Ethanol 70% Surface Surface
DIwW DIW o activation (30s) | Negative peeling
2 Compressed | Compressed None activation (60s) Surface test
air air functionalization
Ethanol 70% | Ethanol 70% Surface Surface
3 DIwW DIw None activation (30s) | activation (30s) | Negative peeling
Compressed | Compressed Surface Surface test
air air functionalization|functionalization
Surface Negative peeling
activation (30s) test
Ethanol 70% | Ethanol 70% | Spin-coating on Surface Heterogenous
4 DIwW DIW separate glass [functionalization None adhesive
Compressed | Compressed | coverslip (2000 |Adhesive-based distribution
air air rpm, 1 min) gluing (5s Heterogenous
contact with bonding
glass coverslip)
Surface Negat|¥:sfeellng
Ethanol 70% | Ethanol 70% . . activation (30s)
Spin-coating on Heterogenous
DIW DIw : Surface .
5 chip (2000 rpm, 1 SRR None adhesive
Compressed | Compressed X functionalization o
. . min) . distribution
air air Adhesive-based
luing Heterog_enous
9 b(_)ndlng _
Surface Negatl\t/eesfeellng
Ethanol 70% | Ethanol 70% Spin-coating on activation (30s)
DIW DIW P g Surface
6 chip (500 rpm, 2 L None
Compressed | Compressed . functionalization
. . min) :
air air Adhesive-based
luing Heterog_enous
g bonding

DIW: deionized water

Table 2 (1/2): Protocols tested for bonding a PDMS microchip to a PETG coverslip
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Surface preparation Adhes.lve- Treated area
based gluing .
L octite® Observations
PDMS PETG AA3494 PDMS PETG
Positive peeling
test
e
Ethanol 70% | Ethanol 70% activation (30s) P
distribution
DIW DIwW . . Surface
7 Deposited on chip - o None Homogenous
Compressed | Compressed functionalization .
. . : bonding
air air Adhesive-based
gluing Negative
microchannel
permeability test
Positive peeling
test
S
0 0, i i
Ethanol 70% | Ethanol 70% Deposited on chip activation (30s) distribution
DIw DIW A Surface
8 sealing inlet/outlet - - None Homogenous
Compressed | Compressed functionalization i
. : . bonding
air air Adhesive-based
gluing Negative
microchannel
permeability test
Positive peeling
test
R
Ethanol 70% | Ethanol 70% . . | activation (30s) P
Deposited on chip distribution
DIW DIw - Surface
9 bypassing - o None Homogenous
Compressed | Compressed . functionalization i
- . inlet/outlet . bonding
air air Adhesive-based
gluing Negative
microchannel
permeability test
Surface Negat|¥:sfeellng
Ethanol 70% | Ethanol 70% activation (30s) HoMOGENoUsS
DIW DIW Trickle deposited Surface Surface ge
10 . - o L adhesive
Compressed | Compressed | on chip edges [functionalization| activation (30s) distributi
. . . istribution
air air Adhesive-based
luing Homoggnous
g bonding
Positive peeling
test
Homogenous
Ethanol 70% | Ethanol 70% Surface Surface d?s??i%ﬂggn
DIwW DIW Trickle deposited | activation (30s) | activation (30s)
11 . - Homogenous
Compressed | Compressed on chip edges |Adhesive-based Surface bondin
air air gluing functionalization g
Positive
microchannel
permeability test

DIW: deionized water

Table 2 (2/2): Protocols tested for bonding a PDMS microchip to a PETG coverslip
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5. Exploration of the mechanical behavior using numerical modeling

The mechanical response of a microfluidic device comprising one microchip bonded to a
PETG coverslip was evaluated by using a finite element numerical model based upon the
displacement method (Abaques®). Due to the symmetry planes (O, x, z) and (O, v, z), and
considering the horizontal displacement negligible, the numerical model only covered quarter
of the structure, as shown in Figure 13A. In the end, the meshed coverslip was 37 mm long,
12.5 mm large and 1 mm thick, and the meshed microchip was 15 mm long, 12.5 mm large and
2 mm thick and involved quarter of a microchannel (half longitudinally, half transversely).
Displacement continuity at the interface was respected.

Meshing was constituted of twenty nodes quadratic elements (H20), with three translational
degrees of freedom per node element. Meshing was of about 6 x 10® degrees of freedom. The
material was homogeneous and isotropic, with a couple (elastic modulus E; Poisson ratio v)
fixed to (2x10° Pa; 0.3) and (1x10° Pa; 0.45) for PETG and PDMS, respectively (Ariati et al.
2021; Valvez, Silva, and Reis 2022). Transverse displacement was fixed at x = L/2 to mimic
pinned-pinned boundary conditions, symmetrical conditions were applied to nodes located in
the symmetry planes and an imposed displacement wo was applied at x = 0 to model the line
contact between rolling ring 3 and flexible coverslip 4.

A geometrical non-linear computation was implemented and achieved using a conventional
Newton-Raphson algorithm. Transverse displacements, i.e. w(x), were predominant because of
the structure constitution, and of the boundary and loading conditions. Displacement field is
shown in Figure 13C. The responses, namely F(w), computed with and without a PDMS
microchip, were normalized using an imposed displacement wo and the maximum resulting
force Fo obtained for PETG coverslip. As shown in Figure 13D, no non-linear effects were
depicted even for superimposition of the chip and the coverslip. Imposed displacement up to
wo = 2 mm was still valid in the linear domain to reach Fo = 3.3 N. An increase of the bending
linear stiffness between the PETG coverslip and the assembly [PETG coverslip-PDMS
microchip], namely kper and kpetc+poms, was found and was limited to 10 % as shown in Figure
13D.
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Figure 13: Numerical modeling (finite element method) of the microfluidic device
involving PETG coverslip and PDMS chip. (A) 3D meshing of a quarter of the microfluidic
device; (B) Details of the quadrilateral microchannel showing lateral wall A, upper wall B and
lower wall C; (C) Displacement field under imposed displacement wo of line contact between
rolling ring 3 and flexible coverslip 4 and located at x = 0; (D) Structural response of the
PETG coverslip without the PDMS microchip (- -) and with the PDMS microchip (—). A 10%
increase was observed between keer+ppms and keere bending linear stiffnesses.

The next investigation concerned strain distribution patterns along the microchannel walls.
When considering half of the cross-section of the quadrilateral microchannel, the lateral wall
A, the upper wall B and the lower wall C remained, as depicted in Figure 13B. Walls A and B
were associated to the PDMS microchip, while wall C was the PETG coverslip upper surface.
The explored path was located in the middle of each wall and normalized by half of the channel
length (Xo = 10 mm), thus avoiding local perturbation due to the inlet and outlet holes. Strain
magnitudes were normalized using wall C values as reference.

Strain tensor components involving y-components were negligible because of the structural
symmetry properties. Only normal strain exx and shear strain &x, were investigated in detail.
Figure 14A shows that the maximum variation of the normalized normal strain was limited to
15 %. In return, shear strain showed significant variations (Figure 14B). Indeed, shear strain on
the upper wall B, namely B, was one magnitude order higher compared to that on bottom
wall C, with significant evolution along the path. In addition, shear strain on lateral wall A,
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namely exA, was significantly increased (up to two magnitude order) and more constant along
the path. Magnitudes for Xo, exC and ex.C were 2 mm, [21x10%, 29x10*#] and [0.06x10%,
2.2x10™].
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Figure 14: Distribution patterns of strains along walls A, B and C of the microchannel.
The path is normalized using micro-channel length xo with the origin located at the symmetry
plane (O, y, z). Strain magnitudes are normalized using C values as reference. (A) Normal
strain g, ; (B) Shear strain &,,. Compared to C, shear strains are higher of one order of

XX ’
magnitude for B and two orders of magnitude for A.
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6. Discussion and conclusion

The central aim of our study is to explore the effects of mechanical stimuli on biofilm
growth, and in this chapter, we have designed the experimental workbench to do so. To our
knowledge, this is the first experimental setup that allows exploring the effects of cyclic
mechanical stresses on biofilm development. The core of the microfluidic device was a PDMS
microchip bonded to a flexible PETG coverslip. Each microchip involved a quadrangular
microfluidic channel acting as a support for bacterial growth and biofilm formation, while the
coverslip was able to be transversely loaded thanks to a dedicated mechanical device.

The architecture of the mechanical device was first designed. It was decided to work at
imposed displacement by designing an eccentric system controllable in frequency and
amplitude. The kinematic equations governing the motion of the mechanical device are given
in Appendix A. The mechanical device conceived imposed not only a vertical displacement to
the flexible coverslip, but also a horizontal displacement, which was the consequence of the
kinematics controlled by an adjustable cam. A mechanism inducing only a vertical
displacement could have been designed, but would have necessitated introducing additional
couplings and thus additional items to annul the x component. This was beyond the scope of
our study, as our project was mainly based on the design of a simple system to explore the short-
term impact of a mechanical loading while minimizing technological risks. However, this x
component induced with our mechanical device implies a change in the point of application of
the mechanical force, which represents a mechanical parameter that could be used in future
studies. Manufacturing of the mechanical device used significant opportunities offered by 3D
printing, and kinematic monitoring relied on an open-source electronics platform hardware and
software.

A preliminary evaluation of the structural response of the microfluidic device was then
undertaken by using 3D finite element modeling. Even if superimposition of the chip on the
coverslip represented a significant modification of the structural geometry compared to that of
the plate alone, it showed limited role in the global response. Indeed, the modulus ratio between
the chip and the coverslip, namely 2x10°, considerably reduced the impact of the chip on the
overall response of the microfluidic device despite its geometric extent.

This modeling step also allowed predicting the strain tensors along the fluidic microchannel.
Indeed, the channel walls showed strain fields that could be transmitted to the bacterial
population and consequently modify the biological responses. Our model only comprised 2
elements, and thus 5 nodes, in the thickness of the channel, as shown in Figure 13B. Meshing
of the channel could have been denser, and the interface between the PDMS microchannel and
the biofilm could also have been added, but our model gave a general overview of the different
strain fields expected. Overall, the results showed that normal strain fields exx were one to two
orders of magnitude higher to shear fields ex.. This was explained by the predominance given
to the bending load when designing the experimental device. However, a significant increase
in shear stress was observed along the side walls of the channel. This was the consequence of
a properties’ gradient at the interface between the PDMS chip and the PETG coverslip.

The greatest challenge was related to the bonding protocol used to create the microfluidic
device. Most studies report bonding of a PDMS chip to silicon-based materials such as glass
via a rather reproducible process of surface activation (Borok, Laboda, and Bonyar 2021). In
our study, the substrate had to be flexible. PDMS-polymer bonding is more difficult because
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reactive covalent groups are not generated when a polymer such as thermoplastics is activated
with corona or oxygen plasma (Appendix C). A custom-made surface functionalization is
therefore required (Borok, Laboda, and Bonyar 2021).

One could argue that the manual peeling test used to check the quality of the bond was not
discriminant enough, and that more objective tests, such as characterizing the bond by its tensile
strength (Borok, Laboda, and Bonyar 2021), would have been more appropriate. Nevertheless,
the aim was to choose a protocol that would lead to a leak-free bond between the chips and the
coverslip over at least 48 hours. It has been observed that when surfaces are activated, they
become hydrophilic, and regain hydrophobicity quickly under ambient conditions (Hillborg and
Gedde 1998). Mechanical stimuli can also accelerate this recovery process (Hillborg and Gedde
1998). This explains why a leakage test over sixty hours, either in static or in dynamic
conditions, was performed prior to retaining the tested bonding protocol. It should be noticed
that for the leakage test in the dynamic condition, the cycling frequency was set to 1 Hz to be
close to that of the walking gait, and the coverslip was loaded at its maximum displacement
magnitude to induce the most unfavorable conditions in terms of strain and stress in the vicinity
of microfluidic device.

Our experiments were therefore managed in two main series. In the first series, bonding
was effective when using surface activation with corona discharge combined to surface
functionalization with APTES. However, the second bonding series showed deficiencies in the
bonding protocol since all chips could be peeled off manually from the coverslip. After
scanning a significant number of parameters, it appeared that the environmental parameters,
and especially the ambient humidity level, may have played a significant role. Indeed, the time
period of the first series was winter, when room temperature was of 26 °C and humidity level
was of 30%, whereas the second series took place in spring with a 25.5°C room temperature
and 65% humidity level. Our observation was corroborated by other studies raising limitations
in their bonding protocol due to uncontrolled humidity levels during the bonding process.
Indeed, it has been shown that humidity could negatively impact adhesion by significantly
reducing surface reactivity and hydrophilicity due to augmented hydroxyl groups on surfaces
(Alam, Howlader, and Deen 2014). Pursuing our experiments in a clean room was mentioned
but too costly in the framework of our preliminary study. Finally, a solution was found by
adding an adhesive in the bonding protocol to obtain a satisfying manufacturing process.

In this chapter, we have achieved the development of an experimental setup
comprising a microfluidic device dedicated to the study of bacterial growth and biofilm
formation, and that could be submitted to a transverse load variable in magnitude and
frequency thanks to a mechanical device. To our knowledge, this was the first
experimental setup designed that allows exploring the effects of a kinematical controlled
stimulus on biofilm dynamic response.
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Chapter 111
Influence of bending on biofilm growth —
preliminary study
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1. Introduction

Biofilms are ubiquitous in our environment, and most predominantly form in agqueous
habitats. The effect of shear stress on biofilm growth has been the most studied given the role
flow plays in biofilm formation (Krsmanovic et al. 2021; Jara et al. 2020; Fonseca and Sousa
2007; Ai et al. 2016). When comparing biofilm development in a dynamic model to its
formation in a static model by respectively submitting or not bacterial cultures of Cutibacterium
acnes to a given flow, Varin-Simon et al. (2021) showed that the percentage of live bacteria
within the biofilm was higher in the dynamic model than in the static one (Varin-Simon et al.
2021). To our best knowledge, no studies exploring the effects of bending on biofilm
development have been published so far.

In this chapter, we present the first results obtained with the experimental setup described
in chapter Il. To quantify biofilm development, microchips were inoculated with bacteria
containing a fluorescent protein-expressing plasmid. The microfluidic devices thus inoculated
were either submitted to a bending moment thanks to the mechanical system described in
chapter Il (dynamic condition) or not (static control). Imaging with epifluorescence microscopy
was performed to compare fluorescence between static and dynamic conditions.

The experimental methodology was based on two test campaigns, namely Experiment 1 and
Experiment 2. Experiment 1 was designed as a prototype, while Experiment 2 enabled
improvements in the procedure and results exploration.
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2. Materials and Methods
2.1 Preparation of the microfluidic device

Polydimethylsiloxane (PDMS, Sylgard™ 184) microchips of 30 x 10 x 2 mm and PETG
(HIPEX® G) coverslips of 75 x 25 x 1 mm were prepared as described in chapter II.
Microfluidic devices were created by bonding two PDMS microchips on one PETG coverslip
using the two bonding protocols presented in Chapter Il. Using two microchips allowed
increasing observations while keeping symmetry properties as shown in Figure 15. Details of
the experimental methodology are summarized in Table 3.

2.1.1 Experiment 1

For the first set of experiments, the bonding protocol combined surface activation and
surface functionalization (protocol 1, Table 2). The PETG coverslip was first cleaned with
ethanol 70% using a Kimtech ™ wipe, and was dried with compressed air. Surface activation
was performed under the recirculating hood by exposing the PETG coverslip to a corona
discharge for 30 seconds. Several drops of APTES were then spread uniformly on the PETG
coverslip by pipette (surface functionalization). Two PDMS chips were immersed in ethanol
70% for 2 minutes. They were then rinsed abundantly with DIW and dried with compressed
air. After 20 minutes of PETG coverslip-APTES contact, the coverslip was abundantly rinsed
with DIW, air-dried, and placed in a 3D-printed guide to bond the chip at the middle of the
coverslip as shown in Figure 15. The use of this specific guide allowed respecting symmetrical
properties of the assembled microchips and PETG coverslip in both longitudinal and lateral
directions as detailed in section 2 of chapter Il and in Figure 6. Under the recirculating hood,
one PDMS microchip was exposed to a corona discharge for 30 seconds making sure the
subsequently activated side was the one comprising the microchannel. The PDMS microchip
was placed at one edge of the PETG coverslip. Propagation of a bonding front was visualized
once both surfaces were in contact. A slight digital pressure on one edge of the microchip was
sometimes necessary for the bonding front to form. The second PDMS microchip was treated
similarly before being bonded at the same level as the first PDMS microchip, on the
contralateral side of the coverslip. The microfluidic device was left untouched for 2 hours.
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PDMS chips

(A) guide

Figure 15: Positioning of the microfluidic device components for bonding. (A) 3D-
printed guide with two PDMS microchips and one PETG coverslip; (B) Relative location of
the microfluidic device components once bonded with lateral and longitudinal stops.

2.1.2 Experiment 2

For Experiment 2, the following bonding protocol (protocol 11, Table 2) was retained: the
PETG coverslip was activated and functionalized as in Experiment 1 (corona treatment for 30
seconds and APTES). Two PDMS chips were immersed in ethanol 70% for 2 minutes, and
were then rinsed abundantly with DIW and dried with compressed air. After 20 minutes of
PETG coverslip-APTES contact, the plate was abundantly rinsed with DIW, air-dried, and
placed in the 3D-printed guide. Under the recirculating hood, the side comprising the engraved
channel of one PDMS chip was treated with corona discharge for 30 seconds. A thin trickle of
adhesive was applied on the four edges of the PDMS chip. Bonding was achieved by placing
the PDMS chip at one edge of the PETG coverslip, and by slightly pressing on the chip from
the center to the periphery. This first allowed bonding between the PETG coverslip and the
PDMS chip at the level of the microchannel, and then reinforcing the bond with the adhesive at
the edge. The second PDMS chip was treated similarly, i.e. 30 seconds corona discharge
followed by a thin trickle of adhesive at the four edges, and was bonded at the same level as the
first PDMS chip, on the contralateral side of the coverslip (Figure 15). The microfluidic device
conceived was then placed under UVs during 1h30 to let the adhesive cure.

Prior to experiment, all microfluidic devices were tested for effective bonding with a
manual peeling test and a microchannel permeability test (Appendix D, part A). When both
PDMS microchips were effectively bonded and permeable, the microfluidic device was tested
either in dynamic or in static condition.

2.2 Culture media and strain preparation

Sterile culture media was prepared by mixing 18.7 g of brain heart infusion (BHI) broth
from Sigma-Aldrich® with 400 mL of sterile DIW. The BHI solution was autoclaved at 121°C,
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and 100 mL of sterile ampicillin solution concentrated at 1.5 mg/mL was added once it had
cooled down.

Biofilm development of Pseudomonas aeruginosa strain ATCC 15692 GFP was used in
this study. This strain of P. aeruginosa is very well studied in the literature and is very stable,
which makes it a perfect model system. To make sure no contamination of the original strain
occurred, a strict aseptic protocol was respected for the following steps. This included
sterilization of all instruments by autoclaving them at 121°C, cleaning of all working surfaces
with ethanol (C2HeO, 70%) prior to any manipulation, and working under a recirculating hood.
Cultures were reconstructed from a -80°C stock and cultured overnight in 25 mL of sterile
culture media at 32°C and 70 rpm.

Bacterial density of the reconstituted culture was estimated by measuring the optical density
at 600 nm (ODsoo) With a spectrophotometer (Eppendorf BioPhotometer®) using sterile culture
media as control. Dilution was performed until obtaining an ODeoo of 1 in Experiment 1, and
of 0.2 in Experiment 2 as detailed in Table 3. These concentrations ensured bacterial attachment
to the microchannel walls during the inoculation phase.

Experiment 1 Experiment 2

C2HsO, DIW, C2HsO, DIW,
PDMS . .
Surface compressed air compressed air
preparation PETG C2HsO, DIW, C2HsO, DIW,
compressed air compressed air
Surface Type Plasma (Corona) Plasma (Corona)
. - activation t (s) 30 30
Microfluidic Type APTES APTES
device Surface T (°C) RT RT
preparation functionalization t (min) 20 20
Adhesive gluing - Chip edges
PDMS Activation ACtIV.atIOI‘I,
adhesive
Treated surface — —
Activation, Activation,
PETG e T
functionalization functionalization
ODeoo of bacterial 1 0.2
culture
Flow rate (ul/min) 20 0.2
Duration (h) 40 24,48
Experimental Dynamic cycle (Hz) 1 1
conditions Dynamic magnitude
2 2
(mm)
Temperature (mean °C) 26 25.5
Humidity level (mean 30 65
%)
C:HeO: ethanol; APTES: (3-aminopropyl)triethoxysilane DIW: deionized water; PDMS:

polydimethylsiloxane; RT: room temperature; PETG: polyethylene terephthalate glycol; T: temperature; t: time

Table 3: Protocols for microfluidic devices preparation and experimental conditions in
Experiment 1 and Experiment 2. Parameters differing between both experiments are
underlined in bold
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2.3 Inoculation of the microchip

Before bacterial inoculation, the channel of each PDMS chip was cleaned with ethanol
(C2HeO, 70%) and rinsed with sterile culture media under the recirculating hood to diminish
the risk of contamination. Air was finally injected into the channel to empty it from any liquid.
The diluted bacterial culture was flowed into the microchannel of the PDMS microchip through
the outlet punch using a sterile syringe connected to a flexible plastic tube (Tygon®, diameter
0.5 mm) (see Appendix D). To ensure the whole channel remained inoculated during the
following hour, another sterile flexible plastic tube (Tygon®) 30 mm long was inserted into the
inlet punch, and injection of the bacterial culture was pursued until the inlet tube was full. After
inoculation, the microfluidic device was left untouched under the recirculating hood for 1 hour
to allow bacterial adhesion to the channel walls.

2.4 Fluidic experimental setup

The fluidic circuit for biofilm growth consisted of a sterile culture media delivery system,
the microfluidic device, either placed on a flat surface for the static condition or fixed into the
dedicated mechanical device for the dynamic condition, and a waste reservoir (Figure 16).

inlet outlet

dynamic or static

Figure 16: Schematic description of the fluidic experimental setup. Microfluidic devices
were either placed on a flat surface (static condition) or fixed into the mechanical device
(dynamic condition)

The experimental setup for the dynamic condition is shown in Figure 17.
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NE-300 Just Infusion®
syringe pump

Harvard® apparatus
11 plus syringe pump

PDMS chips Fluid inlet
(x2) bonded on
aPETG
coverslip Fluid outlet

Mechanical device

Figure 17: Microfluidic device tested dynamically

Degassed sterile culture media was pumped into the microchannels via syringes pumps
(Harvard® PHD 2000, Harvard® apparatus 11 plus or NE-300 Just Infusion™ Syringe Pump)
as shown in Figure 17. Adhesive sealant (Loctite SI5366, Henkel®) was finally applied at the
junction between the tubes and the inlet and outlet punches of the microchip. Flow rates of the
syringe pumps were set to 20 pL/min for Experiment 1 and to 0.2 uL/min for Experiment 2 as
described in Table 3.

Once the PDMS microchips bonded to the PETG coverslip were connected to the
microfluidic circuit, the coverslip was either placed on a flat surface for the static experiment,
or fixed into the dedicated pivot joints of the mechanical device for the dynamic condition, as
described in chapter Il. For all dynamic experiments, cycling frequency was fixed to 1 Hz with
a maximum vertical displacement of 2 mm.

To summarize, experimental conditions distinguishing Experiment 2 from Experiment 1
were the bonding protocol of the microchips on the coverslip, the duration of biofilm growth,
the initial bacterial density inoculated, the fluid flow rate and the ambient uncontrolled humidity
level (Table 3).

2.5 Imaging protocol

Biofilms were imaged using a camera (SCMOS pco.edge 4.2 bi) connected to an inverted
epifluorescence microscope (Ti2-E, Nikon) with a 10x objective (NA = 0.3), as shown in Figure
18. Images were taken in bright field (BF) and in green fluorescence (GF). For fluorescence
images, a light source (Lumencor Sola light engine SM at 10%) combined with a green
fluorescent protein (GFP) filter (Nikon filter cube GFP-3035D) excited the GFP produced by
the bacteria (GFPmut3). Here, brightfield imaging was used as a control to detect the presence
of biofilms. Fluorescence imaging not only detects the presence of biofilms but it also provides
a level of quantification of bacterial density. Indeed, the greater the intensity, the greater the
number of bacteria.
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Figure 18: High-resolution camera connected to an inverted epifluorescence microscope
(Ti2 Eclipse, Nikon) used for biofilm imaging

Images were recorded at multiple points of the microfluidic channels in Experiment 1, and
the full channel was recorded using stitching in Experiment 2. All images were acquired at the
midplane of the microchannel.
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3. Results
3.1 Experiment 1

In Experiment 1, biofilms were imaged after having let bacteria develop for 40 hours.
Results were available for one microchip tested in static condition, and three microchips tested
in dynamic condition. Microscopic 10x images resulted in regions of interest (ROIs) of 889 x
889 um. The channel length was 19.56 mm. Recorded images were post-processed using Fiji
(Schindelin et al. 2012) by subtracting the background noise and by correcting the unevenness
with a rolling ball of 50. Images were realigned when needed and cropped using a single ROI.

Six ROIs of the microchannel were microscopically explored in the static condition and
four ROIs were explored in the dynamic condition (Figure 19A and Figure 20A). ROIS R3, R4
and Rs in the static experiment coincided with Rz location in the dynamic experiment.

Figure 19B-C and Figure 20B-C show the images obtained in the static and in the dynamic
conditions, respectively. Biofilm presence was depicted by darker regions in BF imaging (black
and white imaging - Figure 19B and Figure 20B) and by brighter green regions in fluorescence
imaging (Figure 19C and Figure 20C).

(A) fiuid inlet R R RRaRs RS fluid outlet

— —

® o (©)

Figure 19: Biofilm imaging in static condition after 40h growth. (A) Location of ROls;
(B) Bright field imaging; (C) Green fluorescence imaging. The scale bar was 100 pm
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(A) fluid inlet fluid outlet

Figure 20: Biofilm imaging in dynamic condition after 40h growth. (A) Location of
ROIs; (B) Bright field imaging; (C) Green fluorescence imaging. The scale bar was 100 pum

Mean fluorescence intensity In was analyzed on each ROI (excluding the borders outside
the ROIs) by measuring the intensity of the whole area of the ROI including the background
intensity lng. Figure 21 shows normalized intensity Is relative to background intensity lng,
namEIy Is = (Im — Ibg)/lbg.

4,04

351 Il Static
[l Dynamic

3,04

R1IR1R2R2 R3 R4R3R5 R6R4

Figure 21: Distribution of biofilm fluorescence signal (normalized intensity Is) along the
microchannel (ROI) in static and dynamic conditions

Results show that applying a dynamic bending moment to the substrate for 40 hours limited
bacterial biofilm growth, especially at the center of the channel.

Experiment 1 was used as a proof of concept. For the next experiment, we imaged biofilm
growth over the whole channel and for two different time points: 24h and 48h.
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3.2 Experiment 2

In Experiment 2, biofilms were imaged after 24h and 48h growth. Results in static condition
were available for three chips at 24h and one chip at 48h, while results in dynamic condition
were available for two chips at 24h and for one chip at 48 h.

Images in green fluorescence for the static and the dynamic conditions after 24h growth are
shown in Figure 22A. Brighter green fluorescence indicates biofilm presence.

Fluorescence maps in the (O, x, y) plane of the microchannel are plotted in Figure 22B. The
color scale represents fluorescence intensity normalized by the maximum value of fluorescence:
blue indicates no fluorescence, and the warmer the color, the more intense the fluorescence.
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Figure 22: Imaging of biofilm after 24h growth in static and dynamic conditions. (A)
Green fluorescence; (B) Fluorescence intensity. The longitudinal microchannel path follows
the x-length (0 - 19.56 mm) and the transversal length follows the y-length (0 - 100 um).
Color scale represents green fluorescence intensity, from no fluorescence (0, blue) to intense
fluorescence (1, yellow).

Images in green fluorescence and fluorescence intensity after 48h growth are shown in
Figure 23A and Figure 23B, respectively.
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Figure 23: Imaging of biofilm after 48h growth in static and dynamic conditions. (A)
Green fluorescence; (B) Fluorescence intensity. The longitudinal microchannel path follows
the x-length (0 - 19.56 mm) and the transversal length follows the y-length (0 - 100 um).
Color scale represents green fluorescence intensity from no fluorescence (0, blue) to intense
fluorescence (1, yellow).

To go further in the analysis, an open-source software, llastik (Berg et al. 2019), was used
to segment the biofilms. Acquired images (Figure 24A) were first processed to subtract the
background and correct the unevenness in Fiji. The llastik segmentation involved an interactive
pixel classification, where a subset of pixels representing the biofilm were manually labelled.
These labels then trained a machine learning algorithm, namely the Random Forest algorithm,
and provided a probability map that separated the images into biofilm and background (Figure
24B-C). The features selected here for the classification were the edge detection, texture, and
color intensity. Post-segmentation, the object classification workflow was used in llastik to
classify the biofilms using the following thresholds: smooth 0.6/0.6, threshold 0.5 and size filter
between 10 and 10’ to ensure all biofilms were taken into account. After the machine learning
was trained using the user-annotated data (Figure 24D-E), several features of the objects were
exported in a .cvs format, including the size of the object, the position, as well as the total
intensity. These data were finally processed using Matlab.
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Figure 24: Image processing of Experiment 2 using Fiji and llastik. (A) Brighfield image
of one section of a channel in static condition at 24h. This section shows biofilm in grey with
pores in black; (B) Probability map of the biofilm in green, and (C) pores in red done in the
pixel classification workflow of llastik. (D-E) Object classification of the biofilm using the
object classification workflow in llastik. In (E), the different biofilms are presented in
different colors.

Using the information from segmentation, biofilm surface fraction Sp was calculated from
the ratio between the surface occupied by biofilms and that of the microchannel (Figure 25A).
Biofilm mean fluorescence intensity I, normalized by its maximum value is shown in Figure
25B. Finally, the location of the maximum amount of biofilm x, normalized by the
microchannel length is shown in Figure 25C, with 0: inlet and 1: outlet.
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Figure 25: Histograms of biofilm properties according to time growth and mechanical
stimuli. (A) Biofilm surface fraction Sp; (B) Normalized fluorescence intensity Iy; (C)
Normalized location of maximum amount of biofilm x, (0: inlet, 1: outlet)
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For further quantitative analysis, the coupling between biofilm size (in pixel*2) and
fluorescence intensity was studied and is summarized in Figure 26. It concerned both 24h and
48h growth and the number n of measured objects which corresponded to one bacterial
microcolony inside the microchannels.
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Figure 26: Total fluorescence intensity of each biofilm as a function of the biofilm size
for each condition. The number of biofilms classified by Ilastik is:
- for the static condition: N=29 at 24h, and N=14 at 48h;
- for the dynamic condition: N=63 at 24h and N=107 at 48h.
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4. Discussion and conclusion

This discussion focuses on three main topics: biofilm formation and location, biofilm size
and fluorescence intensity, and interactions between biofilm formation and local mechanical
stimuli.

As a preliminary remark, it could be noticed that in our experiments, there was a fairly direct
link between bacterial numbers and biofilm formation since there were virtually no more
isolated bacteria after 24h culture.

From a mechanical point of view, the dynamic assays compared favorably with what
happens in vivo in numerous points. As already discussed in chapter I, the cycling frequency
of the mechanical device was set to 1 Hz to be close to that of the walking gait, and the device
was loaded at its maximum displacement magnitude to induce the most unfavorable conditions
in terms of strain and stress in the vicinity of microfluidic device. However, it is possible that a
2-mm displacement does effectively occur in the case of implant failure or in comminutive
fractures for which the different bone fragments are mobile relative to each other. Even though
flow is more likely to be turbulent and multidirectional in vivo, we chose to study biofilm
development under a laminar and unidirectional flow given the possibility of biofilm
development under these conditions, as proven by our research group.

Biofilm formation and location

In Experiment 1, darker zones were visualized in bright field microscopy and further
confirmed by bright green fluorescence mainly in ROIs RsRsRs of the static control
microchannel, as depicted in Figure 19B and Figure 19C. Conversely, significant biofilm
formation was not observed for the dynamic condition, since isolated bacteria were found in all
regions of interest as shown in Figure 20B and Figure 20C. This could suggest that biofilm
detachment might have occurred consequently to mechanical loading. In Experiment 2,
brighter green regions were found in all imaged microchannels as shown in Figure 22A and
Figure 23A. This demonstrated that biofilms were able to form with our experimental setup,
whether the bacterial culture was tested in static or in dynamic conditions.

However, culture duration seemed to influence the distribution of green fluorescence along
the microchannel. Indeed, brighter signals were visualized near the microchannel outlet after
24h growth for both the static and the dynamic conditions as shown in Figure 22A. After 48h
growth, a fluorescence gradient in the longitudinal direction, i.e. the channel x-axis, spread from
the microchannel inlet up to its mid-length in the static condition, whereas more constant
profiles were found in the dynamic condition as shown in Figure 23A. The warm color
distribution patterns along the x-axis confirmed this result, as shown in Figure 22B and Figure
23B.

In addition, the number of biofilms formed was influenced by mechanical stimuli, i.e. static
or dynamic conditions. Under static condition, biofilms concentrated near the outlet at 24h
(xo = 0.7) and near the inlet at 48h growth (x, = 0.3), as shown in Figure 25C. Under dynamic
conditions, more biofilms formed near the outlet (xo ~ 0.8) at 24h, but the initial outlet
concentration site migrated towards the middle of the channel at 48h (x» = 0.55).

No significant gradient of biofilm distribution was found in the transverse direction of the
microchannel, i.e. the y-axis, as shown in Figure 22B and Figure 23B. However, a more intense
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fluorescence was visualized on the walls of the channel, particularly in its mid-length zone at
48h growth.

Biofilms concentration at the microchannel outlet in both static and dynamic conditions at
24h coincided with the site of bacteria inoculation, that is through the chip outlet punch.
Bacteria adhered to the first surface they met, i.e. the local outlet walls, and then found favorable
conditions to proliferate and form biofilm. During the next 24h and under no mechanical stress,
biofilms formed according to nutrient gradients, which explains their concentration at the
microchannel inlet at 48h. Bacterial detachment followed by adhesion and biofilm formation
can therefore explain the observed growth pattern for the static condition.

Mechanical cyclic loading induced more evenly distributed biofilm formation along the
microchannel, especially after 48h growth. Biofilm migration from the outlet to the inlet was
still present. However, dynamic excitation might have prevented subsequent bacterial adhesion
and biofilm development at the channel inlet.

Biofilm size and fluorescence intensity

At 24h growth, biofilms occupied a greater surface in the static microchannel than in the
dynamic microchannel, as shown by the surface fraction plotted Figure 25A. Thus, the static
condition was more amenable to biofilm formation than the dynamic condition. However,
convergence appeared with time since similar surface fractions were found at 48h growth
(Figure 25A).

Analysis of mean green fluorescence intensity provided useful information. Indeed, two
biofilms occupying the same surface area may not fluoresce with the same intensity, as they
may not contain the same number of bacteria expressing the GFP. Experiment 1 showed an
intensity loss at 40h between the static and the dynamic conditions (Figure 19C and Figure
20C). This was confirmed by the difference in the normalized fluorescence intensity between
each ROI, as this criterion depicted fluorescence of biological components only. In Figure 21,
a significant difference between biofilm fluorescence and isolate bacteria fluorescence was
observed.

Experiment 2 confirmed this trend. Indeed, when quantifying mean green fluorescence
intensity normalized by maximum fluorescence intensity, fluorescence was less intense in the
static than in the dynamic channels at 24h, but the opposite result was found at 48h growth as
shown in Figure 25B.

Most importantly, biofilm surface fraction decreased between 24h and 48h growth in the
static microchannels, while normalized biofilm fluorescence intensity more than tripled
between these two time points, as illustrated by Figure 25A-B. Under static condition, biofilms
formed were small with limited green fluorescence, whereas they remained small but brighter
green at 48h as shown in Figure 26. Under dynamic conditions, normalized biofilm
fluorescence was globally identical between 24h and 48h as shown in Figure 25B. This
corroborated the results of Figure 26. Indeed, biofilms mean fluorescence intensity in dynamic
conditions stayed identical, but their size increased.

Finally, mechanical cyclic stimuli might therefore have an impact on biofilm composition
over time. Biofilms developing under dynamic condition seemed to increase in size but to lose
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fluorescence intensity compared to biofilms developing in static condition. We could suggest
that mechanical strain and stress might inhibit bacterial concentration within the biofilm and
stimulate extracellular matrix production, which could be translated by loss of fluorescence
intensity and increase in biofilm size, respectively.

Biofilm formation and mechanical stimuli

In our work, the mechanical stimuli induced to the bacterial population and the biofilm
formed within the microfluidic device could be considered as the superimposition of two
different stimulus: one resulting from fluid flow (“fluid stress”) and the other resulting from
stretching generated by the mechanical device (“solid stress”). Assuming a homogeneous
growth of biofilm on the microchannel parietal surfaces, an evaluation at the first order of
parietal shear stress can be established by using an analytical solution of laminar flow into a
quadrangular cross-section (Shah and London 1978; Delplace 2018; Benbelkacem 2024; Bruus
1997).

For the two flow rates g used in our experimental sessions, i.e. g = 0.2 uL/min and q = 20
uL/min, the Reynolds number varies from a very low value of 0.03 (Stokes flow) to a low value
of 33 (laminar flow). Shear stress o, due to fluid flow had a minimal value of 2x107 Pa for the
lowest flow rate, and reached 0.2x10° Pa for the maximum flow rate with 90% of the
microchannel sealed by biofilm. Details are given in Appendix E.

Prediction of the microfluidic device mechanical response has been detailed in section 5 of
chapter I1. At the first order, the mean normal strain &x was almost identical on each parietal
zone of the microchannel and equal to 24x10*. The unidirectional stress-strain relationship,
namely oxx = Ej-&x with E; being the elastic modulus of the PETG coverslip or the PDMS chip,
gave normal stress oxx at the bottom wall C, the upper wall B and the lateral wall A of the
microchannel. Results were 5x10°8 Pa, 2.4x10° Pa and 2.6x10° Pa, respectively.

The mean shear strain & was more site-dependent. Results for the bottom wall, the upper
wall and the lateral wall were 1.3x10%, 1.2x107, 9.4x10°3, respectively. The unidirectional
stress-strain relationship, namely ox. = Gi-&«x with shear modulus Gi=Ei/2(1+1;) and Poisson
ratio v, gave shear stresses of 0.1x102 Pa, 0.4x10° Pa and 3.3x10°Pa, respectively.

These main results are summarized in Figure 27.

62



PDMS chip Az

\./ 2x10° Pa <z, <02 x10°Pa
al2 ‘B 0.=24x10°Pa

2x10" Pa<z,<0.2 x10°Pa X
o, =0.4x10°Pa

o_=2.6x10°Pa

. =3.3x10° Pa flow rate g

PETG plate

2x10°” Pa<z,<0.2 x10’Pa
o =5x10 Pa
o_=0.1x10"Pa

Figure 27: Mean fluid and solid stress expressed in local reference frames of the
microchannel walls, i.e. bottom wall C, upper wall B and lateral wall A. Fluid shear stress,
solid shear stress and solid normal stress are =, ox; and oxx, respectively.

When a comparative study of stress magnitude was carried out, it appeared that at the
bottom wall C, the solid normal stress, i.e. the one on the PETG coverslip, was predominant,
and that the solid shear stress was much lower than the fluid shear stress. Concerning the lateral
wall A, the solid normal stress was no longer predominant given the increased solid shear stress,
and both components were an order of magnitude greater at least than fluid shear stress. For the
upper wall B, the solid shear stress and the fluid shear stress tended towards the same value,
particularly at 90% biofilm growth. The solid normal stress remained higher. The mechanical
properties of the growing biofilm layers were not taken into account in this preliminary study.
Indeed, it was assumed that very low mechanical properties, namely about 100 Pa for shear
modulus (Benbelkacem 2024), did not modify strain energy distribution in the channel cross-
section at the first order.

Could channel walls show strain fields and stress fields capable of influencing bacteria
population responses? Our preliminary experimental results completed by fluid and solid
predictive mechanical models showed that a combination of fluid and solid stimuli have to be
examined to explore the mechanobiological response of the bacterial population.

Our combined methodology was corroborated by recent studies showing that the bacterial
micro-environment is susceptible to be influenced by their surface attachment and substrate
strain. Indeed, recent advances in high-resolution imaging techniques and bacterial studies
have shed light on bacteria and biofilm mechanobiology (Jara et al. 2020; Aradjo et al. 2019;
Chawla et al. 2020; Xu et al. 2022). These studies have shown that bacteria sense mechanical
stimuli through different receptors and effectors, which enable them to adapt, deform, and
attach to or detach from a surface. Some mechanical stimuli may even support biofilm
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development as a defense strategy in a hostile environment (Bottagisio et al. 2020). As the
biofilm grows and matures, bacteria are embedded in the self-produced extracellular matrix
which composition can change in response to mechanical forces, significantly impacting the
overall stability of biofilms. These mechanobiological interactions thus occur at different
scales: bacteria, biofilm and substrate.
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Limitations

Our study involved several limitations, especially regarding our experimental methodology
and the theoretical modeling.

Concerning the experimental procedures, our study has to be considered as a preliminary
study given the reduced number of included samples. Numerous microchips were inoculated
and tested, but several microfluidic devices leaked after starting our experiments, either when
tested in static condition or in dynamic condition. The initial bacterial density inoculated into
the microchip could have promoted these leaks. Indeed, the more the bacteria initially
inoculated, the more numerous and the quicker biofilms would form, thus leading to a sudden
increase of pressure inside the microchannel, resulting in increased stress on the microchip-
coverslip bond. Therefore, the optical density of the bacterial culture inoculated was divided by
five between our two main experimental studies, namely Experiment 1 and Experiment 2. The
fluid flow rate was also reduced by two orders of magnitude, as it was observed in a companion
study that the lag phase and the exponential growth phase of biofilm development were
respectively longer and shorter with such a modified flow rate (Benbelkacem 2024). We
considered that obtaining results for only one chip tested in static condition was enough in
Experiment 1, as our results compared favorably with those of the research group working
exclusively in static conditions.

The second depicted limitation regarding our experimental methodology was the control
over the environmental parameters, especially temperature and humidity levels. It should be
noted that leakage was mainly observed between the tenth and the twenty-fourth hour of
growth. Although the temperature remained almost unchanged between Experiment 1 and
Experiment 2, humidity levels doubled between these two sets. This probably had an impact on
the robustness of bonding between the microchip and the bending plate, as discussed in Chapter
I1. This limitation could have been overcome by carrying out experiments in a thermally and
hydrometrically regulated room, but this costly facility was not available for our study.
Furthermore, our experiments were conducted at room temperature (25-26°C), which is much
lower than body temperature (37°C). This could have impacted bacterial growth and biofilm
development relatively as to what happens in vivo. Working at 37°C would have necessitated
the use of temperature-controlled chambers. However, we chose not to use these chambers and
to stay at room temperature in order to compare our dynamic results with the static results
obtained by colleagues of our research group.

It should also be noticed that bending of the coverslip induced a non-uniform loading, which
was more important at the middle of the coverslip, and which could have impacted our results.
Furthermore, the vertical and horizontal displacements induced by the mechanical device to the
flexible coverslip could have induced coverslip distortion, and thus local heating at the level of
the microfluidic device. Measurement of this change in local temperature could be interesting,
as it has been shown in a companion study that the rate of biofilm growth was very temperature-
dependent, with different thresholds identified.

The results of our project are valid for the bacterial strain tested, namely Pseudomonas
aeruginosa strain ATCC 15692 GFP. We chose this species because of its capability to form
biofilms in static conditions, which was described in the literature and implemented by our
research group in previous and companion studies. This choice gave static controls and limited
failing risks for our dynamic study. Observing results, it seems that our protocol and facilities
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can be used for other bacterial strain in future studies. However, bacteria can lose their
fluorescence when subjected to stress such as hypoxia, nutrient lack and possibly mechanical
stress but the role of stress on fluorescence response is still an open question.

Finally, the results were obtained for a single cycle frequency with significant magnitude
and steady state laminar fluid flow. Reproducing a physiological cycle such as walking, and
forcing dynamic responses as opposed to static control guided these choices. Regardless of the
conditions, bacterial cells arrangement within a biofilm influences their mode of interaction and
communication, and impacts therefore quorum sensing and biofilm growth (Dufréne and Persat
2020). Shear fluid flow might affect biofilm composition from initial planktonic inoculum to
thicker and denser biofilm. Mechanical forces can affect transport of signaling molecules and
nutrients, and are likely to deform or damage the matrix, thus promoting adhesion or dispersion.

Concerning the upstream design of our methodology, we implemented kinematic, structural
and microfluidic modeling which showed that our experimental device was versatile enough to
explore more complex kinematic and fluid loading cycles in terms of duration and magnitude
patterns.

Even if the kinematic approach was complete, a theoretical exploration of both solid and
fluid stimuli was proposed at the first order. Regarding the predictive response of the coverslip
and the microchip, only the maximum response in lateral bending was envisaged with no mass
effects nor dissipative energy, even if a non-linear algorithm was implemented. The lateral
acceleration imposed upon structural and fluid components was obtained from equation (4b) as
detailed in Appendix A and maximum magnitude was 1.6x102 g. This very low level of
acceleration, combined with very slow flow, rules out the impact of solid-fluid dynamic effects.
Nevertheless, exploring time-dependent parameters of the microfluidic device substrate and
biofilm could give access to time dephasing of the mechanical stimulus. Indeed, a time shift
between solid and fluid strains and stresses could impact the mechanobiological response. This
latter aspect could support improved modeling of biofilm growth and associated mechanical
properties to predict the inhomogeneous distributions and detachments observed
experimentally.
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In this chapter, our preliminary results have shown that dynamic mechanical
stimuli can influence biofilm development.

It appeared that cyclic mechanical stimuli induced a shift in the location where
biofilms formed over time. Indeed, after twenty-four hours, biofilms mainly formed near
the microchannel outlets where bacterial inoculation within the microchannel was
performed, whether in static or dynamic conditions. However, at forty-eight hours,
growth profiles diverged: static conditions led to biofilm development near the fluid inlet
whereas dynamic conditions provoked more randomly distributed patterns of biofilm
formation along the microchannel length.

Not only did cyclic mechanical stimuli play a role on the localization of biofilm
growth, but they also had an impact on biofilm size and fluorescence intensity. Biofilms
formed under static conditions showed tripled fluorescence intensity between twenty-four
and forty-eight hours, while their size stayed quite similar. An opposite effect was
observed for biofilms developing in microchannels under dynamic conditions. Indeed,
mean biofilm fluorescence intensity remained unchanged between twenty-four hours and
forty-eight hours while biofilm size increased. These preliminary results suggested that
cyclic loading could modify biofilm structure notably by reducing bacterial concentration.
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General conclusion and perspectives
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Bacterial biofilms are a major problem in orthopedic surgery, and complicate the
eradication of postoperative infections. They are associated with consequent functional
outcomes, revision surgery and prolonged hospital stays. Even though antibiotics are commonly
administered as first-line treatment after diagnosis of postoperative orthopedic SSI, their sole
use is inefficient in the struggle against biofilms. Moreover, massive use of antibiotics has led
to the emergence of numerous multidrug-resistant organisms, which compromise treatment
efficiency.

Alternatives to conventional antibiotic therapy are progressively taking shape. Empirical
approaches when treating biofilm-associated SSIs can be reduced by understanding the
underlying mechanisms involved in biofilm development. In this context, the role of mechanical
stimulus in biofilm growth seems clinically relevant, since a healing bone tissue is continuously
subjected to mechanical loads. Normal strain and stress due to bending but also tangential strain
and stress due to torsion and shear play a significant role at the bone-implant interface in
fracture healing secondary to plate osteosynthesis. It is also observed that time-varying loading
profiles condition biological responses. In addition, many aspects of biofilm formation are
governed by mechanical factors (Blondel et al. 2024).

The central hypothesis of our research was that cyclic strain and stress might influence
bacterial responses and biofilm formation. We designed a dedicated methodology mainly based
upon an experimental approach to evaluate the reliability of this hypothesis within a
microfluidic device, the static response being used as control. Biofilm development of
Pseudomonas aeruginosa strain ATCC 15692 GFP was studied in this work.

In the first bibliographic chapter, the clinical aspects of surgical site infection in bone
tissue were presented in both animals and humans, and bacterial biofilm formation mechanisms
were described. The multiscale aspect of biofilm mechanobiology was then discussed from the
bacterial microscopic scale to the biofilm mesoscopic scale up to the fracture or implant
macroscopic scale (Blondel et al. 2024). Ultimately, clinical research strategies in complement
or alternative to antibiotics were presented. This first chapter underlined the fact that the impact
of mechanical stimuli upon biofilm formation was still poorly documented whereas these play
significant roles clinically, notably in fracture healing.

The second chapter was devoted to describing the experimental methodology conceived to
explore how mechanical stimuli could impact biofilm growth, and to provide details regarding
the associated devices. A single microchannel was embedded within a PDMS microchip, which
was then bonded to a flexible PETG coverslip. The microfluidic device formed was then loaded
in lateral flexion. An imposed displacement and frequency control system was designed and
the microfluidic device conceived enabled bacterial biofilm growth while being mechanically
loaded. Specific challenges had to be overcome, particularly regarding bonding of the
microchip to the PETG coverslip under cyclic mechanical loading. Modeling of the mechanical
behavior of the microfluidic device with preliminary considerations for both structural and
stokes fluid flow responses has been proposed. Finally, we have suggested a rather versatile
experimental setup to study biofilm dynamic response under different kinematical and fluidic
conditions.

Chapter three was dedicated to the application of the previously exposed methodology and
experimental device to explore biofilm development under cyclic loading. Three issues were
examined, namely, biofilm formation and location, biofilm size and fluorescence intensity and
biofilm formation and mechanical stimuli. The main result was that cyclic mechanical stimuli
induced a shift in biofilm growth over time compared to static conditions. It appeared that
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dynamic conditions provoked more random patterns in the distribution of biofilm location
formation. Biofilms formed under dynamic conditions also increased in size over time, while
fluorescence intensity was only weakly modified. These observations suggested that cyclic
loading could modify biofilm structure notably by reducing bacterial concentration. Finally,
these preliminary results tended to validate our underlying hypothesis based upon a
differentiated mechanobiological response of biofilm under dynamic stimuli.

To go further, it will be important to validate the reliability of the results found in our study.
Indeed, our research brought bricks to explore the mechanobiological response of biofilms and
suggested an experimental workbench to do so, but this merits consolidation. In addition, we
proposed preliminary models to investigate the interrelations between mechanical stimuli,
either structural or induced by fluid flow, and biofilm evolution but scenarios of intrinsic
mechanisms have not yet been proposed. As a consequence, two complementary perspectives
might be suggested.

The first track would be to consolidate our experimental data by applying variable spatio-
temporal mechanical stimuli to depict response thresholds, types and patterns of biofilm
development. Versatility of the proposed experimental set-up allows this point to be reached.

Our methodology concerned a specific strain of Pseudomonas aeruginosa, which is not the
most commonly incriminated bacterium in postoperative orthopedic infection. Inoculation with
other bacterial strain such as Staphylococcus aureus could be envisaged in presence or not of
targeted antibiotics. In fact, the developed microfluidic device and experimental setup could
allow spatio-temporal control of antibiotics delivery, and the impact of cyclic mechanical
loading on the action of antibiotics could be quantified. By mimicking in vivo situation, the use
of our experimental setup with monitored mechanobiological factors could help reducing some
therapeutical empirical aspects.

Modeling of the theoretical and numerical mechanobiological response is the second
perspective track. This would allow multiscale events inaccessible experimentally to be
explored, and beyond, to propose fundamental laws governing biofilm development. A generic
framework could be reactive transport in deformable porous media.
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Appendix A: Kinematical equations governing the
motion of the mechanical device

Reference frame of the base was set at (Oo, Xo, Yo, Z0). A rotating shaft 1, associated with
reference frame (Oq, X1, Y1, 21), was connected with a pivot joint at Oo; its rotation was described
by 61(t). A cam disk 2, associated with reference frame (O2, x2, y2, Z2), was connected to rotating
shaft 1 with a pivot joint at Og; its position relative to rotating shaft 1 was set by adjusting 6.
A rolling ring 3 centered on O established a linear contact with a flexible coverslip 4 supporting
the microchips at point Ma.

Location of Ms is described in the reference frame Ro (Oo, Xo, Yo, Zo) as follows:

Xy e e T3 elcos 6, + cos(0; + 0,)] + 53 cos(6, + 6, + 65)
0yM; = 0,0, + 0,0, + O, M; = (J’M3> = <0> + <0> + (0> = (e[sin 0, + sin(0, + 0,)] + r3sin(6, + 6, + 93)> (1)
0 /ro 0/ r1 0/ g2 0/ g3 0

RO

With a property that fixes x3 vertical during motion, equation (1) is simplified into relations (2a)
and (2b) with 65 = > — (6; + 6,).

xXu, = e[cos 01 + cos(6; + 6,)] (2a)
Yu, =713 +e[sin b, + sin(0; + 6,)] (2b)
Derivatives with respect to time give Mz kinematic as follows. Velocity components are

expressed by equations (3a) and (3b) while acceleration components are given by equations
(4a) and (4b).

Xy, = —ef,[sin 0, + sin(6; + 6,)] (33)
Im, = ef;[cos 0, + cos(8; + 6,)] (3b)
Xp, = —efy[sin 6, + sin(6, + 6,)] — eélz[cos 6, + cos(6; +6,)] (4a)
Im, = ef;[cos 0, + cos(8; + 6,)] — eélz[sin 0, + sin(6; + 6,)] (4b)

Additionally, the angular velocity of ring 3 is expressed by the following equation (5),
and is opposite to shaft rotation. It shows that the rolling elements associated with cam disk 2
permit a particular contact condition without sliding on flexible plate 4.

Z=08+0l+02=-nl=-6, 7 (5)

Finally, the kinematic problem is fully determined since equation (3) gives the motion
of ring 3. Motions of rotating shaft 1 and cam disk 2 are straightforwardly obtained as follows:

V—lo)01=0 and ..(2—):?:91'20 (6)

—

V20, = —eb,[sin 0, + sin(8; + 6,)]%, + e6,[cos 6, + cos(6, + 6,)]y,and S =0r+08=¢,.7 7
2 0z 1 1 1+ 02) 1% 1 1 1+ 02)1Y0 2 2ty =027
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Appendix B: Details on mounting of the different
electromechanical components

The different electromechanical components of the mechanical device are shown in Figure
28. The actuator was an electric motor (12V DC, 200 rpm rated speed, 1:34 reduction ratio, 12
pulses encoder) piloted by a speed controller associated with an extension board (Arduino
Nano®). Temperature and humidity sensors (AHT20) were associated to the device. Rotation
frequency (0-2.5 Hz), temperature and humidity level were shown on a window display
(ssd1306 0.96" 12¢ oled).

Arduino Nano®

DC motor

frequency control (0-2.5 Hz)

Figure 28: Technological design of the mechanical device: (A) Housing description and
electromechanical components mountings; (B) Electromechanical device involving an
Arduino® controller, sensors and a frequency control knob (0-2.5 Hz)
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Appendix C: Bonding techniques
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Appendix D: Permeability testing of the
microfluidic device

Part A: If the manual peeling test was positive, each microfluidic device was tested for
microchannel permeability and leakage. This was performed by injecting deionized water
through the inlet or the outlet punch of the microchip using a syringe connected to a flexible
plastic tubing (Tygon®) of internal diameter 0.5 mm thanks to the connection system presented
Figure 29. If the water injected through the inlet/outlet exited through the outlet/inlet and if no
leaks were noted between the chip and the coverslip, the microchannel was considered
permeable and the PDMS chip-PETG coverslip bonding effective.

Figure 29: Connection system:18G blunt-end Luer lock syringe needle (Darwin fz13)
connected to a “Novosil” silicone tube of internal diameter 1 mm (Fisher Scientific®). This
system allowed connecting a syringe to a flexible plastic tubing (Tygon®) of internal
diameter 0.5 mm, which fitted perfectly inside the inlet/outlet punch

Part B: Finally, to confirm the leakproof nature of the bonded microfluidic device over
time and when submitted to a mechanical stimulus, a fluid flow was applied inside two
microfluidic devices over 3 days. A 60 mL syringe was filled with deionized water, and
connected to a 30cm long flexible plastic tubing (Tygon®) of internal diameter 0.5 mm using
the connection system of Figure 29. Water was injected to fill the plastic tube, prior to gently
inserting the other end of it into the inlet punch of the PDMS chip. The tip of another 30 cm
long flexible plastic tubing (Tygon®) was similarly inserted into the outlet punch of the chip,
while the other end was placed in a waste reservoir. The 60 mL syringe was placed into a
Harvard® PHD 2000 syringe pump to inject deionized water throughout the circuit at a
controlled rate of 10uL/min. One microfluidic device was placed on a flat surface (static
condition). The other was fixed with screws into the pivot joints of the mechanical device
conceived (dynamic condition). Rotational speed was set to 1 Hz, and vertical displacement of
the coverslip was maximum.
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Appendix E: Some considerations about
microfluidic flow

With laminar flow, the adimensioned Reynolds number is defined by equation (Al) (Shah
and London 1978; Delplace 2018). The shear stress on the liquid/solid surface of the
microchannel is expressed by equation (A2) (Benbelkacem 2024; Bruus 1997).

Re=k§C-q (A1)
_%p _ Apq
T=% T 1a (A2)

with p, u : fluid density and dynamic viscosity
L, Ap, g: channel length, inlet-outlet differential pressure and fluid flow rate

For a square cross-section a x a, involved parameters are expressed as follows:

12

P 1192 nm
1_2n,oddn5 x5 tanh(T)

~ 251 withn=13 k=1/2 andC=2/a

Assuming a homogeneous growth of biofilm on a microchannel parietal surface, we
obtained an evaluation at the first order of parietal shear stress for two flow rates q used in our
experimental sessions, i.e. g = 0.2 ul/min and q = 20 pl/min. Results were as follows:

T = 2 mPa — 210 mPa at initial state, i.e. without biofilm
T = 2 Pa— 210 Pa with 90 % microchannel sealed by biofilm

Reynolds number varied from very low value of 0.03 (Stokes flow) to low value of 33
(laminar flow).

The lateral acceleration of PETG bending coverslip and PDMS chip is expressed by
equation (4b) in Appendix A as follows:

Im, = ef;[cos 6, + cos(6; + 6,)] — eélz[sin 0, + sin(6, + 6,)] (A3)
In steady state motion at 1 Hz, we have §; = 0,6, = 2rf; with f; = 1Hz. For & = 0 the
maximum lateral acceleration is expressed by equation (A4).

|jiM3| = 8em? sin 6, (A4)

In our experiment, e was fixed to 2 mm, thus acceleration peak was obtained for & = /2
and equal to ~ 0.16 m/s?> ~ 1.6x102 g.
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1 | INTRODUCTION
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Abstract

Postoperative bacterial infections are prevalent complications in both human and
veterinary orthopedic surgery, particularly when a biofilm develops. These infections
often result in delayed healing, early revision, permanent functional loss, and, in
severe cases, amputation. The diagnosis and treatment pose significant challenges,
and bacterial biofilm further amplifies the therapeutic difficulty as it confers
protection against the host immune system and against antibiotics which are usually
administered as a first-line therapeutic option. However, the inappropriate use of
antibiotics has led to the emergence of numerous multidrug-resistant organisms,
which largely compromise the already imperfect treatment efficiency. In this
context, the study of bacterial biofilm formation allows to better target antibiotic use
and to evaluate alternative therapeutic strategies. Exploration of the roles played by
mechanical factors on biofilm development is of particular interest, especially
because cartilage and bone tissues are reactive environments that are subjected to
mechanical load. This review delves into the current landscape of biofilm
mechanobiology, exploring the role of mechanical factors on biofilm development
through a multiscale prism starting from bacterial microscopic scale to reach biofilm
mesoscopic size and finally the macroscopic scale of the fracture site or

bone-implant interface.

KEYWORDS
antibiotic therapy, biofilm, mechanobiology, orthopedic infection

17.6% cases, amputation.® Surgical revision is required in more than

80% of SSI cases in orthopedics and more than 75% of SSI cases in

Surgical site infection (SSI) is one of the most dreaded postoperative
complications, with a prevalence of approximately 1%-3% in human
patients.? Among surgical disciplines, orthopedic surgery carries the
highest risk of postoperative SSls, as it is estimated that up to 20% of
all SSIs can occur in orthopedic patients.? The risk of SSls is more
important for open fractures than for closed fractures, ranging from
8.5% to 14.9% when one-stage treatment can be performed,® and
exceeding 30% when multiple-staged surgeries are needed.* SSls can

lead to delayed bone healing, permanent functional loss, and, in up to

traumatology, with success rates varying between 70% and 90%.°
The consequent economic outcomes are a cause for concern. Indeed,
treatment costs associated with these orthopedic complications are
more than 2.5 times higher compared to patients without a
postoperative SSI,” with a difference in health and social care cost
exceeding £1500.87 This difference is in part due to the cost
associated with revision procedures and to prolonged hospital stays.”
In veterinary orthopedics, the incidence of SSls is higher, with rates

reaching as high as 30% after surgical repair of an open or a closed
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fracture in dogs.® The consequences can be as disastrous as those
observed in human patients, often necessitating amputation in
extreme cases.

The diagnosis of postoperative SSI primarily relies on clinical
signs, which can vary depending on the bacteria involved, the route
of infection, and the stage of bone healing. Main complaints in human
patients include pain, local erythema, and soft tissue swelling, and can
be accompanied by wound dehiscence, fistula formation, purulent
discharge, and fever.!! Clinical signs in animals are somewhat similar
and include lameness, swelling, heat, pain upon palpation and
draining tracts.’® As in humans, pyrexia is not a consistent finding.'°
Additional diagnostic imaging examinations may support the diagno-
sis of SSI in human and veterinary patients.’®1* While radiography
can provide information on bone healing and implant stability, it has
low sensitivity and specificity in detecting acute osteomyelitis.?
Advanced imaging modalities, such as high-resolution imaging or
positron emission tomography, are therefore necessary. However, a
definitive diagnosis of bone infection requires bacterial analysis of
deep samples, such as bone or soft tissue.?%11:13

Treatment of SSls associated with implants is a challenge for the
surgeon, mainly because infections around implants will frequently
lead to the formation of a biofilm.2**> In most cases, biofilm
elimination requires orthopedic implant removal. However, this
cannot be considered an option until bone healing is completed,
and amputation should only be considered as a last resort. Therefore,
the purposes of treating SSls are to not only eradicate the infection
but also promote successful healing, while minimizing the risks
associated with antibiotic resistance. The initial therapeutic approach
is identical in human and veterinary patients and consists in
combining surgical debridement under general anesthesia to systemic
antibiotic administration, associated if needed with local antibiotic
therapy. Broad-spectrum antibiotics are initially selected to provide
coverage against a wide range of bacteria, and antibiotic therapy may
be adjusted eventually according to sensitivity testing. However, the
systematic and unreasonable use of antibiotics and their inefficiency
once a biofilm has formed have led to the emergence of multidrug
resistant organisms.'®1® Nowadays, antibiotic resistance is consid-
ered a major public health issue, especially as antibiotic resistance
genes are transmissible by horizontal gene transfer.%”

Bacterial proliferation and biofilm growth are complex multi-
factorial processes. In this context, investigating bacterial biofilm
formation may allow the emergence of alternative therapeutic
strategies that do not rely solely on antibiotics. However, significant
progress in management and treatment of musculoskeletal infections
remains challenging. Indeed, to understand underlying infectious
phenomena, it seems crucial to carry out clinical trials bounded by
demanding ethical protocols. In addition, inherent complexity of
these trials also means that significant induced costs have to be taken
into account to achieve clinical relevance.

To contribute, the Orthopedic Research Society (ORS) has
organized International Consensus Meetings (ICMs) covering all aspects
of musculoskeletal infections in 2018 and 2023, with the aim of

documenting expert opinion and defining research priorities.?®"%2 In

addition, the Host Immunity Section of 2023 ORS ICM identified 45
diagnostic questions to render examination more discriminant and
robust. However, some of the questions addressing the effect of
implant material and possible biophysical interactions were not
answered due to limited resources.?? In a coordinated way, our review
aimed to propose an overall view of biofilm formation and growth,
certainly considering material impact but also dynamic effects, including
stresses and strains on local responses and the microenvironment.
Indeed, the exploration of the roles played by biophysical factors may
be of particular interest for cartilage and bone tissues, which are
reactive environments subjected to mechanical loading, where perma-
nent exchanges between cell populations, proteins, and chemical
factors occur under the action of fluid transports, load bearing, and
associated mechanical strain fields. As such, investigating the mechan-
obiology in both the biofilm and its environment may play a critical role
in understanding biofilm development.

This review presents the clinical aspects of SSls in orthopedic
surgery in both animals and humans. The mechanisms underlying
bacterial biofilm formation are described. Finally, the role of
mechanical factors on biofilm development is discussed, exploring
these mechanobiological interactions through a multiscale prism
starting from bacterial microscopic scale to reach biofilm mesoscopic
size and finally the macroscopic scale of the fracture site or

bone-implant interface.

2 | BACTERIAL INFECTION
IN ORTHOPEDIC SURGERY

Implants are indispensable in orthopedic surgery, yet they are
considered as foreign materials by the body. Furthermore, the local
inflammatory environment is modified secondary to trauma, and
further amplified by disruption of the skin barrier related to material
implantation. These factors collectively increase the risk of bacterial
contamination at the surgical site. Once bacteria adhere to an implant,
they form surface-adhering biofilms. These biofilms exhibit not only
tolerance to the host defense and to antibiotics but also mature over
time, preventing bone healing through cytokine-mediated osteoclast
differentiation and bone resorption.?® Bone healing is also influenced
by bacterial toxins, which may play detrimental roles in shifting the
host response toward bacterial clearance or exaggerated pro-
inflammatory reaction. They can contribute to mechanisms leading

to biofilm formation and dispersion.?*

2.1 | Prevalence of bacterial isolates

In human or animal patients suspected of developing bacterial
infection secondary to orthopedic surgery, bacterial analysis on five
or more deep tissue/implant samples should be performed.?>2¢
Infection is confirmed when either a single positive culture test
identifies a virulent pathogen, or at least two positive bacterial

culture isolate the same pathogens.?”
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Monomicrobial infections involving Staphylococcus aureus are
most prevalent in human and animal orthopedic patients.?>2¢ In fact,
S. aureus is the most commonly isolated bacterium causing SSls
regardless of time to onset of infection, with the methicillin-resistant
strain more frequently encountered than the methicillin-sensitive
strain.1©1126.28 This Gram-positive bacterium is capable of forming
biofilms on an implant or on necrotic bone, of forming abscesses in
soft tissues and in bone marrow, and of penetrating into cells and
colonizing the osteocyte-canaliculi network of cortical bone. Other
skin commensal bacteria can also cause SSls, such as coagulase-
negative staphylococci, Corynebacterium, and Propionibacterium, as
well as enterococci, enterobacterales, streptococcus, and Candida
spp.2>2% In human patients, SSls developing within 2 weeks of
surgery are mainly polymicrobial and frequently include enterobac-
terales and Enterococcus spp.?® Furthermore, the Gram-negative
bacteria Pseudomonas aeruginosa are also frequently involved,
primarily due to their minimal nutritional needs, their tolerance to
relatively high temperatures, and their resistance to various
antibiotics.2’ It is worth noting that P. aeruginosa is responsible for
more recurrences and therapeutic failures than S. aureus, and that an
increased number in multiresistant P. aeruginosa infections has been
reported.'* Anaerobes present more frequently in polymicrobial

infections, but remain rarely isolated overall.24%°

2.2 | Infection in bone healing

Bone healing is achieved through either primary or secondary repair
mechanisms.®! Primary bone healing occurs when stability of the
construct is absolute and when strain at the fracture site has been
eliminated, which implies anatomic reduction of the fracture,
compression of bone fragments, and rigid fixation. When mechanical
strain at the fracture site exceeds 2%, secondary bone healing occurs
and involves formation of a bone callus.®?

Bone infection promotes instability and non-union, but an
unstable fracture site can also predispose to bone infection.®!
Indeed, clinical and experimental evidence show that a stable internal
fixation of a fractured bone leads to less septic complications than an
unstable fixation.3? In fact, stability at the fracture site is considered

compromised if bone infection persists for more than 2 weeks.%?

2.3 | Risk factors for infection

In both human and veterinary medicine, treating bone infection
presents a considerable challenge for orthopedic surgeons due to
various factors that contribute to the persistence and resilience of
these infections. The nature of implants, providing ideal surfaces for
bacterial colonization, exacerbates this challenge. Bacteria that
colonize fracture sites, such as S. aureus, are difficult to eradicate
due to their virulence and their capacity to form biofilms.33* Several
factors contribute to the development of bacterial biofilms at a
fracture site, notably by impairing both adaptive and innate host
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TABLE 1 Exemplary risk factors for the development of
fracture-related infection (FRI).

General Humans'735-37 Animal®®

Fracture type Hypothermia Physical status (ASA)

Bacterial strains Hypoxia Wound classification

Implant type Smoking Anesthesia and

surgery time
Soft tissue trauma Diabetes Antimicrobial

treatment

Cardiac failure Preoperative hair

clipping

Environmental and
physicochemical

conditions®
Number of people

present in the
operating theater

Previous surgeries
Immunodeficiency
Hypotension and the

presence of
endocrine disease

Hypertension

Obesity

Abbreviation: ASA, American Society of Anesthesiologists.

2Such as necrotic debris, hypoxia, attenuated immune response, fluid flow,
circulating proteins.

immunity. Exemplary risk factors for the development of fracture-
related infection are shown in Table 1.

In summary, postoperative orthopedic SSls are a major health
issue in human and veterinary medicine. Despite the identification of
the common bacteria involved in SSls and the main risk factors, these
infections remain challenging to diagnose and treat, in large part due
to the development of biofilms within the surgical site. Therefore, a
comprehensive understanding of biofilm formation is critical for the
emergence of new therapeutic methods that do not rely solely on

antibiotics.

3 | MECHANISMS OF BACTERIAL
BIOFILM FORMATION

Bacterial biofilm formation is a dynamic and multifactorial process.
A biofilm is a community of microorganisms embedded in a
hydrated matrix rich in self-produced extracellular polymeric
substances (EPS) and in contact with a surface.* EPS are composed
of proteins, polysaccharides, lipids, and extracellular DNA providing
mechanical resistance, protection against antibiotics and immune
cells, tolerance to dehydration, and constitute a carbon source to
microorganisms.2’

All bacteria are capable of forming biofilms, but the mechanisms
governing adhesion to a surface, growth and maturation, and

2% Indeed, bacterial

dispersion are inherent to each bacterium.
genotype determines its ability to form a biofilm on a given surface
and each bacterium has a preferred surface and an optimal pH and
temperature for growth. For example, S. aureus adheres particularly
well to metal, which explains why it is the most common isolate

found in SSI post-orthopedic surgery.'®%28
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Biofilm formation is commonly considered to occur in four main
stages as described in Figure 1: (1) reversible to irreversible bacterial
adhesion to a surface; (2) bacterial growth and biofilm formation;
(3) biofilm maturation; and (4) detachment and dispersion of

bacteria.3”38

3.1 | Bacterial adhesion

Biofilm development is initiated by the adhesion of single bacteria
onto a surface due to physical forces such as Van der Waals forces
and electrostatic interactions. Reversible adhesion of the bacterium
to the surface occurs due to weak interactions involving mechan-
osensing, the ability of a cell to sense mechanical cues of its
microenvironment, including surface properties.>¢*° After mechan-
otransduction of the sensed signal, the production of intracellular
signaling molecules occurs, thus fortifying the adhesion and making it
irreversible.3?

Adhesion onto the surface is influenced not only by the
bacterium itself but also by the environmental characteristics and
the surface properties.'**° Indeed, components of bacterial surfaces
may affect initial adhesion. While lipopolysaccharides comprising the
outer membrane of Gram-negative bacteria play a key role in this
process, Gram-positive bacteria are deprived of an outer membrane
and rely mostly on cell wall glycoproteins such as teichoic acid.**
Furthermore, each bacterium has a specific affinity for a surface
depending on its topology, chemical composition, charge, and
hydrophobicity, but also depending on environmental factors such
as temperature, pH, electrolytes concentration, flow, and presence of
antibiotics.3” Adhesion is most effective when electrostatic potentials
and hydrophobicity between the bacterium and the surface are

opposite and similar, respectively.3¢

3.2 | Biofilm formation

Following adhesion, bacteria multiply and form numerous micro-
colonies embedded in multiple layers among an exopolysaccharide

FIGURE 1 Stages of biofilm formation

(modified from Shrestha et al.?%). Following

o

(= o adhesion onto a surface, bacteria multiply and
Release become embedded within a self-produced
biofilm extracellular matrix rich in extracellular

aggregates

polymeric substances, thus forming a biofilm.
This biofilm matures over time and ultimately
becomes a three-dimensional structure. By the
end of maturation, the biofilm undergoes a
process known as dispersal, characterized by
the detachment of bacterial cells (figure
created with Biorender).

(4) Biofilm
dispersal

matrix composed of EPS.3*2 This extracellular matrix (ECM)
provides the mechanical stability of a biofilm and the protection for
the community of cells against environmental stresses.*> The ECM
provides hydration, nutrient storage, and protection from external
environmental conditions, including mechanical forces, osmolarity
fluctuations, and antimicrobial treatments. Similar components are
found within the matrixes of Gram-negative and Gram-positive
bacteria, such as extracellular DNA, polysaccharides, and amyloid-
type proteins. These latter proteins are required for biofilm formation
but also play roles in biofilm maturation and dispersion.*!

Biofilm growth is initiated by mechanotransduction and chemical
signaling within the matrix. The different bacterial microcolonies are
separated by channels in which fluid and molecules circulate.*?
Biofilm growth is also influenced by genotypic factors, physico-
chemical factors, stochastic processes, determinist phenomena,
mechanical processes, molecular exchanges, and temporal modifica-
tions.3? Bis-3'-5'-cyclic dimeric guanosine monophosphate (c-di-
GMP) is a key regulator in biofilm formation of Gram-negative
bacteria, while its role remains to be established in Gram-positive
bacteria.**

3.3 | Biofilm maturation

Maturation of the biofilm involves the formation of pores and
channels, which serve as a circulatory system for distributing oxygen,
water, and nutrients, and evacuating waste, and allows the circulation
of molecules produced by bacteria.** Such intercellular signaling
system, known as quorum sensing (QS), enables inter-bacteria
communication via chemotaxis and directly affects their physiological

45

state.” Molecules involved in QS are different between Gram-

positive and -negative bacteria.*

3.4 | Biofilm detachment and dispersion

The final stage of biofilm formation is the detachment and dispersion
of planktonic cells.®® It is initiated by several mechanisms that allow
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bacterial release from the biofilm matrix and dispersion into
surrounding environment for further infection. Mechanical stress is
one of the primary factors that triggers detachment. The stress can
result from shear forces and wearing secondary to fluid flow. When
subjected to these stresses, biofilms can become disrupted leading to
the release of individual or clusters of bacteria.*® Bacteria can also
produce enzymes and tension-active agents, which can induce
degradation of or detachment from the ECM.3’ Once parts of
biofilms are detached, bacteria are able to disperse throughout the
organism. They eventually reach the circulatory system and can cause
systemic infections.*’

Each stage of the complex biofilm formation is governed and is
regulated by mechanobiological factors, the mechanisms by which
they detect and respond to mechanical cues from their environment.*®

Enzymatic degradation of the ECM may cause biofilm dispersion
in both Gram types of bacteria.** For example, P. aeruginosa produces
alginate lyases secondary to stress.*> Moreover, bacteria attached to
a surface can change the condition and become motile again.®’
Regulation of biofilm dispersion may differ between Gram-positive
and Gram-negative bacteria.** A priori, mechanical stimuli could also
influence toxin release, but this open question could merit dedicated

multidisciplinary and multiscale explorations.

4 | MULTISCALE MECHANOBIOLOGY
OF BIOFILM DEVELOPMENT

While a healing bone is constantly subjected to mechanical stresses,
little is known about the impact of this mechanical environment on
biofilm development.**~5! Recent advances in high-resolution imag-
ing techniques and bacterial studies have shed light on bacteria and
biofilm mechanobiology. Studies have shown that bacteria sense
mechanical stimuli through different receptors and effectors, which
enable them to adapt, deform, and attach to or detach from a
surface.’®>? Some mechanical stimuli may even support biofilm
development as a defense strategy in a hostile environment.>® As the
biofilm grows and matures, bacteria are embedded in the self-
produced ECM whose composition can change in response to
mechanical forces, significantly impacting the overall stability of
biofilms. These mechanobiological interactions thus occur at all three
scales: bacteria, biofilm, and implant, as illustrated in Figure 2.

4.1 | Mechanical factors at the microscopic scale of
bacteria

Mechanosensitivity, the capacity to sense and respond to mechanical
cues, plays a crucial role in the physiological response of bacteria and
their survival.>>*#5%> Though studies have identified a direct link
between bacterial initial accumulation and motility to the surface
properties,®®™>® the mechanisms of how bacteria perceive and
interact with the substrates are poorly understood. The bacterial cell
envelope is a key element of mechanosensitivity, providing not only

Research®

mechanical stability due to its turgor pressure but also functioning as
a sensory interface, allowing bacteria to sense and respond to
external mechanical cues such as changes in osmotic pressure and
substrate stiffness and topography (Figure 2A).°°7? For example, in
Escherichia coli, the NIpE-Cpx transmembranous system activates the
virulence factor regulation upon contact between the bacterial
envelope and a surface.®® Other bacteria respond to mechanical
forces through membrane depolarization, which is responsible for a
calcium influx, translating mechanical forces into intracellular ionic
concentration.®* As a response to the mechanical cues, mechan-
osensitive channels transduce the mechanical stimuli into cellular
responses, regulating ion fluxes and cytoplasmic pressure. Another
mechanism is based on cell surface components such as adhesins,
which undergo conformational changes when subjected to tension,
as seen in E. coli adhesin FimH, thereby reinforcing the bond between
the bacterium and the surface.®>® This mechanism is known as catch
bond and is responsible for a stick and roll motion of the bacterium on
a surface. S. aureus can also reinforce its adhesion to a surface when
external forces increase.’” On the contrary, mechanical forces can
destroy a cell-binding site, further proving that mechanosensitivity
plays a crucial role in bacterial adhesion.® The exact mechanisms
underlying detection, signaling, and responses by membranous
receptors are still to be discovered.

Bacterial motility, a fundamental aspect of bacterial behavior, is
closely linked to mechanobiology. Some bacteria have extensions,
such as flagella or pili, which can serve as mechanosensory systems
and enable the bacteria to sense the surface and respond according
to the structure of the surface, its topography and stiffness.®?”7°
Flagella-driven propulsion adapts to changes in fluid viscosity and
flow by using the coordination of motor proteins within the
bacterial cell envelope. The activation system of bacterial flagella
is composed of a stator combined to a rotor, which is responsible for
rotation and torque. Conformational changes of the stator's
components are caused by the proton-motive force, and induce
rotation of the rotor and of the flagellum consequently.>* In E. coli,
flagella adapt rotation speed and torque according to resistances
met by the stator.>2”? Adaptation happens mainly through positive
feedback: if a force counteracts flagella rotation, for example, due to
an increase in fluid viscosity, other subunits of the stator are
recruited to increase the speed of rotation.”*’! When bacteria
encounter a surface, the physical interaction with the surface can
change the rotation of the flagella. This alteration in flagella rotation
allows bacteria to detect the surface and respond by modulating
their motility. They may exhibit behaviors such as swimming along
the surface, attaching to it, or changing direction to explore the
surface features.

Type IV pili are motorized filaments present on the surface of
many Gram-positive and Gram-negative bacteria. They are involved
in motility and adhesion on surfaces, and they have been shown to
have a critical role in bacterium motility. The molecular motor of
type IV pilus is composed of different subunits which hydrolyze ATP
to polymerize and depolymerize other subunits.”> When type IV
pilus is in contact with a surface, it detects a traction force and
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FIGURE 2 Mechanobiological interactions from bacterium to implant surface. (A) At the microscopic scale, the isolated bacterium perceives
mechanical signals thanks to its membranous receptors, its bacterial envelope, and its surface organelles. (B) At the biofilm scale, bacterial

growth within the self-produced extracellular matrix induces internal mechanical stimuli and increases inter-bacterial cohesion forces. (C) At the
macroscopic scale, mechanical loading of the implant and host tissue behavior affects bone implant interface (Bll) (figure created with Biorender).

retracts, thus attracting the bacterium against the surface. This
mechanism is known as twitching motility and enables bacteria to
move on a surface.”? If the bacterium is subjected to increasing fluid
flow and friction forces, the retraction force of the pilus is even
greater.

Further research has suggested that bacteria also respond to
acoustic cycled waves.”® Specific acoustic waves appear to aggregate
bacteria together and promote biofilm formation. Although the
underlying mechanisms remain unexplained, concomitance with
bacterial population increases might play a role. Indeed, increasing
tension in bacteria might activate mechanosensitive channels of the
cell membrane with a specific impact upon bacterial wall turgor
pressure.”? Biofilms also exhibit frequency-dependent responses. For
instance, growth of P. aeruginosa and S. aureus biofilms are enhanced
when exposed to 800 and 1600 Hz cycles for 48 h, respectively.”®
Conversely, low frequencies might either stimulate or inhibit biofilm
growth in E. coli depending on exposure duration.”*

4.2 | Mechanical factors at the mesoscopic scale
of biofilm

While bacterial mechanosensing occurs predominantly on the
microscale, biofilms size can range from micrometers, like dental
plaques, up to centimeters, such as SSls, which can be visible to the
naked eye. This shift in scale from individual bacteria to biofilms
brings new challenges and insights to the mechanobiology. At the
biofilm scale, internal mechanical stimuli induced by bacterial
growth can be considered (Figure 2B). The self-produced biofilm
matrix not only maintains cohesion between bacterial cells but also
links them to the underlying surface.'* This cohesion is substantial
for biofilm survival, as it protects the bacterial community against
chemical, biological, and mechanical stresses. From a mechanical
perspective, the biofilm behaves like a hydrated colloidal gel
with rigid bacteria and a viscous matrix.%? This structure grants
viscoelastic properties to biofilms, resulting in both solid-like and
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liquid-like responses, enabling them to withstand mechanical forces
such as fluid shear through energy dispersion and mechanical stress
distribution and adapting to their mechanical environment.”®
Indeed, mechanical cues can trigger changes in the production of
EPS components altering the viscoelasticity of the biofilm through
gene expression.”> For instance, one could hypothesize that
bacteria residing within an overly rigid matrix may produce
matrix-destroying enzymes to reduce local elasticity so as to pursue
bacterial growth. Conversely, bacteria may increase the production
of matrix components when they perceive a local increase in
elasticity, rendering their environment more rigid. Regardless of the
conditions, bacterial cells arrangement within a biofilm influences
their mode of interaction and communication, and impacts
therefore QS and biofilm growth.>*

Fluid flow and associated shear forces play pivotal roles, as
they affect biofilm composition. Indeed, biofilms grown under a
flow are thicker and denser.’ Moreover, two biofilms originated
from the same initial planktonic inoculum exhibit different
compositions depending on whether bacterial growth occurs in a
laminar or turbulent flow.>* Turbulent flows seem to promote
growth of a thin and dense biofilm, whereas laminar flows promote
the formation of a more homogeneous, thicker and less dense
biofilm.3? Mechanical forces associated with both types of flow can
affect the transport of signaling molecules and nutrients, and are
likely to deform or damage the matrix, thus promoting adhesion or

dispersion.>*

4.3 | Mechanical factors at the macroscopic
scale of fracture or implant fixation

Little is known about how mechanical forces influence the risk of
infection at the bone implant interface (BIl) (Figure 2C). At this scale,
mechanical stresses and loading patterns significantly affect the
dynamics and persistence of infections in and around orthopedics
implants and can lead to fracture. A priori, clinical practice is
considering that instability of the fracture site promotes infection,*!
and that conversely, stable fracture sites are less prone to fracture
related infection and heal more rapidly.3?

Some experimental studies showed contradictory results
depending on bacteria phenotypes and animal species. It has been
shown that femoral osteosynthesis with rigid fixation enabled
eradication of inoculated S. epidermitis at the fracture site in mice,
whereas infection was persisting with a compliant fixation. However,
the authors showed that the mouse strain and the type of bacteria
affected these results, especially with S. aureus resulting in more
severe infections.??

Biomechanical analysis and computational modeling have been
developed to understand the properties and behavior of biofilms
at BIL74”7 While these models provide valuable insights for optimal
fixation configurations and prediction of outcome, these studies are
still relatively new and a need for collaborations between scientists

working with numerical models and clinicians is needed.

Research®
5 | CONCLUSION

Postoperative SSIs remain one of the common complications in
orthopedic and musculoskeletal surgery in both human and veteri-
nary surgery. Even though risk factors and commonly involved
bacteria have been identified, these infections are challenging to
treat because they are often associated with development of
biofilms. Mechanics play not only a role in bone healing, but also
affect bacteria and biofilm formation on implants. As such, each stage
of biofilm formation is regulated by mechanical factors. While
bacteria response to mechanical cues is well documented and the
subject of many recent studies in interdisciplinary fields, an important
gap in knowledge exists on the mechanobiology of infectious sites in
Bll. A comprehensive understanding of the mechanobiology of
biofilms at these different scales is crucial for the development of

innovative therapeutic strategies.
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Résumé : L'infec on postopératoire est une complica on redoutée tant en chirurgie orthopédique humaine que vétérinaire, pouvant avoir des
conséquences lourdes en termes de morbidité, de colts et de récidives. Son éradicaon est par culierement difficile, notamment a cause du
développement de biofilms sur les implants u lisés. Les bactéries au sein d'un biofilm sont en effet tolérantes aux an bio ques, ce qui explique les
nombreux échecs thérapeu ques lorsqu’une an biothérapie seule est u lisée. L'exploraon des facteurs influant sur le développement de ces
biofilms, en par culier I'impact de contraintes mécaniques fluides et solides auxquelles I'os en cours de cicatrisa on est en permanence soumis,
permettrait de développer des stratégies thérapeu ques alterna ves aux an bio ques, et de minimiser les risques d’an biorésistances. L'hypothese
centrale de ce travail a consisté a supposer qu’un s mulus mécanique pouvait modifier la proliféra on bactérienne et la forma on du biofilm. La
premiére par e de cette thése s’attache a décrire les aspects cliniques de I'infec on bactérienne en chirurgie orthopédique humaine et vétérinaire,
ainsi que les mécanismes de forma on d’un biofilm. La mécanobiologie sous-jacente au développement d’un biofilm est ensuite discutée dans une
approche mul-échelle, de la bactérie au ssu biologique, et les stratégies thérapeu ques complémentaires ou alterna ves aux an bio ques sont
présentées. La deuxieme par e présente le disposif expérimental original développé dans cette étude. Un disposi f microfluidique pouvant étre
soumis a un moment de flexion et permettant la forma on d’un biofilm bactérien a été concu. Ce disposif a consisté en I'assemblage d’une puce
contenant un micro-canal moulé dans du PDMS, et d’une lamelle flexible en PETG. Un systéeme mécanique générant une force de flexion cyclique de
fréquence et d’amplitude contrélables (0 - 2.5 Hz et 0 - 3.10 mm, respec vement) a également été concu. Les équa ons gouvernant la réponse
cinéma que du disposif ont été fournies. La troisieme par e du document présente et discute les résultats préliminaires obtenus dans I'étude in
vitro. Afin de quan fier le développement du biofilm, les puces en PDMS ont été inoculées avec une souche de P. aeruginosa contenant un plasmide
exprimant une protéine fluorescente. Les disposifs microfluidiques ainsi inoculés ont ensuite été soumis & un moment de flexion (condion
dynamique), et la réponse sta que a été u lisée comme contréle. La microscopie en épifluorescence a permis de comparer la fluorescence des puces
dynamiques a celle des puces staques. Les résultats préliminaires ont montré que la flexion cyclique pouvait impacter le développement des
biofilms. D’une part, les biofilms se sont formés de facon aléatoire le long des micro-canaux soumis a la flexion, contrairement a ceux formés dans
les micro-canaux sta ques pendant ce méme laps de temps. D’autre part, la taille et I'intensité de la fluorescence des biofilms formés ont également
été impactées par la flexion, I'intensité restant inchangée entre les images capturées a 24h et 48h mais la taille augmentant. En comparaison avec les
résultats sta ques, cette derniére observa on suggere que la flexion pourrait altérer la composion des biofilms, en par culier en diminuant la
concentra on bactérienne. En conclusion, la méthodologie proposée dans ce travail de thése tend a valider I'hypothése iniale au regard de la
sensibilité mécanobiologique des biofilms bactériens, en par culier sous s muli mécaniques a I'état d’équilibre. Ce document propose un cadre
expérimental reproduc ble permettant d’évaluer I'impact d’'un cycle dynamique sur le développement d’un biofilm bactérien, et éventuellement de
tester des stratégies thérapeu ques dans un environnement controlé.

Title: Mechanobiology of biofilms: impact of mechanical factors on bacterial prolifera on by an experimental approach in vitro
Key words: Biofilm, Mechanobiology, Microfluidics, Pseudomonas aeruginosa, Infec on, Dynamic loading, Experimental methods

Abstract: Postoperave infecon is a dreaded complicaon in human and veterinary orthopedics which can be associated with significant
consequences in terms of morbidity, costs and recurrence. Its eradica on is difficult, especially due to the development of biofilms on implants used.
As a matter of fact, bacteria within a biofilm are tolerant to an bio cs, thus explaining the high number of therapeu c failures when an bio ¢
therapy alone is used. Inves ga ng factors that could affect biofilm development, and par cularly exploring the impacts of the solid and fluid
mechanical stresses to which a healing bone is permanently submitted, could allow developing therapeu c strategies alterna ve to an bio ¢s and
minimize the risk of an bio c resistances. The main hypothesis of this work consisted in supposing that a mechanical s mulus could modify bacterial
proliferaon and biofilm formaon. The first part of this work is based on describing the clinical aspects of bacterial infecon in human and
veterinary orthopedic surgery, as well as the mechanisms of biofilm forma on. A mul scale approach of the mechanobiology underlying biofilm
development is then discussed, star ng from the bacterium to reach the biological ssue, and the therapeu c strategies alterna ve or addi onal to

an bio ¢s are presented. In the second part, the original experimental workbench developed in this study is presented. A microfluidic device capable
of sustaining a bending moment while s Il allowing bacterial biofilm growth was conceived. It consisted in a chip containing a microchannel molded
into PDMS bonded to a flexible PETG coverslip. A mechanical system capable of genera ng a cyclic bending moment of controlled frequency and
amplitude (0 - 2.5 Hz and 0 - 3.10 mm, respec vely) was also conceived. The equa ons governing the kinema cal response of the device were
provided. The third part of the document presents and discusses the preliminary results of the in vitro study. To quan fy biofilm development,
PDMS chips were inoculated with a strain of P. aeruginosa containing a fluorescent protein-expressing plasmid. The microfluidic devices thus
inoculated were then submitted to a bending moment (dynamic condion), and the stac response was used as control. Imaging with
epifluorescence microscopy was performed to compare fluorescence in the sta c chips with that in the dynamic chips. Preliminary results showed
that cyclic bending may influence biofilm development. On the one hand, biofilms formed rather randomly along the microchannels submitted to
bending, contrary to those formed in the sta ¢ microchannels during the same period of me. On the other hand, biofilms size and fluorescence
intensity were also affected by bending, with intensity remaining unchanged between microscopic images obtained at 24h and at 48h and size
increasing. Compared to sta c results, this latter observa on suggests that bending may alter biofilm composi on, especially by decreasing bacterial
concentraon. In conclusion, the methodology presented in this thesis tends towards validang the inial hypothesis regarding the
mechanobiological suscep bility of biofilms, in par cular under steady state dynamical s muli. This work suggests a reproducible experimental
framework allowing to assess the impact of a dynamic cycle on bacterial biofilm development, and eventually to test therapeu c strategies in a
controlled environment.
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