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Abstract

In recent years, the microbial population residing on the human skin has attracted a great deal of interest in the
scientific community. Indeed, this organ, serving as barrier between the inner part of the host organism and its
environment, hosts a myriad of microorganisms to form a rich niche, referred to as the ”skin microbiota”. Amongst
resident skin bacteria, Staphylococcus epidermis (S. epidermidis) is one of the most prevalent microbes of this envi-
ronment. Despite the fact that this bacterium was initially extensively studied for its opportunistic pathogenicity,
which represents a challenge for patients exhibiting weak immune defenses, especially in the hospital sector, many
benefits have been associated to its ubiquitous presence on human skin. Among others, S. epidermidis possesses an
antimicrobial action against Cutibacterium acnes overgrowth from which acne vulgaris is believed to originate. To
enjoy S. epidermidis beneficial action to its full potential in novel therapeutic solutions, encapsulation is mandatory
to protect the user against the possible adverse effects related to this microbe. In this view, the design of a patch
containing wells where S. epidermidis would be confined has been considered. In this context, optimization of the
gelled growth medium used in the wells is necessary to support the growth and viability of the bacteria as well as

to promote as much as possible their beneficial behavior.

With this aim, different agarose gels were prepared, aiming to cover a wide range of mechanical properties by
means of concentration variation or agarose gel strength variation. In the first instance, the prepared gels were
mechanically characterized either using shear dynamic mechanical analysis or rheology depending on the gel charac-
teristics. The storage and loss moduli as well as the damping factor were measured during amplitude and frequency
sweep tests and the steady viscosity was determined. An increase in either concentration or gel strength is shown

to increase the moduli and the viscosity while the damping factor is globally the same in steady regime for all gels.

In the second instance, these gels were used as culture media for S. epidermidis, which was embedded in these
matrices. The growth was assessed by measuring the fluorescence intensity related to fluorophore expression by the
considered strain. The growth mode was observed by means of epifluorescence and confocal microscopy while the
metabolic activity was tested using an alamarBlue assay test. An increase in either agarose concentration or gel
strength was suggested to decrease the growth rate as well as to promote the transition to aggregate growth mode.
The reduction of alamarBlue seems to be slowed down by an increase in agarose gel strength, which could or not
be related to the metabolic activity of the bacterial population. However, no clear influence of the concentration

was observed on the metabolic activity.



Since an increase in agarose concentration or gel strength causes an enhancement of the viscoelastic properties of
the gel, the stiffer or more viscous the gel, the slower the growth and the more aggregates are favored over planktonic
cells. Nevertheless, the change of viscoelastic properties does not seem to influence the metabolic activity of the
bacteria. These results thus suggest that the mechanical properties of gelled media may be optimized to control
bacterial growth, without significantly impacting metabolic activity, which offers an interesting possibility for the

making of bacterial patches displaying long term activity.
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Introduction

1 Context

In recent years, the symbiotic relationship that exists between microbes and the host that they colonize attracted
a great deal of interest. The benefits as well as the adverse effects they can have on humans are indeed very broad
and fascinating. More specifically, the interactions between some microbes colonizing the human skin, referred to
as the human skin microbiota, are of great interest. Indeed, bacteria but also fungi, viruses and yeasts reside on
the skin and live in a symbiotic way with their host as long as the homeostasis is maintained. However, once this
balance is disturbed, so called dysbiosis can take place and cause skin diseases, such as rosacea, psoriasis but also

acne vulgaris.[1-7]

Amongst the large number of bacteria residing on the human skin, Staphylococcus epidermidis (S. epidermidis)
is one of the most prevalent microorganisms. It contributes to many benefits for the skin, whether it is to fight
against pathogenic colonization or to maintain the balance between the skin commensals by interactions with other
symbiotic bacteria. For instance, S. epidermidis has proved to regulate the overgrowth of Cutibacterium acnes,
which is believed to be the cause for acne vulgaris pathogenesis.[8] Despite its pathogenic potential for special
patient populations, S. epidermidis is thus studied as part of the development of novel therapeutic options to cure
diseases such as acne vulgaris.[8-10] Its encapsulation in a patch for the skin as been proposed with this idea in
mind. The patch currently developed in our laboratory is composed of a silicone support that is designed with
cavities to serve as containers for the bacteria and the medium in which the latter grow. On top of the support, a
semi-permeable barrier is grafted to allow for the diffusion of the metabolites of interest produced by the bacterial
strain while preventing S. epidermidis escape. Two different barriers are considered: a polycarbonate membrane
and a polyacrylamide-agarose hydrogel layer. As the medium should stay in place in the patch wells, the use of
gelled medium is appropriate to prevent the nutrient-rich material containing the microorganisms to flow out of
the construct. Encapsulation in the patch is critical on two aspects: it would on the one hand prevent any possible
infection related to S. epidermidis, which is a well-known opportunistic pathogen in particular conditions, and it
would on the other hand allow to get a better control on the growth kinetics of the bacteria, their viability as well
as their metabolic activity.

Apart from the encapsulation method, other parameters are critical to ensure the good functioning of the above

mentioned technology. In particular, it is well-known that the medium in which bacteria grow is tremendously im-



portant to optimize their growth, viability as well as their metabolic activity and gene expression. More specifically,
the mechanical properties of hydrogel media have proved to impact the bacteria behavior, namely their viability,
growth kinetics, growth mode and metabolic activity, in many ways for different combination of bacterium and

polymers.[11-13]

2 Objective and strategy

In that regard, the optimization of the mechanical properties of the culture gelled medium used to grow bacteria
is investigated in this work. In order to tune the mechanical properties of the agarose gelled media, two distinct
parameters were played on: agarose concentration and agarose gel strength, using different agarose types which
differed greatly in terms of gel strength. Agarose is a biocompatible and porous hydrogel that is inert to bacterial
enzymatic degradation. Moreover, it keeps its gelled structure in the temperature range required for bacterial
cell culture and, thanks to its high swelling capacity, allows for hydration maintenance of the microorganisms it
hosts. In this view, its use is indicated to obtain appropriate gelled culture media.[11, 14] Aiming to elucidate
the link between the medium viscoelastic properties and S. epidermidis behavior, we proceeded in two distinct
steps. First, the mechanical properties of various agarose hydrogels used to culture bacteria were mechanically
characterized using either rheology or dynamic mechanical analysis. Second, bacterial parameters were investi-
gated in the prepared gels by different means to quantify growth and metabolic activity as well as to determine
the growth mode of the microbe. Ultimately the results of both of those parts were merged to possibly establish

the relationship between the mechanical properties of a gelled medium and the bacterial growth in this environment.

3 Report structure

The first chapter of this master thesis deals with a bibliographic study of skin microbiota with a particular focus on
the bacterium used in this project: S. epidermidis. Moreover, an overview of the hydrogels, and more specifically
agarose is proposed, as well as a state of the art on how bacteria behave in such hydrated polymer networks. Finally,

the parameters used to characterize bacterial behavior and the way they are investigated are detailed.
In the second chapter, the global objective and strategy used to fulfill the latter are introduced in details.

In the third chapter, the mechanical characterization of the agarose gels is presented, beginning with objective
and strategy used to this aim, followed by the protocols established to prepare the gels and measure their viscoelas-

tic properties. Then the results obtained are introduced and a conclusion on this chapter ends this part of the report.

In the fourth chapter, the bacterial behavior in various agarose gels is investigated. First, the objective and
strategy of this chapter are detailed. Second, the protocols to culture the bacteria, quantify their growth, observe
their behavior in the gels and their metabolic activity are discussed. Third, the results obtained are presented,
beginning with the influence of the agarose concentration on the investigated parameters and followed by the influ-
ence of the agarose type, namely its gel strength. Finally, the chapter ends up with a conclusion on the achieved

results and deductions.

In the fifth chapter, the results of the two previous chapters are merged to establish the possible influence of



the mechanical properties of the gel media on §. epidermidis.

In the last chapter, improvements as well as prospects for future work are suggested to develop this topic further

in the near future.



CHAPTER 1

State of the art

The objective of the first section of this chapter is to provide a description of the human skin microbiota, ranging
from the organisms that compose it, its diversity and the influencing factors, to the symbiotic relationship it shows
with its host as well as the problems that could emerge from microbiota imbalance. In the second section, a focus
on one of the most prevalent skin microbiota bacterium, namely S. epidermidis, is provided to overview the benefits
and drawbacks it can represent to the host as well as the reasons why it presents a challenge for the medical field.
In the third section, hydrogels are discussed, first in a general way, then with a particular focus on their mechanical,
i.e. viscoelastic, properties and the way they can be characterized. In the fourth section, a particular focus on
the hydrogel used in this project is proposed, namely agarose, its origin, its structural characteristics, especially
on the molecular and supramolecular scale, the way these structures are established as well as factors influencing
the properties of this polymer. In the fifth section, a focus on bacterial growth in hydrogels is proposed, focusing
on biofilm models as well as the impact the hydrogel properties can have on microbial behavior. Finally, the last
section deals with the bacterial parameters that are used to characterize microorganism behavior and the techniques

used to quantify them.

1 Skin microbiota

In recent years, the symbiotic relationship that exists between microbes and the host that they colonize attracted
a great deal of interest. When referring to the human microbiota, one tends to think of the microbe population
residing in the gut at first. However, not only the gut hosts an abounding number of microorganisms, but also other
external organs, especially the human skin. A minor part of the human microbiota colonizes other epithelial sur-
faces such as the oral and vaginal mucosa as well as the respiratory tracts, comprising the upper and lower airways.
The microorganisms composing the human microbiota can be as various as viruses, yeasts, fungi but the majority
are bacteria. This wide range of living or dead microbes interact with each other. The trillions of microorgan-

isms hosted by the human body outnumber human cells by a factor of 10 and the human genes by a factor of 100.[1-3]

The skin is the largest organ of the human body. This 2 m? large epithelial surface indeed represents 16%



of the total body weight. It serves as a physical barrier between the body itself and the environment, enabling
to protect the inner part of the host organism from ambient conditions but also from harmful exposure from the
environment, such as penetration of unfavorable substances like toxins but also microorganisms, thus serving as
first line of defense against infections.[1, 3-5]

This organ hosts a myriad of different organisms that are able to overcome many challenges such as temperature
shifts and moisture. The relative scarcity of microbes on the skin is due to the fact that the skin is a relatively
unfavorable environment for them to grow. In addition to the previously mentioned conditions, the low pH of skin,
the fact that it lacks nutrients but also the high levels of salts and antimicrobial molecules and the exposure to
other external factors induce the relative low diversity of microbes on the skin.[1, 6]

The skin microbiota population can be divided in two distinct groups defined as the commensal and the transient
residents. Commensal microbes play a role in the maintenance of a balanced skin homeostasis which enables the
skin to stay in a healthy state while other bacteria only transiently reside on the skin, causing infection, which leads
them to be considered as pathogenic microbes.[7] However, despite the fact that commensals do not usually infect
healthy hosts, it is worth noting that some of them can switch to a pathogenic behavior in particular environmental
conditions. These microbes are so-called opportunistic pathogens and are mostly inducing infections in hospitals for

immunocompromised patients as well as sick patients presenting diseases that could favor subsequent infection.[15]

The human skin sites can either be sebaceous, moist or dry. All sites share the same microorganisms at the
species level : Cutibacterium, Corynebacterium as well as Staphylococcus in terms of bacteria, Malassezia in terms
of fungi are present on the whole skin surface, in different amount depending on the site nature and the individual
hosting the niche. However, the species are distributed differently depending on the considered site. The skin
microbiota is relatively stable over time for a given individual and its dynamics is site-specific: sebaceous as well
as moist sites are very stable in terms of composition over time while dry skin sites exhibit more variability. It is
challenging to define a core skin microbiota since inter- as well as intra-individual differences exist. These variations
are due to various factors.[3, 6]

The most important factor influencing human microbiota variability seems to be the topography, due to specific
skin-site characteristics such as pH, moisture, temperature or expression of antimicrobial peptides. Considering a
particular skin site for different individuals, it exists less differences as it does when considering two different skin
sites for a single individual: the inter-individual differences are less prevalent than intra-individual differences.[3]

However, not only topographical variability but also temporal variability - especially for dry sites -, host specific
factors such as age, gender, ethnicity or genetics as well as environmental factors play a role in the population

spectrum observed on human skin.[3]

The relationship between the microbes and their host is symbiotic. Indeed, the host provides a living habitat,
nutrients and shelter to the microorganisms whereas the latter essentially contribute to the host metabolism, allow
to maintain a balanced skin homeostasis, regulate inflammation and contribute to host immunity. The skin micro-
biota plays a major role in the immunity of the human host as it participates to the education of the innate immune
system. Before birth, the infant is not yet colonized by those organisms. Depending on the delivery mode, the skin
will acquire microorganisms: if the baby is vaginally born, it will acquire an initial population that is similar to the
vagina flora of its mother while the primary microbiota of a baby born by caesarean section will be similar to the
one of the stomach skin. This primary microbiota is relatively low in diversity. During early life, the microbiota
develops and diversifies to become a proper microbiota through skin colonization when entering in contact with a

microorganism.



Then its composition is surprisingly stable which brings to light the existence of a stable and mutually beneficial
interaction between the symbiotic microorganisms and their host. A restructuring of the skin microbe species how-
ever takes place at the puberty. The encountered commensal microbes allow the host immune system to develop
a tolerance to those resident bacteria, regulating the immune response and inflammation that could be caused by
the presence of non-self cells. Apart from its educational role of the immune system, the microbial population also

provides a protection against pathogens and breaks down natural products.[1, 4, 5, 7]

Thanks to novel technologies in terms of genetic sequencing, the scientific community can now have a more
global look at the composition of the microbiota compared to the past, where we could only identify strains that
were able to be cultured in a lab, which gave rise to a bias for years. Thanks to ribosome RNA sequencing and
metagenomics shotgun, a direct identification of the microbes in a particular sample that was taken on the skin of

a recipient is now possible. Unfortunately it cannot discriminate between live and dead organisms.[1, 4]

However, when the microbiota is unbalanced, it results in changes in terms of abundance and diversity of the
commensal species. This condition is defined as dysbiosis and can lead to diseases that can either be skin or systemic
diseases. Several exogenous and endogenous factors can lead to dysbiosis: infection, injury resulting in the breaking
of the skin physical barrier or antimicrobial resistance but also host genetics and other environmental factors. This
condition gives rise to the innate immune response and thus can be the origin of inflammatory skin diseases like

atopic dermatitis, acne vulgaris, psoriasis or rosacea.[3, 6, 7]

2 Staphylococcus epidermidis

S. epidermidis is a facultative anaerobic Gram-positive Staphylococcus, belonging to the Micrococcaceae family. It is
part of the group of coagulase-negative staphylococci, which are distinguished from coagulase-positive staphylococci
such as Staphylococcus aureus (S. aureus) by their lack of coagulase enzyme. It is one of the most abundant skin
colonizers, being one of the five significant organisms that are located on human skin and mucosal surfaces. It is
thus a permanent member of the healthy human skin microbiota, predominant in moist skin sites such as armpits
and nares but also present in sebaceous areas such as facial skin.[9, 16-18]

Thanks to its specific surface adhesins that enable it to anchor on the moieties of the tissue surface of the host,
S. epidermidis establishes a lifelong commensal relationship with its host, beginning in early life. [17] However,
S. epidermidis is a so-called opportunistic pathogen: usually, it has a symbiotic relationship with its host but in

particular conditions, it can switch to a pathogenic behavior causing nosocomial infections.[9, 19]

2.1 Symbiotic relationship and benefits for the host

The symbiotic relationship with S. epidermidis provides many benefits to the human host. It helps with nutrition,
enables to maintain homeostasis and provides a protection against pathogens in different ways. Different effects can

be found depending on the S. epidermidis strain considered.[10, 17, 19]

Firstly, the bacterium is able to activate particular innate immune pathways in order for keratinocytes to
produce antimicrobial peptides (AMPs) to a larger extent to kill pathogenic bacteria such as S. aureus. Secondly,
S. epidermidis produces phenol-soluble modulins (PSMs) which are small a-helical peptides. PSMs are acting
synergistically with host-derived AMPs in order to increase the killing capacity. They are believed to play a role in



inter-microorganism competition: PSM-§ and PSM-~, naturally produced by S. epidermidis, have proved to provoke
membrane leakage in pathogens such as Streptococcus pyogenes (S. pyogenes) and S. aureus. Thirdly, in addition
to PSMs, many S. epidermidis strains secrete bacteriocins that act against other strains or species. Finally, the
bacteria is believed to produce other factors that hinder the colonization capacity and/or the viability of S. aureus
as well as to degrade S. aureus biofilms.

To sum up, all these secreted molecules aim to reach a same goal: fight against pathogenic colonization and further
infection. [10, 17, 19]

Furthermore, S. epidermidis releases butyric acid, which allows differentiation of adipose-derived stem cells into
adipocytes as well as lipid accumulation in the cytoplasm. This induces an increase in dermal thickness, providing
an even better physical barrier for the host internal compartments.[10]

In addition, S. epidermidis plays a crucial role in the immune system education as well as in the way the host
organism responds to external aggression from pathogens. S. epidermidis colonization in early life extensively
contributes to the priming and development of the innate and adaptative defenses against more virulent pathogens.
S. epidermidis also plays a regulation role for the immune system with which it is in constant crosstalk. It attenuates
inflammatory responses in order to accelerate wound healing and modulates host innate immune response as part
of the fight against pathogens.[10] Some strains also dampen the recruitment of neutrophils in the context of a
S. aureus infection as well as the production of pro-inflammatory cytokines by the host cells, which potentially
protects the organism against an aggravation of the infection due to extreme inflammation.[19]

Moreover, microbiota residents can interact with each other in order to maintain homeostasis. It is the case for S.
epidermidis which has been shown to rein the overgrowth of another commensal bacterium Cutibacterium acnes
(C. acnes), involved in the pathogenesis of acne vulgaris. Indeed, S. epidermidis possesses an antibacterial action
against C. acnes through the release of succinic acid. It is one of the four short chain fatty acids that originate from
the fermentation of glycerol by S. epidermidis in anaerobic conditions. These conditions are actually encountered
in acne lesions where C. acnes overgrowth is facilitated. In addition to its antibacterial action to limit C. acnes
overgrowth, succinic acid also dampens C. acnes-induced skin inflammation. That is to say that S. epidermidis

aims to regulate skin homeostasis and suppress C. acnes-induced pathogenic inflammation.[8, 10, 17]

2.2 Opportunistic pathogenicity

As mentioned here above, S. epidermidis is an opportunistic pathogen. It indeed may adopt a pathogenic behav-
ior in selected groups of patients such as immunocompromised patients and patients implanted with indwelling
medical devices. The infection usually originates from the introduction of the bacteria from patient’s or health
care provider’s skin during device insertion; it causes infections when breaching the skin surface and entering the

bloodstream. It usually does not cause any infection in healthy populations.[9, 17]

Those S. epidermidis-induced infections are always device-related, following a surgical procedure, treatment or
implantation of a medical device. Indeed, S. epidermidis strains exhibit a strong tendency to form biofilms on the
surface of biomedical devices. When bacteria detach from the biofilms present on the surfaces of this device, they
can cause so-called ”bacteremia”, which is the condition in which bacteria, in the case at hand S. epidermidis, are
found in the bloodstream of the patient, possibly leading to sepsis or even death.[16]

In terms of device related infections (DRIs), S. epidermidis is a frequent cause of orthopedic DRIs (ODRIs) (for
instance following prosthetic joints implantation), second only to S. aureus. It is believed that S. epidermidis causes
as much as 20 to 30% of ODRIs, and even up to 50% when only considering late-developing ODRIs.[17] Vascular

graft, central nervous shunt placement, cardiac devices implantation or other surgical interventions can also lead



to S. epidermidis infections. In particular, this Staphylococcus causes approximately 13% of prosthetic valve en-
docarditis infections leading in 38% of the cases to intracardiac abscesses and in 24% to mortality.[9] Following
surgical interventions, other conditions such as mediastinitis, an inflammation of the space between the lungs, can
take place due to S. epidermidis colonization at the surgical site.[18]

In addition, catheter use also leads to many S. epidermidis infections mainly in intensive care units (ICU) where
the strains selected under pressure in the hospitalization conditions are often multi-resistant to antibiotics. S.
epidermidis is indeed the major cause for central intravenous catheter infections: 22% of bloodstream infections in
ICU are correlated to S. epidermidis.[9, 18]

Moreover, in neonatal ICU, invasive devices are also used to take care of the neonates which also leads to bac-
teremia and sepsis. As the immune system of those individuals is immature and their mucosal barriers are much
more permeable than the ones of adults, their body fluids are readily accessed by S. epidermidis and other bacteria
to cause nosocomial infections. As the strains show multi-resistance, it is very difficult to get rid of the infections

which increases the hospitalization time and thus costs, but also the mortality in this particular population.[16]

S. epidermidis nosocomial infection therefore represents a huge challenge for the health care system. Its high
prevalence is due to its ubiquitous presence on human skin and its ability to stick to tissues but also surfaces
of implanted devices as well as to form biofilms.[9, 17] Unlike aggressive pathogen species such as S. aureus, S.
epidermidis does not produce a large amount of enzymes and toxins. Only a paucity of virulence factors and
toxin-associated genes are observed.[16, 17, 20] S. epidermidis is rather equipped with determinants that promote
persistence over aggressiveness, the infections it induces are consequently subacute or chronic.[9] As infection is
often indolent, it is difficult to detect and diagnose S. epidermidis infections. When collecting a blood or tissue
sample from the patient and analyzing it to determine if the infection is due to S. epidermidis, it is more than
probable that the presence of S. epidermidis could be due to contamination when sampling or analyzing, which

makes it difficult to discriminate between a real infection or a sample contamination.[16, 18]

The pathogenesis of S. epidermidis mainly relies on the latter’s ability to form thick multilayered biofilms on a
broad variety of surfaces such as polymers, metals or host tissue. S. epidermidis also displays an ability to evade
the host immune defenses.[9, 16, 17, 20] Moreover this microbe often is multi-resistant to antibiotics due to the
selection pressure in the hospital environment or due to gene transfer between strains that enables it to acquire

multiple resistance traits.[9, 16, 17, 20]

Many different molecules are secreted by various S. epidermidis strains and provide the microbe its virulence and
subsequent pathogenicity. Biofilm formation is one of the main if not the main virulence factor of S. epidermidis.
It is mediated by many molecules including for instance polysaccharide intercellular adhesin (PIA), also called
poly-N-acetyl-glucosamine (PNAG), so-called biofilm-associated proteins (Bap) and their homolog protein (Bhp)
as well as accumulation-associated proteins (Aap). Moreover, S. epidermidis exhibits an ability to evade from the
host immune system thanks to the presence of biofilms and poly-y-glutamic acid (PGA) which provide protection
against phagocytosis but also thanks to inhibition of the host cells intervention as part of the immune response. In
addition to this, an AMP sensing system enables the bacterium to detect AMPs and to up-regulate AMP-defensive
mechanisms.

Notwithstanding, the virulence factors of S. epidermidis are not directly intended to pathogenicity. These factors
actually have crucial roles in the commensal lifestyle of the bacterium. For instance, forming biofilm on skin is

beneficial since it is an environment where a lot of mechanical stress is applied, PGA enables to live despite high



salt concentration and protection against AMPs makes sense in a commensal lifestyle. It can thus be considered as

an ‘accidental pathogen’.[9, 16-18]

2.3 S. epidermadis as bacterial model

S. epidermidis is commonly used as a Gram-positive representative [11], probably for its culturing easiness and its
availability due to its ubiquitous nature. Indeed, this microorganism is quite easy to culture using a large variety of
commercially available media such as Triptic Soy Agar (TSA), Triptic Soy Broth (TSB) or Nutrient Agar (NA). The
only additions it requires to a minimum culture medium are some amino acids, such as arginine, proline, isoleucine
and valine, and a few vitamins, comprising nicotinic acid, pantothenic acids, biotin and thiamine. Accordingly, S.

epidermidis can be considered as a not very demanding microorganism.[21]

More specifically, despite its opportunistic pathogenicity, S. epidermidis is of great interest in the field of
probiotic therapeutics. Indeed, it is a relatively harmLess microbe for healthy human beings since it is categorized
as biosafety level 1 (BSL1), which is the lowest possible level of this classification defining precautions to manipulate
biological agents.[22]

Regarding its relative innocuousness, one could take advantage of the above mentioned beneficial effects to develop
novel therapeutic approaches. For instance, S. epidermidis is already studied for the purpose of acne vulgaris
treatment.[8] One could also imagine probiotics systems to fight against S. aureus or S. pyogenes colonization. These

exciting possibilities to expand the biomedical field technologies are the major motives to study S. epidermidis.

3 Hydrogels

3.1 Overview

Hydrogels are defined as a class of polymeric three-dimensional (3D) networks formed by hydrophilic polymer chains
that swell and do not dissolve in a water-rich environment. Indeed, these polymers are able to absorb water from
10% up to thousands of times their dry weight.[14, 23, 24]

The 3D structure of these hydrated polymer networks is achieved thanks to crosslinks between the chains which
enable to form a matrix to hold the liquid together. In the absence of crosslinking points, the polymer chains would
dissolve in water, since water is a good solvent for these polymer chains. Conversely, when crosslinking points are
available, the solubility is counterbalanced by the entropic elasticity of the chains resulting from those crosslinks.
The swelling process is believed to occur in three steps. Firstly, the water molecules hydrate the more hydrophilic
polar groups and the entrapped water at this stage is defined as primary bound water. Secondly, when the hydrophilic
groups are hydrated, the network swells, exposing hydrophobic groups which in turn are hydrated, forming secondary
bound water. Primary and secondary bound water are often considered as a whole and simply termed as total bound
water. Thirdly, the osmotic pressure of water, which tends to force infinite dilution of the network, will lead to
additional water absorption. However, the network elastic retraction force provided by crosslinked chain segments
counterbalances the osmotic force: when expansion forces and contraction forces balance themselves, the hydrogel
reaches an equilibrium swelling state.[14, 23]

The crosslinks can be of two types, either physical or chemical. On the one hand, chemically bound gels are
gels in which crosslinks are covalent bonds that can be formed using different processes such as ultraviolet or
high-energy irradiation, heating and various chemical reactions with crosslinkers including condensation reactions,

radical polymerization reaction as well as click chemistry reactions.[14, 24] On the other hand, physically bound



gels are hydrogels in which the crosslinks are physical, i.e., they possess physical domains created by hydrogen
bonding, hydrophobic interactions between the polymer chains, ionic complexation, physical entanglement of the

chains and/or Van der Waals interactions.[14, 23-25] Some examples of crosslinks are schematically represented in

Figure 1.1.
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Figure 1.1: Cross-linking of hydrogels. (A to D) Physical cross-linking. (A) Thermally induced entanglement of
polymer chains. (B) Molecular self-assembly. (C) Ionic gelation. (D) Electrostatic interaction. (E) Chemical cross-
linking.[24]

Both chemical and physical crosslinks have their advantages and drawbacks. Indeed, chemically crosslinks better
stabilize the hydrogel, improving flexibility and spatiotemporal precision in the crosslinking process in comparison
to physical crosslinks.[24] However, physical crosslinked hydrogels allow solvent casting, post process bulk mod-
ification and are easier to produce and reshape. They can also be reversible contrary to chemically crosslinked
polymers and often show no toxicity since no chemical crosslinking agents are necessary to obtain the 3D network,
enhancing their biocompatibility. Although some physical crosslinks rely on the use of ions that can be toxic,
physically crosslinked hydrogels are usually more biocompatible than most of the chemically crosslinked ones.[23]
Nevertheless, physical crosslinking does not provide homogeneous networks since clusters are formed by the physical
interaction domains.[14] Even though chemical crosslinks provide more control on the network structure, it is worth
noting that some inhomogeneities are still present due to several non-idealities in gel formation which are mainly
due to the distribution of reactive groups on the chains.[26]

Hence combining multiple components as well as crosslinking methods have attracted a great deal of interest to
improve hydrogels properties further. The latter typically exhibit improved physicochemical properties: mechanical

properties are enhanced, they can be injected and exhibit self-healing properties.|[24]
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In addition to the classification according to the nature of the crosslinks, one can also divide these materials on
the basis of their origin that can either be natural or synthetic. Natural polymers can be as various as proteins,
denatured proteins or polysaccharides.[27] A non-exhaustive summary of their advantages, drawbacks as well as
examples of macromolecules is shown in Table 1.1. In relation to those characteristics, combining natural and syn-
thetic hydrogels has been explored to optimize their properties. The classification thus extends to hybrid hydrogels

and becomes more complex.[24, 27|

Natural hydrogels Synthetic hydrogels

e purity;

_ o e high absorption capacity;
e biocompatibility; e well-defined microstructure;

e biodegradability;

Advantages e well-defined functionality;

e low toxicity; e stability;
)

e physiologically-compatible structure. o reproductibility:

e tunable physicochemical and mechanical properties.

e poor mechanical properties; o o
. e toxicity due to crosslinking agents
e can provoke immune responses; ] )
Drawbacks . when chemically crosslinked;

e poor reproductibility;

1 bi tibility.
e batch-to-batch variability. ¢ fower blocompatibity

e collagen;

e gelatin; e poly(hydroxyethylmehacrylate) (PHEMA);

® agarose; e poly(ethyleneglycol) diacrylate;
Examples e dextran; e poly(acrylamide);

e starch; e poly(vinyl alcohol);

e glucan; e poly(N-isopropylacrylamide) (PNIPAAM).

e hyaluronic acid.

Table 1.1: Comparison between hydrogels of natural and synthetic origins; advantages, drawbacks and examples.[14,
25, 28]

The mechanical properties of hydrogels vary according to several parameters, such as the crosslinking degree
and/or the work temperature, and these materials can consequently be tuned to display properties that satisfy the
needs in relation to their future purpose. For example, heating the material can increase or decrease its stiffness,
depending on the nature of the polymer, whereas increasing its crosslinking degree results in greater stiffness. How-
ever not only these two but also a wide range of parameters play a role in the mechanical properties of hydrogels.
Consequently, mechanical analysis has to be performed in order to define materials mechanical properties such as
the storage and loss moduli, the damping factor and the viscosity. These can be evaluated by Dynamic Mechanical
Analysis (DMA) devices or rheometers. The mechanical characterization of hydrogels will be discussed later in this
report.[14]

Moreover, some hydrogels are able to respond to various stimuli that can be physical, chemical or even biochemi-
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cal. eover, some hydrogels are able to respond to various stimuli that can be physical, chemical or even biochemical.
These stimuli, whether they are physical, for instance light, pressure, electric field, temperature, magnetic field or
mechanical stress, or chemical, for instance pH, ionic factors or chemical agents, can induce changes in terms of
inter-segment interaction potentials or interactions between the chains and solvents and between the chains them-
selves at the molecular level. For instance groups on the polymer chains can become active or not depending on
the context or the swelling capacity can be increased by partial decrosslinking of the network when exposed to a
stimuli. Biochemical stimuli imply responses due to receptor-ligand interactions, antigen binding or recognition,
enzymatic activity or other interactions with biochemical agents. These biochemical stimuli-responsive hydrogels

are especially interesting in terms of use for the pharmaceutical, biomedical and biotechnological fields.[23, 25, 29]

3.2 Applications

In view of all the above cited characteristics, the hydrogel class is very versatile in terms of applications. It is used
in many different hygiene products, such as diapers thanks to its tremendous absorption capacity, but also in a
broad variety of other products such as soaps, shampoos, contact lenses or even toothpastes and cosmetics products,
making the hydrogel class ubiquitous in our daily lives. More advanced industrial applications also take advan-
tage of the swelling ability of hydrogels such as for oil recovery, water treatment and other separation techniques,
textile, agriculture and pharmaceutical industries. However, hydrogels are above all appealing in the biomedical
field. Indeed, due to their ability to retain large amounts of fluid under physiological conditions, their soft rubbery
consistency comparable to the texture of tissues as well as their tunability regarding functionalization, biocompati-
bility and sterilization, they offer a myriad of possibilities. Among others, tissue engineering, drug delivery system,
bacteria encapsulation, biosensors design, medical device coating or medical implant optimization are innovative
disciplines into which hydrogels have successfully made their way. Hydrogels also offer great possibilities in the soft

electronics field and organ-on-a-chip development.[14, 23-25]

3.3 Mechanical Characterization

Hydrogel characterization techniques include a broad range of different methods to determine various parameters.
Nuclear Magnetic Resonance (NMR) and mass spectroscopy are for instance examples of techniques used to iden-
tify the composition of the polymer, while morphological characterization is achieved using microscopy equipment
such as Atomic Force Microscopy (AFM), environmental Scanning Electron Microscopy (e-SEM) or even confocal
microscopy. Among all hydrogel properties, thermo-mechanical characteristics are particularly important to control

to be as suited as possible to the desired application.[30]

Just as any polymer, hydrogels are viscoelastic materials, meaning they exhibit both solid and liquid character-
istics in their mechanical behavior. They consequently have a time-dependent behavior similar to any polymer due
to their intrinsic viscoelasticity but also exhibit an additional time-dependent deformation component due to fluid
flow in the polymer network.[31]

Hydrogel mechanical properties are relatively difficult to measure and to interpret for various reasons. First, the
samples are usually not easy to fix in place so that they do not move during the test. Roughening fixtures are
usually preconized to overcome this first challenge. Secondly, most of the available testing equipment is optimized
to measure compressive moduli of the order of GigaPascals (GPa) or MegaPascals (MPa) whereas hydrogel’s elastic

moduli are in the range of kiloPascals (kPa). Specialized devices consequently need to be used. Finally, as hydrogels
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are biphasic materials, containing a first phase defined as the polymeric network and a second one defined as the

fluid absorbed in the mesh, interpreting the results is more difficult than it is for solid polymers.[27]

Still, different methods can be used to determine hydrogel mechanical properties: elongation tests, compres-
sion tests, local indentation with a probe and last but not least, frequency-based tests such as shear rheology and
dynamic mechanical analysis (DMA).[27, 32] Moreover, it is possible to perform non-contact test to determine per-
meability, using pressure instead of direct contact with the sample.[27] We will focus below on the frequency-based

tests, namely dynamic DMA and rheology measurements, which have been used in this work.

The principles behind the viscoelastic properties measured by means of these frequency-based methods are the
following.
The deformation + applied on the sample is oscillatory and thus follows a sinusoidal evolution. The subsequently
measured shear stress 7 is related to «y in the following way: 7(t) = |G*| - (t), where ¢ is the time and G*, the
complex modulus, is an imaginary number such that: G* = G’ + G” - i. The obtained shear stress is thus also
sinusoidal.
On the one hand the real part of G*, which is defined as the storage modulus G, is in phase with the applied shear
strain. It indeed corresponds to the amount of energy that is mechanically stored in the sample by means of elastic
deformation. This modulus is related to the stiffness and the Young’s modulus! of the material.[34, 35]
On the other hand, the imaginary part of the complex modulus, which is defined as the loss modulus, is 90° out
of phase with the applied strain. It indeed corresponds to the amount of energy that is lost by viscous dissipation
within the sample. This modulus is mainly associated with internal friction.[34, 35]

Moreover, the phase lag § between the shear strain and shear stress and more particularly its tangent tand, called
G//
e
account for the dominance of elastic or viscous behavior depending on the value of tand: when tanéd > 1, the

the damping factor, is a measure of the mechanical damping of the sample. Indeed, as tand = it allows to
viscous component take precedence over the elastic one and inversely when tand < 1, the elastic component is
dominant.[35]
An illustration of the shear strain and the resulting stress as well as the phase lag between these two is proposed in
Figure 1.2.

Finally, the magnitude of the complex viscosity |n*|, which can also simply be referred to as viscosity 7, can be
defined as a measure of the resistance to deformation of a material at a particular shear rate since 7 = n - 4 and
can be expressed as a function of the moduli and the frequency f or angular frequency w in the following way:

| IG*| |G| VG?+G”

w 2 f w
The so-called steady viscosity is usually the value used to describe the viscoelastic behavior of polymer melts
and simply referred to as viscosity 7 in many cases. This steady viscosity is indeed the value of the viscosity at

small enough deformation rate 4 where the value of |n*| is constant.[36]

IThe Young’s modulus or the modulus of elasticity in tension or compression (i.e., negative tension), is a mechanical property that
measures the tensile or compressive stiffness of a solid material when the force is applied lengthwise. It quantifies the relationship
between tensile/compressive stress o (force per unit area) and axial strain e (proportional deformation) in the linear elastic region of a
material.[33]
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Figure 1.2: Phase lag § between the applied shear strain v and the resulting stress 7 related to polymer viscoelasticity
(as inspired from|[35]).

In addition to these viscoelastic properties, thermal transition can also be characterized. For instance, the
transition temperature T, can be measured by DMA and rheology. Ty is defined as the temperature at which the

mechanical properties of an elastomer change abruptly, marking the transition from rubbery to glassy state.[37]
Dynamic mechanical analysis

DMA involves imposing a cyclic deformation of small amplitude on a sample and measuring the resulting stress
response or equivalently imposing a cyclic stress and measuring the resulting strain response of the sample.[31] Due
to the difficulties related to hydrogel mechanical measurements, DMA is currently mostly used in combination with
thermal analysis in order to determine changes in glass transition temperature depending on the material compo-
sition. Compressive DMA is widely used to characterize materials which are more rigid than hydrogels but in the

present case, shear measurements are more appropriate.[32] However, bending and tensile tests are also possible.[27]

Oscillatory shear DMA provides information about dif-
ferent viscoelastic properties of the material such as the

storage and loss moduli, respectively G’ and G”, the damp-

ing factor tan § and the viscosity 1 but also the glass transi-
tion temperature 7. Once the sample, which has a partic-

ular shape depending on the device geometry and type of

test performed, is loaded, different so-called ‘sweep’ exper-
iments can be performed. Two of popular sweep tests are

amplitude sweep tests and frequency sweep tests, which re-

spectively characterize the material behavior as a function

of the shear amplitude and of the frequency. In each these Bample Samgls

cases, either a sinusoidal shear strain or stress is applied

on the samples that are sandwiched between static plates Static element Mobile element Static element

and a mobile plate. A schematic depiction of this system

is shown in Figure 1.3 Figure 1.3: Schematic depiction of the shear DMA
measurement.
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DMA experiments to investigate the behavior of the polymers as a function of temperature do not only provide
information on transition temperatures, for instance T, , but also allow to extend the experimental data far beyond
what is practicable thanks to the time-temperature superposition (TTS) principle. TTS stipulates that, by building
a master curve of the modulus values at a reference temperature, it is possible to determine the behavior a material
would have at very high or very low frequency, or equivalently after a very short or very long time. The curves of
the moduli at different temperatures are used to build the master curve: as a change in temperature only implies a
shift along the horizontal axis in the time domain, one can simply assemble the curves obtained from experiments
at various temperatures to get a global view of the behavior as a function of time for time ranges far beyond the
possible experimental time.[27, 35] An illustrative example of how the TTS principle is used in practice to extend

the experimental window is shown in Figure 1.4.
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Figure 1.4: Example of application of the time-temperature superposition (TTS) principle; experiments are per-
formed at different temperatures; results can be merged to determine the behavior outside the experimental win-
dow.[35]

Rheology

Rheology is very similar to shear DMA: indeed small

amplitude oscillatory shear tests are performed in the same Displacement

fashion except that the shear strain applied is angular and ; Mseigfl?erd
not linear. The same properties as for DMA are obtained ===H== [i Strain or
from rheological measurements (G', G”, n, tand, T,...), Non-Contact Rotation
establishing the relationship between deformation or flow Drag Cup

of the hydrogel and the applied stress.[30, 39] M(_)tor

A rheometer is composed of two parts: the lower part \ Applied

is static while the upper part is mobile. The two main AN Torque
geometries used to measure the viscoelastic properties of Sample (Stress)

the sample are either parallel disks are used on both parts
(plane-plane geometry) or a cone on the mobile part and a
disk on the static one (cone-plane geometry). Some more
complex geometries also exist but are more complex and

consequently less used and in more particular contexts.[39]
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Cone-plane geometries have the advantage to provide a con-

stant deformation rate but require prior knowledge about the sample properties to place the sample in the right
way using the appropriate amount of polymer. On the contrary, plane-plane geometry are easier to use but the
shear strain is not constant, meaning the sample is essentially deformed at the border and not in the center due
to the shear rate gradient.[36] The motor makes the upper part move in order to generate deformations of small
amplitude on the sample loaded between the planes or the cone and the plane. A schematic representation of a

rheometer is displayed in Figure 1.5.

Rheology measurements are appropriate mechanical characterization methods for hydrogels as they are quick,
require small samples and are able to detect changes in terms of architecture of the polymeric network, such as the

proximity to glass transition, structural heterogeneity or homogeneity or the degree of crosslinking.[39]

4 Agarose

Among hydrogels, polysaccharides meet many requirements needed when working in the biomedical field. Indeed,
these natural polymers are non-toxic, compatible with bioactive compounds and are relatively cheap. Using ionic
or other physical gelation methods, it is possible to avoid the use of chemical crosslinker which could potentially be

toxic and to work in mild conditions.[40]

In particular, agarose is a linear and neutral polysaccharide composed of alternating repeating units of (1—3)-
linked -D-galactopyranose and (1—4)-linked 3,6-anhydro-a-L-galactopyranose. The repeating disaccharide unit
composed of these two sugar cycles is called agarobiose; agarose is thus poly(agarobiose). Although agarose is
considered a neutral polymer, some repeating units are substituted with charged groups, mainly pyruvate and
sulfate but also methoxyl or glucoronate groups to a lesser extent.[41-44] The ideal molecular structure of agarose

is presented in Figure 1.6, without any substituting groups.
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Figure 1.6: Agarose molecular structure.[45]

4.1 Origin

Agarose is one of the two fractions extracted from agar, next to agaropectin which is a charged sulfonated polysac-
charide. Agarose is the subfraction of economic importance as it is the gelling component of agar and represents
from 50 to 90% of the total agar mass.[44]

Agar is obtained by extraction from red algae of the Rodophyceae class denominated as agarophytes. The genera

that are principally used are Gellidium (Figure 1.7(a)), Gracilaria (Figure 1.7(b)), Acanthopeltis, Ceranium (Figure
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1.7(c)), Pterocladia or Campylaephora (Figure 1.7(d)). Actually agar is a constituent of the outermost portions of
the cell wall of the algae cells or of their intercellular matrix. Isolation of agar is usually performed in several steps.
First, the alga is boiled in water and then filtrated to get rid of particulates. Next, the filtered solution sets to a gel
which is then purified by freeze-thawing to remove any water-soluble impurities. Finally, agar is precipitated with
ethanol.

The final product is a polysaccharide complex, more precisely sulfonated galactan. The fractionation of agar into
agarose and agaropectin can be performed by acetylation of agar and subsequent treatment with chloroform[46],
polyethylene glycol (PEG) precipitation, diethylaminoethyl(DEAE)-cellulose chromatography, and PEG combined
with DEAE-cellulose chromatography.[43, 47, 48]
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Figure 1.7: Agarophytes from which agar can be extracted.[49]

4.2 Molecular and supramolecular structures

At high temperature, the agarose molecules adopt a random and stiff coil conformation.[42] Upon cooling, the coils
tend to order and form helices. They adopt a double helix conformation. When adopting this helicoidal conforma-
tion, a cavity is formed in-between the two molecular chains. It is large enough to accomodate small molecules such
as water without steric hindrance. Hydrogen bonding with water molecules is made possible by the lining of the
hydroxyl groups of the macromolecule in the cavity.[44] This conformation is only possible when the repeating units
are not substituted with charged groups such as pyruvate or sulfate. At substitution location, it is not possible
for the macromolecule to fold into an helical conformation owing to steric hindrance. Consequently, the chains
segment near substituted repeating units remain flexible in solution and are named kink segments. Thus, agarose
macromolecules are alternating chains of rigid helical segments and flexible kink segments, which makes them block
copolymers of rigid and flexible segments.[41] The substitution degree depends on the washing and isolation proce-

dures and is characterized by the electroendosmosis (EEO) which is a functional measure of the number of sulfate
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and pyruvate substituting groups. EEO has a quite important influence on the gel properties and on its structure.[50]

Thereafter, the helical segments aggregate, forming thick fiber bundles and microgel domains that are held
together thanks to hydrogen bonds between the helices, which makes agarose a physically crosslinked hydrogel.
In view of the supramolecular structure of agarose, the obtained gel is rigid and opaque. However, this structure
is very heterogeneous : large interstitial spaces are bonded by fibrous areas of variable density.[42, 51] Figure 1.8

shows a schematic representation of the arrangement detailed here above.

Figure 1.8: Formation of an agarose gel; transition a.: formation of double helices, strands exchange partners at
kinks (arrows); transition b.: higher order aggregation into fiber bundles. (Adaptation from Figure 2 of [43])

However, it is worth noting that the double helical structure of agarose chains is a controversial topic. Indeed, it
has been recently stated that the scattering diffraction patterns that were interpreted as a double helix conformation
could also be representative of a simple helix conformation, leading to the conclusion that there possibly exists more
simple helices than double helices in agarose gels. Moreover, some scientists state that there exists loose chains and

dangling chains in the polymer that do not contribute to the elasticity of the network.[52, 53]

4.3 Sol-Gel transition

The so-called Sol-Gel transition, meaning the transition of agarose gels from liquid solution to solid gel, is a complex
phenomenon. It is worth noting that agarose gels exhibit a significant degree of hysteresis between gelling on cooling

and melting on heating.[42] In other words, gelling and melting temperatures are different.[54]

According to Indovina et al. [55], it is likely that this transition has to be regarded as a two-step transition
mechanism. As explained above, one can look at the ordering of agarose at two different levels: the molecular level
and the supra-molecular one. Indovina et al. suggest that supra-molecular and molecular level transitions, meaning
order loss or reordering for each of those scales, are both thermally reversible processes but the supra-molecular
transition does not exhibit any thermal hysteresis, just a slow kinetics whereas the molecular transition exhibit a
large hysteresis and a fast kinetics. They worked with an agarose gel concentration of 2% w/v.

Consequently, when heating an agarose gel from its solid gel state to its liquid state, the loss of supra-molecular

order begins around 50 °C and it takes quite some time to loosen up the bundles while heating. At a certain
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temperature, usually around 80°C, the chains have enough energy to transition from helical to coil conformation.
This process is much faster than supra-molecular loss of order. Around this particular temperature, the remaining
supra-molecular order is lost and the molecular order is also quickly lost. The supra-molecular transition occurs
through a temperature interval that is greater by an order of magnitude in comparison to the interval needed for
molecular transition (AT erecuiar ~ 5°C as compared t0 ATsyprqa—motecular ~ D0°C). This process can be identified
as melting and the temperature at which the hydrogel flows, defined as the melting temperature T;,, is the tem-
perature at which both orders are lost and the molecules adopt a random coil conformation.

Gelling upon cooling can also be explained following the same idea: first the helices are forming very fast when
cooling the material below T},,, the molecular order is then recovered. Afterwards, the supra-molecular order takes
time to establish upon cooling, even though the helices needed to form the bundles are available, due to its slower
kinetics. The gelling temperature can thus be defined as the temperature at which both molecular and supra-
molecular orders are recovered, which is around 50°C for 2% w/v agarose gels.

Since the double helical conformation of agarose molecules is a much-debated subject, this model has to be taken
with caution. Actually, just as the structure of agarose molecule is a controversial topic, the Sol-Gel transition is a

contentious issue.

More recently, Dai et al. [56] studied the gelation mechanism and the molecular interactions in agarose gels by
means of Hydrogen NMR. They concluded that the helices formed by agarose, whether they would be single or
double helices, aggregate progressively upon cooling. The setting temperature, which is an other term to name the
gelling temperature, corresponds approximately to the moment when half of the agarose chains would form fibrous
bundles so that the gel becomes rigid and turbid. The further one cools, the more the chains would aggregate. A
schematic representation of this hypothetical process of Sol-Gel transition and the associated molecular interactions

is represented in Figure 1.9.
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Figure 1.9: Schematic representation of the gellation mechanism of agarose gels at different stages upon cooling.[56]

4.4 Factors influencing agarose gel properties

Agarose gel properties are dependent on many different factors such as agarose concentration in solution, ageing
influence [42, 50], cooling rate [57-59], EEO [43, 47, 50], solvent nature [59], the degree of methylation of the chains
[50], as well as the shear rate applied upon gelation [58] which influence the viscoelastic and architectural properties

of the gels. In this section, we will mainly focus on the influence of concentration and ageing.
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Concentration

The concentration in agarose influences various properties of agarose gels.

To begin with, the gelling temperature as well as the melting temperature show a concentration dependence.
Indeed both of these characteristic temperatures increase with concentration. For example, the setting of a 2% w/v
agarose gel, which is associated to a sharp increase of viscosity upon cooling, occurs at 33°C while it occurs at 27°C
for a 0.5% w/v gel. This faster gelation is attributable to the presence of a higher number of molecules in the most
concentrated solution as compared to the lowest.[58] Considering melting, as the size of the organized regions is
greater for higher concentrations and as the melting temperature T;, increases with the size of ordered regions in
the polymer, T}, increases with concentration. The concentration dependence is most significant for concentrations
below 1% w/v. Consequently, it is possible to take advantage of this influence to tune the setting and melting

temperatures of a gel by simply varying agarose concentration.[50, 58]

In the second place, concentration variations change the viscoelastic properties of the gel. As a matter of fact,
higher concentrations yield to higher viscosity as well as higher storage and loss moduli. The latter increase linearly
with concentration, probably due to the enhancement of interactions induced by an increase in gel concentration.[58]
Another viscoelastic property of agarose gel that is affected by the concentration is the gel strength. This property
is defined as the force, expressed in g.cm~2, that must be applied to an agarose gel to cause its fracture.[50, 54] It

actually also increases with concentration.[60]

Finally, the porous structure which is a distinctive feature of agarose gels also varies with concentration. Indeed,
the average pore size decreases when concentration increases. This is mainly due to the increase in packing density
as well as in the degree of network in high concentration solution compared to lower concentrations. This density
actually is related to the gel strength treated here above: the denser the packing, the higher the gel strength.[58]
The resulting pore diameter distribution exhibits not only a mean shift but also a change in distribution width: in
solutions of lower concentration, the pore diameters are much more variable than what they are in more concentrate
solutions.[61] Hlustrative SEM images of dried agarose gel microstructures and the distribution of pore size for
different concentrations are presented in Figure 1.10 and 1.11 respectively. It also has to be mentioned that the

swelling capacity of agarose increases with concentration. [58]

(a) agarose 0.5% w/v (b) agarose 2% w/v

Figure 1.10: SEM images of freeze dried fluid gels prepared with different agarose concentrations. Yellow scale bars
are 10 pm.[58]
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Figure 1.11: Pore diameter (a) evolution distributions for various agarose concentrations.[61]

Ageing

The changes due to ageing of the gel can be caused by different phenomena.

First of all, the gel strength of the gel decreases over storage time due to the spontaneous hydrolysis of the
polysaccharide chains. This phenomenon is mainly observed after five years from manufacturing.[50]
Besides hydrolysis, changes in terms of microstructure in a much shorter period of time occur. Upon ageing, the
extensive aggregation of the chains to the fibrous bundles is believed to considerably decrease the concentration of
solute chains as well as the number of very loose aggregates.[42] This contraction of the network results in a larger

mesh size. A schematic representation of this phenomenon is shown in Figure 1.12.

il

3 days 7 days
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Figure 1.12: Schematic representation of the conformation evolution of agarose networks induced by ageing (Adap-
tation of Figure 9 of[42]).

4.5 Agarose use for bacterial culture

Agarose is widely used in the biomedical and biotechnology fields. From tissue engineering [14, 62] to separation

techniques for DNA or for proteins [42, 56, 63, 64] to food industrial applications [58] and even drug delivery [65],
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agarose is a quite commonly used hydrogel for various purposes.[66] Notwithstanding, agarose is the most frequent
gelled substrate for bacterial culture. [14] Indeed, in addition to being biocompatible and porous, it is inert to
bacterial enzymatic degradation (with rare exceptions), keeps its gelled structure in the temperature range used
for bacterial cell culture and through its high water content, it allows to maintain hydration of the microorganisms
it comes in contact with. [11] Moreover, agarose is sometimes preferred to agar as agarose is purified agar gelling
component.

For these reasons, agarose will be used as gelled medium for bacterial cell culture in solid medium in the framework

of this report.

5 Bacteria growth in hydrogels

5.1 Overview

As above mentioned, agar and its purified form agarose are hydrogels that are extensively used in the framework of
bacterial cell cultures to obtain culture media prepared combining these hydrated polymeric network in combination
with nutrient-rich liquid to allow for microbial culture. However, these materials are not the only hydrogels used in
combination with bacteria. Hydrogel-bacteria systems can have purposes as various as treatment of infections by
other microorganisms [67], wastewater treatment [68] or biofilm modelling [69-73]. In all those systems, the cells

are usually encapsulated, entrapped or even immobilized in or on the hydrogels.

On the one hand, the most commonly used hydrogels are prepared from alginate [70, 74], agarose [11, 75-77] and

polyacrylamides [78, 79], but some other polymeric gels such as hyaluronic acid [80], extracellular matrix (ECM)
hydrogels from animal origin [81], chitosan [69, 71] or synthetic polymers such as waterborn polyurethane [68],
poly(ethylene glycol) diacrylate (PEGDA) [82] and Pluronic F-127 (Poly(ethylene oxide)-poly(propylene oxide)-
poly(ethylene oxide)) [67] can also serve as support for applications involving bacterial cells.
On the other hand, a large variety of bacteria were used in those systems, depending on the aim of the final product.
Here is a non-exhaustive list of examples: S. epidermidis [69, 78, 83, 84], S. aureus [74], Escherichia coli (E. Coli)
(13, 76, 78, 79, 84], Bacillus subtilis (B. subtilis) [67, 78], Pseudomonas aeruginosa (P. aeruginosa) [78, 82, 84],
Rhodobacter johrii which are photosynthetic bacteria[81], Lactobacillus spp. [85] and many other bacteria.

Given the number of possible species and polymers combination that could be used for hydrogel-bacteria sys-
tems, only a few examples will be presented to give a global view of the versatility of such systems. First, Dong
et al. [68] developed a system composed of nitrifying bacteria entrapped in a waterborn polyurethane gel for the
purpose of waste water treatment to get rid of ammonia. Second, Zhao et al. [81] engineered a system composed
of photosynthetic bacteria (Rhodobacter johrii) in a matrix of ECM hydrogel to facilitate the healing of wounds
infected by other microorganisms. In the same perspective, Lufton et al. [67] had in mind to develop a thermore-
sponsive gel with B. subtilis in order to treat fungal infections related to the presence of Candida albicans. The gel
containing the bacteria would in this case solidify when administrated on the skin to take advantage of bacterial
antifungal properties. Finally, in the framework of research and understanding of bacterial biofilms, many combi-
nations of hydrogels and bacteria are currently used to build artificial biofilm models. This particular application

of hydrogel-bacteria systems will be discussed further in the following section.

It has to be noted that different techniques are used to engineer the products. In the recent years, bioprinting

has aroused a tremendous interest in the biomedical and biotechnology fields in general. In this context, different
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living systems have been produced using inks that contain both hydrogel and bacteria, referred to as bioinks.[13]

5.2 Biofilm models

Biofilm growth mode is the typical growth mode of bacteria in nature as it confers a plethora of advantages as
already described above for S. epidermidis by way of example. For instance other bacterial strain and species such
as S. aureus and P. aeruginosa, are able to form biofilms, which are defined as surface-attached microbial com-
munities surrounded by a self-produced exopolymer matrix.[12] The latter are representing a challenge as already
discussed for S. epidermidis. In order to overcome the problems caused by resistant infections caused by biofilms,
it is necessary to understand the complex mechanisms underlying these biofilms, especially how this complex gelled
environment allows bacteria survival, development and resistance for instance. In order to do so, an effort has been
made to engineer artificial biofilm models to mimic the behavior of cells in a biofilm while precisely controlling
the properties of the surrounding polymeric matrix and other environmental factors to assess their roles in biofilm

formation and development.[73]

In that respect, several models have been conceived. For example, Strathmann et al. [73] proposed P. aeruginosa
biofilm model utilizing agarose beads to replace the extracellular polymeric substances (EPS) normally produced
by the microorganism itself upon biofilm formation. They manage to provide a protection similar to the one of EPS
in natural biofilms. The construct cell viability was similar to the one of natural systems.

Another system was designed by Stewart et al. [86] in order to assess Enterobacter aerogenes (E. aerogenes) biofilm
susceptibility to different biocides. In this framework, E. aerogenes were seeded in alginate gel beads, bringing to
light the influence of initial cell density as well as bead size on biofilm resistance to biocide by means of a precise

control of these parameters.

In general, bacteria in biofilm models are supplied with nutrients thanks to a continuous or intermittent liquid
flow in closed flow cells systems or in open-surface fluid flow reactors. The attraction forces between bacteria and
surfaces have to be greater than the shear forces exerted by the flow on the biofilm to ensure the survival of the
cells. Flow cells are especially useful to study the mechanisms underlying biofilm formation as well as their mor-
phology.[72, 87]

Apart from biofilm formation investigation, natural biofilms have exhibited great potential in other fields such as
fuel cells for power generation and biocatalysis. In this view it is also of great interest to mimic natural biofilms and
even optimize the obtained artificial system. Park et al. [71] for instance developed an artificial bioinspired biofilm
that allows to overcome challenges in terms of bacterial immobilization while taking advantage of the properties of

natural biofilms, without prejudice on cell viability.

5.3 Influence of the hydrogels properties on bacterial growth

As it has been widely acknowledged in the recent years, the properties of the substrate on which cells grow has a
very important impact on growth, metabolism and gene expression, whether it is for eukaryotic or bacterial cells.[78]
Many factors as diverse as hydrogel surface hydrophobicity and charge [88], the microstructure and composition of
the gel [73], hydrogel viscosity [74] and stiffness [11, 76, 78, 82, 83] can have a broad range of effects on the behavior

of bacterial cells.
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Gel viscoelastic properties

The viscoelastic mechanical properties of hydrogels have aroused a great deal of interest in the recent years due
to the changes in bacterial behavior they induce. Change in terms of stiffness, either obtained by variation of the
hydrogel concentration or of its composition, for instance its molar mass [11, 82] thus enable to tune the bacterial
growth, metabolism as well as their shape and material-cell and cell-to-cell interactions. For instance, viscosity has
proved to influence S. aureus entrapped in both sodium alginate and methylcellulose matrices, inducing differences
in terms of vancomycin resistance. The more viscous the matrix, the more resistant the colonies. This change in
susceptibility is believed to be related to the diffusion limitation, in the medium as well as in the biofilm, induced
by an increase in viscosity.[74]

Moreover, Blacutt et al. [82] highlighted that changes in gel stiffness could also have on influence on gene expression
in P. aeruginosa. In particular, the populations seeded on softer PEGDA showed more heterogeneity in terms of
adhesion while using stiffer gel, the population adhesion was quite homogeneous. Additionally, P. aeruginosa in
stiffer PEGDA gels expressed more strongly and rapidly a substance related to the transition from planktonic to
biofilm growth mode, strengthening the idea that hydrogel mechanics variation should induce changes in terms of

biofilm development dynamics.

In brief, the effect of the stiffness and viscosity on different microorganisms has been investigated combining
various hydrogels and bacteria. In the present report, efforts will be made to investigate the influence of the

viscoelastic properties of agarose media on S. epidermidis viability, growth as well as its metabolic activity.

6 Bacterial parameters

Various bacterial parameters can be measured to characterize the behavior of the cells. Among others, kinetics of

growth, growth mode, viability and metabolic activity are of particular interest.

6.1 Growth

Bacterial growth takes place in four successive phases.

First after the inoculation of the microorganisms in the medium, they need to adapt to the new conditions in which
they will grow. During this so-called lag-phase, division does not occur and the bacterial density remains the same.
Second, when the microbes are used to their environment, they start to actively divide and reproduce. The so-called
Log-phase or exponential phase is used to determine the growth rate of the microorganism p and their doubling
time t4 which is the time needed for the cell number to double, which is obviously related to the growth rate of the
microorganism.

Third, the culture enters the so-called stationary phase. During a quite long period of time, bacterial density remains
stable at high level. The reason why the density remains stable is related to the depletion in nutrients and/or the
formation of inhibitory products. Consequently, the microorganisms do not divide anymore which explains the
stability of the cell density.

Finally, since the lack of nutrients and the accumulation of eventual waste products get even worse with time, the
population starts to die. This death phase is characterized by a drop in terms of cell density.[89, 90] This four stage

growth is schematically represented in Figure 1.13.
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Figure 1.13: Phases in a bacterial culture (number of cells in logarithmic scale).[91]

Bacterial growth can be estimated using different measurements including Optical Density (OD) or nephelom-
etry, although OD is the most commonly used technique. In the particular case of bacteria that stably express
a fluorophore, the fluorescence intensity related to this fluorescent indicator is also used to get insight on their

development.[89]

Optical density

OD measurement is the most common technique used to monitor bacterial growth. Indeed, OD measurements
allow to get insight on bacteria concentration. Therefore, OD measurements over time allow to determine bacterial
growth. These measurements are performed with a spectrophotometer and correspond to the amount of light that
has been scattered when travelling through the sample. In the present case, the more microorganisms there are,
the higher the light scattering and thus the OD. A schematic representation of the setting and light scattering is
shown in Figure 1.14. Below a certain critical OD value, it exists a linear relationship between OD and the number
of cells. Above this value, which is often around 0.4, the relationship is not proportional anymore and a correction
is necessary to get a reliable information on bacterial growth. This proportionality and loss of proportionality is
shown in Figure 1.15.[89, 90]
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Figure 1.14: Schematic depiction of the spectrophotome-

ter measurement principle to assess bacterial concentra- Figure 1.15: OD deviation from proportionality to
tion.[90] the cell density above OD critical value.[90]

Nephelometry
Nepholometry is also based on the light scattering induced by the microorganisms, just as it is the case for OD
measurements, they allow to follow the concentration of microorganism in the sample over time, which enables to

follow its growth. However, instead of measuring the loss of transmission due to scattering as it is done in OD
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measurement, nephelometric methods directly detect the scattered light.[89] The detector is collecting scattered
light at a certain angle, which is usually 30 or 90°.[92, 93] Compared to OD measurement, this technique is more

sensitive and is consequently more suitable to suspensions with low bacteria density.[89]

Fluorescence intensity
If the considered bacterium stably expresses a fluorophore, for instance green fluorescent protein (GFP), it is possi-
ble to rely on the measured fluorescence to report microbial growth. Indeed, the fluorophore concentration and the
fluorescence intensity are proportional to one another, which allows to assess growth by measuring the fluorescence

intensity at a wavelength specific to the expressed fluorophore.[89]

It is worth noting that OD and nephelometry measurements can give different read-outs compared to fluorescence
intensity measurements. Indeed, all bacteria scatter light in a similar way, making OD and nephelometry suitable
techniques to quantitatively measure bacterial growth. However, the fluorescence intensity depends not only on the
number of bacteria in the sample but also on the ability of each cell to produce the fluorophore in a smaller or larger
amount. Since this fluorophore production capacity can vary from one cell to another, the fluorescence intensity is
not a quantitative measurement of the bacterial growth but rather of the bacterial growth as well as their ability

to produce the fluorescent molecule.

6.2 Morphology and growth mode

On the one hand, bacteria can grow either planktonically in liquid or immobilized as colonies, in biofilm for in-
stance. Biofilm growth mode is the typical growth mode of bacteria in nature as it confers a plethora of advantages
as already described above for S. epidermidis by way of example. Indeed, except when in laboratory conditions,
bacteria rarely find themselves in an environment that is as rich as a culture medium; in less-than-ideal con-
ditions, biofilm growth mode is thus favored.[94] When immobilized, bacteria grow differently compared to free
bacteria as they are physically constrained but also suffer from limitations in terms of nutrient diffusion in struc-
tured supports as compared to liquid culture environment. Their morphology as well as their gene expression vary
depending on the growth mode they adopt.[95, 96] It is thus of critical importance to assess the growth mode
to understand bacterial behavior. The techniques used to determine morphology as well as growth mode can be
microscopy techniques to allow for visualization of the microbial populations. Among non-destructive analytical
microscopic techniques, fluorescence microscopy techniques, namely epifluorescence microscopy and confocal laser
scanning microscopy (CLSM), are widely used to observe bacterial populations. In addition SEM enables to observe
fixed bacterial populations that are dead.[97, 98] In recent years, AFM also attracted a great deal of interest to im-

age bacterial cells in a non-destructive way. These four imaging techniques are described in more detail in the sequel.
Epifluorescence microscopy

Fluorescence microscopy is an optical microscopy technique in which fluorescence emission is used to image a
sample instead of or in combination with scattering, attenuation, absorption or reflection of light. In order to image
a specimen using fluorescence, the object of interest has to fluoresce. Fluorescence is indeed defined as the emission
of light that occurs extremely rapidly after absorption of light. The wavelengths of excitation and emission are
different, which is a phenomenon known as the Stokes shift. The excitation energy is greater than the emission
one as light energy is inevitably lost upon fluorescence process, the excitation wavelength is thus smaller than the

emission one. The fluorescent molecules used in those imagery techniques are called fluorophores.[99-101]
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Epifluorescence microscope is a quite simple set up that relies on fluorescence to generate an image. In this case,
the illumination of the sample is called epi-illumination as the light that illuminates the sample and excites the
fluorophores as well as the light emitted by the sample travel through the same objective lens, ’epi’ indeed stands
for ’same’. The objective thus does not only enable to image and magnify the specimen as it usually does but also
serves as the condenser that illuminates the specimen. Fluorophore excitation and emitted fluorescence detection
are done through the same light path. Typically, the epifluorescence microscopes are composed of a light source,
excitation and emission filters, a dichroic beamsplitter and a charge coupled device (CCD) camera. The light source
usually is a xenon arc or a mercury vapor lamp and more recently light emitting diodes (LEDs) which are more
powerful light sources. Filters are intended to select the appropriate wavelengths for both illumination/excitation
and emission, according to the considered fluorophore. Dichroic mirror or beamsplitter is used to reflect light beams
of smaller wavelengths while it transmits beam with greater wavelengths. The excitation light is thus reflected by
the mirror to illuminate the sample while the emission light is transmitted to the CCD camera, which in turn allows

to detect the emitted light and to obtain an image after computer data treatment.[99-102]
CLSM

Unlike wide-field fluorescence microscopy methods such as epifluorescence microscopy, confocal microscopy relies
on the use of pinholes to reject out-of-focus light and consequently improve the vertical resolution in comparison to
other optical fluorescence techniques. Indeed, in fluorescence microscopy, any fluorophore in the field of view will
be stimulated, even in the out-of-focus planes, which induces a blurring of the image if these data contribute to the
image. Rejection of out-of-focus light is achieved using illumination- and detection-side pinhole apertures in the
same conjugate image plane which is the reason why this technique is called 'confocal’. Furthermore, the illumina-
tion source is also different from the one used in wide-field techniques: in CLSM, lasers with precisely determined
wavelengths are used as light sources and are scanned over the surface. Thanks to this laser point-illumination and
the rejection of blurring effect related to out-of-focus light, CLSM is capable to get an even better vertical optical
resolution as well as a better contrast in comparison to other fluorescence microscopy techniques. Moreover, as
optical sectioning is provided by the confocal configuration, it allows for 3D reconstruction of the sample based on

high-resolution images stacks.[103-105]
SEM

Unlike the two previous imaging techniques, SEM
does not rely on fluorescence but uses electrons to ob-
tain an image of the sample. Indeed a focused electron
beam is used to scan the surface of the sample. By
interactions with the atoms of the sample, particular
signals are produced and provide information on the
sample composition (thanks to the electronic contrast)

and topography. Unlike CLSM and epifluorescence mi-

croscopy, SEM is a destructive imaging technique. In-

deed, the object to observe first require to be fixed, for ~ Figure 1.16: S. epidermidis biofilm on the plastic wall of
instance by dehydration and even sometimes metalliza- a transfusion bag; bar: 5 ym.[106]
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tion or cryogenization (cryo-SEM).[107] This technique is thus especially suited to visualize the external morphology
of bacterial cells, showing the specimen as a 3D object. Many different techniques can be used when considering
SEM imaging. For instance, conventional SEM for which the bacteria are fixed, dehydrated and dried before imag-
ing, but also cryo-SEM for which bacteria are cryofixed and observed at very low temperatures, are widely used
techniques. Cryogenization or drying prevent the release of volatile compounds in the high vacuum chamber of the
SEM. According to the specimen at hand, the preparation technique is adapted to obtain the images of interest
whether it is to visualize external or internal compounds of the bacterial population.[106] On Figure 1.16, a SEM

image of a S. epidermidis biofilm is shown as way of example.
AFM

AFM is a powerful imaging technique that can be used on biological samples to obtain images at the nanometer
to micrometer scale under nondestructive conditions. The operating principle of AFM is the following: a very sharp
probe (tip) is mounted at one extremity of a cantilever with a precisely determined flexibility, the analyzed sample
surface is scanned with this tip and the deflections of the cantilever caused by the interaction between the probe
and the sample are detected by an optical detector. The detection is performed thanks to a laser beam that reflects
on the upper surface of the cantilever (that is coated with a reflecting material such as gold) and the changes of the
reflected beam are detected by means of a photodiode.[108, 109] A schematic depiction of this microscope is shown

in Figure 1.17.
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Figure 1.17: Scheme of the atomic force microscope. A sharp tip is scanned across a surface, and small deflections
in that tip are used to generate an image of the shape and contours of the sample. The laser does not penetrate
the sample and is used to detect deflections in the tip.[109]

In Figure 1.18, an example of topography image obtained by AFM is
shown for E. Coli, the achieved resolution is incredibly high and allows to
visualize nanometric features of the bacteria, for instance pili and flagella
of the latter. Nevertheless, AFM does not only allow to get insight on
the topography of a bacterial surface but also to detect some component
of the surface thanks to specific interactions between the latter and the

tip, which can be coated with a molecule showing a particular affinity for

the component of interest. The resulting interaction force between the

tip and the cell can be measured to obtain so-called force-maps.[110]
Figure 1.18: AFM image of E. coli strain

ZK1056 grown on a glass surface.[109]
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6.3 Viability and metabolic activity

Bacterial viability can be defined as the proportion of the cells that are capable to multiply after incubation in
standard microbiological conditions. Therefore, plate count techniques can be used to determine this bacterial
parameter. However, limitations to this definition and technique exist as some microorganisms are unculturable
under usual culture conditions while other are culturable in general but can be in a particular physiological state
in which they are viable or even active but nonculturable. To overcome these limitations, a number of methods
have been proposed to determine bacteria viability without any culturing step. Viability can be assessed relying on

various metabolic activities or on membrane integrity.[111]
Bacterial viability measured via Live/Dead kit:

Live/Dead viability kits contain two nucleic acid stains, SYTO-9 and propidium iodide, that have different
spectral characteristics, being respectively green- and red-fluorescent, as well as different bacteria cell penetration
abilities. Their use to assess bacteria viability consequently relies on membrane integrity. Indeed, the bacteria with
an intact cytoplasmic membrane appear green as SYTO-9 is able to penetrate the membrane, while the damaged
one appear fluorescent red, because propidium acid penetrates only these cells and SYTO-9 fluorescence is reduced
by the presence of both stains.[111, 112]

Bacterial respiration measured by 5-Cyano-2,3-ditolyl tetrazolium chloride reduction:

5-Cyano-2,3-ditolyl tetrazolium chloride (CTC) is reduced into insoluble red fluorescent formazan via the elec-
tron transport chain related to bacterial respiration. Consequently, the respiring cells contain red deposits and the
more rapidly they respire, the more formazan is formed, enabling to get a semi-quantitative estimate of the number

of respiring bacteria and to which extent they respire.[111, 113]
Bacterial viability measured by ChemChrome staining:

ChemChrome is a nonfluorescent dye that penetrates the bacterium and is cleaved by nonspecific esterases in
the cytoplasm, resulting in the release of a green fluorescent product: fluorescein. This stain is used in combination
with a red counterstain so that when dead cells with permeable membranes still contain active esterase they are
labelled by both dyes. As energy transfer increases the red fluorescence signal by transfer from fluorescein to coun-
terstain, the living cells are stained green only when esterase activity is normal and the membrane is not damaged.

Otherwise they appear red by counterstaining.[111, 114]
Metabolic activity measured by alamarBlue reduction:

AlamarBlue (AB) assay aims to quantitatively measure the proliferation of cells including bacteria. AB is the
commercial name under which the reagent used for so-called 'resazurin reduction tests’ is sold to assess cell growth
and metabolic activity. Resazurin is a blue nonfluorescent dye which is reduced to a pink and highly fluorescent
dye named resozurin when exposed to cellular activity. Unfortunately it is not known whether this reduction
occurs intracellularly, at the plasma membrane of even in the medium as a chemical reaction. AB assays have
many different benefits as compared to other techniques used to assess for growth and metabolic activity, may

they be conventional or radioactively-labelled incorporation assays. For instance, AB exhibits change in both color
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and fluorescence intensity upon reduction, so it is possible to chose between colorimetric or fluorescent detection
methods. Moreover, it is a water soluble molecule, which allows to get rid of any extraction step. Furthermore, the
reagent is stable and non-toxic to cells, which ensures minimal interference with bacterial metabolic pathways, but

it is also non-toxic to the technician, who will be able to work in a safer environment with less regulation.[115, 116]
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CHAPTER 2

Global Objective and Strategy

In light of the important role the human microbiota plays
on the health of its host, new therapeutic strategies have
emerged in recent years. Different products have been de-
signed to take advantage of the beneficial effects of microor-
ganisms to regulate the commensal population, whether it
is aiming to regulate gut, skin or mucosal microbiota com-
positions. As part of the development of these novel ther-
apeutic options to cure diseases such as acne vulgaris, the
encapsulation of S. epidermidis in a patch for the skin has
been proposed. The patch currently developed in our lab-
oratory is composed of a silicone support that is designed
with cavities to serve as containers for the bacteria and the
medium in which the latter grow. On top of the support,
a semi-permeable barrier is grafted to allow for the diffu-
sion of the metabolites of interest produced by the bacterial
strain while preventing S. epidermidis escape. Two differ-
ent barriers are considered: a polycarbonate membrane and
a polyacrylamide-agarose hydrogel layer. A schematic pre-
sentation of this construct and a picture of a prototype are

presented in Figure 2.1.

2T 4

Barrier preventing Beneficial bacterial
bacteria escape but secretions
allowing diffusion of secreted products controlling bacteria

Bacterial patches
with # barriers :

(a)Hydrogel layer
(Polyacrylamide-agarose)

(b) Polycarbonate
membrane

R

Figure 2.1: Schematic depiction of the patch designed
to heal dermatological diseases related to skin dys-
biosis, allowing for the diffusion of secreted molecules
of interest while preventing bacteria escape thanks to
a semi-permeable membrane (polyacrylamide-agarose
hydrogel layer or polycarbonate membrane).

As the medium should stay in place in the patch wells, the use of gelled medium is appropriate to prevent the

nutrient-rich material containing the microorganisms to flow out of the construct. Encapsulation in the patch is

critical on two aspects: it would on the one hand prevent any possible infection related to S. epidermidis, for which

some strains are well-known opportunistic pathogens in particular conditions, and it would on the other hand allow

to get a better control on the growth kinetics of the bacteria, their viability as well as their metabolic activity. Such

a construct would ideally maintain cellular growth in a closed system to prevent uncontrolled bacteria proliferation
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while taking advantage of the benefits offered by the agents secreted by the microorganism.

In order to maintain the viability of cells over the time as well as their metabolic activity of interest, one should
provide nutrients and a proper environment to the microorganism. Indeed, as mentioned in the previous section,
environmental factors, including medium characteristics, can have diverse effects on the behavior of the bacteria,

including growth, viability as well as metabolic activity.

In that respect, it is critical to optimize the medium in which the microorganisms grow in the construct. Since
the mechanical properties of the medium in which bacteria grow has been demonstrated to have an important
influence on the bacterial behavior, the optimization of the latter to maintain the bacterial activity of interest is
critical. However, the influence of these material properties on the general behavior of the cells, namely growth
and metabolic activity, should be investigated first. In this view, we will investigate the influence of the mechanical
properties of gelled media on the latter, using agarose as gelled medium, in the present report. In order to obtain
gels with different mechanical properties, we decided to play on two parameters. On the one hand, the variation in
terms of agarose concentration was used to tune the stiffness and the viscosity. On the other hand, various gelled
media with different agarose types were studied. These agarose differed greatly in gel strength. Aiming to elucidate

the link between the medium viscoelastic properties and S. epidermidis behavior, we proceeded in two distinct steps.

First, we need to determine the mechanical properties of the agarose hydrogels that we plan to use as media for
S. epidermidis in the patch. As mentioned in Chapter 1, different parameters exist to characterize the viscoelastic
properties of hydrogels such as the storage and loss moduli, the damping factor as well as the viscosity of each em-
ployed gel. In this master thesis, two characterization techniques have been selected to investigate these materials
properties: DMA and rheology. One or the other technique has been used depending on the characteristics of the
tested gel sample.

Second, we need to assess different bacteria behavior parameters such as growth, growth mode and metabolic
activity when bacteria are seeded and grown in the previously characterized gelled media. It is worth noting that
the bacteria are embedded in the gels and not on their surface. As explained earlier, different techniques allow to
get measurements related to different properties of a bacterial culture. In the case at hand, the bacteria we used
were modified by genetic engineering to express plasmidic genes and subsequently produce GFP. Thanks to this
feature, fluorescence measurements will be used to quantify cell growth and viability in a 96-well microplate for
periods of 24 h. Moreover, epifluorescence microscopy as well as confocal microscopy are useful tools to assess the

growth mode. Additionally, metabolic activity was quantified by measuring the fluorescence related to AB reduction.
Lastly, the information obtained in the materials characterization and in the bacterial parameters measurements

are combined so as to endeavor to establish the possible trends connecting agarose gel mechanical properties and

the subsequent bacterial activity in the medium or possibly related to other parameters.

32



CHAPTER 3

Characterization of agarose hydrogels

This chapter aims to describe in details the preparation of culture media containing agarose as gelling agent as
well as their mechanical characterization. The prepared gels contain various amounts and types of agarose. Two
characterization techniques were used to determine the viscoelastic properties of the gels. One or the other was

selected depending on the characteristics of the gelled sample at hand.

1 Objective and strategy

As a reminder, the aim of this master thesis is to investigate the influence of the mechanical properties of the gelled
culture medium on growth and activity of a bacterial population of S. epidermidis.

For this purpose gelled media with various mechanical properties must be prepared in the first instance. In order
for the hydrogel properties to vary, two distinct parameters influencing the latter were played with: agarose con-

centration and agarose gel strength.

On the one hand, agarose concentration is known to influence the mechanical properties of the material[58] (cfr.
Section 4.4 of Chapter 1). Therefore, gels with various concentrations of the same agarose type where prepared to
tune the mechanical properties.

On the other hand, the gel strength of a gel is defined as the “force that must be applied to a gel to cause it to
fracture”[54], actually corresponding to the yield stress to be more accurate; it is therefore a mechanical property
in itself. Hence, using agarose with different gel strengths enables to prepare agarose gels with variable mechanical

properties.

In the second instance, the prepared media have to be characterized. The most relevant properties to determine
for agarose gels are viscoelastic properties such as the storage and loss moduli, respectively G’ and G”, the damping
factor tan § as well as the viscosity n. These data enable to identify the moduli related to either the elastic energy
component of the polymer or its viscous energy component but also to quantify the prevalence of one or the other

previously mentioned energies and the resistance to flow the gel exhibits.
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To perform this characterization, different techniques are available as described in Section 3.3 of Chapter 1. In the
framework of this report, DMA as well as rheology were used depending on the characteristics of the tested sample.
The most rigid gel was tested using DMA as this technique is more suited to gels exhibiting a more or less solid-like
behavior while the softer ones were tested using rheology as they were more ”liquid” and thus more prone to be
tested using a rheometer as compared to DMA. In both cases, amplitude as well as frequency sweep tests were
performed to determine the evolution of the above-mentioned properties as a function of the applied shear strain

as well as a function of the frequency at which the oscillatory deformation is applied.

2 Materials

Agaroses: Four different agaroses were purchased from Sigma-Aldrich, their characteristics are summarized in
Table 3.1.

Sulfat Gel st th Gel int Melti
Reference Description utate ¢ streng ¢ pom eng EEO
content (g.cm~2) (°C) point (°C)
A se T I-B > 1800 at 1.0
A0576 garone “ype <0129 | 21800t LO% o) 5 at 15% | 8622.0 <0.12
Low EEO > 3200 at 1.5%
A T II-A
A9918 garose Lype <0.25% | >1000 at 1.0% | 36:£1.5 at 1.5% | 87+1.5 0.16-0.19
Medium EEO
A T VII
A4018 garose Lype <0.10% | > 200 at 1.0% | 26-30 at 1.5% | < 65 <0.10
Low Gelling Temperature
Agarose Type IX
A5030 Ultra-low Gelling <0.10% | > 75 at 2.0% 8-17 at 0.8% <50 < 0.05
Temperature

Table 3.1: Characteristics of the agaroses used in this experiment.[54]
Broth: Dehydrated Nutrient Broth (BD234000) was purchased from BD Bioscience.

Water: Milli-Q water, also known as ultrapure water, was obtained from a Merck Millipore system. It was

characterized by a resistivity of 18.2 MQ-cm.

3 Protocols

3.1 (el preparation

Eleven different 25 mL agarose solutions were prepared. First, following manufacturer’s specifications, 0.2 g of
dehydrated broth was put in each of the eleven 25 mL glass bottles used to contain the solutions. Thereafter, the
appropriate amount and type of agarose powder was poured into the appropriate bottle (cfr. Table 3.2).

The nomenclature used to name agarose solutions and gels in this work is defined as: 'x%_GSy’; with x the
concentration w/v of agarose in the solution and y representing the gel strength ordered by decreasing order. GS1

gel thus exhibits the highest gel strength whereas GS4 exhibits the lowest gel strength.
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Solution name Description Agarose type Weight (g)
for 25 mL of gel
3.0%_GS2 Agarose A9918 3.0% A9918 0.75
1.0%_GS1 Agarose A0576 1.0% A0576 0.25
1.0%_GS2 Agarose A9918 1.0% A9918 0.25
1.0%_GS3 Agarose A4018 1.0% A4018 0.25
1.0%_GS4 Agarose A5030 1.0% A5030 0.25
0.5%_GS1 Agarose A0576 0.5% A0576 0.125
0.5%_GS2 Agarose A9918 0.5% A9918 0.125
0.5%_GS3 Agarose A4018 0.5% A4018 0.125
0.5%_GS4 Agarose A5030 0.5% A5030 0.125
0.3%_GS2 Agarose A9918 0.3% A9918 0.075

Table 3.2: Summary table of the agarose amount and type used to prepare the gels.

In each bottle, 25 mL of MilliQ water was then added.

Since the tested gels are intended for bacteria culture, to work in the same conditions as the ones they will
be prepared for further experimentation, the solutions were autoclaved. During the autoclave cycle, the agarose
powder solubilized in water thanks to the high temperature required for sterilization. Afterward, 8 mL of each of the
solution was casted in round Petri dishes and once the gels were solid, the Petri dish was closed, sealed with Parafilm
and placed upside down in the refrigerator at 4 °C, preventing dehydration of the sample as well as condensation at
its free surface. However, solutions 0.5%_GS4 and 0.3%_GS2 should not be turned upside down since the gels are not

rigid enough to adhere on the Petri dish and subsequently flow. They still required to be sealed to avoid dehydration.

It is worth noting that not all gels were prepared on the same day. Indeed, the mechanical characterization of
the gels was performed on fresh samples, meaning from just after gelation up to one day later. The preparation
of the gels was planned according to the time needed to perform the tests while ensuring sample freshness during

characterization.

3.2 Mechanical characterization

Even if rheology and shear DMA are different characterization techniques, the types of test performed in this work
rely on the same principles for both of them. As a first step, the viscoelastic response of the gel is measured as a
function of shear strain amplitude during a so-called amplitude sweep (AS) test and as a second step as a function

of the deformation frequency during a so-called frequency sweep (FS) test.

Firstly, AS tests were performed by imposing shear strain or stress to scan a defined amplitude range while the
frequency of deformation was kept constant throughout the test. The principal aim of AS tests is to determine
where the linear viscoelastic region (LVER) takes place. LVER is defined as the shear amplitude range during which
the storage and loss moduli, G’ and G”, are strain-independent.[60] It was important to determine this region as it

is mandatory to perform FS tests in the LVER.

Secondly, F'S tests were performed at a fixed shear strain amplitude, which was selected according to the previous
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test’s results to be in the LVER. This time, it is a frequency range that is scanned throughout the test. This kind of
test allows to get an insight on the evolution of the moduli or the viscosity as a function of deformation frequency

and consequently as a function of time since time is directly related to the frequency.

Rheology

The rheological tests were performed using a Kinexus Pro rheometer and the associated software Kinexus rSpace
(Malvern Instruments GmbH; Herrenberg, Germany) using a plane-plane geometry. Indeed a cone-plane geometry
would require prior knowledge of many properties of the sample which are not available per se for the ones at
hand. Rheology measurements are particularly suited to the characterization of soft gels. As a result, most of
the gels were tested using rheology with the exception of 3%_GS2 gel which was too solid to be tested using a
rheometer: the water released from the agarose gel when compressed formed a lubrication layer, resulting in the

sliding of the sample between the plates and consequently in the inability to measure the viscoelastic properties.[117]

First and foremost, the rheometer was connected to an air supply, switched on and it performed its calibration
without any loaded geometry or sample. Once the calibration was done, the upper plate was loaded (plane circular
plate, @ 25 mm), identified by the rheometer and the zero gap was performed to define the exact distance between
the upper and bottom plates for the following measurements. Once all calibrations were done, the sample was
loaded between the two plates. The sample was cut using a circular piece cutter () 25 mm) and placed in the center
of the bottom plate. The upper plate was lowered gently until the sample was sandwiched between the plates and
the contact force became non zero (~ 4-6 N), which usually corresponds to a gap between 1 mm and 1.5 mm. To
allow force relaxation before performing the tests, one waited until the contact force was smaller than 1N. In the
meantime, the excess gel was removed using a brass spatula and the gutter was filled with water to avoid sample
dehydration during measurement. Once relaxation was achieved, the oven of the rheometer was closed: the setting
was ready to launch an experiment. The placement of the sample is critical and must be done with the utmost

care.

In the first instance, AS tests were performed with the parameters listed in Table 3.3. Two successive AS tests
were performed going from the smallest strain to the largest and then in the other way around. This process allows
to spot possible hysteresis which would account for the destruction of the (micro)structure of the sample, rendering

further measurements on the latter erroneous.

Mode Frequency Initial shear Final shear Temperature
(rad/s) deformation (%) | deformation (%) (°C)
AS1 | Strain control 1 0.001 5 25
AS2 | Strain control 1 5 0.001 25

Table 3.3: Parameters of the amplitude sweep (AS) tests performed with Kinexus Pro.

Based on the results of the AS test, if no hysteresis was observed, the upper limit of the LVER was determined

for further characterization.

In the second instance, FS tests were performed with parameters listed in Table 3.4. The strain amplitude had

been determined thanks to previous AS testing and was for each gel in the LVER.
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Mod Initial frequency | Final frequency Shear Temperature
ode

(rad/s) (rad/s) deformation (%) (°C)
FS | Strain control 100 0.1 0.1 25

Table 3.4: Parameters of the frequency sweep (FS) tests performed with Kinexus Pro.

Once both tests were completed, the oven was opened, the gap was set to 10 cm and the sample was removed.

The plates were cleaned with Kimtech tissues and water and subsequently dried with acetone.

This procedure, including sample placement, AS test, F'S test and sample removal was repeated 2 to 3 times
for each agarose gel. The data obtained from these tests were analyzed using Excel, determining the mean and
standard deviation for each test type (AS or FS). The steady viscosity was determined by calculation of the average
of the viscosity values in LVER for AS tests.

Shear DMA

The DMA tests were performed using a DMA/SDTA861°¢ (Mettler Toledo GmbH; Schwerzenbach, Switzerland) in
combination with the STAR® software in shear liquid mode. Since DMA shear tests are suitable for gels that are
almost solid, only 3%_GS2 gel was tested using DMA. The clamp used in this case was a special shear clamp for
low-viscosity liquids, which is shown in Figure 3.1(a). The names of the different parts of the clamp will be referred
to thereafter for sample placement description. The clamp loaded with the sample was placed in the system already
described in Chapter 1 and is represented on Figure 3.1(b), where the central clamp holder is mobile while the

external ones are fixed.

2 Sample supports
End disk
Hole for SDTA thermocouple
Torx screw for SDTA thermocouple

Guide holes
Guide pins Displacement sensor core

Distance screws Clamp holder, fixed part

1,

3

4

5

6 Tapped holes
7

8

a

b Tapped holes for distance screws
c

Clamp holder, movable part

W N =

Clamp identification number Drive shaft

(a) Special shear clamp for low-viscosity liquids. (b) Assembled small clamping assembly.

Figure 3.1: Shear liquid system elements.[118]

The samples were cut into circles of 8 mm diameter using a piece cutter. In the case of shear DMA, the sample
dimensions had to be exactly known as the measurement of the viscoelastic properties relies on a geometric factor
which obviously depends on the sample dimensions, namely the circle diameter and the sample thickness.

Just as for rheological measurements, AS were performed to determine the LVER and consequently chose the pa-
rameters for the FS test. In this case, the measurements were controlled using the force and not the strain, which
ensured that an erroneous measurement in strain amplitude does not end up in sample destruction. The shear

strain amplitude and the force associated to it were usually determined on the basis of a plot of the force as a
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function of deformation obtained during the AS test. The strain limit of the LVER was assessed to be the value
above which the relationship between the force and the deformation was not linear anymore. The associated force

value was slightly decreased and used to perform FS tests in LVER, while ensuring force control mode.

First and foremost, two samples of the same gel were cut and placed on the clamp. For this purpose, the clamp
was split open: the external sample support, maintained by the guided pins pointing upwards, was loaded with one
sample. The sample was placed as precisely as possible in the center of the support. The central sample support
was then placed on top of the assembly using the guide holes to place the guide pins. The other sample was placed
in the center of the latter. The end disk was then put on top of the assembly and the screws were tightened.
Unfortunately, it was not possible to tighten the screw exactly the same way for each test as the minimal couple of
the dynamometric screwdriver was too large to ensure sample integrity. The screws were tightened enough to hold
the sample but not to squeeze it too much, at the risk of having the mechanical properties altered. Once the clamp
was screwed in place, the exact thickness of the sample was measured using a caliper and the clamp was placed in
the DMA chamber on the support. The central sample support was aligned with the mobile holder and then the
four corner screws as well as one on the mobile element of the support tightened with a dynamometric screwdriver
to allow for guide pins removal. An example of a step-by-step guide for sample placement is shown in Figure 3.2

(note that in our case the gels were already solidified compared to the one used in the example).

Figure 3.2: Sample placement on the shear clamp used for DMA measurements.[118]

Once the sample was set in place, AS was performed in the first instance. The parameters used to perform the

AS test are summarized in Table 3.5. When using DMA| one had to specify the linear deformation quantitatively

shear deformation [pm)]

(in pm) instead of relatively (in %). The relative strain was thus defined as: shear strain [%] = “Z 0= Tor [om] -
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In view of that, the initial and final shear strain were respectively 0.001% and 1%.

Mod Initial shear Final shear Frequency | Temperature
ode

deformation (um) | deformation (um) (Hz) (°C)
AS | Force control 0.08 80 1 25

Table 3.5: Parameters of the amplitude sweep tests performed with DMA /SDTAg61¢.

According to the results of the AS test, the force to apply during the FS test was determined following the

principle explained here above.

In the second instance F'S tests were performed using parameters summarized in Table 3.6.

Mod Maximal shear Maximal Initial Final Temperature
ode

deformation (um) | force (N) | frequency (Hz) | frequency (Hz) (°C)
FS | Force control 20 0.15 120 0.1 25

Table 3.6: Parameters of the frequency sweep tests performed with DMA /SDTASg61¢.

Once the tests had been successfully performed, the clamp was removed: the guide pins were inserted in the
guide holes, the screws on the support were loosened and the clamp was gently removed from the clamp holder
system. The clamp was then split open and the sample was removed from the sample support. The surfaces in

contact with the sample were cleaned with water and dried using acetone.

This protocol was repeated three times for the gel.

4 Results and discussion

In this section, a focus on different viscoelastic properties of the agarose gels is proposed. In particular, the storage
and loss moduli, respectively G’ and G”, the damping factor tan § and the viscosity i are compared among gels with
variable concentrations and properties to identify the differences between those gels as a function of their agarose
composition. As a reminder, the principles laying behind these viscoelastic properties were introduced in Section
3.3 of Chapter 1.

The measurements obtained either by DMA or rheology were globally reproducible, giving values in the same
order of magnitude for each test and property that was measured multiple times. However, the measurements using
the rheometer with very small deformation amplitudes were very noisy due to the fact that the minimal torque
of the Kinexus is greater than the torque it should measure at such small deformation. The data for very small

deformations in rheological measurements were consequently not reliable.

4.1 Influence of the concentration on the viscoelastic properties

In this part of the report, the results of the comparison between gels prepared with different concentrations in
agarose A9918 (GS2) are presented.
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Moduli G’ and G”

In the first instance, AS tests were performed to determine the LVER and to assess for any possible destruction of
the (micro)structure of the material for samples tested using the rheometer. For each of these gels, no hysteresis
is observed following the first AS test, the integrity of material is thus conserved during the rheological tests. A
representative example of the results is shown in Figure 3.3. The selected shear strain amplitude used to perform
the subsequent FS tests is 0.1% since every gel that was rheologically tested was in LVER for this strain value. As
already mentioned above, measurements for very small deformation amplitude were very noisy as it can be seen in

the figure, making them unreliable.
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Figure 3.3: Results of two successive AS tests for a 1%_GS2 gel.

Based on the graphs shown in Figure 3.4, one sees that the higher the agarose concentration, the greater the
value of both the storage and loss moduli in the LVER, which highlights the fact that an increase in G* occurs
when increasing agarose concentration. In addition to that, the strain at which the material enters the non-linear
viscoelastic regime, called the LVER limit, gets smaller as the concentration increases as it can be observed when
comparing the results obtained by rheology. Indeed, the drop of G’ occurs at a lower strain amplitude for a 1.0%
concentration as compared to a 0.5% and this difference is also encountered when comparing concentrations of 0.5%
and 0.3% although it is less marked than for the previous ones. It is worth noting that the comparison of the LVER,
limit between DMA and rheology results would not make any sense as the shear strains, respectively linear and
angular, are different. Finally, the yield strain, which is defined as the critical strain value at which G’ and G”
cross-over, thus representing the transition from elastic to viscous dominance, follows the same trend as the LVER
limit: an increase in concentration induces a decrease in terms of yield strain.

These trends were already observed in other works, for instance, Bertasa et al. [60] also deduced that for agar gels,
when increasing concentration, the moduli increase while the LVER strain limit as well as the yield strain decrease.
The increase in terms of moduli is probably related to the increase in crosslinking density related to concentration
influence, as already mentioned in Section 4.4 of Chapter 1. This change in terms of ordering in the network would
confer enhanced mechanical properties, making it more stiff. The mean and standard deviation of the modulus
values G’ and G are computed in the LVER for all concentrations and presented in Figure 3.5. The modulus
enhancement along concentration increase is confirmed by this histogram representation of the mean moduli in

LVER.
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Figure 3.4: Storage and loss moduli obtained from AS tests for agarose gels prepared at various agarose con-
centrations, either by DMA (right) or rheology (left) measurements. Note that the strain for DMA and rheology
experiments is different so only the general behavior of the red curve should be compared to rheology measurements.
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Figure 3.5: Mean storage and loss moduli computed based on the results from amplitude sweep (AS) tests in the
linear viscoelastic region (LVER) for agarose gels prepared at various concentrations.

In the second instance, FS tests were performed to determine the frequency dependence of the moduli. The
results are presented in Figure 3.6. Globally, the higher the agarose concentration, the greater the value of both the
storage and loss moduli, just as it was already mentioned for the modulus values in LVER in AS tests. Furthermore,
the storage moduli are consistently superior to their associated loss moduli, which once again accounts for the elastic
dominance in the LVER for each of the tested gels. Additionally, the moduli do not exhibit any dependence on
frequency except for the gel at 3% and tested by DMA, which shows a moderate influence of the frequency in the
low frequency domain. Therefore the lower concentration gels exhibit a typical gel-like behavior, since G’ is superior
to G” and since both modulus curves are constant when considered as a function of frequency. Although G’ and
G" are not constant for the more concentrated gel (3.0%), the sample still exhibits a gel-like behavior. Indeed,
the storage modulus remains invariably superior to the loss modulus even though the values do not stay perfectly
constant over the frequency range. The slight changes in modulus values are due to dissipative modes that are
only discernible at low frequencies since the time required to relax is sufficient in these conditions only. Increasing
the concentration most probably implies that in some parts of the microstructure, local relaxation processes can
take place, whereas those dissipative areas are not present in low concentration gels since the number of molecules

required to form those independent network parts is not sufficiently high. As shown in Figure 3.7, a gel-like behavior

41



is characterized by a frequency (quasi-)independence of the moduli while exhibiting elastic dominance in the whole

frequency domain, which corresponds to the behavior observed for the agarose gels at hand.
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Figure 3.6: Storage and loss moduli obtained from AS tests for agarose gels prepared at various concentrations,
either by DMA (right) or rheology (left). Note that the frequency for DMA and rheology experiments is different
(f vs w) so only the general behavior of the red curve should be compared to rheology measurements.
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Figure 3.7: Responses of viscoelastic solid, gel-like and viscoelastic liquid materials (as inspired from Figure 6.5 of

[11]).

Damping factor tand

The damping factor evolution obtained by means of AS tests is shown in Figure 3.8 and provides results in ac-
cordance with the ones deduced from the analysis of G’ and G”: for small amplitude deformations, the elastic
component is greatly dominant as the value of tan § is well below 1. Moreover, when comparing the results obtained
from rheological measurements with one another, the LVER limit as well as the yield strain decrease with increasing
agarose concentrations: the more concentrated the gel, the sooner the rise of tan § occurs upon deformation ampli-
tude increase and the sooner it reaches 1, meaning the behavior switches from elasticity dominance to liquid-like
dominance. As already mentioned for moduli interpretation, the results obtained by means of DMA should only be
compared in terms of trend with the ones obtained by means of rheology as the shear is performed in a different
fashion. However, it is important to note that the value of the damping factor in the LVER is very similar for every
tested gels, meaning the importance of the elastic component as compared to the viscous one is similar for each one

of them regardless of the agarose concentration in the steady regime.
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Figure 3.8: Damping factor obtained from AS tests for agarose gels prepared at various agarose concentrations,
either by DMA (right) or rheology (left). Note that the strain for DMA and rheology experiments is different so only
the general behavior of the red curve should be compared to rheology measurements.

The damping factor evolution as a function of shear strain frequency obtained by means of F'S tests is depicted
in Figure 3.9 and also provides results in accordance with the ones drawn from moduli analysis. Indeed, the value of
tan d is stable for the lower concentration gels while the damping factor of the 3% concentrated gel becomes greater
when the deformation frequency is very small. Despite this increase, tand value never becomes greater than one,
so the elastic behavior still remains dominant despite the local relaxation that can take place in the low frequency
range. In this view all gels exhibit a gel-like behavior. It is worth noting that the obtained oscillations of tan é are

probably due to the lack of sensitivity of the rheometer when measuring G” at low frequency since the torque is

very small.
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Figure 3.9: Damping factor obtained from FS tests for agarose gels prepared at various agarose concentrations,
either by DMA (right) or rheology (left). Note that the frequency for DMA and rheology experiments is different
(f vsw) so only the general behavior of the red curve should be compared to rheology measurements.
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Viscosity 7

The viscosity of the gels was determined using data of the LVER of AS tests only, to obtain the steady viscosity.
In the case at hand, as the frequency is fixed in AS tests, when the strain amplitude + is increased, it corresponds
to an increase in strain rate %, which is the reason why it is consistent to determine the steady viscosity using the
LVER during AS tests as it corresponds to the steady regime. A bar chart representing the mean values of the
viscosity along AS tests in the LVER for the different gels is shown in Figure 3.10. A clear tendency can be drawn:
the viscosity of an agarose gel increases with the concentration. This effect was already determined in other works
as it was described in Section 4.4 of Chapter 1, probably originating from the increase of crosslinking points density
which in turn increases the resistance of the network to strain and consequently strain rate in the case of AS tests,

which is the definition of 7.
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Figure 3.10: LVER mean viscosity obtained during oscillatory AS tests for agarose gels prepared at agarose various
concentrations, either by DMA (red) or rheology (orange, yellow, green).

The viscosity means and the associated standard deviations are summarized in Table 3.7. It is worth noting that
a quite large variability was obtained for the results obtained by means of rheology (0.3 and 1.0%) especially for
the most concentrated gel, with a standard deviation value of almost 35% of the calculated mean value. This could
be due to either an erroneous calculation or an erroneous measurement. On the one hand, as the 1% gel is quite
rigid, the slippage problem which was already mentioned earlier in this work could have had an influence on the
measurement of the viscoelastic properties of this gel. On the other hand, the measurement variability of the less
concentrated gel could originate from the difficulty to place the sample in a reproducible way between the plates.
Indeed, the 0.3% gel was very soft and could not be easily taken out of the Petri dish as it was viscous. Moreover,
the gap was set as carefully as possible to avoid sample destruction while still maintaining contact between the

plates and the gel, which was not an easy task.
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Agarose (G.SZ) Viscosity (Pa.s)
concentration
0.3% 481 £71
0.5% 1507 £ 201
1.0% 8601+ 3000
3.0% 16779 £+ 581

Table 3.7: Summary of the steady viscosity obtained for agarose gels prepared at various agarose concentrations,
calculated using the data obtained from AS tests in the LVER.

4.2 Influence of the gel strength on the viscoelastic properties

In this part of the chapter, the results of the comparison between gels with different properties, namely gel strengths,
at 0.5% and 1% w/v concentration are presented. As a reminder, the nomenclature 'x%_GSy’ is used, where x is
the concentration w/v of agarose in the gel and y represents the gel strength ordered by decreasing order. The

measurements were all obtained by means of a rheometer.

Moduli G’ and G”

In the first instance, AS tests were performed to determine the LVER and its upper limit but also for the possible
destruction of the sample’s (micro)structure. As it was the already the case for gels at various concentrations, no
hysteresis was observed following the first AS test, meaning that the sample structure remained intact during the
two successive AS tests in the selected deformation range. The selected shear strain amplitude used to perform the
subsequent FS tests is 0.1% since this amplitude is in the LVER for each of the tested gels.

Based on the graphs presented in Figure 3.11, one can first make a general comment: for both agarose concen-
trations (left and right graphs on the Figure), the modulus values of gels containing agarose with higher gel strength
are systematically higher than the ones prepared with an agarose power of lower gel strength, whether it is G’ or
G”. This result is in accordance with the manufacturer documentation as a higher gel strength means the force we
can apply on the gel before it fractures is greater, which is related to the modulus values. Moreover, for each gel, G’
is always greater than G” for small amplitude deformations, accounting for the dominance of the elastic behavior
over the viscous one.

Focusing on the moduli for 1% w/v gels, results similar to the ones obtained for concentration influence are ob-
served in terms of gel strength. Indeed, the LVER limit as well as the yield strain are decreasing as the gel strength
increases. Though GS2 and GS1 have rather different gel strengths (from simple to almost double), the gap between
their LVER limits is not pronounced. However, the same trend is not completely true for agarose gels 0.5%. In
fact, the GS1 storage modulus drop occurs after the one of GS2 gels and evolves almost like the curve of GS3
gels. Nevertheless, except for GS1, the trend observed for the 0.5% are similar to the ones of 1%. This divergence
between the more and less concentrated samples are probably due to the fact that the torques are easier to measure
for stronger and thus more concentrated gels as compared to softer gels for which the response torque can be very
small. Once again, it is worth noting that the measurements for very small amplitude deformations exhibit a very

high variability.
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Figure 3.11: Storage and loss moduli obtained from AS tests using a rheometer for agarose gels prepared with
agarose of different gel strengths at concentrations of 0.5% (left) and 1.0% (right)

In the second instance, FS tests were performed to determine the influence of deformation frequency on the
gels. The results are presented in Figure 3.12. As already observed for AS, the moduli are systematically higher
for stronger gels, except for G” for the lowest concentration, which was discussed here above. Regardless of
the concentration, the moduli do not exhibit any frequency dependence, meaning all agarose gels exhibit a gel-
like behavior (cfr. Figure 3.7). It is worth noting that the variations observed for G” are probably once again
originating from the lack of torque sensitivity of the rheometer: the behavior of the storage modulus and the loss
modulus are related to one another and when one of them is stable, the other should also be constant in theory.
This phenomenon is more marked for gels at 0.5%, which have smaller moduli. This observation reinforces the
previously stated hypothesis. The loss moduli measured for gels at 0.5% concentration are probably not consistent
with the reality.

Furthermore, the storage moduli are consistently superior to their associated loss moduli regardless of the gel
strength, which highlights the elastic dominance in the LVER for each of the tested gels over the whole frequency

range.
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Figure 3.12: Storage and loss moduli obtained from FS tests using a rheometer for agarose gels prepared with
agarose of different gel strengths at concentrations of 0.5% (left) and 1.0% (right)
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Damping factor tand

The damping factor evolution obtained by means AS tests is shown in Figure 3.13 and the observations agree
with the moduli analysis on some points but not on others. First, for both concentrations, the elastic dominance
is confirmed for small amplitude deformations, since tan¢ is significantly smaller than 1 over this strain range.
However, the LVER limit as well as the yield strain are not exactly following the trend established in the previous
analysis: indeed, for gels at 1% the rise of tand occurs at a smaller amplitude for GS2 compared to GS1 meaning
the LVER is smaller for the less strong of these two gels. Moreover, the yield strain, which is the strain value at
which tan ¢ is equal to 1, is also larger for GS1 as compared to GS2 while the opposite was observed during moduli
analysis. Focusing on the 0.5% gels, the deduced information is the same as the one drawn from the moduli: except
for GS1, the LVER limit as well as the yield strain decrease when the agarose gel strength increases.

Besides this, the value of tan ¢ is very similar for every gels in the LVER, independently of both the concentration
or gel strength, ranging around 0.1 to 0.2. This means that the importance of the elastic behavior over the viscous

one is the same, no matter the composition of the agarose gel, whether the agarose type or concentration changes.
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Figure 3.13: Damping factor obtained from AS tests for agarose gels prepared with agarose of different gel strengths
at concentrations of 0.5% (left) and 1.0% (right)

The damping factor evolution as a function of shear strain frequency obtained by means of FS tests is depicted
in Figure 3.14 and provides the following information: regardless of the agarose gel composition, whether it is its
concentration or the used agarose type, the damping factor is frequency independent. This result is in accordance
with the one obtained from the moduli: all the gels exhibit a gel-like behavior (cfr. Figure 3.7) and the elastic
behavior is dominant over the viscous one. Furthermore, as already mentioned above for small amplitude deforma-
tions, the value of tand is the same regardless of the gel strength and concentration, meaning the importance of
the elastic component is the same for all gels. The oscillations could once again be due to the torque sensitivity of

the rheometer, making the data noisy and less reliable.
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Figure 3.14: Damping factor obtained from F'S tests for agarose gels prepared with agarose of different gel strengths
at concentrations of 0.5% (left) and 1.0% (right)
Viscosity n

As already done for the influence of concentration, the viscosity of the gels was determined using data of the LVER
of AS tests only, to obtain the steady viscosity. A bar chart representing the mean values of the viscosity along AS
tests in the LVER for the different gels is shown in Figure 3.10. A clear tendency can be drawn: the viscosity of an
agarose gel increases with the gel strength of the agarose.

In addition, it is worth noting that the influence of the concentration on viscosity is also confirmed as the viscosity

is systematically higher for gels at 1% compared to 0.5% using the same gel type.
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Figure 3.15: Viscosity obtained during mechanical tests for agarose gels prepared with agarose of different gel
strengths at concentrations of 0.5% and 1.0%.

The viscosity means and the associated standard deviations are summarized in Table 3.8. It is worth noting
that a quite large variability was observed for all gels, as the standard deviations are ranging for 10 to 35% of
the associated mean value. This variation is even higher for the gels at 1% for which the standard deviation is
around 30% of the mean viscosity for each gels. As mentioned earlier, the 1% gels are more rigid and prone to

sample slippage, resulting in erroneous measurements. However, this does not justify the variability observed for
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less concentrated gels. One can suppose that as the torque sensitivity of the rheometer causes inaccuracies for

other properties and as the viscosity is related to the latter, the large deviation could originate from the equipment

limitation.
Viscosity (Pa.s)
Agarose type Agarose concentration
0.5% 1.0%
GS1 1789 + 201 | 11449 + 4009
GS2 1507 + 387 | 8601 + 3000
GS3 643 + 136 2594 + 670
GS4 65 £ 10 308 £+ 102

Table 3.8: Summary of the steady viscosity obtained for agarose gels (0.5% and 1% w/v) prepared with agarose
powders with different properties, namely gel strengths, calculated using the data obtained from AS tests in the
LVER.

5 Conclusion of the chapter

In this chapter, the mechanical characterization of agarose gels prepared with agarose powders exhibiting different
properties, i.e. gel strengths, and at different concentrations was achieved by means of rheology and DMA. Dif-
ferent tests were performed to get an insight on the behavior of such gels as a function of the applied shear strain
or frequency. The storage and loss moduli, the damping factor and the viscosity were determined and the results
were analyzed to better understand the influence of both the concentration and the gel strength on the hydrogel

viscoelastic properties.

To sum up, for small amplitude deformations, an increase in concentration or in gel strength induces an in-
crement in terms of moduli while the damping factor remains constant. This means that the gels become more
rigid when increasing concentration or gel strength while the elastic dominance remains the same despite changes
in composition. Except for the more rigid gel (3%_GS2), which displays a slight dependency on frequency, the gels
properties are frequency independent, thus indicating a typical gel-like behavior. Still, the more rigid gel displays
a gel-like behavior since the elastic dominance remains even though the moduli vary a little, which is mostly due
to local relaxation in the gel in the low frequency domain, where dissipative modes can be activated since the time
needed to relax is sufficient. During the FS, the damping factor always remains largely smaller than 1, once again
highlighting the dominance of the elastic over viscous behavior. The viscosity follows the same trend as the moduli,

it increases with concentration or gel strength.

It is worth noting that the rheology measurements were impaired in different ways. On the one hand the
rheometer torque sensitivity was limiting to measure small torque, causing inaccuracy in all properties measure-
ments, especially in soft gels. On the other hand, more rigid gels were prone to slippage which also caused noisy
measurements. However, the general trend obtained are rather reliable despite the latter inaccuracies and are

globally in accordance with the literature.
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CHAPTER 4

Bacteria behavior in different agarose gels

This chapter aims to describe in details how we proceeded to determine the possible influence of agarose gelled
culture media on S. epidermidis growth. In order to monitor bacterial growth, OD measurements but mostly flu-
orescence intensity were relied on. Moreover, microscopy methods, namely epifluorescence microscopy and CLSM,
were used to observe the bacterial population from a morphological point of view to assess for viability but also

growth mode. Finally, bacterial metabolic activity was investigated using AB assay.

1 Objective and strategy

As a reminder, the purpose of this work is to establish the link between the mechanical properties of different nutri-
ent gelled media and the behavior of S. epidermidis bacteria. In order to understand the impact of the properties,
different gelled media were prepared as already discussed in Chapter 3. Using the latter to culture bacteria, different
parameters were monitored to get some insights on bacterial growth as well as their morphology and growth mode.
Since this work is part of the project to design a patch to regulate skin dysbiosis, which is described in more details

in Chapter 2, the bacterial parameters are monitored for S. epidermidis embedded in the agarose hydrogel.

In the first instance, the frozen bacteria were revived in liquid media and then concentrated in a NaCl solution
for further reuse. This step is called bacterial culture. The bacteria were poured in nutrient broth and their growth
was monitored based on OD measurements. Once the critical OD value was reached, the culture was stopped:
the bacteria were concentrated by centrifugation and poured in a NaCl solution in order for the microorganisms
to survive but not to proliferate anymore for further use. A suspension with glycerol was also prepared in order
to cryo-preserve the culture bacteria and allow to revive them later, according to the same protocol, when fresh

bacterial suspension is needed.

In the second instance, the growth of these bacteria obtained from the culture was assessed in gelled media.

The bacteria were embedded to assess the behavior in conditions as similar as possible to the ones in the wells of
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the patch. For this purpose, the fluorescence intensity was relied on. Indeed, the used bacteria were genetically
engineered to express GFP through plasmid integration. As mentioned in Section 6.1 of Chapter 1, the fluorescence
intensity is proportional to fluorophore concentration and thus growth was measured by measuring fluorescence
intensity at a wavelength specific to GFP. To do so, a spectrometer was used to measure the fluorescence related
to bacterial GFP in a 96-well microplate during 24 h to get a view on the time evolution of the bacteria in various

media composition.

In the third instance, the morphology of the bacterial population and especially its growth mode were investi-
gated using epifluorescence microscopy as well as CLSM. Taking images according to GFP wavelength enabled to
spot if the bacteria tend to aggregate or not in the medium but also to assess a possible homogeneity in bacteria

distribution.

Additionally, the metabolic activity of S. epidermidis bacteria was investigated using AB assay. The reduction
of the blue resazurin to pink resorufin was measured using a spectrophotometer. However, as the bacteria used in
this project are expressing a fluorophore, one first had to make sure the GFP fluorescence did not have any impact
on the fluorescence measured to determine the amount of AB in its reduced form. After ascertaining that, the

fluorescence related to the AB spectrum was measured using different agarose gels.

2 Materials

Bacteria: S. epidermidis strain engineered to express GFP in agar stab was kindly provided by Alexander Hor-
swill and Jeffrey Kavanaugh (University of Colorado Denver - Anschutz Medical Campus, United State of America).
It is a bacterial strain of S. epidermidis 1457 AH2983 that has been genetically engineered to express GFP thanks to
plasmid integration and that does not form biofilms. The plasmid contains a resistance gene to chloramphenicol to

select the bacteria expressing GFP. This bacterial strain is referred to as ” GFP-S. epidermidis” in the present report.

Broth, antibiotics, sodium chloride and glycerol: Dehydrated Nutrient Broth (BD 234000) was purchased
from BD Bioscience, chloramphenicol (C0378) and sodium chloride (S7653) were purchased from Sigma-Aldrich.
Glycerol (10021083) was purchased from Thermo-Fisher Scientific.

Agaroses: As in the previous chapter, different agarose powders were purchased from Sigma Aldrich, their

characteristics are summarized in Table 3.1 of Chapter 3.
AlamarBlue: AlamarBlue Cell Viability reagent (A50100) was purchased from ThermoFisher Scientific.

Water and other solutions: Milli-Q water, also known as ultrapure water, was obtained from a Merck Mil-

lipore system. It was characterized by a resistivity of 18.2 MQ-cm.

3 Protocols

When working with bacteria, strict sterile conditions are necessary to avoid contamination by and/or of the bacteria.

To that end, every handling should take place in a safety cabinet and every tools as well as solutions, tubes and
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containers must be sterile or autoclave sterilized beforehand. Once a solution has been autoclaved, the container

should never be opened outside of the cabinet to maintain sterility.

3.1

Bacterial culture

This step corresponded to the revival of the bacteria and their optional cryo-conservation afterwards. This experi-

mental protocol took place in the following way.

1.

Preparation of a stock antibiotics solution: In 10 mL of ethanol, 0.1 g of chloramphenicol was dissolved.

The solution was stirred to dissolve the antibiotics while preventing exposure to light using aluminium foil.

Preparation of the broth with antibiotics: For the purpose of selecting only GFP-S. epidermidis which
integrated the plasmid, chloramphenicol use was mandatory. First, 4 g of dehydrated nutrient broth was
dissolved into 500 mL of ultrapure water. The solution was autoclaved. In the safety cabinet, 0.5 mL of the

chloramphenicol stock solution was added to the broth and mixed gently.

Preparation of the glycerol/water solution: 100 mL of viscous glycerol and 100 mL of ultrapure water
was poured in a bottle. The solution was mixed and agitated until homogenization was reached. The solution

was sterilized by means of the autoclave.

Preparation of the saline solution: 4.38 g of NaCl was added to 500 mL of ultrapure water to obtain a
final concentration of 15mM to match concentrations similar to the ones on the skin. The pH was adjusted

to 6. The solution was sterilized by means of the autoclave.

Preculture: Two vented tubes were filled with 8 mL of autoclaved broth with antibiotics. From a tube
containing cryo-preserved GFP-S. epidermidis 1457 AH2983 bacteria, a small piece of bacteria was collected
by means of a loop and poured into each tube. The tubes were closed and the bacteria were dispersed in
broth. The cap was slightly pulled to allow ventilation and the tubes were incubated at 37 °C at 180 rpm

overnight.

Culture: In a sterile culture flask, 200 mL of fresh broth with chloramphenicol was added. The content of
both vented tubes was poured in this flask and the bacteria were dispersed in the broth. The culture flask
was incubated at 37 °C at 180 rpm. The spectrometer used was the Infinite 200 PRO plate reader (Tecan;
serial number: 1810011954), in combination with the associated i-control software (Tecan). The OD was
monitored by means of this spectrometer at a wavelength of 540 nm and the fluorescence intensity related
to GFP expression was measured at excitation and emission wavelengths of respectively 488 and 515 nm.
Cuvettes were used to measure the OD549 while fluorescence was monitored in a 96-well microplate. The first
measurements were performed at 1-hour intervals but once the ODs54g reached a value of 0.3, the measurements
were performed closer together since the bacteria entered the exponential growth phase. Measurement were
recorded until the culture reached a critical ODs4¢ value of ~0.45. The culture was stopped the following
way: 40 mL of culture liquid was poured in four separate 50 mL centrifugation tubes and the latter were

centrifuged at 4000 rpm for 5 minutes. The supernatant of each tube was discarded.

Fresh bacteria suspension: In one of the tubes centrifuged earlier, 20 mL of the 15 mM NaCl solution was
added and the solution was vigorously agitated to disperse the bacteria pellet by shaking and vortexing. The
solution was transferred into one of the other tubes containing bacteria and the bacteria were dispersed by

vigorous agitation. The tube was centrifuged at 4000 rpm for 5 minutes and the supernatant was discarded.
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5 mL of 15 mM NaCl solution was added to disperse the pellets and the solution was transferred into a 15
mL centrifugation tube. The bigger tube that was last centrifuged was rinsed three times with 2 mL of NaCl
solution and the content was transferred to the 15 mL tube. Lastly, the 15 mL tube was centrifuged at 4000
rpm for 5 minutes and the supernatant was discarded. 8 mL of NaCl solution was added and the bacteria
were dispersed by shaking vigorously and vortexing. If the fresh suspension is not immediately needed, it can

be stored in the refrigerator and be used up to one week after the culture.

8. Cryo-conservation: In one of the tubes centrifuged at the end of the culture, 20 mL of broth with chloram-
phenicol was added and the tube was vigorously agitated to disperse the bacteria pellet. The content of this
tube was transferred into the last tube obtained when stopping the culture. The tube was agitated vigorously
to disperse the pellet and 20 mL of glycerol/water mix was added. The tube was agitated and stored in the
freezer at -80 °C.

3.2 Medium preparation

The preparation of the media took place as already described in Section 3.1 in the previous chapter. Solutions
ranging from 3% to 0.3% of agarose A9918 (GS2; gel strength > 1000 g.cm™2 at 1%) were prepared as well as
solutions at a concentration of either 0.5% or 1% for all agarose types. A9918 agarose was selected to prepare
gels of various concentrations since it has a rather high gelling capacity, making it easy to cover a wide range of
mechanical properties. Moreover, since it solidified rapidly at room temperature but not too much, its easy handling
was also taken advantage of. Three solutions were prepared to assess concentration effect while four were prepared
to assess gel strength effect.

Moreover, an additional 25 mL bottle was used to prepare 25 mL of liquid broth by mixing 0.2 g of dehydrated
broth in 25 mL of ultrapure water and autoclaved together with the agarose media. An example of the set of
media that were prepared for an experiment is presented in Table 4.1, media were named according to the same

nomenclature as in Chapter 3.

Medium name Description Weight (g)
for 25 mL of medium
3.0%_GS2 Agarose A9918 3.0% 0.75
0.5%_GS2 Agarose A9918 0.5% 0.125
0.3%_GS2 Agarose A9918 0.3% 0.075
1.0%_GS1 Agarose A0576 1.0% 0.25
1.0%_-GS2 Agarose A9918 1.0% 0.25
1.0%-GS3 Agarose A4018 1.0% 0.25
1.0%_-GS4 Agarose A5030 1.0% 0.25

Table 4.1: Summary table of the composition of the agarose gelled media used to perform bacterial assays.

3.3 Microplate preparation

As the gelled media solidified quite rapidly when cooled down, it was more appropriate to prepare the 96-well
microplate before the autoclave cycle ended. In this purpose, the fresh bacteria suspension was taken out of the
fridge and shaken to suspend the bacteria in the tube in the safety cabinet. Afterwards, 30 uL of the bacterial

suspension was collected and poured in each well in which the culture was monitored. Five samples for each ster-
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ilized media were used with bacteria while wells containing media without bacteria were used as negative controls.
The remaining wells were filled with sterile water to avoid dehydration of the gels during the culture. In some
experiments, the suspension was diluted 100 or 1000 times in sterile 15 mM NaCl solution and the same volume
as for the initial suspension was added in the wells. This procedure allowed to get insight on the possible effect of
initial bacteria concentration in agarose gelled media.

Once that was done and the gels were ready to be taken out of the autoclave, we proceeded with the more concen-
trated agarose gel, i.e. 3.0%_GS2, first as it was the one that solidifies the fastest. To facilitate the manipulation of
this gel, we advise to cut the extremity of the collection tip to avoid any imprecision in the measured volume due
to the adherence of the gel on the tip edges. First, the reference well (negative control) was filled with 200 uL of
the hot 3.0%_GS2 solution. Second, 170 uL of this solution was added in each well with bacteria assigned to this
gel. The filling process was reiterated with the other gels beginning with the more concentrated and strong gels
and finishing with the liquid broth, to avoid gelation prior collection of the gels. An example of how to place the

gels and bacteria in the microplate is proposed in Figure 4.1 considering the solutions presented in Table 4.1.
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Figure 4.1: Description of the well plate used to perform bacterial assays.

3.4 Fluorescence spectroscopy

To assess bacterial growth, the microplate fluorescence intensity was measured for 24 h. For this purpose, the Infinite
200 PRO plate reader (Tecan; serial number: 1810011954) was used in combination with the associated i-control
software (Tecan). Using this spectrophotometer, a 24 h cycle was performed during which the fluorescence intensity
for an excitation wavelength of 488 nm and an emission wavelength of 515 nm was measured. The temperature
within the spectrophotometer was kept at 37°C during the whole cycle so that the plate reader served as incubator.
The gain of the fluorescence intensity was set to 75 dB to avoid intensity measurement saturation. The data were
made available in the form of an Excel datasheet. These data were processed using Excel (Microsoft) and Igor

(Wavemetrics) softwares.

3.5 Epifluorescence microscopy
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As the bacteria express GFP, the Olympus IX71 inverted
epifluorescence microscope was used to image bacterial
population in the gels, using x20, x40 and x60 lenses. For
this purpose, the bacteria were observed using the green
channel either on glass slides or in the microplate. For
this, small gel pieces were taken out of the plate using
a spatula after spectrophotometer measurements and de-
posited on the glass slides and subsequently covered with

glass coverslips, thinning as much as possible the gel con-

taining embedded bacteria to ease microscopy observation.

Some images were also taken using a LabTek (see Figure

4.2) as container for the gels, after incubation during 24 h

at 37°C, prepared following the same protocol as for mi- Figure 4.2: Labtek illustration[119]
croplate filling.

3.6 Confocal laser scanning microscopy

To overcome the limitations related to epifluorescent microscopy as the sample were not liquid enough to not
encounter blurring due to out-of-focus fluorescence, a confocal laser scanning microscope (CLSM) was used to get
images with higher resolution and contrast by preventing the blur thanks to point-illumination. The green canal was
also used during these microscopy measurements as well as a x60 objective. The samples were casted and observed
in LabTek wells after 24 h of incubation. Z-stack imaging was performed to obtain 3D reconstructed images using
Airyscan technology. This technology enables to increase even further the resolution compared to conventional 3D
reconstruction. The Airyscan has a 32-channel detector array with a hexagonal array of micro lenses that act as a

system of very small pinholes.[103]

3.7 Influence of GFP fluorescence on reduced AB fluorescence

To get information on the metabolic activity of GFP-S. epidermidis in various gelled media, AB reagent was chosen
among the other molecules detailed in Section 6.3 of Chapter 1. However, as the bacterium used in this project
fluoresces due to GFP expression, it was necessary to make sure the fluorescence measured to assess for AB reduction
and thus bacterial metabolic activity was still reliable despite the presence of GFP. To this end, a bacterial culture
was done in broth as described earlier until the OD reached ~0.45 so that the bacteria were in the exponential
growth phase. Part of the culture broth was subsequently diluted 100 times in fresh broth and 180 pL of the latter
was poured in each well of a microplate. 20 uL. of AB reagent was added in these wells and the microplate was
incubated for 30 minutes in the dark. The fluorescence intensity related to the presence of the reduced form of
AB reagent was measured (Aezcitation=530 nm, Aemission=590 nm). Then, 200 pL of dilute culture broth was used
as reference, and also incubated in a microplate and the fluorescence was measured in the same way. Finally the

results obtained in the presence or the absence of AB reagent were compared.

3.8 AB assay

The gelled media prepared for this experiment were the same as the ones used to monitor bacterial growth. The
seven gelled media are prepared according to the protocol introduced in the previous chapter and 25 mL liquid of

broth was also prepared and autoclaved with the gel solutions. Just before the autoclave cycle came to an end,
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the wells of a sterile microplate were filled with 27 pL of the 100 times diluted suspension of fluorescent bacteria.
Dilution aims to avoid saturation of the intensity measured by the microplate reader. To those wells, 20 uL of
AB reagent was added as well as to empty wells to serve as references (negative controls) for each tested medium.
Once the gels were autoclaved, 153 ul. of each gel was poured in the 5 wells attributed to this gel and 180 pL in
the associated reference well. The remaining wells were filled with autoclaved water and the fluorescence intensity
evolution was measured at 37 ° C during 24 h using the spectrophotometer. To measure the fluorescence related

to AB reduction, Aezeitation = 530 nm and Aepission = 990 nm were selected.

4 Results and discussion

In this section, the results obtained for bacterial behavior assessment are presented. In the first instance, the possible
interference of GFP signal on AB fluorescence is investigated. In the second instance, bacterial behavior assessment
per se is dealt with. First, the influence of the concentration of the agarose gel medium will be investigated, followed
by the influence of its gel strength and concluding with general remarks.

In each of these two sections, the influence on growth measured by means of fluorescence spectroscopy is discussed,
followed by morphological characterization of the bacteria as well as determination of their growth mode thanks
to microscopy results. Finally, the possible effects of the mechanical properties of the medium on the metabolic

activity of GFP-S. epidermidis populations are discussed.

4.1 Study of the possible interference of GFP signal on AB test

The results obtained when measuring the fluorescence related to resozurin presence, i.e. AB reduction (cfr. Section
6.3 of Chapter 1), are presented in Figure 4.3. As the fluorescence intensity measured in wells in the absence of AB
reagent is zero along the whole measurement cycle, whereas it is not the case in the presence of the reagent, there
is no interference of GFP on the measurement of the fluorescence intensity caused by the presence of the reduced
form of AB. The use of AB to investigate the metabolic activity of fluorescent strains of GFP-S. epidermidis is thus

possible and a priori reliable.
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Figure 4.3: Variation of the fluorescence signal corresponding to alamarBlue (AB) reduction (Ao, = 530 nm; Aep,.
= 590 nm) vs culture time, measured for GFP bacteria supplemented or not with AB reagent.
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4.2 Influence of the agarose concentration
Bacterial growth

On the basis of the measurements obtained with the microplate reader, fluorescence intensity evolution is plotted
using the mean value among similar wells, except for some outliers, for each concentration. The standard error
is also computed to get insight on the variability upon measurement. In Figure 4.4, a typical example of the
evolution of the fluorescence intensity vs culture time is shown. It is evaluated for agarose gels prepared with
different concentrations of agarose GS2. Based on the graph, one can notice a trend: when decreasing the agarose
concentration, the fluorescence intensity increases faster with time and the final fluorescence intensity reached after
24 h is higher in comparison to more concentrated gels. It is worth noting that the broth, which corresponds to a

zero concentration of agarose, also follows the previous established trend.
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Figure 4.4: GFP Fluorescence intensity (Aeg.: 488 nm; Aen.: 515 nm) evolution of GFP-S. epidermidis in agarose
(GS2) gelled media prepared with various agarose concentrations.

As it is deduced that the evolution of the fluorescence was either fast or slow depending on the concentration in
comparison to gels prepared at a different agarose concentration, we look into the derivative of this evolution. In
order to obtain a relatively smooth derivative, the curve is first interpolated and its derivative is calculated with Igor
software. The parameters of the interpolation function are adapted each time to reach the best possible compromise
between interpolation fidelity and noise in the associated derivative. An example of interpolation and the related
derivation of the previous graph is available in the Appendix (Figure A.1) as well as a graph showing the fluorescence
evolution over time for a different experiment day (Figure A.2). Moreover, the effect of bacteria concentration is
assessed by dilution of the bacterial suspension used to seed the gel prior incubation and measurement in the
spectrophotometer. In Figure 4.5, the evolution of the GFP fluorescence using bacterial suspensions with dilution
factors of 1 or 100 as well as its derivative are shown. The derivative of the fluorescence intensity is referred to as
"fluorescence intensity rate’, respectively 'rate’ in this section. On the graph, the rates seem to first increase and
then to become slightly unstable to finally stabilize around a certain rate value which is different for the different

gelled media. The steady rate region is approximately reached after 5 h of culture. When considering the rate
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values reached in the steady rate regime, the assumptions made earlier are confirmed: the rate is greater for less
concentrated media whereas it is lower for more concentrated gels. This hypothetical trend seems valid whether the
suspension is dilute or not. Moreover, the effect of the dilution of the bacterial suspension can also be highlighted:
the initial fluorescence intensity is much lower for a lower bacterial concentration, which seems logical since for a
low number of microorganisms, the amount of synthesized GFP is much smaller. Furthermore, the rate also seems
to be influenced by the initial GFP-S. epidermidis concentration: the rate is smaller when a dilute suspension is

used.
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Figure 4.5: GFP fluorescence intensity (Aey.: 488 nm; A.p.: 515 nm) evolution of dilute or undilute GFP-S.
epidermidis grown in agarose (GS2) gelled media for various agarose concentrations and related fluorescence intensity
rate (computed from derivatives of the fluorescence intensity vs time); dotted line stands for a suspension dilution
factor 100 of the bacterial suspension, solid line stands for a dilution factor of 1.

Epifluorescence microscopy images

Epifluorescence microscope images were taken for two extreme agarose concentrations that were prepared to serve
as the gelled culture media, i.e. 0.3% and 3.0% of agarose (GS2). Representative images of the bacterial populations
observed after 24 h of culture in these two particular gels are presented in Figure 4.6. Gels were observed on glass
slides using the x60 objective of the microscope and the bacterial suspension used to seed the gels was diluted 100
times to facilitate image capture. Indeed, a too large amount of bacteria induces a very high fluorescence intensity

which makes it difficult to take images of satisfactory quality.

On the one hand, GFP-S. epidermidis bacteria growing in the lower concentration medium (0.3%) are shown
in Figure 4.6(a). The presented image is reconstructed from various overlapping shots in order to capture a larger
sample surface. Bacteria are rather dispersed in the medium and do not aggregate in a considerable way, being
limited to aggregates of only a few cells. This behavior resembles the planktonic mode of growth that was mentioned

earlier in the literature overview in Chapter 1.

On the other hand, bacteria growing in the more concentrated medium (3.0%) are presented in Figure 4.6(b). The
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differences are quite marked between this image and the one analyzed here above. Indeed, in the less concentrated
medium, the bacteria seem to grow in a planktonic way whereas they form huge aggregates in the 3.0% agarose
gel, which resembles a biofilm growth mode more than a planktonic one. Larger images unfortunately cannot
be obtained for this gel due to the green fluorescence background that hinders image reconstruction. Indeed, the
bacteria that are out of focus and that fluoresce contribute to the image. This is notably due to the higher thickness
of this sample. Indeed, the 3.0% gel is very rigid and even if great care was taken to ensure that the thickness

between the glass slide and the cover slip is minimal, the sample was still too thick to avoid this blurring effect.

(a) 0.3% (b) 3.0%

Figure 4.6: Epifluorescence microscopy (Olympus IX71; x60 objective) images of GFP-S. epidermidis (dilution
factor of the suspension: 100) grown for 24 h in 0.3% (left) and 3.0% (right) agarose (GS2) gelled media (observed
on glass slides).

However, some behavioral heterogeneity is observed. Unfortunately, the use of glass slides to observe the gels
inevitably involves the sampling of a piece of the gelled media and its subsequent crushing and thus deterioration.
To be able to observe the bacteria grown in unaltered gel media, the wells of a microplate or a LabTek can be
used. Moreover, it also allows to scan a larger sample portion since the observed object is not just a small gel piece
anymore. LabTek is more suited to microscopy imaging since the bottom of the wells is specially designed to this
end, in our case the bottom was a glass slide (borosilicate). Therefore, the images shown in Figure 4.7 are taken
in LabTek wells for both of the considered medium concentrations. In Figure 4.7(a), some aggregates are forming
in the 0.3% agarose medium. Even tough the rest of the image highlights the general planktonic behavior of the
GFP-S. epidermidis population in this gel, some regions, especially the border of the wells, are exhibiting more
or less aggregates. This sort of aggregate growth could be explained by the manner the bacterial suspension was
poured in the LabTek. Indeed, the bacterial suspension forms a drop to minimize contact with the bottom surface
of the LabTek. The bottom glass of the wells is probably treated to be hydrophobic and thus promote cell adhesion,
possibly resulting in higher bacterial density in places where the drop formely was prior to gel casting. Moreover,
bacterial cells are known to adhere readily on hydrophobic surfaces due to the nature of their envelope, which could
also explain why aggregates form. On the contrary, single cells are observed in a great number in Figure 4.7(b)
for a 3% agarose medium, even tough large aggregates are in large numbers. This variability in both media types
highlights the fact that not one or the other growth is the only one to govern bacterial behavior but that more

concentrated gels seem to drive towards biofilm growth more than less concentrated gels for which the growth is
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more similar to the one in liquid media, namely planktonic growth.

Furthermore, it is worth noting that in all images, blur is caused by out of focus bacteria. This effect is
predominantly disruptive for the analysis of images obtained using the most concentrated gels, probably due to the
sample thickness as already mentioned for glass slides but also due to the tremendous fluorescence intensity of the
3D aggregates related to the out-focus bacteria that compose it, making it difficult to have images that are faithful

to reality.

(a) 0.3% (b) 3.0%

Figure 4.7: Epifluorescence microscopy (Olympus IX71; x20 objective) images of GFP-S. epidermidis (dilution
factor of the suspension: 100) grown for 24 h in 0.3% and 3.0% agarose (GS2) gelled media (observed in LabTek
wells).

Furthermore, it is worth noting that in all images, blur is caused by out of focus bacteria. This effect is pre-
dominantly disruptive for the analysis of images obtained using the most concentrated gels, probably due to the
sample thickness as already mentioned for glass slides but also due to the tremendous fluorescence intensity of the
3D aggregates related to the out-focus bacteria that compose it, making it difficult to have images that are faithful

to reality.

Supplementary epifluorescence microscope images are available in the Appendix section.

CLSM images

CLSM allows to avoid the blurring effect encountered earlier using epifluorescence microscopy as bacteria out of
focus are not contributing to the image anymore. Representative images of GFP-S. epidermidis population in 0.3%
and 3.0% gelled culture media are shown in Figure 4.16, using 100 times dilute bacteria suspension. The samples
were observed in LabTek wells.

On the one hand, bacteria growing in the lowest concentrated agarose gel (Figure 4.8(a)) exhibit the same behavior
as deduced using the epifluorescence microscope: bacterial cells are rather dispersed and few aggregates composed
of a few number of cells can be observed, the growth is rather similar to planktonic growth.

On the other hand, images in the higher concentration agarose also confirm the assumption made in the previous

analysis: cells tend to aggregate in a much larger extent than for 0.3%, the growth mode tends to biofilm growth,
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although free cells can still be spotted. Moreover, the fluorescence of the aggregates is very high. This phenomenon
is problematic: when one wants to image single cells, saturation is observed for the aggregates when increasing the
time exposure to be able to see free bacteria. Consequently, it is not possible to be sure that all planktonic cells in
the plane are imaged properly because of this problem. Still, we can assess that more aggregates are forming in the

more concentrated gel as compared to the less concentrated.

In summary, the deductions made with the previous observation technique are confirmed by CLSM images, that

are of much better quality, allowing to get rid of blur.

(a) 0.3% (b) 3.0%

Figure 4.8: CLSM images of GFP-S. epidermidis (dilution factor of the suspension: 100) grown for 24 h in 0.3%
and 3.0% agarose (GS2) gelled media (observed in LabTek wells)

In addition, CLSM was also used to perform 3D observations of the samples, using 3D reconstructed images
obtained thanks to the Airyscan technology. Projections of the obtained reconstructed 3D images taken in both
gels are shown in Figure 4.9. The images were recorded starting from the bottom of the LabTek well up to a few
micrometers above the bottom surface of the LabTek in the gel. The diffusion of GFP-S. epidermidis from the
bottom surface where the suspension was poured initially, to the gel seems to be different, depending on the agarose
concentration. Indeed, the bacteria grown in 0.3% medium (Figure 4.9(a)) are forming a more dispersed bacterial
mat on the surface of support (bottom of the image) and seem to diffuse as single cells in the gel and subsequently
form very small aggregates when growing or diffuse further in the medium. On the contrary, a very dense bacterial
mat is present on the surface for 3% medium (Figure 4.9(b)) and some bacteria seem to have diffused and proliferate
upon incubation to form bacteria clusters rather than to diffuse upon proliferation as it seemed to be the case for
lower agarose concentration. These observations are in accordance with the ones previously made but also stress
the importance importance of the way the bacteria are initially seeded in gelled media; they also help understand
the blurring effect that was observed for epifluorescence microscopy, that is probably partly due to the presence of

the mat when working with LabTeks or microplates.
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Figure 4.9: Projections of z-stack obtained with CLSM (Airyscan) of GFP-S. epidermidis (dilution factor of the
suspension: 100) grown for 24 h in 0.3% and 3.0% agarose (GS2) gelled media (observed in LabTek wells)

Metabolic activity

Since the presence of GFP does not interfere with the fluorescence intensity measured to account for AB reduction,
AB assays were performed. When performing AB tests, the metabolic activity of GFP-S. epidermidis embedded
in the gels was studied vs the culture time. For this, the AB reagent was added directly in the medium and the

fluorescence of the sample was measured vs the time.

The experiment was repeated twice to ensure reliability. The evolution of the fluorescence intensity related to
AB metabolization vs culture time is shown in Figure 4.10 for a gain of 75 dB. Two gains were used to measure
fluorescence intensity (75 dB and 100 dB); however, for a gain of 100 dB, the microplate reader intensity measure-
ment reached saturation which resulted in the abrupt stop of the curve at a fluorescence intensity of around 60
000 (see Appendix). No clear tendency can be identified on the graph, except for the fact that the fluorescence
seems to be increasing faster in liquid broth in comparison with gelled media. This difference in terms of activity in
liquid or gelled medium is most probably related to the dependence of the metabolic activity on the (bio)chemical
composition of the medium. Since the composition is rather different when using agarose compared to liquid broth,
it seems logical that a difference is observed. However, the agarose concentration seems to have no clear influence

on the metabolic activity of GFP-S. epidermidis.
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Figure 4.10: Fluorescence intensity (Aey.: 530 nm; Aep,.: 590 nm) evolution of GFP-S. epidermidis grown in agarose
(GS2) gelled media supplemented with alamarBlue (AB) for various agarose concentrations to assess for metabolic
activity by means of AB reduction and its detection; gain: 75 dB.

4.3 Influence of the gel strength

As a reminder, the gelled media discussed in this part of the chapter were prepared from different agarose gel
powders, that have different properties including the gel strength they provide to the gels. The characteristics of

these agarose gels are summarized in Table 3.1. All gels were prepared at the same concentration.

Bacterial growth

As already detailed above for the concentration influence, the means and standard errors were calculated and plotted
to investigate bacterial growth in media with various agarose types with different gel strengths. The evolution of
the fluorescence intensity related to GFP production of the bacterial strain is shown in Figure 4.11. First, it
seems like bacteria in liquid medium grow much faster than in gelled media at first and that the growth rate
decreases over time. Second, the fluorescence intensity reached after 24 h seems higher for the gels with a lower
gel strength compared to the ones with higher gel strength. However the difference is much less marked as it was
for concentration and the rate does not seem to vary much even when the properties of the gel vary. However,
variability in the results has been observed as it will be discussed in the next section.

In Figure 4.12 are represented the fluorescence intensity evolution for either undilute or 100 times dilute bacterial
suspension. The suspension was used to seed the gelled media prepared from different agarose powder at 1% w/v.
On the graph, the trend resembles more the one exhibited by gels of different concentrations. Indeed, when the gel
strength increases, the fluorescence rate as well as the maximal fluorescence decrease. Furthermore, the curve of the
rate also follows a trend similar to the one observed in the previous section. Indeed, the rate tends to first increase
to finally stabilize after a certain period of time (~ 5 h). The steady rate values for gelled media with a higher gel
strength are lower compared to the rate of a gel with a smaller gel strength. Moreover, the same trend is observed
even when the bacterial density is lowered, the rates are lower for dilute bacterial suspension in comparison to the
situation where the former non diluted bacterial suspension is used to seed the gels. A supplementary graph is

available in the Appendix section.
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Figure 4.11: Fluorescence intensity (Aez.: 488 nm; Aep,.: 515 nm) evolution of GFP-S. epidermidis grown in agarose
gelled media (1%) for agarose types with various gel strengths.
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Figure 4.12: GFP fluorescence intensity (Aez.: 488 nm; Aepn.: 515 nm) evolution of dilute or undilute GFP-S.
epidermidis grown in agarose gelled media (1%) for agarose types with various gel strengths and related fluorescence
intensity rate (computed from derivatives of the fluorescence intensity vs time); dotted line stands for a suspension
dilution factor 100 of the bacterial suspension, solid line stands for a dilution factor of 1.
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Epifluorescence microscopy images

Images were taken for the agarose types exhibiting the two most different gel strengths, namely GS1 (gel strength
> 1800g.cm~2 for 1% w/v) and GS4 (> 75g.cm~2 for 2% w/v). Representative images of the bacterial populations
observed in these particular gels are presented in Figure 4.13. Bacteria were observed on glass slide using the x60
objective of the microscope and the suspension used to culture the cells was diluted 100 times to facilitate imaging

capture.

On the one hand, GFP-S. epidermidis bacteria growing in the gelled medium with the smaller gel strength (GS4)
(Figure 4.13(a)) seem to grow rather independently from one another though some aggregates of a few cells are
also present but not prevalent. This growth mode is rather similar to the one encountered for planktonic bacteria
in liquid media.

On the other hand, when grown in agarose gel with a higher gel strength (Figure 4.13(b)), bacteria tend to aggregate
and form clusters. Even though some single bacteria persist, the majority grow as part of an aggregate, which moves
away from a purely planktonic mode of growth.

It is once again worth noting that the fluorescence of the out of focus planes lowers the quality of the images taken
by means of the epifluorescence microscope, probably caused by the thickness of the sample, especially for rigid gels

such as the one used in Figure 4.13(b).

(a) Minimal gel strength (GS4). (b) Maximal gel strength (GS1).

Figure 4.13: Epifluorescence microscopy (Olympus IX71; x60 objective) images of GFP-S. epidermidis (dilution
factor of the suspension: 100) grown for 24 h in agarose gelled media with either minimal or maximal gel strength
(observed on glass slides).

Moreover, heterogeneity in bacteria cell distribution is observed for the stronger gel. Indeed, images taken at
different places of the same sample give different read-outs as it is illustrated in Figure 4.14 for pictures taken with
either x40 or x60 lenses. On the left image, much denser clusters are observed compared to the representative image
shown here above, whereas the image on the right hand side of the figure demonstrates that there are almost no
clusters in some areas, where the growth mode could at first be considered planktonic if the sample is not scanned
further.
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Figure 4.14: Epifluorescence microscopy (Olympus IX71; x60 (left) and x40 (right) objectives) images of GFP-S.
epidermidis (dilution factor of the suspension: 100 (left) and 1 (right)) grown for 24 h in agarose gelled medium
with maximal gel strength (observed on glass slides).

Nevertheless, heterogeneity in terms of growth mode was not detected for the softer gel. A reconstructed large

image of the sample is indeed shown in Figure 4.15 and planktonic bacteria seems to dominate except for 1 aggregate
on the right hand side of the image.

Figure 4.15: Epifluorescence microscopy (Olympus IX71; x60 objective) reconstructed large image of GFP-S. epi-
dermidis (dilution factor of the suspension: 100) grown for 24 h in agarose gelled medium with minimal gel strength
(observed on glass slides).
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CLSM images

To get rid of the blurring effect related to the contribution of bacteria that are out of focus, CLSM images were
taken. Representative images of GFP-S. epidermidis population grown for 24 h in gelled culture media with dif-
ferent gel strengths are shown in Figure 4.15, using 100 times dilute bacteria suspension in a LabTek. The agarose
types used are the same as for the previous imaging technique.

On the one hand, bacteria growing in the softer agarose gel (Figure 4.16(a)) exhibit the same behavior as the one
deduced using the epifluorescence microscope: bacterial cells are rather dispersed and few aggregates composed of
a few number of cells can be observed, the growth is rather similar to planktonic growth.

On the other hand, growth images in the more rigid agarose gel also confirmed the observations made in the previous
analysis: cells tend to aggregate in a much larger extent than in the softer gel. The growth mode tends to cluster

growth, although some single cells are also growing in a planktonic fashion.

In summary, the deductions made with the previous observation technique are confirmed by CLSM images, that

are of much better quality, allowing to get rid of blur.

(a) Minimal gel strength (GS4). (b) Maximal gel strength (GS1).
Figure 4.16: CLSM images of GFP-S. epidermidis (dilution factor of the suspension: 100) grown for 24 h in agarose
gelled media with either minimal (left) or maximal gel strength (right) (observed in LabTek wells).
Metabolic activity

Since GFP does not interfere with the fluorescence related to the reduced form of AB, this reagent is used to

investigate the influence of the gel strength of agarose on the metabolic activity of GFP-S. epidermidis.

The experiment was repeated twice to ensure reliability. The evolution of the fluorescence intensity related
to AB metabolization is shown in Figure 4.17 using a gain of 75 dB. As already done for the gels at various

concentrations, two gains were used to measure the fluorescence intensity. However, for a gain of 100 dB, the
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microplate reader reached saturation inducing that the curve stops abruptly at a fluorescence intensity of around
60 000 (see Appendix). On the graph, a trend can be highlighted: the higher the gel strength of the agarose, the
slower the metabolization of AB. Indeed, the slope of the curve is the highest for the liquid culture medium and
it decreases with increasing gel strength. Moreover, it seems like the fluorescence intensity reaches a plateau after
some time. This plateau is reached once the reagent is completely reduced by the microorganism. Logically, this
plateau is first reached by the medium providing the highest metabolization rate, namely the liquid broth, and is
followed by the softer gels until the one with the highest gel strength finally reaches the plateau value.
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Figure 4.17: Fluorescence intensity (Aez.: 530 nm; Aepn: 590 nm) evolution of GFP-S. epidermidis grown in agarose
gelled media prepared with agarose powder of various gel strengths supplemented with alamarBlue (AB) to assess
for metabolic activity by means of AB reduction and its detection; gain: 75 dB.

5 Conclusion of the chapter

In this chapter, the behavior of GFP-S. epidermidis bacteria was investigated in agarose gelled media by various

means.

First the fluorescence related to the expression of GFP by the strain was used to determine the effects of the
gel composition on bacterial growth. The increase of agarose concentration seems to slow down the growth of the
microorganism and so does its gel strength. However, many variability was observed along experiment repetition,
though the trend was generally conserved except for one gel or the other, with no clear repetition in these inaccu-
racies. When working with living material, the results are indeed more prone to variation even if the experimental

conditions are kept as reproducible as possible during the whole process.

Second, the growth mode was observed using two different microscopy techniques. From the images obtained
by means of the epifluorescence microscope, a trend has been established for both concentration and gel strength
influence but since the image quality was hindered by the blurring effect of out of focus fluorescent microorganisms,
CLSM was used to get rid of this negative effect. The trend formerly observed is confirmed by the latter: in media
of low concentration or low gel strength, bacteria globally show a planktonic behavior whereas in the presence

of high concentration or gel strength, GFP-S. epidermidis seems to adopt a biofilm growth, even if some single
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bacteria still persist in the gelled media. Moreover, 3D images were taken for gels of different concentrations and
highlight the presence of a bacterial mat on the bottom of the support where the suspension was deposited prior
to gel casting. The diffusion of the bacteria across the gel also seem different depending on the gel concentration:
the cells seem to diffuse as single cells in low concentration gels, whereas dense clusters are formed after diffusion

of the first cells in concentrated agarose media.

Finally, the influence of the media composition on metabolic activity was investigated using AB reduction as
an indicator. The fluorescence related to GFP expression was proved to cause no interference with the fluorescence
related to the reduced form of AB reagent. The influence of agarose concentration and gel strength was this time
different. On the one hand, it seemed like the concentration of gelling agent did not cause any changes in the
metabolic activity, even though the fluorescence was higher in liquid broth in comparison to all prepared gels,
which show a very similar behavior regardless of the agarose concentration. On the other hand, the gel strength
of the used agarose seemed to affect the metabolic activity: indeed, the higher the gel strength, the slower the
metabolization of AB seemed to take place. However, it is worth noting that the agarose types used in this project
not only differ in terms of gel strength, but also in terms of chemical composition as well as potentially in terms of
network microstructure. The reduction of AB could therefore be changed according to the medium composition if
it reacts more with a particular agarose. In this view it is possible that the reduction is not representative of the

metabolic activity and cannot be relied on to measure the latter.
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CHAPTER D

Summary and discussion

As a reminder the aim of this master thesis was to investigate the influence of the mechanical properties of different
gelled culture media on the behavior of S. epidermidis populations. The use of the latter gels to grow bacteria is
intended to allow for a better control on the bacteria behavior, namely their growth and their metabolic activity.
The present chapter aims to establish the connection between the previous chapters, where the gels where firstly
characterized from a mechanical point of view and secondly the bacterial behavior in the gelled media was investi-
gated.

In Chapter 4, agarose concentration and gel strength were both proved to have an impact on the viscoelastic
properties of the gels they form. Indeed, an increase in either gel strength or concentration induces an increase
of the moduli as well as the viscosity. More specifically, the storage modulus G’ accounts for the rigidity of the
material when a shear deformation is applied. So to increase the stiffness of an agarose gel, one can simply increase

the concentration and/or change agarose type to one showing a higher gel strength.

As already mentioned in Section 5.3 of Chapter 1, the stiffness of the hydrogel used to culture bacteria has been
shown to play a role on the bacterial behavior. Based on the results of Chapter 4, the influence of the mechanical

properties that can be suggested in the case of S. epidermidis in agarose gels is the following.

First, it seems like the stiffer the gel, the slower the bacterial growth since an increase in either concentration
or gel strength implies a decrease of the growth rate. Consequently, the number of bacterial cells in a softer gels
is greater that the one obtained in a stiffer gel, after the same incubation period. Second, stiffness seems to drive
the growth towards biofilm mode. Both of these effects could be due to the ability of bacteria to sense changes in
their environment, whether they are chemical, physical or of another nature, and to consequently adapt to it. This
adaptation takes place thanks to differential gene expression induced by the sensing systems mentioned earlier.[78,
84, 94] Bacteria in biofilm growth mode are intended to provide a secure environment to reproduce slowly and
survive whereas planktonic bacteria are designed to colonize new niches, not ensuring their long-term survival.[95]

The switch between those two phenotypes may be induced by the nature of their surrounding environment.[78]
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First, the diffusion in agarose of both cells and nutrients is hindered due to the network formed by the polymer
bundles. This effect should be even more pronounced for agarose gels with a higher stiffness since the network is
more dense and thus provides resistance to stress. Consequently, the rate of nutrient diffusion is impacted by the
stiffness and gradients of nutrients can be observed in the gels which can also be sensed by the bacteria and induces
a regulation in gene expression to favor one or the other growth mode depending on the nutrient availability.[78,
84] Moreover, as suggested in the work of Serwer et al. [76] for other bacteria (E. Coli and Lysinibacillus), clusters
formation in more rigid environments could be explained by different means. Clustering could for instance promote
growth since the cluster would provide a higher growth-derived force to counteract the forces applied by the gel
fibers on the microorganisms. In the second instance, the irregular shape of the clusters could be due to the local
variation of rigidity inside the gel: due to the presence of fibers, some places are more rigid than others, promoting
the formation of immobilized clusters in some places and promoting the proliferation planktonically in softer areas.
Furthermore, the presence of single bacteria even in rigid gels could be explained for two different reasons. First, a
bacterium could have diffused, in the case at hand from the bottom of the support for example, and not replicate.
Second, the migration of single cell from clusters post replication could also occur. This phenomenon could first
originate from the nature of the near environment, which could be more favorable to planktonic growth. Migration
could also be due to clustering-amplified forces generated by the combination of the forces of the bacteria to outgrow
cells and drive towards the formation of new aggregates, starting from the released bacteria.

To sum up, clusters in rigid environments could be intended to maintain growth despite the physical constraint
induced by the agarose network as well as the possible depletion in terms of nutrient related to diffusion limitation
in some areas of the medium, and this despite the fact that the cells in biofilms exhibit a non optimal growth.
Nevertheless, even if the influence of the mechanical properties on the growth, i.e. the increase in cell number, seems
to be proved, it is not the case considering the influence on metabolic activity. Indeed, the results obtained for the
influence of the concentration and the one of the gel strength on the reduction of AB are different. Consequently,
it is not possible to assert that the has an influence on the metabolic activity of the microorganism, within the
tested concentration range at least. However, since the change in agarose type, which was formerly done to vary
the gel strength of the medium, influences the metabolic activity, another parameter certainly comes into play by
changing the cellular environment. This parameter could be related to the chemical composition or the structure
formed by one or the other gel. The gels should be investigated further to determine the cause of this change in
AB reduction. Since the fluorescence intensity only account for AB reduction, it is worth noting that it is possible
that the metabolic activity of the bacteria remains unchanged and that the observed effects are due to interactions
between agarose and the reagent, which would depend on the agarose type used to prepare the gelled medium. If
such interactions exist, AB reduction would not be reliable to quantify the bacterial metabolic activity in agarose

gels prepared using different agarose powders.

In conclusion, this work showed that the mechanical, i.e. viscoelastic properties, of the culture gel medium in-
fluence the bacterial behavior of S. epidermidis, in terms of growth rate but also of growth mode, probably inducing
a switch in gene expression of the microorganism, which could be beneficial in the framework of future applications

such as the the bacterial patch used to restore healthy skin that was mentioned earlier in this report.

In the future, these results will be used in the design of the previously mentioned patch engineered by our
laboratory. Indeed, the growth and eventually the metabolic activity of the bacteria embedded in the wells of the
construct could be controlled by fine tuning the mechanical properties of the gelled media in order to achieved

optimal growth kinetics.
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CHAPTER 0

Improvements and prospects

Despite the fact that the results obtained during this master thesis are quite convincing, many things are still to
come. Firstly, some improvements could be implemented to further optimize the protocols and consequently the
quality of the obtained results. Moreover, many other parameters could be investigated to better understand the

influence of the mechanical properties on the behavior of S. epidermidis.

1 Improvements

Different aspects of both the mechanical characterization as well as the study of bacterial growth and metabolic

activity could be improved further in the following way.

First, the use of a rheometer with a better torque sensitivity could be considered to get rid of the variation
obtained upon repetition of the experiments due to this limitation. Moreover, the use of striated plate or disposable
plate scratched with sandpaper could be interesting to test for rheology measurements, in order to further improve
the adherence between the sample and the plates. In this way, more rigid gels could also be tested using rheology
whereas it was not the case here, i.e. for the most concentrated gel. Furthermore, it would be very interesting
to test some agarose gels using both DMA and rheology to cross-check the results obtained from one or the other
technique and ensure their reliability. This could be achieved using the previously mentioned improvement, that

would broaden the range of concentrations that could be tested by rheological means.

Second, adaptation of the protocols to get insight on the bacterial behavior are necessary to get rid of the bias
that still persists in the present work. Indeed, bacteria should not be in contact with the bottom surface of the
microplate or the LabTek. Actually, the bacterial mat observed on CLSM images could be partially or entirely due
to the way the bacteria were poured in the first place. A better way to proceed would be to pour in the wells a first
layer of gel, then add the bacteria suspension and finally cover it with a second layer of gel, so that bacteria would
be sandwiched in the gel. Using this protocol, the growth of bacteria would be exclusively related to the growth

behavior as such and not influenced by the interaction between cells and solid substrate anymore.
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2 Prospects

To deepen the understanding of the influence of agarose properties on S. epidermidis, several aspects could be

explored in the future.

In the first instance, since it has not been identified during this master thesis, the influence of the agarose nature
on the reduction of AB and on the metabolic activity of the cells should be investigated further. Indeed it would
be of great interest to determine if the nature of the agarose influences only the chemical reaction on which the
metabolic activity assay relies or if the activity is really impacted. In order to do so, the different agarose types
should be characterized further to understand in what way they differ from one another, may it be on a microstruc-
tural point of view, physico-chemical composition or other parameters that could impact both the reduction in itself
or the metabolism of the microorganism. Other techniques could also be considered to assess metabolic activity,
for instance one of the other techniques introduced in Chapter 1.

Furthermore, it would be interesting to investigate the influence of agarose concentration on the microstructure of
the network. It would allow to precisely determine in which way the concentration impacts the bacterial behavior.
Indeed, concentration variation induces many different changes in the materials, which could themselves be the
origin of particular behaviors observed in a bacterial population, rather than concentration as such. For instance,
the pore size distribution varies as a function of concentration and could per se influence the way the bacterial
population behaves.

Additionally, since gene expression is influenced by the cellular environment, it would be particularly interesting
to investigate the influence of gelled medium composition. Genomic regulation as well as secretome studies would
be especially relevant to understand which changes the mechanical and/or chemical properties of agarose gels can

induce in terms of gene expression and molecules secretion.

In the second instance, it would be relevant to investigate the evolution of the population of GFP-S. epidermidis
in the gels over time by means of microscopy. Time-lapse images of the cultured bacteria in solid media could
be captured in an incubation chamber under the microscope objective, whether it is epifluorescence microscope
or CLSM. Prior knowledge could be gained first using epifluorescence microscopy and then confirmed by confocal
microscopy later on to get better quality images. In this way, the diffusion of the bacteria in the gel could be

assessed to better understand how clusters form in a better way.

Finally, some investigations related to more specific applications could be implemented. As a reminder, this work
is part of a more global project concerning the engineering of a patch containing encapsulated S. epidermidis bacteria
to fight against the development of skin pathologies, namely acne vulgaris. As mentioned at the end of Section 2.1
of Chapter 1, S. epidermidis possesses an antimicrobial action against C. acnes, whose abnormal proliferation in
anaerobic conditions causes acne vulgaris. This antimicrobial action relies on the fermentation of glycerol to produce
short chain fatty acids of S. epidermidis in anaerobic conditions, i.e. in acne lesions. In particular, succinic acid,
which was shown to limit C. acnes overgrowth, seem of critical importance in this regulation process. Therefore,
optimizing the synthesis of those fatty acids of interest by means of medium optimization would be of great interest
for such novel therapeutic option. Finally, this application is just one example of the spectrum of possibilities
offered by S. epidermidis. Its use could be broaden in many ways, to regulate the action of other commensals but

also possibly to fight against pathogenic colonization.
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APPENDIX A

Fluorescence intensity: bacterial growth
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Figure A.1: GFP fluorescence intensity (Aep.: 488 nm; e, 515 nm) evolution of dilute or undilute GFP-S.
epidermidis grown in agarose (GS2) gelled media for various agarose concentrations and related fluorescence intensity
rate (computed from derivatives of the fluorescence intensity vs time); dotted line stands for a suspension dilution
factor 100 of the bacterial suspension, solid line stands for a dilution factor of 1.(link to the related Section)
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Figure A.2: GFP Fluorescence intensity (Aez.: 488 nm; Aeyn.: 515 nm) evolution of GFP-S. epidermidis in agarose
(GS2) gelled media prepared with various agarose concentrations (dilution factor: 1000) (link to the related Section)
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APPENDIX B

Epifluorescence microscopy

Return to the related section using this link.

1 0.3% agarose (GS2) gelled medium

Figure B.1: Epifluorescence microscopy (Olympus IX71; x20 objective) image of GFP-S. epidermidis (dilution
factor of the suspension: 100) grown for 24 h in a 0.3% agarose (GS2) gelled medium (observed in LabTek wells).
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Figure B.2: Epifluorescence microscop (Olympus IX71; x60 objective) image of GFP-S. epidermidis (dilution factor
of the suspension: 100) grown for 24 h in a 0.3% agarose (GS2) gelled medium (observed on glass slides).
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2 3.0% agarose (GS2) gelled medium

Figure B.3: Epifluorescence microscopy (Olympus IX71; x20 objective) image of GFP-S. epidermidis (dilution
factor of the suspension: 100) grown for 24 h in a 3.0% agarose (GS2) gelled medium (observed in LabTek wells).
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Figure B.4: Epifluorescence microscopy (Olympus IX71; x60 objective) image of GFP-S. epidermidis (dilution
factor of the suspension: 100) grown for 24 h in a 3.0% agarose (GS2) gelled medium (observed on glass slides).
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APPENDIX C

AB reduction to assess metabolic activity of GFP-S. epidermidis
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Figure C.1: Fluorescence intensity (Aez.: 530 nm; Aeyp,: 590 nm) evolution of GFP-S. epidermidis grown in agarose
(GS2) gelled media supplemented with alamarBlue (AB) for various agarose concentrations to assess for metabolic
activity by means of AB reduction and its detection; gain: 100 dB. (link to the related Section)
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Figure C.2: Fluorescence intensity (Aez.: 530 nm; Aeyn.: 590 nm) evolution of GFP-S. epidermidis grown in agarose
gelled media prepared with agarose powder of various gel strengths supplemented with alamarBlue (AB) to assess
for metabolic activity by means of AB reduction and its detection; gain: 100 dB.(link to the related Section)
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