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Introduction

During the past decades the development of newrralstéor biomedical applications has
involved more and more polymersThis has been exemplified by the design of therape
macromolecules to increase the efficiency and tharol in drug delivery. For instance, the
efficiency of anticancer agents has been improwediging polymer-drug conjugates able to
deliver them selectively in the targeted tisstiesPolymeric systems have also allowed
considerable progress in implants such as prostheséemporary implants, especially those
used for regenerative medicine and tissue engmgeand involved polymeric systems have
experienced a throbbing inter&sf,

Many of these materials can accomplish very preaisg complex functions, thanks to a
careful design and refined modification and funaéilization. The functionality of these
materials can be programmed, by changing theiingitr properties and architecture, but cannot
be modulated according external conditions. Fotaimse a polymeric drug system can be
designed to deliver insulin in a given durationt ibus more difficult to make the system deliver
only in case of hyperglycemia. That’'s why furthesriwtends to obtain materials responsive to
an external stimulus, for instance evolved polynadte to release drugs only on demands in a
given stimulus. These stimuli can be simple phydiemical parameters such as temperature or
pH. They can correspond to a biological situatiocrease of temperature in case of fever, pH
variation corresponding to the variation of pH @dhe digestive tract (acid in stomach, basic in
duodenum) or to the acidic medium of lysosomeel@asse the drug only in the cell. More recent
efforts try to elaborate materials able to resptmdnore sophisticated stimuli. For example
recently magnetic field sensitive carriers havenbéeveloped to deliver drugs on demand or on
a given spot of the organisth*?

The doctorate research presented here contribaitdee telaboration of stimuli responsive
materials based on modified polyelectrolytes.

In the first chapter we provide background inforimatabout the major elements required
for the modification of surfaces with polyelectr@ymultilayer films.

In the second chapter, we have developed polyelgtdr multilayers to design surfaces
able to bind a given protein very selectively argalling all other. This property is sought to
form biosensors. One has also taken advantagesigndsurfaces that respond to mechanical
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Introduction

stretch. The expected response is to trigger dakksion under stretch, while under rest the same
surface is anti-adhesive. The results of thesaestiate presented and discussed in chapter 3.

Subsequently we have presented a detailed stutheddtructure of associating polymers
and the changes of their properties under the enfie of different parameters. We have
mentioned the applications as drug delivery systiaisresult from their properties.

The chapter 5 describes our efforts to obtain grpefic gel with a rheological response
when exposed to pathogen bacteria. The stimule®nstituted by microbial exoproteins that
signal the presence of bacteria. The sought respsribe viscosity decrease and resolubilization
of the gel. Such polymer could be used as a drugecable to store high antibiotic doses and
release them only in the case of infections.

13
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CHAPTER 1:

Modification of polyelectrolytes to the
buildup of films for biosensor and

mechanoresponsive surfaces
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Chapter 1: Bibliography of polyelectrolyte multikng

First this study is related to the modificationpaflyelectrolyte to be used in the buildup
of films. During my work we prepared poly(acrylicid) PAA with two bioactive molecules,
RGD and biotin. This functionalizations endows ti@s, incorporating the modified polymer
with new properties necessary to form:

- Biosensor surfaces

- Mechanoresponsives multilayer films

This bibliographical part will first describe theek elements for the buildup of
polyelectrolyte multilayer films (PEM) will be biilg described in this chapter. Then the
applications of PEM will be gathered dedicated imsénsing surfaces and mechanoresponsive

materials.
1.1 Introduction of polyelectrolyte multilayer films (P EM)

The multilayer systems were introduced in the 193@d4rving Langmuir and Katherine
Blodgett describing nanostructured films called figeuir-Blodgett” (LB) films* * This
technique consists in the construction of a morelaf amphiphilic molecules at the air-water
interface. This film is then transferred onto adgslpport. The process can be repeated several
times to obtain multilayer films. Yet the LB techjoe presents several limitations and
inconveniencies, the films are not stable, theynoae formed on substrates and have limited
sizes. In the 1980s new systems were developed akesnative to LB films, by self-assembled
monolayers (SAMs) on silane-Si®r by covalerif and coordinat® chemistry. However, these
systems cannot produce high-quality multilayer §lm

The development of nanostructured films based entrlstatic interactions was carried
out by lller’” The construction of multilayer films required @itla anionic and cationic
particles, but this method was never proved. Téchinique relies on the electrostatic attraction
between oppositely charged molecules seemed todo®c candidate with good driving forces
for multilayer build-up. At the end of the 1980sstltoncept was applied in some studies on
adsorption of proteirf and metallic’s colloids?

It was in the 1990s that Dech®demonstrated the possibility to build up films the
alternating physisorption of oppositely chargedyptaEctrolytes, so called layer-by-layer method

16



Chapter 1: Bibliography of polyelectrolyte multikeg

(LbL). This kind of construction allows the depasit of many organic and inorganic substances
and organic as DN%, on any substrate from gold to silicon, througgiraple stepwise process.
Later the LbL was extended to other interactiorathimple electrostatic, and some films have
been successfully made via hydrophdBibydrogen bonds or covalent bond%'

Here we review only the PEM built from electrostainteractions. We focus on the
understanding of the properties of PEMs necessarguide the functionalization of the

polyelectrolytes with bioactive molecules.

1.1.1 Principle of the preparation of polyelectrolyte mutilayer films

The technique is based on the electrostatic intierec between cationic and anionic
species and the entropic release of coutenriors stibstrate is brought into contact with dipped
in a solution of polyion, followed by a rinsing pte eliminate the excess or the weakly adhering
polyelectrolyte chain& * % Then the substrate is brought in contact with ltem of
oppositely charged polyelectrolytes and rinsed ragéi representation of the buildup of a
multilayer film is displayed in Figure 1. 1. Thesteps are then repeated until the desired film

thickness is obtained.

I 1) Polyanion 3) Polycation
£ —_— —_—
@ 2) Rinsing 4) Rinsing

A

Figure 1. 1. Principle of the construction of polykectrolyte multilayer films by dipping. Steps 1 and3
represent the adsorption of polyanion and polycatin, respectively. Followed by rising steps 2 and?.

17



Chapter 1: Bibliography of polyelectrolyte multikng

The PEM can be obtained by different depositiohnéjues:

The dipping methodis represented in Figure 1. 1. This is historictly first method and
it is still the most widely used. The depositiomuiges between 5 and 20 minutes for each
polycation/polyanion deposition cycle including thiasing step.?® 2’ This technique can be
coupled to measurements by quartz crystal microloala(QCM) and optical waveguide
lightmode spectroscopy (OWLS), by replacing thepdig steps by letting the different solutions

flow through to measurement cells.

The spraying methodconsists in spraying the solutions horizontallytbe surface held

1.2° demonstrated that

vertically. This technique considerably speedshepprocesé® Porcel eta
it is possible to produce films by simultaneougtyaying both polyelectrolytes which reduces
even more the time of film construction. The lagrecknesses obtained by spray Layer by Layer
(LbL) are usually less than those obtained by digp? *(Figure 1. 12(a))

Spin coating can also be usetb build up PEM** 33 It can produce more homogenous

films, Figure 1. 12(b).

- Addition of
== polyelectrolyte
solution

rotation

dry

Polycation +

Figure 1. 2. Schematics representation of LbL depdson techniques on substrates. a) spray LbL. b)
spin coating. The process is repeating several timeintil desired layer number is obtained.

When constructing PEM’s by the LbL method both thass and thickness of the film
increase with the number of deposition steps. Tlaeeetwo types of film growth, linear and

exponential, which will be reviewed in the followisection.

18



Chapter 1: Bibliography of polyelectrolyte multikeg

1.1.2 Mode of growth on polyelectrolyte multilayer films

The two types of growth regimes are representeBigare 1.3, where the variation of
thickness with the number of the deposited layeshbwn.

250 [ -
200 [
'E I o
c i
— i o
S 150 |
7
()] C
[ i 3]
S 100 f .
-.E - 0
A ] a o0
50 [ oo
C o " o0
L M

"PE1 23 45 67 89 10
Number of pairs of layersn

Figure 1. 3. Evolution of the polyelectrolyte thickiess. Linear versus exponential growth. [{)
PEI(PGA/PLL) , and (O) PEI(PSS/PAH),as a function of the numbers of added layer pairs

In the linear growth regime, the thickness incretredrthe multilayers is constant with the
number of alternative steps of deposition of pdigea and polyanion. In this case,
polyelectrolytes from the solution interact excugty with the outer layer of the film without
diffusing into the architecture. This is observemt the poly(styrene sulfonate (PSS)) and
poly(allylamine  hydrochloride ~ (PAH))  (PSS/PA¥) for  (PAH/PAAY®  or
poly(diallyldimethylammonium (PDADMA)) (PDADMA/PS$jfilms.

If the film thickness and the amount of adsorbelyglectrolytes increase with the number
of deposition steps, the film shows an exponergi@wth. This behavior is displayed for
example by (PGA/PLEf and (PLL/HA)** *" In those PEM's, part of the polyelectrolyte can
diffuse freely throughout the thickness of the fil8o the proposed model for the exponential
growth is as follows: an amount of polyelectrolyseadsorbed on the top of the film. This
amount is limited by the charge compensation ofptexious layer. But an additional amount
migrates inside the film and freely diffuse throoghthe thickness of the film. In the next step,
when the oppositely charged polymer is brought icbmtact of the film, the free previous

polyelectrolyte migrates back to the top and insesathe amount of polymers that can be
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Chapter 1: Bibliography of polyelectrolyte multikng

compensated. This leads to a thickness incremepbpiional to the thickness of the multilayer

and hence to an exponential growth.

1.1.3 Nature of the substrate

There are many substrates for the constructiorolylefectrolyte multilayers. The surfaces
can be flat or spherical. In this thesis we havekeo with flat surfaces. Some types of surfaces
are mineral (glass slif® quart?®), metal (sintered titaniuf), silico™® and organic
(polyethylené?).

In this work polydimethylsiloxane (PDMS) has beesed as substrate in order to stretch
the. This polymer is of particular interest becaos#s elastic properties, low toxicity, chemical
inertness and biocompatibility. This property haeen exploited in the domain of medical
implants., especially in vascular grafts and breasilants*> Moreover it has been used to
control and enhance cell adhesfdrf*

It is not easy to build PEMs on PDMS: the surfacaat charged. So the adsorption of the
first layer of polyelectrolyte is quite delicate damelies exclusively on Van der Waals
interactions. The adhesion to the silicon dependshe choice of polyelectrolytes. The films
based on (PSS/PAH) are easily deposited on sikcoface®’, while (PAA/PAH) films shows a
high surface roughne$s.

1.2 Multilayer films responsive to mechanical stimuli

During the last years much research has been deditda materials with responsive
surfaces. The design of materials that are seasitiv external stimuli such as pH
temperatur€, and light® has been widely investigated. However, less atterftas been given
to films that respond to mechanical stimli.

Genzer and coworkeYs have stretched silicone sheets, modified them tigching
perfluoroalkane chains and relaxed them after nuadion. In this way, they were able to
develop “mechanically assembled monolayers” whighifcantly decrease water contact angle
upon relaxation. The final hydrophobicity stronglgpends on the degree of stretching before

chemical treatment.
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Chapter 1: Bibliography of polyelectrolyte multikeg

One of the first examples of adaptative multilafiens has been reported by the group of
P. Schaaf? Nafion (Naf), a hydrophobic polyelectrolyte, wased to build the following film on
PDMS substrates: (PAH/NaffPAH/PAA),. At rest the film has a water contact angle of.45°
When the film is stretched to 220 % the contactl@angcreases to 100°. This property is

attributed to the exposition of hydrophobic Nafdes/ at the surface when the film is stretched.
(Figure 1.4)

140 T T T T T
120
100

contact angle (deg.)

number of stretching cycles

Figure 1. 4. left: schematic representation of the film that exhibis a reversible
hydrophobic/hydrophilic transition upon stretching; right: evolution of the contact angle of
PEI(Naf/PAH) ,Naf(PAH/PAA), multilayer. The angle variations are observed for ifms ending with a
hydrophilic layer (PAH/PAA) (A) deposited on top of a hydrophobic one whereas no changes in the contac
angle are observed when the hydrophobic film (PAH/N) (B) is deposited on top of hydrophilic oné?

This system proved to be reversible and reprodecdier successive stretching and
relaxation cycles. The authors have hence achiavegistem that responds to a mechanical
stimulus by reversibly switching from hydrophilic hydrophobic.

Another mechanosensitive system was recently repdry Mohwald and coworke?3 It
iIs based on polyelectrolyte multilayer films frorolystyrene sulfonate modified with pyrene
(PSS-PY) and poly(diallyldimethylammonium)chloriRDADMA) on PDMS. When the film is
stretched, pyrene fluorescence at 457 nm decreds$es. fluorescence corresponds to the
emission of the excimer. When the film is stretchtbe ratio of associated pyrenes diminishes

because the polymer chain are forced into an uedaiate. (Figure 1.5)
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7/

(un) stretched 0% Stretched 5%

PSS-PY

Figure 1. 5. Schematic representation of the effeeit unstretched and when stretched. (PSS-PY) with x
=1 and 3%.(Green) PSS-PY polyelectrolyte (Red) PO2MA molecules.

The transformation of mechanical stimulus suchtieetching into a chemical or biological
reaction is a process that is widely used by natume that is called transductishWhen
subjected to mechanical forces, some proteins ehtregr conformation. This change allows the
exhibition of hidden active sites, called cryptites, that become accessible. For instance
fibronectin is able to expose such cryptic siteslarnstretching>® Our work has sought to
develop films mimicking this property, for instanfiens containing active compounds which
are inaccessible in the non constrained state aodnee accessible in a reversible way when the
surface is stretched.

More recently Mert? et al. describes films with biocatalytic activiipduced by
stretching. The multilayer architectures were bupton a silicon sheet, Figure 1.6. The films
consist in a first exponentially growing multilayéPLL/HA):s/PLL/ALP/(PLL/HA).s and
covered by (PDADMA/PSg}hat acts as a barrier. ALP (alkaline phosphatass)embedded in
the films. This enzyme hydrolyzes FDP (fluoresagijphosphate). This interaction (ALP-FDP)
was displayed when the films is stretched leadiaggteen fluorescence emission. This
fluorescence suggests that the cryptic sites hagerbe accessible upon stretching. At rest, only

a weak fluorescence was observed.

22



Chapter 1: Bibliography of polyelectrolyte multikeg

[ \N
e v vat Yo,
. u“ . - CT phet ~ \ .
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PDMS sheet
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[ ) 00 | [ ?0 90— \
Capping barrier fi
Reservoir \ /
& ALP “w J Y 3
FOP (7 ? @ J \
Fluorescein + 2PO; ‘

Figure 1. 6. Scheme of the mechanically sensitivéobatalytic coating. (i) At rest the catalysis is . (ii)
under stretching the enzymes are exposed, the bidalysis is active leading to formation of fluoresde. (iii)
Inhibition of enzymes due to strong increase of the&oncentration of fluorescein and phosphate ionsivj
Rinsing step to reactivate the enzymes. When thestgm is brought back to its initial state (i) the azymes are
again masked and the catalysis is desactivatéd.

These types of architectures demonstrate theyutfiPEM to mimic biological systems.

Until now, very few studies have been carried oithwthe functionalization of polyelectrolytes

with different molecules for specific biological@jzations.

1.3 Control of protein adsorption and cell-adhesion orsurfaces

1.3.1 Strategy

PEM can coat “virtually” any surface. An interesgtiperspective is to use them to coat
medical implants. One of prime importance for gdpléications of implants is to control their
interactions with the biological environment. Fdrose applications one seeks two main

properties.

- It must be protein repellant: this property is resagy to render the implant blood
compatible for instance in catheters or heart \&ateeavoid thrombosis or bacterial
infections.

- It must be adherent for the cells: this propertyasessary in tissue repair or in
bypass systems.
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Some applications require both properties (antibfigu properties and cell adhesion)
simultaneously. The PEMs are very prone to adsookejms. The proteins can be adsorbed on
any polyelectrolytes by electrostatic interactiodgpending on the charge of the protein.
However even in the case of unfavourable chardes,protein can absorb. Ladam efal.
describe the adsorption of negative serum albuHiBA) that is negative onto positively or
negatively charged polyelectrolyte film. On the igge film HAS adsorbs and the thickness of
the adsorbed protein layer exceeding several ttheegypical protein size. On the negative films,
HSA still adsorbs and in this case only one morelag adsorbed. This behavior is due to
hydrogen-bonding and hydrophobic interactighs.

Besides physicochemical adsorption, some proteamsbe bound to PEM’s by ligand-
protein interaction. This can be done by incorpogatigands in the film, which they are
accessible to one protein exclusively, as biotirgavidin>®®® Our strategy is the design of
surfaces that can be specific for protein adsonpiod adherent to cells.

The next section presents some of antifouling films

1.3.2 Anti-fouling surfaces

In this chapter we present two antifouling polyraasoatings: the first is based on PEO,
the second one on phosphorylcholine (PC) groups.

Surfaces coated or grafted with PEO were introducethe 80s. For high molecular
weights and high grafting densities, PEO forms @ashbrconformation that sterically impedes
protein adsorptiofit The reduction of protein adsorption is relatedtte grafting density of
PEO, to their surface density and to their length.

In order to coat surfaces with PEO, block copolysneith a hydrophobic block are used to
absorb the substrate on hydrophobic surfaces. Aathés hydrophobic substrates can also be
obtained using methacrylate backbones with alky sihaing? Polyelectrolytes can be easily
modified to form antifouling PEMs: brush copolymefsPLL modified with 5 mol % of PEO
(PLL-g-PEO) on metal oxide surfaces effectively reduce alsorption of blood serum and

human fibrinogert®> ® Boulmedais et d&° have studied multilayers based on (PLL/PGA) and
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Chapter 1: Bibliography of polyelectrolyte multikng

observed a strong reduction of protein adsorptigh & hydrophilic multilayer of (PLL/PGA}
PEO).

The other group of antifouling species, less stidian PEO, are compounds containing
phosphorylcholine (PC). Many phospholipids compiteecell membranes and can have either
uncharged, positive or negative head groups. Budstbeen noticed that in blood cells, PC is the
major membrane constituent of the external memlistalR€ groups lead to blood compatibility
because they reduce the adsorption of protéfn&.°” Later it has been found that many other
zwitterionic groups induce protein resistance, esglfobetains having equal amounts of
N(CHs)s" and S@ groups.

In our group, Reisch et & **have modified many polyelectrolytes with side csagénded

by PC (Scheme 1.1). Their inclusion in PEMs strgnglduces protein adsorption even under

(0] ®
1-x X e) NGV N
o ONa G N/\/ \/\O/\/ P\O/\/N\

H o

©

stretching.

Scheme 1. 1. Chemical structure of PAA(EQIPC.

Films of PEI(PSS/PAHJPAA(EO)-PC where PAA(EQ)PC is the modified PAA
depicted Scheme 1.1 proved to be fully protein ltepefor rates of modification of 25 8.The
same film was built on PDMS and its antifouling aajpy was measured under rest and after
stretching. The systems was stretched to 100 af&bol&fter exposure to fluorescein labeled
albumin (AI"™®) and the amount of adsorbed protein was measusedfiuprescence
microscopy. The results are illustrated Figure.IlThe fluorescence slightly increases when it is
stretched. One has to deposit two PAA(ERD) top-layers to eliminate all adsorption under
stretching. The antifouling properties were alsstdd with PAA-(EO) with a modification

degree of 24%, and proven to be as efficient as R@®®
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SR R —,

AIbFIC on (PAHIPAA -PC), at degree of slrelchmg (1,)

- - -

AIbFTC on (PAH/PAA-PC) at degree of stretching (I/l,)
AIbFTC on PAH

1.0 1.5

Figure 1. 7. Fluorescence micrograms of protein adsption of PEI/PAH/PSS/PAH, PEI(PSS/PAH})
(PAA-(EO)3PC),n = 1 or 2 Treated onto silicon surface after adsorption of 4™ and rinsing.

These types of systems are one of the main trendsomedical applications involving
modification of polyelectrolytes with bioactive neglles. They are e.g. used as thin films for
immunoassays, chemical and biological sed8orsdrug screening, tissue engineering, films to

immobilize DNA, proteins and enzymes for biosenspplications’?
1.4 Cell-adhesive surfaces

When cell adheres to a substrate, it involves cemplochemical mechanisms. Especially,
in the living tissues the cell adhere to the exdllatar matrix via membrane proteins called
integrins’® These proteins mediate cell adhesion by bindingdifterent proteins of the
extracellular matrix (ECM).

The tripeptide RGD (arginine-glycine-aspartic acid)a ligand of integrins and can
stimulate cell adhesions when it is adsorbed ofases. This sequence was identified in many
other ECM proteins e.g. in fitronectin, fibrinogeoollagen, laminin, etc, that trigger cell

adhesion.
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surface

Figure 1. 8. Adhesion and proliferation of the cell

Therefore, functionalization of polyelectrolyte rikalyers with RGD endows them with
cell adhesion capacity . This peptide can be edisigd to polymers via covalent amide bonds.
The PAH proved to be excellent for binding RGDNVhen RGD was covalently immobilized in
films of alkyne or azide groups (PEG-AIK/PEG-A1) promoted the adhesion and proliferation
of cells”

In similar systems RGD is grafted to (PLL-g-PEG/RPEGDx%) with (x% =1, 4, 11, 58)
The structure is represented in Scheme 1.2 and RiMsthis modified polymer on top were
built on a NpOs surface. The construction of the film and cell @glon was monitored by the
OWLS apparatus’® This film promotes the adhesion of human dermiatoblasts. In these
examples, the films are functionalized at the séme with PEG in order to repel proteins. This
double functionalization affords a film that is éotiling for most of the species, but adherent for

the targeted cells.
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Scheme 1. 2. Scheme of PLL-g-PEG/PEG-RGD

long and short PEG-spacers
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1.5 Biosensor systems using Polyelectrolyte multilaydims

A biosensor has three major components: bi@eceptor that is a biomolecule that
recognizes a given target, the target moleculsemsor moleculeand thetransducerwhich
converts the recognition into a measurable sigadbptical, piezoelectric, electrochemical, etc).
The sensor molecule can consist of a large vaoktyolecules, e.g. enzymes, antibody, etc.

The principle of biosensors was introduced in 18¢2eland et al’ . His system was able
to measureme blood glycemiae and described the dimgyme electrode with immobilized
glucose oxidase.

LbL is readily used to prepare biosensors. Mulélaghin films including oxidoreductases
(glucose oxidasé lactate oxidasé) or other proteirf§ by the alternating deposition of proteins
and oppositely charged polymers have been prep@hnese protein-containing LbL films can be
immobilized on electrode surfaces. When the readikes place between the enzyme and its
substrate,. the oxidation is converted in elecsignal via the electrode. This technique has

proven to be relatively simple and versatile.

1.5.1 Protein sensors

Many PEM biosensors have been tested with biotinthassensor and avidin as the
bioreceptor. Indeed, biotin-strepatvidin presehesgtrongest non-covalent biological interaction
known, with binding constant of ¥0M™. With this strong interaction, it has been easyniany
teams to develop films able to bind biotin or anitli 82 Biotin is an acid and can be readily

coupled to polyelectrolytes, as illustrated in Subel.3.

0 (0]
H
N N
X
1-x

S
NH5CI HN\[(\/\ =
o HN YNH
(0]

Scheme 1. 3. Example of PE modified by Biotin: po{l.-lysine-co-g-biotinyl-L-lysine).
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Roucoules and coworke?§. designed surface responsive materials based oMSPD
substrates. PDMS was functionalized with carboxgtil groups by a pulse plasma treatment in
the presence of maleic anhydride. COOH groups weegl to covalently attach PEG (MW =
2000) and PEG-biotin groups. The studied the natifip adsorption of proteins, under stretch

and at rest in the presence of avidin. Figureillu&rates the behavior of the PDMS surface.

Figure 1. 9. Schematic representation of the PEG-Biin covalently attached on the PDMS surface in
contact with avidin. On the right representation of the surface at rest and on the left the surface wer
stretch.

The studies of the surface demonstrate that tHfacas are anti-fouling when they are not
stretched. This property varies with the elongatainthe substrate. When the substrate is
stretched at 100% non-specific adsorption of pnstdakes place, since the surface is now
accessible. Nevertheless, these types of surfaeepracursors for the design of mechanically
responsive materials able to resist non-specifsogation at rest and under stretch.

In one hand PEM can be modified to inhibit the specific adsorption of proteins
proteins interactions with the surface. On the iotheand they can be modified to bind
specifically given proteins such streptavidin ordav. This double capacity offers an interesting

perspective to form biosensors.

1.5.2 Immunosensors

Immunosensors exploit the molecular recognitionanfigens by antibodies to form a
stable complex. The antibodies constitute a cldggateins called immunoglobulins, which are
produced by B-cells and they can bind to a foreignbstance/molecule (antigen).
Immunoglobulins are composed of four polypeptidaich that are connected by disulfide bonds
and noncovalent interactions, yielding a Y-shapeatgin. There are five types of antibodies
called immunoglobulin (lg), IgM, IgA, IgD, IgE anG. They are used in a wide range of
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applications e.g., medical implants, drug delivetinical diagnostics. Their major application is
the detection of drugs in blood or urine. For thigpose, the antibodies are labeled with an
enzyme, a fluorescent compound or biotin providindetectable complex able to be quantified.
The construction of these systems with a biologieabgnition layer is fundamental for their use
as biosensors.

The first PEM immunosensors used monoclonal antd@sodnti-immunoglobulin G(anti-
IlgG) embedded in LbL films of (PSS/PAHjor the immobilization of the antibodi&.The
assembly process and the binding capacity of g&HgG were monitored using quartz crystal
microbalance (QCM) and surface Plasmon resonan&d&R)(SOther approaches have been

reported using LbL assembled on colloidal goldiptes3°

The performance of immunosensors must be improwedolvering the nonspecific
adsorption. As described above, it can be achieitt ®EO. Recentl§’ a biosensor with
biotinylated PEO grafted to polyysine), (PLLg-PEG/PEG-biotin+PLLg-PEO) provides a
surface that is highly resistant to nonspecificogpison from serum. The film construction was
studied by optical waveguide light mode spectrogcPWLS). The copolymers of (PLg-
PEO/PEO-biotin+PLLg-PEO) are assembled on the negative surface ofumnbxide (NROs).
Figure 1. 10(b)
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Figure 1. 10. (a) Schematic representation of thefterent steps in the model of immunoassay on PLL-
g-PEO/PEO-biotin surface. 1) Surface resist to nonggific protein adsorption. 2) specific adsorption b
streptavidin. 3) aRIgG-biotin binds to streptavidin (antibody). 4) RlgG(antigen) binds aRIgG-biotin. (b)
Sequence of streptavidin, antibody and antigen adsgation on PLL- g-PEG/PEG-biotin surface by OWLS
measurement’

The biotinylated (PLLg-PEG/PEG-biotin) is taken as a model for immunogssahe
presence of streptavidin on the surface of the ilawdr film leads the interaction biotin-
streptavidin. Once the streptavidin is immobilized the film, it binds to the antibody
(biotinylated goat rabbit immunoglobulimuRIgG-biotin)), which in turn interacts with the
antigen (RIgG). Figure 1. 10

Figure 1. 11(b) shows that the adsorption od®lgG-biotin is lower than that of
streptavidin. This behavior can probably be ex@diby steric effects of the more closely
packed layers of PEG-biotin, blocking biotin oregtiavidin free sites. Another reason may be
the flexibility of the PEG-biotin chains, allowinthe ligands to bind the four sites of the
streptavidin, blocking the sites to the adsorptbthe antibody. This behavior is represented in

Figure 1.11.
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Figure 1. 11. Shematic representation of possibléreptavidin configurations. a) PEG-biotin binding to
a single streptavidin in there four free sites. bpteric effects making less accessible the strepidw or biotin.

To conclude the LbL technique can readily form §lnwith very elaborate surface

properties.

1.6 Conclusion

To summarize polyelectrolyte multilayer films caa Hdesigned to become anti-fouling,
biosensing or cell adhesive. The best known grdabasinhibit the non specific adsorption of
proteins or cell adhesion are poly(ethylene glyankl phosphorylcholine.

In addition, PEM can be designed to change th@pgries under a mechanical stimulus.
In the present work, we have elaborated new mwdildilms with new biological properties.
The first films are model biosensors, that can lstrdngly streptavidin, but to repel all other
proteins. This study will be described in chapter 2

The second are mechanoresponsive films for celesidh. They embed hidden RGD
moieties that become exposed to the surface uriccling. This part of the project will be

presented in the chapter 3.
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CHAPTER 2:

Polyelectrolyte multilayer films developed for

biosensor applications
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Chapter 2: Synthesis — multilayer assembly andgimcadsorption

This chapter describes the design and the buildupotyelectrolyte multilayer films
(PEM) able to bind selectively one protein andha same time able to repel all others.

We have chosen streptavidin as a model of the iprefeecifically bounded. As discussed
in the previous chapter, biotin can be tethere@BMs and can bind the protein through a strong
interaction. We have developed PEM films with a taper composed of poly(acrylic acid)
(PAA) grafted with biotin. This ligand has been atently attached to PAA through an
oligo(ethylene oxide) (EQ)spacer having different lengths (3, 9 and 18 E@suor no spacer
for comparison sake. (E@Biotin was attached with different grafting rati@@SR), roughly 1%,
5%, 10% and 25%.

Furthermore, we modified PAA both with biotin antosphorylcholine (PC) groups, to
compare their response with streptavidin and tresistance to the non specific adsorption of
other proteins, e.g fetal bovine serum (serum).eRe¥® °° our group proved that modified
surfaces with PEM having PC groups on the surfacestrongly reduce the adsorption of serum.
These results were obtained with PAA functionalizgth 25 % of phosphorylcholine groups
(PAA-PC).

The first part of this chapter is dedicated to fireparation and characterization of
modified PAA. The second part concerns the use adified PAA as a last layer of PEM films

to create a potential biosensor.
2.1 Modifications of PAA by biotin and phosphorylcholine moieties

In order to study anti-fouling property of flmsathe specific adsorption of streptavidin,
we prepared two kinds of modified PAA:

i) PAA modified with EO groups bearing biotin mgigfPAA(EO),Biotin), with different
GR roughly 1 to 25 %.

i) PAA modified with PC and (EQ)groups bearing biotin (PAA-PC-(E)otin) with a
GR in PC at 25 % and in biotin at 1 %.

In both strategies the length of (EQyas varied from n = 0 to n = 18. The selection of

(EO), as spacer, is due to their hydrophilicity and binpatibility *
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The chemical structure of the modified polyelegttes to PAA(EO)Biotin and PAA-PC-
(EO)Biotin is given in Scheme 2.1.

1-x

X
o
NOM )va oy _—S ° =2
T v p N\§ \§/
x=1,5, 10,25 mol% HN

NH o a o HN
n=0,3,9,18 PAA-(EO),Biotin PAA-PC(EO),Biotin %
n=0,39,18 /
© d %
2 ~
@N N
7/ \

Scheme 2. 1. Structure of PAA-PC-(EQpRiotin and PAA(EO),Biotin.
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General synthetic pathway is

a) Synthesis of PC and Biotin linkers

- &

v

>

(EO)n Biotin BocNH(EO),Biotin
n= 3,918
—_— - > -
(EO)s PC BocNH(EO);PC
b) Coupling of PC and biotin linkers to PAA
Strategy 1.
AN, - —
PAA BocNH(EO),Bi
otin P
PAA-EO),Biotin
n=0,3,9 18
Strategy 2.
— t N\ SN\ —> + , >
BocNH(EO),Biofin
BocNH(EO);PC PAA

PAAPC PAA-PC{EO),Biofin

2.1.1 Synthesis of the EO linker
To functionalize PAA, EQlinkers were prepared with a PC or biotin groupone side

and a protected amine on the other side. Biotikelig synthesis is described for each length of
EO,in Scheme 2.2 and 2.3.
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The synthesis of BocNH(EgBiotin was done in 6 steps (Scheme 2.2). The linker
acylated by biotin on one side and the other sdeserved to react with carboxylic acid of PAA
in the last step. It starts from commercially aabié tetraethylene glycol. Alcohol functions
were replaced by tosyl groups to afford the bisf)o$.2° Tosyl groups as leaving groups have
been succesfully used in the modification of olud poly(ethylene glyco This reaction

yields to bi-substituted product with up to 40%.

NaH

Ho A O Thon 1, 10 \/7\ N SO v\}
44% 88“/

PhyP
HCI

81%

BoctN” K O\/i\NHsm er BocHN/\J( ~ N (if?jo <22 o O,
3

5 79 % DMF
81 %wgﬁ;oﬁn 79 %
(0]
O )J\/\/ w,, S
BocHNM \/i\” 3
6
HN

YNH

(0]

Scheme 2. 2. Synthesis of BocNH(E¢Biotin.

Bis(azide)2 was obtained by the reaction with sodium azide MFDwith a yield of 88%
from 1, according to established meth88s™* The mono-reduction to amines was achieved with
one equivalent of triphenylphosphine (RPlStaudinger reductioflf: ° This reaction is
conducted with EtOAc/acidic water. This set-up &Hothe solubilisation of the monamine in
water and prevents its to bireduction. It affoBdism 81% yields. The obtained amine group was
then protected with (Bog) to obtaird. The azide group, on the other side was reduceacsing
PPh to afford5.”® The last step was acylation of the free amine bigNbiotin in DMF to obtain
6.94' 95

The synthesis of BocNH(EgBiotin 8 and BocNH(EOygBiotin 9 were done in one step.
Indeed, the starting compounds BocNH(BXM.,and NH(EO)sNH, are commercially available
from Aldrich. The synthesis 09 was done from the bis(amine) with one stoichioioetr
equivalent of (BogO and one equivalent of NHS-biotin. The yield is %0The reactions are

represented in Scheme 2.3
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DMF
89 %

BocNH(EO)oNTH, BocNH(EO)oBiotin \rNH

o NHz  NHS-Biotin BocHNw /\),o
BocHNM \/7\0/\/ . ¢ o Q
9

0]

1) (Boc),O

NH3 Z)NHS Biotin BOCHNW N/O
M \/\)\ N 0 18 Q

DMF
45 %
NH,(EO);sNH, BocNH(EO),; gBiotin 7// NH

o
Scheme 2. 3. Synthesis of BocNH(EEBiotin 7 and BocNH(EO),gBiotin 8.

The PC linkers were synthesized according to theequture of Brockerhoff eal.”® 7

(Scheme 2.4). The synthesis consists in two sui#eesee-pot reactions: reaction of PQ@ith
BocNH(EO}H (in the presence of Nt followed by the reaction of the formed compouwvith
with choline tosylate (in the presence of pyridin&fter hydrolysis9 was obtained with 50 % of

1) POCl, TEA
Boc\ \\ / e /
OH ————» BOC\ o \O/\/ | ~
2) HO\/\N Ts .pyr

50%

yield.

Scheme 2. 4. Synthesis of BocNH(EEPC 9.

2.1.2 Coupling reactions of EO linker to Poly(acrylic acd)

EO linkers were covalently coupled to PAA (Mw = 10@0 from Sigma Aldrich) with the
coupling procedure described by Reisclalet The GR is defined as a percentage of modified
carboxylate functions of PAA. The linkers, descdleelow, were quantitatively deprotected by
acidic treatment (HCI, 2.5 M) and coupledsitu with PAA in water at pH 5, with an excess of
EDCI and HOBt. The polymer was purified by dialyagainst water during 5 days.
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a) PAA(EO),Biotin

We synthesized PAA(EGBiotin with different lengths of ethylene oxide £n0, 3, 9 and
18) and different percentages of modification GR %1 10 and 25 %). The reactions are
illustrated in Scheme 2.5 for EWvith n = 3, 9 and 18. For n = 0, the modificatmmPAA was

achieved with biotin-hydrazide. Scheme 2.6

o
q + B°°\N%\/O>\/\N)J\/\/ S, 1)HC]Z5M
H H
o " p 2) HOBL.TEA {/\/07\ )b N~

_ HN EDCIH,0
n=3,9,18 >/NH 3) Dialysis )i(
. x=1,5, 10, 25 mol% HN
93 % ‘
5 n=3,9,18 >/NH
/
o]

PAA-(EO),Biotin

Scheme 2. 5. Coupling reaction between PAA and BoeNEO),Biotin, (n = 3, 9, 18) and GR (1, 5, 10
and 25 %).

0]
HOBt,TEA
HZN\ )J\/\/w,,/ M
q ) ; IS R NN

H
D1a1y51s

o OH HN 86 % x=1,5, 10 mol%

>/NH HN>/NH
0 PAA-Biotin 4
Scheme 2. 6. Coupling reaction between PAA and Biothydrazide, GR ( 1, 5 and 10 %).

The polymers were obtained with an average yiel®®@0%6 (Table 2.1). Since all the
polymers are water soluble, the purification canob&ined by dialysis and gave satisfactory

purities.

b) PAA-PC

We first followed the procedure illustrated in Setee2.7 described by Reischadt’ to
modify PAA with BocNH(EO)PC 9 with a GR of 25 %. As it was described above th&dr
was first deprotected under acidic conditions aodpted to PAA. The PAA-PC was obtained
with a yield of 80 % after dialysis.
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o 0 1) HCI 2,5M ) o
+ Boc. P R Q O
6\/ >\A \O/\/ |\ 2) HOBt, TEA o >\P< /\/®N/\
5B o7 o o™ e

80%
9

Scheme 2. 7. Coupling reaction between PAA and BoENEO);PC to obtain PAA-PC 25 %.

BocNH(EO)Biotin (n = 3, 9, 18) was grafted at 1 % on PAA-P@,the same method as
above to afford PAA-PC-(E@Biotin , 25 %: 1 % (Scheme 2.8). PAA-PC-Biotin was
synthesized by coupling reaction between biotinrayale and PAA-PC.

Boc(EO),Biotin 1%
1-x %\/ M \\ / e 0.74 025
2) HOBt,TEA
0~ ONa 0o 0~ “ONa O

EDCLH,0

3) Dialysis ?\ ?—\
o]
\L/
HN
n=0,3,9,18
n=0: PAA-PC-Biotin O O
n=3: PAA-PC-(EO);Biotin
n=9: PAA-PC-(EO)yBiotin O O@
n=18: PAA-PC-(EQ),4Biotin 2
-
@N
7\
o/\

Scheme 2. 8. Coupling reaction between PAA-PC 25 &&nd BocNH(EO),Biotin 1 %.

2.2.3 Characterization of modified PAA

GR of PAA-PC polymers was determined’ByNMR from the integral ratio of the signals
até = 4.23 ppm of PC (-CHDP-) and ab = 230 ppm of PAA(—CH-). The biotin content was
determined by the integral of signalat 2.30 ppm of PAA (-CH-) and the signal$at 4.62 -
4.43 ppm of biotin (S-CkJ. The spectra obtained for PAA modified by biaie consistent with
the ones found in the literature for products brepfEO and biotin moieti€¥. The elemental

analysis could also provide a measurement of tb&nb{GR by the sulfur mass, since biotin
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contains one atom of sulfur (see materials and ogsth These measurements were consistent

with those from NMR.
2.2 Buildup of polyelectrolyte multilayer films by QCM

We first followed the adsorption of functionaliz€RA by quartz crystal microbalance
(QCM). To avoid the influence of the substrate, fikg built a PEI(PSS/PAHJPAH/PAA as a
precursor film. On top of which the modified PAAbe studied was adsorbed. The adsorptions
of PEI, PSS and PAH are quite fast, about 5 mirr&hvere, followed by rinsing steps of 5 min.
The adsorption and the rinsing step of modified P&ére performed until the stabilization of
the QCM signal.

As an example, the buildup of PEI/(PSS/PARNA/PAH/PAA-PC-(EO)Biotin film is
given in Figure 2.1. The evolution of the frequesbyft Af at 15 MHz (Afy/3) is representative of
the film buildup and is associated to a mass irsered each deposition steps. The measurement
of all the frequencies allows to apply the Sauerbmgation to calculate the mass and the

thickness of the film.

PSS
2

-100 +

PAA addition of
¥ Y PAH PAA-PC/(EO);Biotin

N -200 A
T v
Q
52}
<

-300 A

rinsing
-400 -
'500 T T T T T T T
0 20 40 60 80 100 120 140 160

time (min)

Figure 2. 1. Evolution of the normalized frequencyshift at 15 MHz (third harmonic) during the
buildup of PEI(PSS/PAH)/PAA/PAH/PAA-PC-(EO) Biotin film as a function of time.
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The increment of thickness obtained for the diffiém@odified PAA and PAA is reported
in Table 2.1.The thickness of modified PAA increasath the increase of GR and the length of
EO, linker. This can be explained by the depositiobaind water on the film, due to the strong
hydration of ethylene glycol groufs.

Table 2. 1. Thicknesses of modified PAA adsorbed dPEI(PSS/PAHRPAA/PAHcalculated from QCM
data by applying the Sauerbrey relation.

GRin GRin Yield Thickness
% %(*H NMR) % nm
PAA 0 - - 7.7£0.7
PAA-PC 25 2412 80 24+0.2
1 142 83 11.5+0.9
PAA-B 5 6+4 86 12.8+0.2
10 12+4 89 16+£1.1
1 142 86 8.6+0.9
PAA(EONBiotin 5 442 93 8.5+0.7
10 11+4 87 14.4+0.4
25 2545 89 18.4+0.6
1 142 85 8.610
PAA(EO)Biotin 5 5+2 93 13.3+1.2
10 12+4 91 17.4+0.4
25 2415 87 31.7£1.3
1 1+2 93 9.7+£0.2
PAA(EO)Biotin 5 6+2 89 16.5+2.4
10 9+2 81 21.2+1.1
25 2412 83 61.7£1.1
PAA-PC/Biotin 25/1 24/1+2 94 25.7£0.8
PAA-PC/(EO)Biotin 25/1 24/1+2 96 27.316.6
PAA-PC/(EO)Biotin 25/1 24/1+2 95 28.3+0.3
PAA-PC/(EQ)sBiotin 25/1 24/1+2 96 28.8+1.1
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2.3 Serum and Streptavidin adsorption on functionalizedfilms

Once the modified PAA adsorbed on the top of thadj we measured the amount of

streptavidin and serum adsorption.

2.3.1 PAA ending films

As a blank, we determined the adsorption of serumd astreptavidin on
PEI(PSS/PAHPAA/PAH/PAA. On these films, the adsorption is resaily non-specific since
it contains no biotin.

The QCM traces during adsorption of serum and &wegin are shown in Figure 2.2,
respectively. A large amount of serum (1252 ndjciis adsorbed on PAA ending films
(Figure2.2(b)) On the contrary, no adsorption oémavidin is observed, Figure 2.2(a). Thus,
PAA adsorb non-specifically serum proteins. It dpected that streptavidin does not bind

specifically to the film but it does not bind eith®/ non-specific interactions.

a) onk b)
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PAA -200
—
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g o
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-400 1 35 1
< _a00
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Figure 2. 2. Evolution of the normalized frequencyshift measured by QCM at 15 MHz (third
harmonic) during the buildup of PEI(PSS/PAH)X/PAA/PAH/PAA as a function of time. a) Film put in contact

with streptavidin. b) Film put in contact with serum.

In order to obtain films that prevent non spec#asorption of proteins and induce specific
adsorption of streptavidin, we have adsorbed thedified PAA’s on top of the PEM films.

Depending on the nature of the top layer, two stias were developed:
1) In the first strategy, the top layer is PAA(EBiptin modified with different spacer

lengths (EO)Xn =0, 3, 9 and 18) at different GR (1, 5, 10 abd0).
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2) In the second strategy, the top layer is PAA ified both with PC and EBiotin with
respective GR of 25 % and 1 %, and with differ&®}, spacer lengths.

2.3.2 PAA(EO),Biotin ending films

Strategy 1.

) S
1 U~
b 4

% ("

‘ Multilayerfilm .

~Slrcp|avidin ~Serum Biotin | (EO),

Figure 2. 3. Scheme of functionalized PEM films wit PAA(EO),Biotin, n =0, 3, 9 and 18.

We built the following films : PEI(PSS/PAERAA/PAH/PAA(EO)Biotin with n =0, 3, 9
and 18 and with GR = 1, 5, 10 and 25 %. The adsorpif streptavidin (0.1 mg/mL) was
monitoredin situ by QCM. The mass adsorbed of streptavidin wasutatiked for QCM data

using the Sauerbrey relation. The values are regant Table 2.2 and plotted in Figure 2.4.
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Figure 2. 4. Mass adsorbed of Streptavidin on PEI®S/PAH)/PAA/PAH/PAA(EO) Biotin with GR =
1,5,10and 25 % and n=0, 3, 9 and 18, calculattdm QCM data using the Sauerbrey relation.
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With PAA-Biotin (w/o spacer), streptavidin adsogptiis similar for a GR of 1 and 5 %
and decreases for a GR of 10 %. The thicknesssairbdd PAA-Biotin increases with GR. The
decrease of the adsorbed streptavidin mass is lpisodae to a non accessibility to biotin due the
lack of spacer between PAA and biotin.

With PAA(EO)Biotin, the mass of adsorbed streptavidin increagleen GR increases
from 1 to 10 % and has the same value at 25 tharfol10With PAA(EO)Biotin and
PAA(EO)gBiotin, the mass of adsorbed streptavidin increagdls GR. The highest adsorbed
amount of streptavidin is found for PAA(EgB)otin with a GR of 25 %.

To test the anti-fouling property of the films, yherere brought in contact with serum at
4.4 mg/mL. The results are illustrated in Figure &d summarized in Table 2.2.
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Figure 2. 5. Mass adsorbed of Serum on PEI(PSS/PA¥PAA/PAH/PAA(EQO) Biotin with GR =1, 5,
10 and 25 % and n=0, 3, 9 and 18, calculated fro@CM data using the Sauerbrey relation.

The adsorption of serum on PAA-Biotin increases nh&R increases. On
PAA(EO)Biotin it is independent for the GR. On PAA(EBIiotin and PAA(EO)gBiotin it
decreases drastically when GR increases. At GR % 2fhe serum adsorption was equal to the
detection limit of the QCM.
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Table 2. 2. Mass adsorbed of Streptavidn and Serumn PEI(PSS/PAHYPAA/PAH/PAA(EO) Biotin

films, calculated from QCM data by applying the Saerbrey relation.

Nature of the top layer GRin Streptavidin adsorption Serum adsorption
deposited on % (ng/cnt) (ng/cn?)
PEI/(PSS/PAHRPAA/PAH
PAA - <1+1 1252453
1 2165+218.5 702+59.9
PAA-B 5 1990+87.3 765+41.8
10 1241+43.2 920+98.5
1 947+143.2 564+55.6
o 5 1760+87.5 976+49.7
PAA(EQO)Biotin
10 2305+371.3 943+148.9
25 2407+259.6 732+41.7
1 714+125.2 457+145.2
o 5 1794459 258+140.5
PAA(EQ)Biotin
10 1483+605.6 40+39
25 3192+295.7 <1+1
1 281+3.5 723+69.2
o 5 1223+51.3 51+88.9
PAA(EO),gBiotin
10 1249+101.4 49+85.4
25 2419+80.1 <11

At 25 % in GR, the amount of adsorbed streptavislihigher on PAA(EQpBiotin (3192
ng/cnf) than on PAA(EO)BIotin (2419 ng/crf).(Table 2.2).

Biotin groups of PAA(EO)BIotin are probably not all accessible on surfatéhe film.
This could be explained by the flexibility of théhglene oxide groups that can fold dofiin.

In the case of PAA(EG@BIotin, the protein resistance is attributed to themation of
brush layers on the surface that act as a stenidebhaWhile for PAA(EO)gBiotin, the
conformation is more like mushroom like form inhibg the non specific adsorption of proteins.

In the same time the biotin moieties are less eaghdbswards the supernatant and less accessible

to streptavidin.
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2.3.3 PAA-PC-(EO),Biotin ending films

As described by Reisch at®® ®® PAA-PC with GR = 25 % has anti-fouling properties
Therfore, we have used the same polymers, wittséimee GR in PC. But in addition we have
further functionalized them with (E€Biotin with GR = 1 % and we have varied the length
(EO.

Strategy 2.

In s
29 159

‘ Multilayerfilm .

~Streptavidin ~Serum ?Biotin , PC

Figure 2. 6. Scheme of functionalized PEM films wit PAA-PC-(EO),Biotin, n =0, 3, 9 and 18.

After the adsorption of PAA-PC-(E¢Biotin on the top of the films, the completed films
were incubated with serum at 4.4 mg/mL or strepliavsolution at 0.1 mg/mL. The results are

displayed in Figure 2.7 and Table 2.3.

Table 2. 3.Mass adsorbed of Streptavidin and Serunon PEI(PSS/PAHYPAA/PAH/PAA-PC-
(EO),Biotin films, calculated from QCM data by applying the Sauerbrey relation

Nature of the top layer GR Streptavidin adsorption Serum adsorption
deposited on % (ng/cnt) (ng/cnt)
PEI/(PSS/IPAHRPAA/PAH
PAA-PC/Biotin 25/1 342+8.1 <1
PAA-PC/(EO}Biotin 25/1 449+64.6 <1
PAA-PC/(EO)Biotin 25/1 588+166.1 <1
PAA-PC/(EQ)gBiotin 25/1 445+69.2 <1
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Figure 2. 7. Mass adsorbed of Streptavidin on PEI®S/PAH)PAA/PAH/PAA-PC-(EO) ,Biotin
calculated from QCM data using the Sauerbrey relatin.

The amount of serum adsorbed for the differentdiwas of the order of the detection
limit of the QCM (Table 2.3), which is in agreemayvith the results of PAA-PC with GR of 25
% reported by Reisch at.®®

Figure 2.7 displays the mass adsorbed of streptavidtained for PAA-PC-(EQBiotin
ending film, with different lengths of oligo(ethyle oxide) (EQ)(n = 0, 3, 9 and 18). The
amount of bound streptavidin increases with thecapdength. Streptavidin adsorbs less on
PAA-PC-(EQO)gBiotin than on PAA-PC-(EQBIiotin. This feature can be explained by the
decrease of accessibility to the biotins at théaserdue to the fold down of the EO chains. The
optimal adsorption is thus found for PAA-PC-(EBiptin.

These surfaces specifically adsorbs streptavidith viiigher efficiency for PAA-PC-
(EO)Biotin and at the same time prevent non-specifisogation. This property can be
explained by the presence of PC and EO groups ateatwell known to have anti-fouling
properties. EO displayed anti-fouling propertiesnedi as PC group®. Non specific adsorption
of protein decreases with the increase in length@fand GR.
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2.4 Conclusion

In this study, two strategies were applied to abtaspecific adsorption of streptavidin and
to prevent the non specific adsorption of seruntging. Films with PAA-PC-(EQBiotin and
PAA (EO)Biotin as last layers specifically adsorb strepdavi The amount of protein adsorbed
depends on the EO length and the modification de¢@&R) in linker. The highest ratio of
streptavidin adsorption over non specific adsorpisoreached for (EQ)

The non-specific adsorption of serum proteins oAHXC-(EO)Biotin is totally precluded
for any (EO) linker length. The polyelectrolytes PAA(E@Bjotin resist to non specific
adsorption when the length is 9 or 18 and the GIi%o. In both strategies, modified PAA with
(EO) as linker shows the best results, i.e the higipstific adsorption of streptavidin and the
smallest non-specific adsorption.

When comparing both strategies, the films with PE@JBiotin are able to bound higher
amounts of streptavidin than PAA-PC-(EBiptin. In addition, PAA(EQgBiotin with GR of 25
% is resistant to non specific protein adsorptibms behavior can be explained by the structure
of the modified polyelectrolyte on the film surfacéhe EO groups are strongly hydrated and
form a steric barrier as loop-rich layer being meffitient against protein adsorption.

The designed surfaces are a powerful techniquetairo specific adsorption of proteins
and to be good candidates for the developmentasieisors.

Indeed by using both strategies it is possiblerimobilize a biotinylated antibody that can

recognize its antigen. (Figure 2.8)

Streptavidin Streptavidin %
o ‘o

aRIgG-Biotin aRIgG-Biotin
gt Hisiriis
PAA-PC-(EO),Biotin PAA-PC PAA(EO)qBiotin
PAH g! PAH
PAA PAA
PAA-(EO)qBiotin

(PSS/PAH); (PSS/PAH),

PEI PEI
Figure 2. 8. Schematic representation of PEMs asatform for biosensing.
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3.1 Atrticle 1: Cyto-mechanoresponsive Polyelectrolyte Mitilayer Films

In this chapter, we have studied films that aree abl become cell adherent or to induce
specific adsorption of protein by the applicatidraonechanical stimulus. The design of surfaces
that respond under mechanical stimulus has becoery wattractive field. Only few
mechanosensitive surfaces have been describee iitehature. One of the first studies was the
development of surfaces that present mechanochrbetiavior’® which are able to change
their color upon stretching.

In nature, the proteins change their conformatioilen mechanical forces, exhibiting
cryptic sites, e.g. fibronectin are involved insthprocess where the cryptic sites are exposed
under stretching®>® This concept have inspired the development ofased containing active
compounds which are inaccessible in non stretctatd and become accessible when the surface

is stretched®

Summary

In this section, we have designed surfaces thabixdfferent features, cell adhesion and
specific adsorption of proteins when they are shetd. To reach this goal, silicon substrates
were used as substrate of PEM films.

In the case of cell adhesion property, PAA was firedliby arginine-glycine-aspartic acid
(RGD) sequence to obtain PAA-RGD. In order to ireltlee cell adhesion under stretching, the
silicon surfaces were functionalized by PEM filnmnposed by PAA-RGD and PAA-PC. The
buildup consist on PEI(PSS/PAHs a precursor film, followed by PAA-RGD embeddbgd2
to 6 bilayers of (PAH/PAA-PC) to obtain PEI(PSS/PARAA-RGD/(PAH/PAA-PC) with n =
2 to 6. It was found that in non stretched statAHFPAA-PC), film adsorbed onto
PEI(PSS/PAHYPAA-RGD is needed to render the surface totallsistant to cell adhesion.
Furthermore by stretching the functionalized siicop to 150 % of its original length, cell
adhesion is observed.

In the second part of this section, the specifeogption of proteins was also studied as for
cell adhesion, but in this case using modified PAi#h biotin moieties. The strong interaction

between streptavidin-biotin was used as model syskarst of all the film buildup was studied
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by QCM, with PEI(PSS/PAH)PAA-(EO).Biotin/PAH/PAA-PC (n = 0, 3 and 9). The results
demonstrated that one layer of PAA-PC was enougirdeent the adsorption of streptavidin in
(EO) (n = 0 and 3). Then the studies with these maeatiere carried on silicon substrates to
determine their behavior under stretching. Usingriéscein labeled streptavidin (Skgp) and
fluorescence microscopy in non stretched statefitidtngs were in good agreement with the
results obtained by QCM. When the film is stretchadstrong streptavidin adsorption was
observed, increasing with the degree of stretchihg. reversibility of the films was also studied.
When the film is stretched and put back at its stvatched state, the presence of streptavidin
reveals fluorescence intensity. The same behasiambiained for adhesion of cells on RGD

functionalized films. This system seems not re\zesi
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ABSTRACT: Cell adhesion processes take place through
mechanotransduction mechanisms where stretching of
proteins results in biological responses. In this work, we
present the first cyto-mechanoresponsive surface that
mimics such behavior by becoming cell-adhesive through
exhibition of arginine—glycine—aspartic acid (RGD)
adhesion peptides under stretching. This mechanores-
ponsive surface is based on polyelectrolyte multilayer
films built on a silicone sheet and where RGD-grafted
polyelectrolytes are embedded under antifouling phos-
phorylcholine-grafted polyelectrolytes. The stretching of
this film induces an increase in fibroblast cell viability and

adhesion.

he last years have seen the emergence of new domains in

materials and surface science. The area of external-stimuli-
responsive systems is surely among the most active. Almost any
conceivable stimulus has been explored, including pH, ionic
strength, electrical potential, light, and magnetic field to cite
only a few.! Among all of the applied stimuli, mechanical
stretching has certainly been less investigated even though it is
one of the most widely used in nature. Cell adhesion, tissue
growth, and response of organisms to their environment all rely
on their response toward externally applied mechanical forces.”
These forces are then transduced into chemical responses
through mechanotransductive processes.3 Materials or surfaces
responding to a mechanical stress are called mechanoresponsive
systems. Most of the mechanoresponsive materials developed
to date have been designed to change color upon stretching.**
Qur group recently introduced the first example of films that
respond enzymatically to stretching by using polyelectrolyte
multﬂayers.é Two types of polyelectrolyte multilayers, obtained
by the alternate deposition of polyanions and polycations, were
built on silicone sheets to design such a mechanoresponsive flm.
A first exponentially growing film was loaded with enzymes that
keep their enzymatic activity and then capped by a linearly growing
film acting as a barrier for enzyme substrates. Stretching this

V ACS Pub“[aﬂoﬂs @ 2011 American Chemical Society

architecture exposed the enzymes to the solution containing its
substrate, allowing the reaction to take place.

Here we present the first cyto-mechanoresponsive surface
that responds to stretching by inducing cell adhesion through
specific interactions. We used the versatility of polyelectrolyte
multilayers to design the most appropriate film architectures,””
Polyelectrolyte multilayers can be deposited on almost any kind
of substrate and in particular on bare silicone.™'? Qur idea was
to embed poly(acrylic acid) (PAA)-bearing arginine—glycine—
aspartic acid (RGD) adhesion peptides (PAA-RGD, grafting
ratio 5%) under a multilayer resistant to cell adhesion and then
to expose the RGD peptides by stretching the film (Scheme 1).

Scheme 1. Schematic Representation of the Strategy Used to
Design a Cyto-mechanoresponsive Multilayer Film: (a) At
Rest, RGD Peptides Are Buried inside the Film; (b) Under
Stretching RGD Peptides Are Accessible to Cells

bFJb$ cells ’

(8) Maultilayer film

(b)
J% [ gﬁc % T:bl

In a previous study, we showed that silicone sheets can
be rendered non-cell-adherent at rest as under stretching by

Received:  September 23, 2011
Published: December 14, 2011

dx.doi.org/10.1021/ja208970b | L Am. ChemSoc 2013, 134, 83=86
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depositing a PAA-PC/PAH/PAA-PC multilayer on a precursor
(PAH/PSS),/PAH film'™'" [PAH, poly(allylamine hydro-
chloride); PSS, poly(styrene sulfonate); PAA-PC, PAA
modified with phosphorylcholine (PC) moieties, grafting ratio
25%]. PC groups cover the outer membrane of cells and are
known to render surfaces antifouling when grafted at high
enough densities on surfaces.'* Chemical structures of modified
PAAs are drawn in Scheme 2. In this study, a (PAH/PSS),/PAH

Scheme 2. Molecular Structures of the Functionalized
Polymers PAA-Biotin, PAA-PC, and PAA—RGD
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precursor film was built on silicone sheets before adsorption of
PAA-RGD and capping of the architecture with several PAH/
PAA-PC bilayers. Polymer synthesis and all experimental details
are given in sections 1, 2, and 3 in the Supporting Information (SI).
The stretching ratio () is defined as the ratio of the lengths of
substrate after and before stretching,

We first followed the buildup of a poly(ethylene imine)/
(PSS/PAH);/PAA-RGD/(PAH/PAA-PC), multilayer using a
quartz crystal microbalance (QCM) (Figure S1 in the SI). A
regular mass increase was observed up to the third (PAH/PAA-
PC) bilayer.

The viability and cellular adhesion of primary gingival fibro-
blasts were then quantified by AlamarBlue assay and immuno-
labeling for different multilayer architectures deposited on
silicone substrates. We first compared, with respect to cell
adhesion, the following multilayer films in the nonstretched and
stretched states at @ =1.5: (PAH/PSS),/PAH, (PAH/PSS)./
PAH/PAA-RGD, and (PAH/PSS),/(PAH /PAA-PC), (Figures
S2 and §3). Cells were always defosited after stretching of the
film. RGD-functionalized films'® and PAH/PSS multilayers
ending with PAH'" are known for their strong cell adhesion
and proliferation tendencies. As expected, strong adhesion and
proliferation were observed on multilayers ending with PAA-
RGD or PAH and very weak ones on films ending with two
PAH/PAA-PC bilayers. Stretching PAA-PC- and PAA-RGD-
ended films at @ = 1.5 did not modify the cell adhesion and
proliferation properties (Figure 1). Next, we determined the
minimum number of (PAH/PAA-PC) bilayers required to
cover the PAA-RGD layer to obtain a non-cell-adherent film in
the nonstretched state. While with one bilayer the cell adhesion
and proliferation were only marginally modified, they were
strongly reduced with two or more (PAH/PAA-PC) bilayers
covering the PAA-RGD (Figure S4).

We then investigated the stretching effect on (PAH/PSS),/
PAH/PAA-RGD/(PAH/PAA-PC), films (denoted as RGD-
PCn) with n up to 6 (Figure S5). It appears that under
stretching (e = 1.5), cell adhesion takes place for n = 2. On the
contrary, RGD-PCn films remain antifouling under stretching
for larger values of n. The RGD-PC2 film appears to be the
optimal configuration to hinder cell adhesion at rest and allow
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Figure 1. Viability of fibroblast cells as determined by the Alamar Blue
test after 1 day (black bars), 2 days (gray bars), and 7 days (dark-gray
bars) of culture on different multilayer films built on a silicone basin: a
(PAH/PSS ),/ (PAH/PAA-PC), film named PC2, a (PAH/PSS)./
PAH/PAA-RGD/(PAH/PAA-PC), film named RGD-PC2, and a
(PAH/PSS),/PAH/PAA-RGD film named RGD in either the
nonstretched state (NS) or the stretched state at a particular a ratio
[S{r)]. The reported numbers of cells correspond to means + standard
deviations from three experiments.

cell adhesion under stretching. Thereafter, the experiments
were performed with n = 2.

It is known that an increase in RGD density on a surface
induces better cell adhesion and spreading.'® We thus
determined the number of adherent cells on RGD-PC2 films
stretched at @ = 1.2, 1.3, and 1.5 after 1, 2, and 7 days of cell
culture (Figure 1). At @ = 1.2 and 13, the increase in the
number of adherent cells was minor and took place only after
7 days of culture. For a film stretched at @ = 1.5, the cell
viability increased significantly whatever the number of days of
culture. In the absence of the PAA-RGD layer [ie., for the
(PAH/PSS),/(PAH/PAA-PC), film], no increase of the cell
number was observed for a film stretched at & = 1.5 relative to
the nonstretched one (Figure 1). This clearly indicates that the
increase in the number of adherent cells at @ = 1.5 was not due
to nonspecific interactions but must be attributed to the RGD
groups that become accessible to the cells under stretching, Cell
adhesion remained smaller for the stretched (PAH/PSS),/
PAH/PAA-RGD/(PAH/PAA-PC), film relative to the (PAH/
PSS),/PAH/PAA-RGD film (Figure $1), indicating that even
for @ = 1.5 all of the RGD peptides are not exposed.

Immunostaining allowed checking of the fibroblast morphol-
ogy. When cells were cultured for 1 week on a nonstretched
RGD-PC2 film, only a few cells remained adherent (Figure 2a).

Figure 2. Typical fluorescence microscopy images of fibroblast cells
after 1 week of culture on RGD-PC2 built on a silicone basin in (a) the
nonstretched (NS) state and (b) a stretched state with @ = 1.5 ratio
[denoted S(1.5)]. Immunochemical detection of actin fibers of the
cytoskeleton by phalloidin (red labeling), collagen type I compounds
of the extracellular matrix by anticollagen 1 (green labeling), and nuclei
by DAPI (blue labeling). Scale bars correspond to 100 pm.

dx.dol.org/10.1021/ja208970b | L Am. Chem Soc 2012, 134, 8386
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However, when cells were cultured on the same type of film,
RGD-PC2, in a stretched state at @ = 1.5, a dramatic pro-
liferation of adherent cells was observed. Cytoskeleton staining
showed the presence of actin fibers lying parallel to each other
(Figure 2b), a signature of cell spreading and organization.
Collagen type I synthesis by cultivated fibroblast cells were
investigated as well. Adherent cells revealed the production of
collagen type 1, the early component of the extracellular matrix
produced by fibroblasts, a signature of their good searetory
activity.

Next, we verified by atomic force microscopy that the films
remained homogeneous over the whole surface under
stretching up to @ = 1.5. No cracks appeared on the surface,
indicating that the silicone substrates remained totally covered
by the multilayers under stretching (Figure S6).

To confirm that film stretching renders the embedded RGD
sites accessible to cells, RGD peptides were replaced by biotin
groups to study their accessibility to fluorescein isothiocyanate
(FITC)-labeled streptavidin present in solution. We used biotin
because it binds to streptavidin, a 53 kDa protein, through a
noncovalent bond known to be the strongest measured in
biological systems,'® making it easier to quantify. In the non-
stretched state, the (PAH/PSS),/PAH/PAA-Biotin/(PAH/PAA-PC),
film was nonadsorbent to streptavidin, as no fluorescence was
observed on the surface after contact with the streptavidin
solution followed by rinsing (Figure 3, inset labeled @ = 1.0).

g 8 B B

Relative flucrescence intensity
3
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Figure 3. Fluorescence intensity measured from FITC-streptavidin
adsorbed on a (PAH/PSS),/PAH/PAA-Biotin/(PAH/PAA-PC),
multilayer film built on a silicone sheet at different stretching ratios
a. The relative fluorescence intensity was measured using Image J
software. The data correspond to means + standard deviations from
three experiments. A strong correlation between the amount of FITC-
streptavidin adsorbed and @ (R = 0.980) was obtained. The insets
represent typical images of the film brought in contact with FITC-
streptavidin in the nonstretched (@ = 1.0) and stretched (@ = 1.5)
states. The scale bars represent 20 ym.

Increasing @ from 1.0 to L5 led to a roughly linear increase in the
fluorescence with @ when the film was in contact with FITC-
streptavidin (Figure 3 and its inset labeled a = 1.5). This indicates
that an increasing number of biotin groups became available on
the top of the film. In a control experiment with no PAA-Biotin
embedded [ie, a (PAH/PSS)./PAH/PAA/(PAH/PAA-PC),
film], no fluorescence was observed after contact with FITC-
streptavidin in either the stretched or nonstretched state (data not
shown). The fluorescence was thus due to specific interactions
between biotin and streptavidin.

These results can be interpreted as follows: in the
nonstretched state, the ligands (RGD or biotin) embedded
under two or more PAH/PAA-PC bilayers are not accessible to
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their receptors. When the film is stretched, resulting in a
thinning of the capping layer, an increasing number of ligands
become accessible as « increases. However, a critical RGD
density must be reached for fibroblasts to adhere correctly. This
critical density seems to be obtained at a = 1.5 (Figure 1).
When the ligands are embedded under four or more PAH/
PAA-PC bilayers, exposure becomes impossible even at a = 1.5
and cells thus hardly adhere (Figure S5).

Finally, we also addressed the reversibility of the system with
respect to stretching. We stretched a (PAH/PSS),/PAH/PAA-
RGD/(PAH/PAA-PC), film at @ = 1.5 for 30 min before
returning it to the nonstretched state during 1 h. We then
seeded the surface with cells in this nonstretched state
(Figure $7). Only partial recovery of the nonadherent effect
was observed. This can be explained by film restructuring
consecutive to the stretching/relaxation steps. Thus, only a
partial remasking of the RGD peptides takes place, leading to a
slight decrease in cell adhesion.

To sommarize, we have presented here a new type of
mechanotransductive film that becomes cell-adherent under
stretching by rendering RGD ligands accessible to cells. This
mechanotransductive film was obtained using multilayer
technology with polyelectrolytes bearing RGD ligands embedded
under nonadhesive polyelectrolytes bearing phosphorylcholine.
The effect is partially reversible upon stretching/relaxation, Up
to now, only a few synthetic mechanotransductive materials and
films have been reported, most leading to a change in color
when stretched. This change of color can be due to a chemical
reaction that takes place with the stretched molecules.® None
of these processes induced by stretching are reversible, even
partially. For films becoming enzymatically active under stretching,
the process is reversible to some extent. Our next goal is to design
fully reversible cyto-mechanoresponsive materials that induce
changes in behavior of already adherent cells. Through gradual
changes in the density of adhesion ligands, the fate of adherent
cells could be modified simply by stretching, allowing one to

envision applicaljons in tissue engineering.
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Chapter 3: Mechanoresponsive films

3.1.1 Article 1 (SUPPORTING INFORMATION)

Abbreviations (alphabetic order)AFM= atomic force microscopy, BSA= bovine serum
albumin, DAPI= 4’,6’-diamidino-2-phenylindol Dihydchloride, DMEM= Dulbecco’s modified
eagle medium, DMF= dimethylformamide, EDCI= N-(3-Dimethylaminopropyl)N'-
ethylcarbodiimide hydrochloride, EDTA= ethylene rdiae tetraacetic acid, PAA= poly(acrylic
acid), EO= ehtylene oxideRGD =GRGDSPC sequencES= electrospray,FBS= fetal bovine
serum, FITC= fluorescein isothiocyanate, FTIR= ka&ui ransformed InfraRed Spectroscopy,
FMOC= 9-fluorenylmethoxycarbonyl, HEPES= 4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonic acid, HOBT= N-hydroxybenzotriazole, HPLC= high performance liquid
chromatography,MALDI-TOF= matrix-assisted laser desorption/ionization-time fbght,
MWCO= molecular weight cut-off NMR=nuclear magnetic resonanceAA= poly(acrylic
acid), PAA-Biotin= poly(acrylic acid) modified by graftin% of biotin groups, PAA-PC=
poly(acrylic acid) modified by grafting 25% of ph@®rylcholine groups, PAA-RGD=
Poly(acrylic acid) modified by grafting 5% of RG2mience peptide, PAH= poly(allylamine
hydrochloride), PBS= phosphate buffered saline, BBM polydimethylsiloxane, PEI=
poly(ethylene imine), PFA= paraformaldehyde, PSri@kin-streptomycin, PSS= poly(styrene
sulfonate), QCM= quartz crystal microbalan@®JLFO-NHS= N-hydroxysulfosuccinimide
sodium salt, TBAI= tetrabutylammonium iodide, THF= tetrahydrofur an, TLC= thin layer
chromatography, UV= ultraviolet.
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SECTION-1: Preparation of PAA-Biotin, PAA-PC and PAA-RGD

All starting materials were obtained from commdrsiappliers and were used without further
purification. 'H NMR and**C NMR spectra were recorded on Bruker Advance DRX#DO
MHz) spectrometers. The NMR chemical shifts areregal in ppm relative to tetramethylsilane
(CDCl; or MeO4,) or tert-butanol (1.24 ppm) in D (s: singlet, t: triplet, g: quadruplet, dd:
doublet of doublet, br: broad). Infrared spectraen@btained on a Thermo Electron Corporation
Nicolet 380 FT-IR equipped with ATR. Merck RP-18535 plates were used for analytical thin
layer chromatography. Silica gel 60 (particle: 460+1m) was used for flash chromatography.

Preparation of PAA-PC
The synthesis of the modified PAA-PC polyelectrelytas described in detail previously:
Reisch efal., Macromol. Rapid CommuR2007, 28, 2217-2223.

Preparation of PAA-RGD
Peptide sequence synthesis

OH
o) o
HoN 7 N > N SH
% H $ H
o) o o OH
o N

S

HO )

NH

HoN GRGDSPC = RGD

The peptide, GRGDSPC named RGD, was synthesized) wsandard Fmoc solid-state
chemistry on an Applied Biosystems 433A peptidetisgsizer (Life TechnologieSAS
Courtaboeuf, Villebon Sur Yvett&rance). Crude peptide preparation was purified by HPLC
using a Dionex system (Ultimate 3000, Voisins LetBnneux, France) with a Vydac HPLC

Protein and Peptide C-18 column (Grace DivisiorcBigry Sciences, Epernon, France). During
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HPLC purification, the main peak detected at 214 was collected and the identity of the
peptide was confirmed by matrix-assisted laser igi¢igm ionization mass spectrometry.

H NMR (D,0O, 400 MHz, ppm): 4.56 (t3J = 5.0 Hz, 1H), 4.52 (mJ = 4.5 Hz, 1H),
4.38 (1,3 = 5.0 Hz, 1H), 3.97 (s, 2H), 3.87 (s, 4H), 3.74 (H),33.27 (t3) = 6.5 Hz, 2H), 2.92
(m, 2H), 2.82 (m, (tJ = 6.0 Hz, 2H), 2.31 (br m, 1H), 2.04 (br m, 3H), 1(B8 m, 3H), 1.67 (br
m, 2H).

MALDI-TOF : calculated [M+H]=691.28, found [M+H]=691.077.

PAA-RGD has been prepared according to generahseluepicted below:

Q

Q
EDCI
_ SulfoNHS HEPERS(;]I?I— 74
.95 _ e 0.95
e~ N | HEPES pH= 6.5 /\/ | N/\/
HaN 2h.rt 07 ONaQ N 24 h, 1t 07 ONa QO RGD

42%
CF3C00" d 88% 4 o

PAA-Maleimide PAA-RGD

PAA-Maleimide (5%), Poly(acrylic acidYPAA, Mw 100 000, 35% in water, provided by
Sigma-Aldrich company, 60 mg, 0.83 mmol. of acndicd units) was dissolved in 30 mL of
10mM HEPES buffer (pH 6.5) followed by the additiohEDCI (117 mg, 0.75 mmol, 0.9 eq.),
and sulfo-NHS (33 mg, 0158 mmol, 0.2 eq.). Them2Mufhinoethyl)maleimide trifluoroacetate
(24 mg, 0.0094 mmol, 0.11 eq.) was added. Theiorauatas stirred at room temperature for 2 h.
The solution was dialyzed with a cellulose estemtme@ne (MWCO 12000-14000) against 0.5
M NacCl for one day and against pure Milli-Q water 6 days. The final solution was freeze
dried to give PAA-Maleimide (88.3 mg, 88% yield).

'H NMR (D,0, 400 MHz,5 ppm): 7.09 (brs, 0.1H), 3.67 (brs, 0.1H), 3.18 (brdH), 2.26
(m, 1H), 1.60 (m, 2H). The signal in 7.09 ppm (a2l MH=CH) comparing with the signal at
2.26 ppm (CH of PAA) give 5% of degree of modification.

FTIR (neat):1698 cni (vs CONH), 1650 crit (vs COO).

PAA-RGD (5%), PAA-Maleimide (10 mg, 0.035 mmol) was dissolvedliro mL of
10mM HEPES buffer (pH 7.4), the 7-amino-acid camitag the RGD sequence was dissolved in
1 mL of DMF and added to the mixture. After theusimin was stirred for 24 h at room

temperature, the solvent was evaporated under edduessure. The residue was dissolved into
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Milli-Q water, and the pH was adjusted at pH 7 with M NaOH solution. Then, the solution
was dialyzed with a cellulose ester membrane (MWWK2000-14000) against 0.5 M NaCl (5L)
and against pure Milli-Q water (5L). The solutioasMyophilized to give (17.1 mg, 42% yield).

'H NMR (D,0, 400 MHz,6 ppm): 4.56 (br m, 0.1H), 4.36 (br s, 0.05H), 3.864, 0.1H),
3.88 (br s, 0.2H), 3.75 (br s, 0.15H), 3.21 (b8.4H), 2.88 (br s, 0.2H), 2.41 (br s, 1H+0.2H),
1.77 (br m, 2H+0.25H).

Preparation of PAA-Biotin

Synthesis of biotin precursér

NaH

Ho A T 0m —Cl 0~ A \/7\ NaN3 T \/\)\

PhgP
HCl

BocHNM V“ﬁ o BocHNM W (BETCz,ZO CIHgN/\k W

DMF
NHS-Biotin

DMF
O
BocHN /\/QO\/% H )J\/\////""-

HN

\]KNH

o]

1,14-Ditosyl-3,6,9,12-trioxatetradecane (1) o a solution of tetra(ethylene glycol) (112.5
mg, 0.58 mmol, 1 eq.) in 2 mL of G8l,, p-Toluenesulfonyl chloride (221 mg, 1.16 mmol, 2
eq.) was added and the mixture was cooled at KGH (260 mg, 4,64 mmol, 8 eq.) was added
slowly in small portions, keeping the mixture bel@wWC for 2h. After stirring for 3h at 0 °C,
CHyCI, (5 mL) and ice-water (3 mL) were added. The orgéayer was separated and the water
layer was extracted with GBI, (2 x 5 mL). The combined organic layers were washét
water (1 x 3 mL) and dried over anhydrous Mg&vyaporation of the organic solvent provides
1 as colorless oil (255.7 mg, 44% vyield).
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'H NMR (CDCls, 400 MHz,d ppm): 7.78 (d3J = 8.1 Hz, 4H), 7.35 (£J = 8.2 Hz, 4H),
4.15 (t,3) = 4.5 Hz, 4H), 3.66 (£J = 4.5 Hz, 4H), 3.61 (s, 8H), 2.45 (s, 6H).
3C NMR (CDCls, 100 MHz,6 ppm): 144.9, 132.9,29.8, 127.9, 70.6, 69.2, 68.7, 21.6

1,11-Diazido-3,6,9-trioxaundecang2). Ditosylated triethyleneglycoll (376 mg, 0.75
mmol) was dissolved in DMF (2.5 mL). NaL95 mg, 3 mmol, 4 eq.) and TBAI (13.85 mg,
0.038 mmol, 5 mol %) were added and the mixture mweegted at 80 °C for 18h. The DMF was
evaporated and the solid residue was suspendeigdn Ehe insoluble salts were filtered and the
filtrated concentrated. This procedure was repettste to afford2 as a colorless liquid (875
mg, 88% yield).

'H NMR (CDCls, 400 MHz,8 ppm): 3.74 (m, 12H), 3.52 &) = 4.8 Hz, 4H).

13C NMR (CDCls, 100 MHz,8 ppm): 70.32, 51.06.

FTIR (neat): 2101 ¢ (vasN3), 1108 crit (vas C-O-C).

1-amine-11-azido-3,6,9-trioxaundecane hydrochlorid€3). A solution of diazide2 (315
mg, 1.61 mmol) in 10 mL of EtOAc and 2 mL of HCM} To this, PRP (422 mg, 1.61 mmaol,
1 eq.) was added and the reaction was vigoroustedtfor 12 h at room temperature. The
mixture was diluted with water (2 mL) and washedtemvith EtOAc. The aqueous phases were
concentrated under reduce pressure to Yeld a colorless oil (389 mg, 81% yield).

'H NMR (CDCls, 400 MHz,6 ppm): 3.67 (m, 10H), 3.59 @) = 5.2 Hz, 2H), 3.46 (£J =
5.2 Hz, 2H), 2.87 (£J = 5.4 Hz, 2H).

3¢ NMR (MeO-ds, 100 MHz,6 ppm): 71.6, 71.6, 71.5, 71.3, 71.2, 62.1, 51.99.40.

FTIR (neat): 3350 ci (NH,), 2103 crit (vasN3), 1104 cnt (vas C-O-C).

m/z (ESI): calcd for CBH18N404 [M+HR19.15, observed 219.14.

Boc-amine-11-Azido-3,6,9-trioxaundecane (44150 mg (2.06 mmol) o8 was dissolved
in DMF (8 mL), and (Bog) (495 mg, 2.26 mmol, 1.1 eq.) was added to the mextlihe
reaction was stirred at room temperature for 12he Folvent was removed under reduced
pressure. The crude product was purified by sijea chromatography (EtOAc: Cyclohexane
1:1) to yield4 as a colorless oil (355 mg, 79% vyield).
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'H NMR (CDCls, 400 MHz,d ppm) 5.25 (brs, 1H), 3.63 (m, 10H), 3.54°%,= 4.8 Hz,
2H), 3.39 (t2J= 5.2 Hz, 2H), 3.32 (§)J = 5.4 Hz, 2H), 1.45 (s, 9H).

3¢ NMR (CDCl, 100 MHz,5 ppm): 155.9, 79.1, 70.6, 70.5, 70.4, 70.2, 70.D,780.6,
28.4.

FTIR (neat): 2105 ci (vasNs), 1704 cnit (vs O-C=0), 1389-1365 cih(vs (CHs)sC) 1109
cm? (vas C-O-C).

Boc-amine-11-Amino-3,6,9-trioxaundecane (5).Triphenylphosphine (250 mg, 0.95
mmol, 1.2 eq.) was added to a solutioMd®53 mg, 0.81 mmol) in dry THF (3.5 mL), under
argon atmosphere at room temperature. The reast@snmonitored by TLC in SiD)(EtOAc:
Cyclohexane 5:1), then 1 mL of water was addedthadnixture stirred for 2 additional hours.
The solvent was removed under reduced pressurtoahd residue 10 mL of toluene and 15 mL
of water were added and stirred for 10 min. Theeags layer was extracted with toluene (10
mL) twice, water was evaporated off and the residissolved in CHCI,, dried over MgSQ@
After remove of the solvent under reduce pressumere obtained as yellow oil (186 mg, 79%
yield).

'H NMR (CDCls, 400 MHz,6 ppm) 5.27 (s, 1H), 3.65 (m, 12H), 3.52 s 5.9 Hz, 2H),
3.31 (g,2J= 6.8 Hz, 2H), 2.87 (£J = 5.2 Hz, 2H), 1.45 (s, 9H).

3¢ NMR (CDCls, 100 MHz,6 ppm): 156.4, 79.4, 70.8, 70.7, 70.5, 70.4, 42.2%5 APB.8.

FTIR (neat): 3351 ci (NH,), 1704 cnt (vs O-C=0), 1389-1365 cth(vs (CHs)sC) 1104
cm? (vas C-O-C).

N-Boc-N’-biotinyl-3,6,9-trioxaundecane-1,11-diamine (6)Triethylamine (0.11 mL, 0.81
mmol) and5 (200 mg, 0.68 mmol, 1.2 eq.) were dissolved in D@FML). After, the solution
was stirred for 30 min, antl-hydroxsuccinimidobiotin (280.6 mg, 0.88 mmol, &8.) was
added. The reaction mixture was stirred for 12hoatn temperature and then concentrated in
vacuum. The residue was purified by silica gel ooluchromatography (acetone: methanol 9:1)
as eluent to affor@ (285 mg, 81% yield) as a white solid.

'H NMR (MeO-ds, 400 MHz,0 ppm) 4.49 (ddd’Jyans = 8.0 HZ,*Jyans = 5.5 Hz,*Jis = 1.0
Hz 1H), 4.30 (dd,®Jans = 8.0 Hz,%Jyans = 5.5 Hz, 1H), 3.63 (m, 8H), 3.52 {t] = 5.5 Hz, 2H),
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3.49 (t,3) =5.5 Hz, 2H), 3.36 (br £J =5.5 Hz, 2H), 3.22 (m, 2H), 2.93 (dt] = 13.0 Hz,*Jyans
=5.0 Hz, 1H), 2.70 (fJ = 13.0 Hz, 1H), 2.22 (t3=7.5 Hz, 2H), 1.66 (m, 6H), 1.43 (s, 9H).

3¢ NMR (MeOD, 100 MHz,¢ ppm): 176.3, 174.8, 166, 71.5-70.5, 63.3, 61.58,561.2,
40.9, 40.2, 36.7, 29.6, 29.3, 28.6, 26.7, 26.1.

FTIR (neat): 2927 ci (vas CHx-C), 2867 crit (vs CH,-C), 1693 crit (vs O-C=0), 1693
cm™ (vs CO-NH), 1390-1365 cih(vs (CHs)sC) 1104 crit (vas C-O-C).

m/z (ESI): calcd for GzsH4oN40;S [M+H]™*519.68, observed 519.28.

Anal. Calcd. for C3H4oN4O;S: C, 53.26; H, 8.16; N, 10.80; S, 6.18; found G.,256; H,
8.14; N, 10.88; S, 6.17.

PAA-Biotin

1)6 HCI 2.5M

2) HOBt, TEA
EDCI, HZO
3) Dialysis )J\/\/
ONa O
HN

PAA-Biotin 5% %NH

o

PAA-Biotin (5%) . BocNH(EO}Biotin 6 (28.7 mg, 0.055 mmol, 0.05 eq.) was mixed with
ag. HCI (1 mL, 2.5M) and stirred at room temperatior 2 hours. The mixture was dried under
vacuum. The residue and poly(acrylic acid) (PAA, NGO 000, 35% in water, provided from
Sigma-Aldrich company, 123.1 mg, 1.11 mmol. of #crgcid units, 1 eq.) were dissolved in 4
mL of water, followed by the addition of HOBt (74183, 0.55 mmol, 0.5 eq.) to the mixture and
the minimal amount of NEtto allow the dissolution of HOBt. The pH of 5 wadjusted with
HCI (0.1 M), and EDCI (153.5 mg, 0.99 mmol, 0.9)egas added at 0°C. The reaction mixture
was stirred at room temperature for 18 hours. Tdietisn was dialyzed with a cellulose ester
membrane (MWCO 12000-14000) against 1 M NaCl sotutor one day and against pure water
for 5 days. Lyophilization of the solution affordBdA-Biotin as a white solid (83% yield).

'H NMR (D,0, 400 MHz,§ ppm): 4.62 (dd®J =7.5 Hz,3J =5.0 Hz, 0.05H), 4.43 (dd)
=7.5 Hz,%) = 5.0 Hz, 0.05H), 3.78 (br s, 0.40H), 3.64 (br s,0012 3.4 (br t,J =5.0 Hz,
0.10H), 3.33 (br m, 0.10H), 2.90 (dfd, = 13 Hz,3J = 5.0 Hz), 2.78 (d?J = 13 Hz), 2.30 (very
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br s, 1H), 2.27 (t partially overlapped with prewsobroad s3J =7.0 Hz, 0.10H), 1.87 (very br s,
0.10H), 1.65 (br m, 2H+0.10H), 1.43 (m, 0.10H).

3C NMR (D0, 100 MHz,6 ppm): 176.6, 165.2, 69.7, 69.5, 68.9, 62.1, 60524,539.8,
38.9, 35.5, 28.0, 27.8, 25.3.

FTIR (neat): 3370 cf (vs CONa), 2925 ci (vas CHy-C), 2875 crit (vs CH,-C), 1699
cm® (vs CO-NH), 1552 crit (COO), 1449-1403 cifl (vasCO-NH), 1069 crit (vas CHo-O- CH,).
Anal. Calcd. 5% of biotin groups along the PAA backbone detaediby 1H NMR (see above)
is in good agreement with the S proportion meastmgdalemental analysis; found S, 1.82;
calculated S, 1.85.

SECTION-2: Multilayer buildup and characterizations

Materials

Poly(acrylic acid)(PAA, Mw 100 000, 35% in water, Sigma-Aldrich), Rdiallylamine
hydrochloride) (PAH, Sigma-Aldrich V1 70000), poly (sodium 4-styrene sulfonate) (PSS,
Sigma-Aldrich M, 70000), Trizm& (Prolabo), sodium chloride (Prolabo) were useteasived.
Synthetic procedures to prepare the modified polgi(acrylic) PAA-PC, PAA-Biotin and PAA-
RGD are described below. Silicone (poly (dimethidxane, PDMS) basins 15x17x4 mm were
purchased from Statice (Besancon, France). Priais& these silicone basins are successively
pre-treated with absolute ethanol, HCI 0.1 M, Na@H M and water in ultrasonic baths. The
silicone sheets (254m thick, Speciality Manufacturing Inc. SMI, SaginaMichigan, USA),
measuring 18 x 18 minwere cleaned as silicone basins prior to use.

Dulbecco’s Modified Eagle Medium (DMEM) containidgg/L glucose and L-glutamine
used for primary fibroblasts culture, fetal boviserum (FBS), penicillin-streptomycin (PS),
PBS, trypan-blue stain (0.4%) and trypsin-EDTA %0)5vere purchased from Gibco, France.

AlamarBlue was purchased from Biosource. Parafatetglde (Sigma), PBS (Gibco),
Triton (Sigma), BSA (Euromedex), Phalloidin-Tetramgdrhodamine B isothiocyanate (Sigma),
Anti-collagen | (ab-camab34710), DAPI (Euromedex), FITC Anti-rabbit 1gG ogkland),
mounting medium (Dako). Streptavidin-FITC salt-frégphilized powder, 5 units/mg protein,

was purchased from Sigma-Aldrich (catalog numb8r.62).
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Silicone pre-treatment and characterizations

Prior to use, silicone substrates were treated abgolute ethanol, HCI 0.1M, NaOH 0.1M
and water in ultrasonic baths. This surface treatne done to render the surface clean and
sterile before cell adhesion. No differences betweative silicone (Statice France and SMI)
were observed before and after surface treatmentdmyact angle measurements, infrared

spectroscopy and atomic force microscopy.

Contact angle measurementSontact angles were measured on untreated silitone
Statice France and SMI and are respectively of &8 97°. After treatment, these values
changed to 90° and 100° indicating that the hydobjdity of the surface does not vary.

Infrared spectroscopyPerfect overlapping of ATR-IR spectra of treatedl non-treated
silicone surface (Statice France and SMI) indic#tes$ the surface is not modified chemically.
In particular, there is no appearance of OH grat@450 crit (see FTIR spectra figure below).
These observations are in agreement with contagte aneasurements indicating that the surface

treatment does not affect the chemical nature®&thface.
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FTIR-ATR spectra of silicone surfaces from Statice France and SMioke and after washing
treatment: (a) and (b) spectra represent the wRospectra from 600 to 4000 cnof Statice and SMI silicone
sheets respectively. (c) and (d) are respectivengdoetween 2800 and 4000 tnFor the sake of clarity,

spectra corresponding to treated (red line) andeated (black line) silicone surfaces have beeresgmted
one over the other.

Surface morphologieJ.he silicone sheet topography was observed by A&MM images
are similar before and after treatment for botitailes (see AFM images figure below). RMS
values change from 20.8 nm (untreated) to 22.7 treateéd) for silicone sheets purchased from

SMI. RMS values change from 25.2 nm (untreated)4@ nm (treated) for silicone purchased
from Statice France.
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AFM images, obtained in contact mode, of silicone sheefsufitreated ando] treated SMI sheets and
(c) untreated andlj) treated Statice France sheets.

Preparation of polyelectrolyte multilayer films in silicone basins or on silicone sheets.

All polyelectrolytes are dissolved in 10 mM Tris5s mM NaCl buffer at pH 7.4.
Concentrations of polyelectrolyte solutions are ¢.mL" for PAH and PSS, 0.5 mg.riLfor
PAA-PC and 0.1 mg.mt for PAA-RGD and PAA-Biotin. The pH is adjusted 4. All
solutions are filtered (Millex GV membranes, porandeter of 0.22 pum).

Polyelectrolyte multilayer films are prepared ire{ireated silicone basins (see previous
paragraph). Multilayers were assembled by bringsiicone substrate in contact with
polyelectrolyte solutions for 5 min in the casedP#H and PSS, for 15 min for PAA-PC or PAA-
Biotin and 1h for PAA-RGD. Each deposition wasdalked by three rinsing steps of 2 min with
buffer solution.

Stretching device

Silicone basins or sheg(s) are placed in the stretching devit® (o stretch it and fix it at
the required stretched ratio. The stretched ratjoi defined as the ratio between length of
substrate after and before stretching. Siliconénsaand sheets were stretch at an average speed

of 0.5 cm per min. The ratio used in our experiraevds between 1.2 and 1.5.
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Stretching
device

Quartz Crystal Microbalance measurements

Quartz crystal microbalance (QCM) measurements \weréormed on a QCM-D D300
apparatus from Q-Sense AB (Gothenburg, Sweden) dmyjitoring the changes in the resonance
frequencyf and the dissipation factdd of an oscillating gold coated quartz crystal upon
adsorption of a layer. The quartz crystal was excdt its fundamental frequency (5 MHz), and
the measurements were performed at the first,, thiftd and seventh overtones, corresponding
to 5, 15, 25 and 35 MHz. Only the third, fifth aselventh overtones were taken into account in
the processing of the experimental data.

Atomic Force Microscopy

Atomic force microscopy (AFM) images were obtaingd contact mode in liquid
conditions with the Nanoscope IV from Veeco (S&a#bara, CA). The images were carried out
with silicone nitride cantilevers, spring constar@3 N/m (Model MSCT, Bruker). Several scans
were performed over a given surface area. Thesessibad to give reproducible images to
ascertain that there was no sample damage indugdtiebtip. Deflection and height mode
images were scanned simultaneously at a fixed stan(2 Hz) with a resolution of 54312
pixels. Data evaluation was performed with the N&supe software version 5.31rl (Digital

Instruments, Veeco).

Fluorescence Microscopy
Images were obtained on an inverted light microscidikon Microphot-FXA, Japan)
equipped with a mercury lamp and operating betwk#hand 490 nm for excitation and above

520 nm for detection. A 40x dry objective and aitdigcamera were used. Image analysis was
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performed using ImageJ (U.S. National Institutes Hdalth, Bethesda, Maryland, USA,
http://rsb.info.nih.gov/ij).

Fluorescein labeled Streptavidin (Skgg) was used at 0.1 mg.riiLin buffer (10 mM
Tris, 150 mM NacCl at pH 7.4) and let adsorbed 2 animultilayer the film before rinsing 5 x 2

min with buffer. Then, fluorescence microscopy imsgvere taken.

With respect to streptavidin adsorption under pblggiical conditions the film behaviour
was first investigated by quartz crystal microbaan(QCM), a technique that allows the
determination of the deposited mass, includingbitvend water. Film architecture similar to the
one study for cell adhesion (but with PAA-Biotinstead of PAA-RGD) shows no detectable
streptavidin adsorption. Then, in order to test ih8uence of stretching on the anti-
fouling/streptavidin adsorption properties of tmsltilayer, the film was built on a silicone sheet
according to the same procedure described abowvhisnSI (part entitled “Preparation of
polyelectrolyte multilayer films”, page 9). Fluocesn labeled streptavidin (StrepFITC) was used
and its adsorption on PEI/(PAH/PSPAH/PAA-Biotin/(PAH/PAA-PC) multilayer built on
silicone sheets. The StrepFITC adsorption was romdt at rest and under stretching by
detecting the fluorescence intensity using the saxmosure conditions. After exposure to
StrepFITC solution followed by a rinsing step, aAPPSSYPAH/PAA-Biotin/(PAH/PAA-
PC), film, built on a silicone sheet, was imaged byoflescence microscopy. In the main text,
Figure 3a and 3b correspond to the fluorescent @madptained respectively in a non-stretched
state and in stretched statecat 1.5. No fluorescence signal of StrepFITC ishlision non-
stretched film (comparable to the background,before exposure to StrepFITC) meaning that
the amount of streptavidin adsorbed is of the oadeéhe detection limit. Under stretching up to
1.5 times its original length, characteristic grdkmrescence is observed. Even after several
rinsing steps, this fluorescence stays on the faydtr film. This observation can be explained by
the availability of biotin groups when the mateisbtretch up to 1.5: specific interaction occurs
between StrepFITC and its natural ligand. Whenrttaterial returns to rest, the fluorescence

does not disappear.
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SECTION-3: Methods for cellular adhesion tests

Cell culture

Gingival fibroblasts were isolated from human guadi connective tissue of healthy
individuals according to a protocol approved by #tleics committee for patient protection of
CPP Strasbourg Hospitals. Gingival tissues weraiobtl from gingival samples without
inflammation removed for tooth extraction purposasg, into small pieces, placed into culture
dishes, and incubated in a humidified atmospher@5ét air and 5% CQat 37°C for 30 min.
Then, DMEM culture medium (with 20% FBS, 10@/mL penicillin-streptomycin and gg/mL
fungizone, Gibco) was added. After confluence weached, the cells were harvested using
0.25% trypsin. Cells were used between tfleadd 8' passage. The cells were maintained at
37°C in 5% CQin 75 cnf flask in DMEM medium containing 10% FBS and 100nil PS
until confluency.For viability tests, basins with polyelectrolytdnis were sterilized by UV

irradiation during 15 minutes and 2X1d®lls per basin were distributed.

Viability test (AlamarBlue ™ assay)

Viability was assessed by AlamarBllfeassay after 1, 2 and 7 days. After rinsing, 10%
reagent in complete medium was incubated for 3qAfter incubation optical density (OD) at
570 nm and 630 nm were determined with a micropiedeler. The percentage of reduction of

AlamarBlué™ was calculated and standard curve numbers ofwells determined.

Cellular fluorescence labelling

Cells were fixed with 4% PFA at 4°C, permeabilizeith 0.25% PBS-Triton and saturated
with 1% BSA. To label collagen type |, an incubatiaf anti collagen | (1/200) during 2 h with a
rinsing step is followed by an incubation of a setary antibody for 2 h with a rinsing step. 50
ng.mL* Phalloidin solution was incubated for 30 min fabélling of actin filaments. After 3
rinsing steps, 50 ng.MLDAPI was incubated for 1 min and washed to lahsllear markers.
Samples were mounted in glass with mounting mediMicroscope images were taken. For

each experiment and each film condition three saspkre tested.
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Figure S1.Quartz Crystal Microbalance monitoring BEI/(PSS/PAHYPAA-RGD/ (PAH/PAA-
PC); film construction. Concentration of the polyeledytes solutions are 1 mg.riilfor PEI, PAH and
PSS, 0.5 mg.mt for PAA-PC and 0.1 mg.nitfor PAA-RGD in buffer (10 mM Tris, 150 mM NaCl at
pH 7.4). The pH is adjusted to 7.4. All solutions &ltered (Millex GV membranes, pore diameter of
0.22 um). The quartz crystal is brought in conteithh the PEI, PSS and PAH solutions during 5 mid an
15 min with the PAA-PC or PAA-RGD solutions. Eadkpdsition step was followed by a rinsing step (5
min) with buffer. The data correspond to the evohutof the frequency shift of the third harmoni& (1
MHz). The frequency shifts are proportional, irsfinpproximation, to the mass adsorbed on theatryst
surface. A regular mass increase is observed upetahird (PAH/PAA-PC) bilayer. The film buildup
seems to stop afterwards. Yet one observes araseE the deposited mass when the film is broimght
contact with PAA-PC and a decrease when it broughtontact with a PAH solution. This could be
explained by an adsorption of PAA-PC when the fiimbrought in contact with the PAA-PC solution,
followed by a removal of the deposited PAA-PC whha film is brought in contact with the PAH
solution. This process could be accompanied byma riéstructuration that is not visible on QCM data

because it would not affect the deposited mass.
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Figure S2.Viability of fibroblasts determined by the Alamat®l" test, after 1 day (open bars), 2
days (grey bars) and 7 days (black bars) of culbarelifferent multilayer films built in silicone bas:
(PAH/PSSYPAH named PAH; (PAH/PSZIPAH/PAA-PC) film named PC2 and
(PAH/PSSYPAH/PAA-RGD film named RGD in non-stretched stéi4S) and stretched state at 1.5
stretching ratio (S(1.5)).
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S(1.5) PAH

S(1.5) RGD
Figure S3.Images of adherent fibroblasts after 7 days ofucellon non stretched (left, NS) and
stretched (right, S(1.5)) (PAH/PS&AH film named PAH, (PAH/PS8JPAH/PAA-PC) film named
PC2 and (PAH/PSZPAH/PAA-RGD films named RGD, built in silicone Iias. The stretching ratio
was 1.5. Detection of actin markers of the cytostoal by phalloidin (red labeling) and collagen type

marker of the extracellular matrix by anti-collagefgreen labeling) by immunochemistry and nuclear
marker by DAPI (blue). The scale bars representi 60
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Figure S4.Viability of fibroblasts determined by the Alamat®l™ test, after 1 day (open bars), 2
days (grey bars) and 7 days (black bars) of culbaréifferent multilayer film built in silicone bass in
non-stretched state (NS): (PAH/PEBAH/PAA-RGD film named RGD, (PAH/PS#PAH/PAA-
RGD/(PAH/PAA-PC) film named RGD-PC1; (PAH/PSEPAH/ PAA-RGD/(PAH/PAA-PC) film
named RGD-PC2; (PAH/PSHEAH/PAA-RGD/ (PAH/PAA-PC) film named RGD-PC3;
(PAH/PSSYPAH/PAA-RGD/(PAH/PAA-PC) film named RGD-PC4; (PAH/PSEPAH/PAA-
RGD/(PAH/PAA-PC) film named RGD-PC6.
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Figure S5 Viability of fibroblast cells determined by thdatnar Blué" test after 1 day (black bars), 2
days (grey bars) and 7 days (dark grey bars) afieibn different multilayer films built on a sitine
basin: (PAH/PSSIPAH/PAA-RGD film named RGD, (PAH/PS$PAH/PAA-RGD/(PAH/PAA-PC)

film named RGD-PC2, (PAH/PS#EPAH/PAA-RGD/(PAH/PAA-PC) film named RGD-PC4 and
(PAH/PSSYPAH/PAA-RGD/(PAH/PAA-PC) film named RGD-PC6 in non-stretched state (NS) and
stretched state at anratio (S¢)). The data correspond to the mean and the stdmldaiiation of three

experiments.
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Figure S6.Atomic force microscopy images, obtained in contaode and in liquid state,
of (PAH/PSSYPAH/PAA-RGD/(PAH/PAA-PC) film (a) in a non-stretched state and (b) in a
stretched state at a ratio of 1.5. The z scal&Q@snn.
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Figure ST Viability of fibroblasts determined by the AlanBine™ test after 1 day (open
bars), 2 days (grey bars) and 7 days (black bargyutture on a (PAH/PSZPAH/PAA-
RGD/(PAH/PAA-PC) film named RGD-PC2, deposited on a silicone sutsstrim the non-
stretched state (NS), after stretching at a stiregchatio of 1.5 (S(1.5)) and after stretching at a
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ratio of 1.5 for 30 min and brought back in the sstretched state for 1 hour before the
deposition of the cells (LS, i.e. loosened system).
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CHAPTER 4:

Associating polymers for therapeutic

hydrogels
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Goals of the work

This work has been performed in order to design eabiotic delivery systems to
struggle against a pathogenic bacteriuRseudomonas Aeruginasdhis study has been
conducted as part of a project supported by thes6aistion vaincre la mucoviscidose” (beating
cystic fibrosis).

Pseudomonas aeruginogaan opportunistic pathogen, meaning that it @xpksome break
in the host defenses to initiate an infection.datfPseudomonas aeruginosgathe epitome of an
opportunistic pathogen of humans. The bacteriunosimever infects uncompromised tissues,
yet, there is hardly any tissue that it cannotanhfethe tissue defenses are compromised in some
manner. It causes urinary tract infections, respiyasystem infections, dermatitis, soft tissue
infections, bacteremia, bone and joint infectiogastrointestinal infections and a variety of
systemic infections. Pseudomonas aeruginosa iofects a serious problem in patients
hospitalized with cancer, cystic fibrosf,and burn¥*. The case fatality rate in these patients is
near 50 percent.

Pseudomonas aeruginosaprimarily a nosocomial pathogen. Accordinghle American
Center for Disease Control and Prevention (CEY&):°*the overall incidence d?seudomonas-.
aeruginosainfections in U.S. hospitals averages about 0.4af6l the bacterium is the fourth
most commonly isolated nosocomial pathogen accogrfor 10.1 % of all hospital-acquired
infections. Similar figures are reported in Eurfpand Africal® Pseudomonas aeruginosas

a trend to become drug and multidrug resistantchviiorsens the situatidf®

The goal of this section is the design of drug iearpolymers that can able to form
hydrogels under physiological conditions and thHaa gels can be degraded in the presence of
Pseudomonas aeruginas@ihese bacteria release exoproteins such as dipase lipases are
able to catalyze the hydrolysis of esters functiongjuid-liquid interface.

For this purpose we have studied associating palymath a hydrophilic main chain
poly(methacrylic acid) (PMA) modified by hydrophabchains through ester moieties. These
polymers are expected to be associating in aquseolugions. Once the gel is obtained, the

hydrophobic parts can be cleaved by the actiorheflipases released from the bacteria. The
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hydrolysis will be determined by the decrease efitiscosity of the gel and eventually become

liquid.

/ Gels
Enzyme
I I I formation -~ ) degradation

Hydrophilic chains Functions esters

N
\ P Hydrophobic chains * Drug /

Figure 4. 1. Schemetic illustration of associatingolymers.

The targeted material is thus responsive to indesti It is illustrated in Figure 4.1. If a
drug is linked to the polymer scaffold, the resmomsll be accompanied by the release of this
drug. But this work is limited to the mere assaogtpolymeric system; no drug has been
attached to the polymmer.

This bibliographical chapter presents the differeey elements to understand the whole

design and synthesis of the polymeric material.

In the first part of the chapter will survey théet@nce and toxicity of polyelectrolytes for
medical applications, with a focus on poly(methécrgcid) and poly(acrylic acids). Then we
will remind the general structure of associatingypwrs and the influence of different
parameters on their rheological in aqueous solstidhthe end, the acting bacterial enzyme will

be briefly presented.

4.1 Relevance and suitability of synthetic polyelectrottes for biomedical

applications

A wide range of polymers has been used for bionadipplications and Table 4.1 gives a

summary of the nature of these polymers, classifidllodegradable and non-biodegradable.
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Table 4. 1. Representative list of polymers used irug delivery.

Polymers
Classification
Natural polymers
Proteir-based polyme Collagen, albumin, gelat
Polysaccharide Agarose, alginate, cellulose, chitosan, dextraalurgnic
acid
Synthetic polymers
Biodegradable
Polyester Poly(lactic acid), poly(glycol acid), poly(terephiit acid
Polyamide Poly(imino carbonate), poly(amino ac
Phosphort-based polyme Poly(phosphazene), poly(phosphate), poly(phospl
Other: Poly(ethyleneglycol), poly(dihydropyran), poly (acet
Non-biodegradable
Cellulose derivate Carboxymethyl cellulose, cellulose acetate, ceflelacetat
propionate, ethyl cellulose
Silicone: Poly(dimethylsiloxane), colloidal sili
Acrylic polymer: Poly(metharylate), poly(methylmetheaylate),
poly(hydroxy(ethylmethylacrylate), Sodium polyaetg
and its derivates with n-alkyl chains.
Other: Poly(ethylen-co(vinyl acetate)), poloxame
poly(vinylpyrrolidone), poly(propylene)

From Table 4.1 it is obvious that most of the padysmused in biomaterials are neutral
ones. The charges themselves are absolutely neg@ssmly a few cases. Transfection vectors
for gene therapy need to be polycationic in ordeform complexes with DNA strand®’ 1%
Another kind of biomaterials where the charges me®ded is the material coating by
polyelectrolyte multilayers as studied in the poesa chapter.

For other biomedical applications, what is the Whiéred charged systems? In the first
place, it is expected that highly hydrosoluble podys like polyelectrolytes were easily excreted
via urinary tract. But intraveneous or intrapergahadministration of high molecular weight
sodium polyacrylate causes the death of rat atsdos25 mg/kg after hypotension, widespread
hemorrhages and cardiac arrhythnifisHeavy weight in sodium is the main cause of the
cardiac symptoms. Some other effects like depresi$ects are explained by the complexation
of calcium ions.

Despite this low lethal doses, gels of polyelegted are used as antidhesive materials to
prevent post-operation adhesion in abdominal andiaa surgery’® ** Polyglutamate and

polylysine have antiadhesive properties for pegtdrat doses of 1 mg/kg. However this is too
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close to their intraperitoneal median lethal dagd,D50 (around 40 mg/kg). Polyacrylates have
the highest antiadhesive effects, but their LD58I$® low. So the most used polyelectrolytes for
this purpose, are NaHA (sodium hyaluronate) and M@Qsodium carboxymethyclellulose)

that are less toxic since they can be resorbeerfdétHowever these polymers have low
antiadhesive activity and must be mixed with lowoams of polyacrylates to increase the
performance!*®

Polyacrylates can be administrated orally with mgnificant effects:* The intraoral
median lethal dose i.0. LD50 for polyacrylate ig¢® g/kg, which means that there are not toxic
when uptake is oral. Polyacrylates are presentanyntopical formulations, including cosmetic
ones. Numerous toxicological studies have provad pblyanions and polycations do not cause
any dermal lesion, irritation or allerdy. In conclusion, polyeclectrolytes are seldom used i
internal applications, in this case they can bel wskbw doses (5 mg/kg) mainly because of their
chelating properties and high counter-ions confEney are suitable for topical, subcutaneous or
oral applications.

Polyelectrolytes are really efficient in mucosaplgations because of their mucoadhesive
properties*® " Mucoadhesive polymers are necessary to deliverug 8y mucosal tract
(ocular, nasal, buccal or intestinal). They allawiricrease the residence times of the drugs in
contact with the targeted mucous membrane: thegiteothe natural clearance. For instance the
ocular clearance time is about 90 s and can beased to 12 h with the suitable polymers in the
formulation. Some of those polymers are cationicL(Rchitosan) or neutral (PVP, HPC). But
the majority of these polymers are anionic polymaitginate, hyaluronic acid, NaCMC. The
most used polymers for these formulations are sodiolyacrylaté crosslinked with sucrose
(Carbomer) or with divinylglycol (Polycarbophil).

Crosslinked weak polyelectrolytes have been usefbrm stimuli dependant gels. The
swelling ratio of the gels strongly depends onghke For instance for a polyamine, at pH above
the pKa the basic functions are ionized and the g&klls. This has been exploited to make gels
that respond to glucose concentration to deliversulin!*®  Poly(dimethyamino-
ethylemethacrylate) gels are synthesized with amyrae, Glucose Oxidase, and insulin
enbedded in the network. The enzyme transformgltieose into gluconic acid. Therefore when
the glucose concentration increases, its degradatiacthe gels leads to a local acidity, that

protonates the polyamine chains, makes the geld amgrelease insulin.
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This survey has shown that polyelectrolytes areiefit for topical and mucosal delivery.
This property can be sought to prevent some nos@tonfiections on wound or after surgery.
PMA and PAA have always a good activity but theaimdrawback is their lack of degradability
that slows down their excretion. However we haveseim those polymers because they are
available and can be easily modified. We also haweexperience in their modification for
instance our group has been able to modify PAA wWR@ that are fragile groups with
modification rate up to 25 %. In this preliminarprk we were interested in proving the validity
of our model. The chemistry to target another paymran always be adjusted in the follow up
studies. Another reason for the choice of a norratkble polymer is to perform the bacterial
tests were the degradation of the backbone of tigmer can interfere with the results of the
selective degradation of the hydrophobic parts.

For some applications, the polyelectrolytes areroftydrophobically modified to form
associating polymers, and to obtain correct galldarmulation. The next sections recall the
structures of associating polymers and the param#tat govern the properties of the resulting

hydrogels, before we survey the use of associgiihgelectrolytes in biomedical fields.

4.2 Structure of associating polymers

Associating polymers are amphiphilic macromolectited have a hydrophilic main chain
and a few hydrophobic groups. Some of them aredaallydrophobically modified water-soluble
polymers (HMWSP) and were introduced in 1951 bya@#&'® to mimic the conformation of
proteins.

In aqueous solution, these polymers present thiogemproperties: in solution their
viscosity is much higher than those of the polynadrthe same nature but without hydrophobic
part’?® 121 This rheological property is caused by intermolac interactions between the
hydrophobic groups. It results in a reversible ¢hd@nensional network that leads to a high
viscosity solution and can eventually form hydregel

Associating polymers can have the usual topologfeall polymers (linear, brush, star,
blockcopolymer, etc). But most of the known assiwip polymers belong in two large

categories, depending on the location of the hywbfr parts. In the first one, the hydrophobic
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parts can be distributed all along the hydrophgitain and these are often referred as
‘multistickers’. In the second one, the hydrophobroups are located only at the end of the

hydrosoluble chains. This is the case of telectpigmers or triblock copolymers. (Figure 4.2)

Composition
3 3 3 0000000000
QYOI IIIIIII9 DIIIIIIIIIII Telechelic (end-capped)
Triblock 3 3 QYIIPIDIII
Statistical
Brush Copolymer

Figure 4. 2. Schematic representation of associatinpolymers architectures. A: hydrophilic groups
(orange), B: hydrophobic groups (bleu).

We will present their chemical structure and wheppligable show examples of
biomedical use.

4.2.1 Telechelic or end capped polymers and block copolyens

They are linear hydrophilic polymers with hydropiwigroup at their ends (end-capped).
The hydrophilic backbone generally has low moleculaight (< 100 000 g.md). The ends are
alkyl chain, comprising 8 to 18 carbons, aromagesups or fluorinated chains. Usually, these
polymers are based upon poly(ethylene oxide) (P®&@) hydrophobic end groups. At the

123 and their

origin, the hydrophobic parts were linked exclusivéarough urethane spac&rs
names HEUR (hydrophobic ethoxylated urethane) waigis from this chemistry. Since then
polymer with other types of binding between hydibplthain and hydrophobic tails have been
developed, e.g. ether bounds.*?

Some block copolymers with hydrophobic and hydrbpHilocks can be considered as an
extensionof the previous case. An example is PPO-PEO-PPOml| where the hydrosoluble
poly(ethylene oxide) PEO block is between two pmlgpylene oxide blocks (PPO). These
polymers have a rather high critical aggregationcentration. They are less used and less
known than the Pluronic polymers that have thenmsvstructure : PEO-PPO-PEO. Pluronics can
behave as thickeners but with a different mechartlsan the previous associating polymers.

They form micelles and depending on the PEO/PP® thbse micelle can be spherical or
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cylindrical. In the last case on obtain gels atcemtrations of a few percents. PPO-PEO
polymers have high biocompatibility and low immueagity and are readily excreted via
urinary tract. At higher concentration they formisgerhen they are heated from room to body

temperature, which make them suitable for subcuiamérmation of gels?

4.2.2 Multisticker copolymers

a) Natural polymers derivates

Many multisticker polymers can be obtained fromypaktcharides. They are often used in
biomedical devices

Some of them are neutral polymers and are obtdgdd/drophobic modification of guar,
pullulan}?” dextran 2
(HEC) %! ethyl(hydroxy-ethyl)cellulose (EHEC),**?*** and (hydroxypropyl)cellulose

(HPC)** ™*Charged associating polymers can be obtained H&®@ **° or HPC'®®, or from

or hydrosoluble cellulose derivatives as (hydrdRyBcellulose

modification of naturally charged polysaccharideshs as alginate’s, %% chitosang® %4
carboxymethylcellulos&® carboxymethylpullulal?® and pectirt®” *® The hydrophobic units
are usually hydrocarbon alkyl chains or fluorocarlywoups:®® In order to develop biological
applications such as drug release, the hydrophadoits can be designed to be degradable. This

has been done for instance by Durand and cowotKeré

b) Polymers based on polyacrylamide

These polymers are copolymers of acrylamide as hywrophilic monomer and a
hydrophobic monoméer? N,N-dimethylacrylamide/**"®> and N-isopropylacrylamide,*’®*"
close enough to acrylamide have been also usegdrsghilic monomers. The hydrophobic
comonomer may bear a long hydrocarbon chains, amaic group (eventually flurescent for

B 17> % a siloxant®

photophysical characterizatioH} *®*a fluorocarbon grou
Selb and Candaf? have widely studied hydrophobically modified paig(ylic acid) and

poly(acrylamide). They have shown that micellar algmerization is an appropriate tool to

synthesize long chain hydrophilic polymer and totoal the distribution of the hydrophobic

chains along the backbone.
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c) Thermoresponsive polymers

Poly(N-isopropylacrylamide) (PNIPAM) is associating bewadits low critical solution
temperature (LCST) in the range of 25-32 °C in wakelow LCST, the side groups are
solvated by water. Above the LCST, the monomersrerdonger linked to water, become
hydrophobic and tend to link with each other toateecrosslinking H-bonds. The same
mechanism underpins the formation of gels by Pligrdescribed above. Because the LCST of
pNIPAM is close to the body temperature, they haeen widely investigated for drug delivery
applications®®  Poly(N-isopropylacrylamideo-methacrylic ~ acidf®> % poly(N-
isopropylacrylamideco-propylacrylic acid)®’ are able to from hydrogels that are pH and
temperature sensitive. Such polymers have been asedrriers for oligonucleotides for gene
therapy'®*

d) Hydrophobically modified polyelectrolyte

One has widely studied polyelectrolytes graftechaiydrocarbotf® and fluorocarbon®®

191192 ysually hydrophobic chaif® are randomly distributed. These polymers have drigh
molecular weight than telechelic polymers betwe (000 — 2 000 000 g.mbl

In 1988, lliopoulos et @ were the first to report the modification of a yelectrolyte
PAA poly(acrylic acid) with octadecylamine and theiscometric behavior. Then, McCormick
and coworkerS* studied the copolymerization of acrylamide wittb Gnol % of N-[(1-
pyrenylsulfonamido)ethyllacrylamide. These polymé@ve been extensively used for their
thickening properties, in the paper, textile andtirms industries®

In the recent literature Chang et"& studied the free radical copolymerization in agiseo
media of methacrylic acid and alkyl methacrylatéhwalkyl chain length between 12 and 18 and
the mole percentage of the hydrophobic moiety betw@® 30 mol %. The hydrophobic domains
on the polymer were studied by fluorescence withepg as the fluorescence probe. These
copolymers show a high potential as drug deliveygteams. There are used as polymer-
liposomes complexes with phosphatiylcholine/cheledtto generate liposomes that can respond

to 2 stimuli: temperature and pH to deliver drigs'®®

90



Chapter 4: Bibliography associating polymers

More complex structures have been developed fdodiical applications. Copolymers of
PAA grafted by (PEO-PPO-PEO, or Pluronic) (P&ARluronic)®, present better properties
than pure pluronic. They have a rapid thermogetatiodiluted solutions, and a lower CMC.
They have been used as drug carriers in topical°®and ophthalmologic formulatiorf&® 2

They also show bioadhesive properfi&s.

4.3 Structure and physical-chemical parameters that ifluence the thickening of
modified PAA and PMAA

Many studies have lead to a good understandingeofitechanism of associations, and one
has clearly established the relationships betweenrheological properties, and the different
relevant physical parameters or their structuratuiees of associating polymers. The physical
parameters are concentration, shear rate and pdisffiactural parameters are proportion of the
alkyl chains, length of the alkyl chains, microsture and molecular weight.

4.3.1 Physical parameters

a) Influence of the concentration
The viscosity of solutions of associative polym&rengly depends on the concentration of
the polymer. Unmodified and modified polymers hase different behavior when the

concentration varies:

1000 / 1.5% HM

10

Viscosity
N, [Pa.s]

01

0.001

0.5 1 2 5 10

Concentration Concentration [wt%)]

Figure 4.3. Schematic representation of viscositysacentration relationship. a) Ideal behavior for
homopolymer C* (--) and Associating polymer Gp (-). b) Effect of the viscosity-concentration relabnship
for PAA-C 13 Mw= 250 000 g/mol, with substitution degree betwee.2-3 mol%. (-) PAAZ*
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In the case Unmodified polymdhe viscosity increase after a critical concerdratC*.
(Figure 4a). This fact is explained by differenihcentration regimes : one is called diluted
solution when (C < C*) and the second is semi-diusolution when (G C), the transition
between two behaviors is defined as critical agatieg concentration C* beyondhere the

polymer chains are in contact, represented in Eigu4.

C<C* C=C* C>cC*
Figure 4.4. Schematic representation of a sketch wehe the chains are entangled for C > C*.

In the case of modified polymeFigure 4.3(a) shows that at low concentrations th
viscosity is lower than for unmodified polymer.dan be explained by the fact that in diluted
solutions, the interactions between hydrophobidsuare mostly intramolecular. For a given
concentration, called concentration of associagatymer (Gp), the viscosity increases, which
is interpreted by the fact that the hydrophobieriattions become intermolecufaf. % *'Cyp

is lower than the concentratiorY 6f the unmodified polymer. (Figure 4.3(a))

In Figure 4.3(b) shows the variations of viscosisy concentration for unmodified PAA
and PAA modified with G at different rate$™ The solid line represents the unmodified
polymer (PAA). The polymers with degree of modifioa between 0.2 and 0.59 % have almost
the same viscosity as the homopolymer. For 1.5%iflnation the viscosity increases akC=
3.4 wt % and for higher modification rate (3%) thescosity increase occurs at a lower
concentration & (1 wt%). For a given concentration, the more medithe polymer, the more

viscous the solution.

92



Chapter 4: Bibliography associating polymers

b) Influence of shear rate

Figure 4.5 shows the viscosity of hydrophobicallpdiied polymers and the parent
homopolymer, when the shear rate increases. Thepoymer behaves as a newtonian fluid,
with constant viscosity; for HMWSP the viscositycteases with shear stréd$.2%This effect,
called shear thinning effect, increases when ooeases either the length alkyl or the molecular
weight. In some cases, when the shear rate in@dhseshear thinning is followed by shear
thickening, due to breaking of intramolecular iatons under shear to form more

intermolecular interactions.

—=— PAA (Cp=3%)
10000 - —e— PAA-C8-3 (Cp=3%)
] —+— PAA-C12-3 (Cp=2%)

8000 ’ —e— PAA-C18-3 (Cp=0.75%)
6000 — \

4000 -
| .
————y
*

2000

Brookfield Viscosity (cp)

Shear Rate (sec”)
Figure 4. 3. Effect of shear rate on solution visaity of polymers?®®

c) pH

pH also influences the viscosity. The Figure 4.6vehthe differences between modified
and unmodified PAA. For PAA the viscosity increasdsen the pH increases and reaches a
plateau at pH 7. Above pH 12, the viscosity de@sast low pH, the polyelectrolyte is only
partially charged, and the chain is coiled. As pieincreases more and more acid groups are
neutralized and charge repulsion forces the badakhorextend, which increases the viscosity.
When the pH is further increased, the excess Na@reases the salt concentrations and screens
the electrostatic interactions, which tends to tiwel chains. The curve corresponding to modified
PAA with Cig-3 mol%, shows that at lower pH, until 6, the visitpincreases, then decreases to
be stable stable until pH 12, where more drasticeimse occurs. When the pH increases the

increasing charge rate on the chain tends to extemdhain but here it is accompanied by the
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formation of hydrophobic aggregations that exptam higher viscosity of the modified polymer

than that of the unmodified one. When the chartgeirecreases, the electrostatic repulsions lead
both to extend the chains and also induce intenastbetween chains. When the pH increases
above 6 the second effect prevails and the viscogitreases. It is about constant until pH 12.
Above 12 the excess salts screens the electrostaéiractions and makes the hydrophobic

interactions prevail again.

—=— PAA (Cp=2.0%}
—a—PAA-C18-3 (Cp=0.5%)

B ™ / \
SN
Y

Brookfield Viscosity (¢p)

4 1 8 10 12 14
pH
Figure 4. 4. Effect of pH on solution viscosity oPAA and PAA-C18 3mol %2%

When the polymer is crosslinked, the degree of lavgetan be controlled by p® Figure
4.7 shows the swelling ratio for different netwoddsmodified and unmodified PAA. When the
pH increases the gel swells, because the chargdsedfackbone create an osmotic pressure.
Modified poleleyctrolytes need higher pH to reachiwen swelling than the unmodified ones.
This pH rises even more when the fraction of hydaodpc units or the length of the alky chain
increases. Thus, the hydrophobic modification ecaretthe swelling pH. At pH values higher

than 10 a deswelling is observed, which can beagxg@tl by charge screening.
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cor 206Figure 4. 5. Degree of swelling on the pH of the FI;le)ion. (1) PAA gel. (2) PAA-C8-5%. (3) PAA-C18-
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This sensitivity of these polyelectrolyte netwotksvard pH has been exploited for oral
drug delivery in the gastrointestinal tra®f 2°’The stomach has an acidic pH (pH of 1-2), while
the duodenum has a basic one, so pH sensitive ¢@idroan retain the drug in the stomach and
release them later in the intestine. Poly(methaciagtid-g-ethylenglycol) hydrogels are able to
incorporate and protect the insulin from releasadiic media. Under acidic environments the
hydrogel forms intermolecular associations andrétease of the drug occurs when the gel swell

at alkaline conditions in the intestif®.

4.3.2 Structural parameters

a) Influence of the proportion and length of alkyl chans 2°3 207209

These parameters are really important in theseesystThe introduction of hydrophobic
units onto the hydrophilic backbone, should inceeti®e thickening properties, but maintaining
the solubility in agueous solutions. There is agearof optimal modification between the
competitions of inter and intra molecular assooiaito get a polymer with excellent rheological
properties. Figure 4.8 represents the influenceh@mature of the alkyl chains on the viscosity.

Its shows that viscosity increases when the leafithe hydrophobic groups increases.
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Figure 4. 6. Effect of the length of the side chaiwith PAA modified at 3 mol%.%

Brookfield viscosity (ep)

The higher the hydrophobic content of the polyntiez,lower the concentrations needed to
increase the viscosity. The minimal size of hydaigph groups necessary to increase the

viscosity of the modified polymers is 12 or 14 affson atom§®> 210211
b) Influence of the microstructure

The distribution of the hydrophobic groups affeth® properties in aqueous solution.
Magny et af!'studied the PAA modified with ¢ Ci» and Gg), resulting in polymers with
random and block structure. The higher associapmngperties were obtained by block
copolymers. The same behavior was observed by ¥apal. by acrylamide polymers modified

with alkyl acrylamides (1-5 mol%§2

In conclusion, this survey of the literature shows that assamgpolyelectrolytes can be
used for biomedical applications, although the @mpgibns are still rare. These polymers are
more widely used in other fields : adhesives, dofsats and paint adjuvarfts. In the medical
field,, they are efficient in formulations that acose to the coating applications, like
bioadhesives, wound dressing mucoadhesives. Thehiavior vary strongly with different
parameters such as temperature or pH, which isset ¢ elaborate systems able to respond to
temperature or pH. Another advantage is that thetmavior has been studied in depth by

physicochemists and this knowledge is a sound friandesign new materials from them.
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4.4 Biological target: Pseudomonas aeruginosand its lipase

When bacteria infect a tissue, they release exemsft> which means proteins that are
excreted in the extracellular medium. These pretairclude hydrolytic enzymes, such as
elastases (LasA and LasB), an alkaline protease aamqbhospholipase. These proteins are
virulence factors: they break down the physicalribes by lysing tissues and damaging host
cells. Elastase also lyses fibronectin to exposept®rs for bacterial attachment on the mucosa
of the lung. It disrupts the respiratory epitheliamd interferes with ciliary function. Alkaline
protease interferes with fibrin formation and wike fibrin. Together, elastase and alkaline
protease destroy the ground substance of the camkather supporting structures composed of
fibrin and elastin. Phospholipase is responsibidn@molysis. The virulence factors are therefore
responsible for the symptoms associated to thectioigs diseases. Lipase is also one of the
exoproteins that are present during infection amdrieres with the release of inflammatory
mediators™

Virulence factors are exoproteins and are theredar@able targets for our purpose, since
the bacteria spontaneously export them in the esfitdar medium.

Lipases are enzymes that catalyze the hydrolysestdrs. Esterases are able to catalyze
the same reaction, but the distinction is done r@icg the nature of the substrates: esterases
hydrolyze soluble substrates whereas lipases astsmtuble substrates. Lipases are also named
triacylglycerol hydrolases in reference to the loygsis of triglycerides represented in Scheme
4.1.
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Scheme 4. 1. Hydrolysis of triacylglycerol.

The active site of the lipases comprises three aacids that form the catalytic triad
encountered in most hydrolases : Aspartic acidtidiie and Serine. Because of this catalytic
triad the lipase belongs in the family of the seritydrolases. The enzyme proceeds through a
transesterification as a first step to yield anl-seyine intermediate. The alcohol is released in
this first step, while the acyl part is covalentigyund to the serine. In a second step, the acyl-

enzyme complex is hydrolyzed, more slowly, to reéethe acid.

His
Asp -.,‘{‘ Ser "“'2
(o] \ (o] \
oy Y £ =
o ) HN N, WO - > 0—H Ny MN—H ’3><R
Q R o T?\ H—~OH
0 7
0—R'
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(o] \
- > -§_<0 H N N—H /
X7 }—R
o
R'—OH

Scheme 4. 2. Mechanism of the hydrolysis of estey bpases
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Unlike other enzymes that are very substrate-spetife lipases have a rather wide range
of substrates. They can easily degrade triglycepdeferentially with short chains;£and with
a slight preference for the 1-3 esters over thst@rg>

The hydrolysis of fatty acid esters is also catatiyby this enzyme. This hydrolysis @f
nitrophenol p-NP) ester is also the basis of a colorimetric agsdNP has a UV-spectrum that is
different from the starting ester, which allows itgation when its released by hydrolysis.
Thanks to this test, the activity of the enzyme doWseveralp-NP is known. The rate of
hydrolysis increases when the length of the faltgims increases, reaches an optimal activity
and finally decreases when the ester length fuiticzeases. The optimal length has been found
of 10-12 carbons for many straiff§,but can be higher for other straff§But the activity is still

appreciable for chains longer than this optimum.

From the survey of this properties, it is worthtitgs synthesizing simple associating
polymers having hydrophobic chains linked througteeto the main hydrophilic chain. In the
usual associating polymers, the hydrophobic chamesn-alkyl chain with lengths comprized
between 12 and 18 C. The low selectivity of thigyene makes it possible to accept substrates
like modified polymers. Since lipase is an exopgrotg is ideal for our goal: it will get into

contact of the gel and it will signal the preseatée bacteria.

45 Conclusion

To reach our goal we have chosen polyelectrolysxsalise these are polymers that are
strongly hydrophilic and because we have the know-im their functionalization. Beyond these
practical reasons, some other consideration maka thttractive: they show good performance
in all topical and oral drug delivery systems; thegn be easily functionalized, both with
hydrophobic parts, and with drugs (for future s&sjli their behavior is well documented in the
literature.

The design that can be done for the target polyiseggided by the literature: one needs to
link short alkyl chains (C12 to C16) to the mainaich The link needs to be an ester. The

viscosity can be tuned either by the length oftti@rophobic parts or the modification ratio. The

99



Chapter 4: Bibliography associating polymers

next chapter develops in details the synthesiho$e polymers, the study of their rheological

properties in presence and in absence of lipase.
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CHAPTER 5:

Synthesis and use of associating polymers for

enzymatically responsive gels
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The first part of this chapter describes the syithand the characterization of the studied
polyelectrolytes. The second part, describes thadton of the gels from these polyelectrolytes
and a detailed study of their rheological behaviorrelation with the different structural
parameters of the polymers. In the last part, tbgrabation of the gels under enzymatic
conditions was studied by rheological measuremdsitsally, we tested the degradation by

cultures ofPseudomonas aeruginasa

The associating polymers that we have chosen ferstndies are the copolymers of
methacrylic acid and alkyl methacrylate shown Fegbrl. As discussed in chapter 1, these
copolymers were selected because the ester chainagssociate under physiological conditions
inducing the formation of gels. Magny et’&land Zhuang et &> demonstrated that alkyl chain
with a minimum of 12 carbons are necessary to et#hdhe viscosity solutions. We have
selected alkyl chains with,gand Gs. We have considered a third monomer, MBL, to inaer
spacer between the cleavable ester and the hydimphain. This was designed to offer the
enzyme a better access to the cleavable site amadbe it apart from the hydrophilic chain. The

structures are illustrated in Scheme 5.1.

O OH O (l) 0] OH O O
R

R = C;,Has, Poly(MAA-LMA)
R = C;5Hs;, Poly(MAA-SMA)

O
O :<
R
R =CyH,3, Poly(MAA-MBL)

Scheme 5. 1. Structure of amphiphilic copolymers.

We shall remind here that the goal of the workoisnivestigate whether the gels can be

degraded by enzymatic cleavage of their esterstiasjas represented in Figure 5.1.
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Figure 5. 1. Schematic representation of the formain of gels and degradation.

5.1 Synthesis and characterization of the copolymers

5.1.1 Choice of the synthetic route

Anionic polymerization of methacrylaytes is possibut difficult to set-up and gives high
polydispersity?*® This is because the active centers in anionic mpetization reacts with the
ester carbonyl group in competition with the Michaddition to the conjugated double bond.
This side reaction forms enolates and diminshegnpetization yield$'® Well-defined block
methacrylate copolymers can be obtained by atonsfiea radical polymerization (ATRP) and
reversible addition fragmentation chain transfeAfR) techniques. These polymerizations
maintain a relatively narrow molecular weight distition (Mn/Mw < 1.5)%?° However, the
copolymerization of carboxylic acid monomers by ATE still complicated, because the acid
monomers can poison the catalyst by coordinatiothé transition met&f° In addition the
molecular weight obtained by these techniques duesexceed 10g.mol*, which is not
sufficient to obtain gels.

Chang and coworker® reported the free radical copolymerization in atiaof
methacrylic acid and-alkyl methacrylate in & and Gg with proportions of the hydrophobic
moiety between 0 and 30 mol. % (Scheme 5.2). Tlaae lestimated the molecular weight and
polydispersity index by size exclusion chromatogsaSEC) in THF through a conventional

calibration with polystyrene standards. As an examior the copolymer with 5 mol % of.&
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they have obtained the following characteristddsy = 11 200 and polydispersity index (PDI) of
1.47.

Scheme 5. 2. Copolymerization of methacrylic acidiih lauryl methacrylate. R = CyoH 5.1%

We have followed the same procedure with methacadid and lauryl methacrylate (£
(5 mol %) but in dioxane at 60 °C. In our hands, fihal copolymer showed a molar m&és =
152 000 and PDI = 2.7. So we obtained copolymetis higher molecular weights but also with
much higher polydispersity than reported in theréture.

We have tried another route : the free radical boperization oftert-butyl methacrylate
andn-alkyl methacrylate. The literature reports thataasating copolymers can be synthesized
from monomers with protected acid groups. The totg groups used for this purpose td-
butyl,??> 2?2 penzyf?® and oxazolin&* groups. Thetert-butyl group is widely used as a
protecting groups in aniorfic and both free and controlled radical copolymeiizatlt can be

cleaved easily by acidic treatment to yield therbptiilic segments of methacrylic acid (MAA).

We have hence developed a synthesis of our assgciabpolymers in two steps as
described in Scheme 5.3. The first one is the gopetization of alkyl methacrylate with the
tert-butyl methacrylate. Both monomers are hydrophaligng this step. The second step is the
hydrolysis of tert-butyl groups to form the hydrophilic parts and oaff amphiphilic

macromolecules.
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R = (CH,);0COC,H,3,poly(MAA-co-MBL)
A

Scheme 5. 3. Scheme of synthesis of the associat@polymers.x= 1, 5, 10.

The copolymerization and homopolymerization teft-butyl methacrylat&é® %’ and n-
alkyl-methacrylat&® 2?8 2®ith different monomers have been described inlitemture with
success in almost all methods of controlled radigalymerization. But the free radical
copolymerization oftert-butyl methacrylate (TBM) with lauryl methacryla{€12), stearyl
methacrylate (C18) or methacryloyloxybutyl laurgMBL) is not reported in the literature.
However, we were interested only in obtaining rgghe targeted amphiphilic polymers to study

their degradation. Therefore we have tried onlyssilzal radical polymerization with those
monomers.

5.1.2 Synthesis of copolymers polyért-butyl methacrylate-con-alkyl methacrylate)

We will discuss the three steps of the synthesth®polymers (Scheme 5.3): (i) synthesis
of monomers; (ii) free radical copolymerization Wweén tert-butyl methacrylate and-alkyl
methacrylate; (iii) hydrolysis dert butyl groups.

Three of the selected monomers are commercialabtail TBM, C12 and C18. The fourth
monomer MBL was synthesized as described below.
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a) Synthesis of MBL

This monomer was synthesized in two steps (Schedje bhe first one was the mono-
esterification of 1,4 butanediol with dodecyl chdier to obtainl. This step has been completed
without protection-deprotection steps and the yafld0 % nears the maximal statistical yield of
50 % that can be obtained. The second step waactflation with methacryloyl chloride. The
purification of this last product was difficult du® the presence of unidentified vinylic

impurities and necessitated chromatography, sethke of the synthesis is limited to the order

of the gram.
O O
/\/\/OH " ﬁ, HO\/\/\ )J\
HO Cl CitHzz  THF 0 C1qHas

1

0]

(0]
HO\/\/\ )}\ cl Et;N O\/\/\ )J\
0 C11H23+ )‘\r T 0 C11Has
O o)
2

Scheme 5. 4. Synthesis of the monomer MBL (methadoyloxybutyl laurate).

b) Synthesis and characterization of poly(TBM-co-n-glkmethacrylate)

0] Copolymerization

The copolymerization betweetert-butyl methacrylate and the-alkyl methacrylates is
illustrated Scheme 5.5.

In a preliminary study, the quantity of initiatoras/ varied from 0.01 to 0.1% with respect
to the monomer. The quantity of 0.05 % of AIBN wasnd optimal to obtain higher molecular
weight and narrower polydispersity. The copolymatign proceeds with yields above 75% after
purification.

The copolymers were synthesized with different propns ofn-alkyl chains, in order to
study the influence of the hydrophobic content loa final copolymers. The feed proportions

were with 1, 5 and 10 mol %.
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|
R
R =Cp,H,s, C12

R - CisH3,, C18 R = C;,H,5, poly(TBM-co-C12)
R = (CH,);0COCy;Hz;, MBL R = C,5Hy;, poly(TBM-co-C18)

R = (CH,),0COCH,;3, poly(TBM-co-MBL)

Scheme 5. 5. Free radical copolymerization of polyBM- co-n-alkylmethacrylate)

(i) Determination of the proportion of n-alkylchains

The chemical structure and the composition of thigoymers were determined with NMR
by three methods:

« by 'H NMR (Figure 5.2) from the integral ratios of the signaf —OCH at ¢ = 3.9 ppm,
Hg) and -C-CH-C- at ¢ = 1.8 ppm, H). The results are reported in Table 5.1. The s$igna
corresponding tdert-butyl groups in"H NMR is difficult to integrate, because it ovesathe

signals of the alkyl chain. For this reason, weehsawught other methods to measure the ratio of
alkyl chains.
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Figure 5. 2."H NMR spectrum of poly(TBM-co-C12) 5 mol%.
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Figure 5. 3.3C NMR spectrum of poly(TBM-co-C12) 5 mol%.

« by °C NMR. Then-alkyl proportion was measured by the integratiohshe peaks of
the quaternary carbon of TBM —C(gH = 80.8 ppm, @ and the methyl group af-alkyl
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chain ¢ = 14.2 ppm, @. The differences with the previous the resulte due to the
uncertainties that are inherent to each metff@2INMR is less sensitive thdi NMR, but the
largest uncertainty comes from the intensitieshef peaks that depend on the relaxation times.
Since we compare carbon with different paritiesirtirelaxation times are too different.
Therefore®®C NMR to determine the composition of the copolymeis not satisfactory either.
(Figure 5.3)

4.3091
3.5051

Nitromethane “0-CH,~(CH;)15CH5

T T T T T T T T T T T
4.5 4.0 35

Figure 5. 4."H NMR spectrum of poly(TBM-co-C12) 5 mol% using nitromethane as standard.

« by 'H NMR with nitromethane as an internal reference.The spectra were taken with
known amounts of the copolymer and nitromethanégu(é 5.4). The molar ratio of the
comonomers is calculated from the integration satibthe peak corresponding to —OGBl =
3.9 ppm, H) to the peak of nitromethané € 4,3 ppm). This method proved to be more efficien
than the others, because the peak of the nitrometlsanot superimposed to any peaks of the

polymer.

FTIR is usually more sensitive and could have beaanalternative to determine the
copolymer composition. But for the synthesized pwdys it was not possible because of the

signal superposition of both monomers.

The synthesis conditions and the resulting chanatitss of the new copolymers are

summarized in Table 5. 1.
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Table 5. 1. Composition of the copolymers.

Feed ratio of the  Yield ratio® by 1H NMR ratio® by *H NMR ratio® by *°C NMR

monomers (%) (nitromethane)
poly(TBM-co-C12)

99/1 94 5 0.t 2
95/t 87 6 8 6
90/1( 84 12 10 14

poly(TBM- co-C18)

99/1 8¢9 1 2 3
95/t 81 5 3 6
90/1( 87 10 7 13

poly (TBM-co-MBL)
99/1 73 2 2 1
95/t 76 6 5 6

ratio of the alkyl chain

(i)  Characterization of the molecular weights

In order to determine the molecular weight of tleymers, we have analyzed them by
SEC coupled with a differential refractometer andmalti angle light scattering (MALS)
detectors.

Figure 5.5 shows the superimposed refractive inslexeves of poly(TBMzo-C18) with 1,

5 and 10 mol % of alkyl chains. The chromatogranesewobtained in THF as eluent. They
showed a monomodal distribution. The molar masé#dsegolymers were first determined from
the conventional calibration using poly(methylmetiyéate) (PMMA) as standards. (Table 5.2)

Molar masses were also measured from MALS data. differential refractive index
increment dn/dc was calculated from the data ofréfiactive index detector at 100 % of mass
recovery, and was found equal to 0.077 (mL/g). Témulting weight averagévk,) molecular
weights, number averag®l{) molecular weights and polydispersity indices (RIM,/M,) are
tabulated in Table 5.2. Both SEC methods, convaatioalibration and SEC-MALS give similar
results. MALS gives slightly highe¥in and lower PDI values than conventional calibration
which is usually observed since MALS underestim#tedower masses. In this work we take in
consideration the values corresponding to MALSe&dl SEC measures hydrodynamic volumes

by comparison to a standard while MALS directly swgas the molar mass of the polyrfi&r.
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Table 5. 2. Physical properties of the copolymers easured by SEC.

Feed ratio of

the monomers SEC
Conventional calibration MALS
Mw Mn PDI Mw Mn PDI
poly(TBM-co-C12)
99/1 227 000 115 000 1.98 193 400 119 400 1.65
95/5 199 300 96 000 2.08 247 300 139 100 1.77
90/10 290 000 154 700 1.87 273 000 160 800 1.69
poly(TBM-co-C18)
99/1 143 400 91 600 1.57 148 300 102 600 1.45
95/5 265 400 116 500 1.82 298 700 140 200 1.75
90/10 309 900 109 700 2.36 343 000 178 700 1.92
poly(TBM- co-MBL)
99/1 262 000 165 600 1.58 220 500 166 700 1.32
95/5 208 000 126 000 1.65 237 000 135 900 1.74

The PDI of some sample is amazingly low (1.5) gitte® unsophisticated polymerization
process we used.

In conclusion this technique affords copolymershwhigher molecular weight than by

controlled radical polymerization and yet with moate polydispersity (PDI < 2.£§! 232

— C18 10 mol%
—— C18 5mol%
C18 1mol%

1,0 4

o
[&]
I

Refractometer signal (relative scale)

o
o
]

20 25 30 35 40 45

Elution time (min)

Figure 5. 5. SEC-refractive indexes traces of polyBM- co-C18).
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c) Hydrolysis oftert-butyl group to obtain poly(MAAco-n-alkyl methacrylate)

(1) Conditions and chemical characterization

The hydrolysis otert-butyl groups has been widely reported in thediigée with 4 M
HCL solutions in dioxan&®" #*3but this method was not successful for our polgrsince
beside thetert-butyl groups, it also hydrolysed part of thealkyl esters. The effective and
selective hydrolysis of theert-butyl groups was achieved with trifluoroacetic a€iéA) during
18 h in dichloromethane at room temperatéite 2> TFA did not hydrolyze the primary esters.
This procedure yields the expected poly(MA&é&n-alkylmethacrylate) (Scheme 5.6). The yields
are higher than 92%.

w - w
o) 0 O ('I) DCM o) OHO (|)
17 !

R = C,H,5, Poly(TBM-co-C12) R =C,H,5, Poly(MAA-co-C12)
R = CygH37, Poly(TBM-co-C18) R =CgH37, Poly(MAA-co-C18)
R = (CH,);0COC;H,;3, Poly(TBM-co-MBL) R = (CH)40COC;Hy3, Poly(MAA-co-MBL)

Scheme 5. 6. Hydrolysis afert-butyl groups.

(i) Characterization of the chemical structure

The analysis by°C NMR of poly(TBM-co-C12) shows the disappearance of the signals of
the quaternary carbon and of the methyl intdrébutyl groups (Figure 5.7). Thealkyl esters
are not hydrolyzed since the resonance peak of s)(CHrotons remains at 1.33 ppm iH
NMR spectrum. The area of this peak was not dirhgdsby increasing hydrolysis times.

The FTIR also corroborated the hydrolysis of tee-butyl groups. Figure 5.6 shows the
spectra of a copolymer before and after hydrolysiter hydrolysis, it presents all characteristic
bands of COOH: 3179 cinbroad (OH stretching), 2670 ¢hfovertone and combinations) and
1697 cm™ (C=0 stretching of H-bonded COOH). The spectrurfoteehydrolysis shows an
unequal intensity doublet at 1392 and 1366"dfe lower frequency band being more intense.
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This pattern is typical of the GHsymmetrical bending modes in thert-butyl groups. The
product after hydrolysis shows that the band a618&" strongly decreases. The band at 1392
cm’ decreases less because it overlaps thes@metric bending of the-alkyl chains.

Although the band at 1366 cnias strongly decreased, it can still be detedtedpresents
less than 2 % of the initial amount. Thereforenfrthe FTIR, the hydrolysis of thert-butyl

groups cannot be considered rigourously compléteugh the NMR showed no trace of them.

=

I b 1 . 1 . 1 T I T 1 T 1
4000 3500 3000 2500 2000 1500 1000
cm’

Figure 5. 6. FTIR spectrum of poly(TBM-co-C18)(-) and poly(MAA-co-C18)(-).

The proportion of the remainingralkyl chains after the hydrolysis was measuredby
NMR with an internal reference (nitromethane)sltalculated from the integration ratios of the

signal corresponding to —OGKbd = 3.8 ppm, H) with the peak of the nitromethane at«4,3
ppm). The results are summarized in Table 5.3.
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Figure 5. 7.23C spectrum of poly(MAA-co-C18).

(i)  Characterization by size exclusion chromatographyEC)

The measure of the molecular weight of water seldolpolymers is often difficult, due to
their physical properties (polarity, hydrogen barglipartially hydrophobic character). In the
case of amphiphilic copolymers, the difficultie® aven worse since it is very hard to select a
solvent that solubilizes both the hydrophilic andifophobic parts. As a result, the polymer is
not fully dispersed, and form aggregates or adsorthe SEC columns. For these reasons, size
exclusion chromatography (SEC) is seldom reliabteaimphiphilic polymers. In addition there

are few references in the literature.

In our case, we have found that water:acetoni(8@20) and 0.1 N NaN£is a suitable
eluent, but only for polymers with 1 mol % of hyghmbic groups. The polymers were analyzed
by SEC coupled with MALS. The masses were deterthfrem MALS are tabulated in Table
5.3.
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Table 5. 3. Composition and properties of the hydigzed copolymers.

SEC-MALS
i Ratio® by H
the monomers  NMR Mw Mn PO
Poly(MAA-co-C12)
99/1 1 162 557 135171 1.2
95/5 6 - - -
90/10 9 - -
Poly(MAA-co-C18)
99/1 2 104 761 89 278 1.17
95/5 5 - - -
90/10 8 - - -
Poly(MAA-co-MBL)
99/1 1 176 380 156 671 1.13
95/5 6 - - -

@ratio of the alkyl chain with nitromethane

For the three considered copolymers, the moleowkEights and PDI before and after
hydrolysis are similar. It shows that the polymams not degraded or cleaved during this step. In
the case of poly(TBM:0o-C12) Mn slightly increases after hydrolysis (137 000 v8 0D0) but
Mw decreases (193 000 vs 162 000). These slighttiarsaare less than the decrease of 25 %
expected from the loss of theert-butyl groups. The measured masses might have been
overestimated. It is calculated with a dn/dc vatluat is estimated from the integration of the
refractive index. This estimation supposes that dbmpound was entirely eluted. However,
probably part of the compound was adsorbed on d¢hem which can lead to an erroneous

value of dn/dc and hence of the mass.

In conclusion, the amphiphilic polymers were obtained by fregical copolymerization
of tert-butyl methacrylate andi-alkyl methacrylate. This very simple method affmid
copolymer with weights higher than 100 000 and 4 P2, sometimes less than 1.5 which is
better than expected. The PDI decreases with thdificetion percentage decrease. The
modification percentage was found to be equivalenhe feed ratio and the hydrolysis step was
proven to proceed without cleavage of polymer chain
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The only structural feature that was impossible ekplore was the microstructure,
especially, it was not possible to check whethex golymers have a random sequence

distribution.

5.2 Gel formation and influence of the copolymer struaire on the rheological

properties

5.2.1 Solubility and gel formation

We have tested the ability of the polymers to fayabs in aqueous solutions. They were
neutralized and mixed with water at different conications and the formation of gels was
estimated by visual inspection. The samples wersidered gels when they could no longer
flow even when the tubes were turned upside dovatoAling to this rough criterion, we were

able to determine a gel concentration (Table 5.4).

Table 5. 4. Composition and concentration of gels.

Hydrophobic . 0
Copolymer content (mol%) Gel concentration (wt.%)
5 6%
MAA-co-C12 10 not soluble
gels+solution
MAA-co-C18 5 4%
10 not soluble
MAA MBL 1 viscous solution up to 6%
"o 5 6%

Poly(MAA-co-C12) with 1 mol % hydrophobic rate does not forefsgand poly(MAAeo-
C18) with 1 mol % form heterogeneous mixtures d§ gearticles and solution. Poly(MAR&e-
MBL) is a viscous liquid at concentration up to 6 @opolymers with 10 mol % were insoluble
in all cases at concentrations as low as 1 %.

The main results is thatthe synthesized polymers are able to form gelswthe grafting
ratio is 5 mol % and with polymer concentrationght@r than 4 wt. %. The gel concentrations
seem to depend on the length of the alkyl chalms:copolymers with {g forms gels at lower
concentrations than with & However those first tests are preliminary andyamleological

measurements can quantify this trend.
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During these tests we have experienced severeuifés to form homogeneous gels
because of their high viscosity. Indeed, when thlgmer is partially dissolved the viscosity is
already high enough to hinder the agitation or hgemization of the medium. This issue has

strongly influenced our rheological studies.

5.2.2 Rheological properties of the gels

The rheological measurements were performed inaiooal rheometer Haake Mars |l
with a cone-plate geometry. We have carried outwflareep-recovery and oscillatory
experiments. The experimental setup and the pite@p those experiments are described in
detail in chapter 6. The measurements were perfbane5 °C.

We have tried to perform flow experiments to meadhe viscosity as a function of the
shear rate. But those experiments yielded non degible results, because of the inhomogeneity
of the samples and because the viscosities depetigechistory of the samples. The viscosities
of some gels resulted in their ejection out ofiasurement plate, even at low shears. We have

therefore studied these gels by other measurements.

a) Viscosity-time relationship

We have applied a constant stress on the gels anbawe measured the viscosity as a
function of time. The measurements were done o thelymers (C12, C18 and MBL) at 5 mol
% modification and at a concentration of 4 wt. %l &wt. %. The viscosity was measured with
a stress of 20 Pa for the different samples, foneswery viscous samples higher stresses were
applied.

All the curves show a sharp viscosity increaserduthe first minutes (Figure 5.8). The
less viscous reach a plateau rapidly, but for tbeemmiscous one the plateau is reached only after
20 min. It shows that those systems are slow tohreguilibrium. The values of the plateaus are

reported Table 5.5. As expected the gels at 6 Wwa% much higher viscosities than at 4 wt.%.
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Figure 5. 8. Viscosity-time curve of gels at two ementrations fro copolymers with a hydrophobic
content of 5 mol% (a) 4 wt. % (b) 6 wt. % ¢) C18; (-) C12; (-) MBL.

C18 gels have a higher viscosity than C12 gelslélalb and Figure 5.8). For instance, for
gels at 4 wt.%, the viscosity of C18 (8500 Pa.s} tames higher than that of C12 (2100 Pa.s).
These results are due to length of the alkyl ch@ik8 induces stronger hydrophobic interactions
than C12. This behavior has been well describetitenature (see chapter 4) including by

Zhuang et af® on similar polymers.

Table 5. 5. Viscosity from flow and Creep measurenmgs for different copolymers in aqueous solution.

. Gel
Coréo%m%;ogvnh concentration n (Pa.s) Flow 1 (Pa.s) Creep
(wt. %)
4 2100 2400
MAA-co-C12 6 8500 2000
4 22 000 36 300
MAA-co-C18 6 1615 000 248 000
4 15 18
MAA- co-MBL 5 2300 2800

&Hydrophobic rate in mol%

MBL gels have weaker viscosities. In the MBL monomthe hydrophobic tail is
composed of an alkyl chain inp£and a hydrophobic spacer in.0he ester group itself is not
hydrophilic, so the total chains equivalent to g €hain. One expected a higher viscosity than
gels of MAA-co-C12. But the low viscosity of the MBL containingmolymers show that the
hydrophobic interactions are less or weaker thaheénother polymers. This behavior is not well
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understood yet. One has to suppose that the esieti@s tend to hinder the interaction between
chains either by steric or electronic factors. Amotfactor can be a non-random distribution of

the alkyl chains in the copolymer, leading to wedkalrophobic interactions.

b) Creep-Recovery

Since flow experiments were not possible, the vislesticity of the gels was studied by
creep-recovery experiments. These measurementoadeicted in two steps. In the first step a
constant shear stress is steadily applied andethdting deformation is monitored as a function
of the time. In a second step, called recovery @hide stress is removed, and the deformation is
measured while the sample reaches its new equifibrFigure 5.9 presents the results for C18
and MBL 5 mol % at 4 wt.%.

a) 0,060

Compliance/Pa!

|
creep i recovery
|

(o) s00 1000 | 1500 2000 2500

timein s

b)

Compliance/Pa!

creep recovery

2500 3000 3500 a0o0 asoo sooo

timein s

Figure 5. 9. Creep-recovery curves in aqueous solah. a) (-) C18; b) (-) MBL.(at 4 wt.%, applied
stress = 20 Pa).

The compliance, J yo, is plotted against time. For C18 a sample in F@du9 (a), in the
first phase, a stress of 20 Pa was applied. Theecsliows a sudden increase of the strain that
corresponds to the elastic deformation. It is fo#d by a continuously increase of strain
corresponding to the creep phase. In the seconsepliae stress is removed. One observes a

sudden decrease of the strain that correspond partal reformation of the fluid owing its
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important elastic behavior (recovery phase). Fergame conditions of stress, the behavior of
MBL, Figure 5. 9 (b), is very different: under sse the creep curve is linear and after removing
the stress there is no reformation, the fluid ithatequilibrium. This result proves that this dui
has no elasticity. From those compliance-time caithe values of the viscosity can be derived
easily: it is the inverse of the slope of the linessgime of J (see annex 1). They can be compared
with the values obtained from the viscosity-timg@esiments. They give similar values except
for C18 6%, probably because the gels of C18 atdhamogeneous. In those experiments, we
have encountered problems of heterogeneities ofgée that had lead to dispersions in the
values, especially gels containings@at are highly viscous: 1 615 000 Pa.s from \g8ggeime
measurements and 248 000 Pa.s from creep-recoveasurements (Table 5. 5). Other
guantities can be calculated: relaxation time, pladleau modulus. The measurements for the

gels are summarized in the annex 4.

c) Oscillatory experiments, determination of G’ and G’

The visco-elastic behavior has been furthers chkeriaed the measurement of the storage
modulus (G’) and loss modulus (G”) by oscillatayperiments. The measurements were made
in the linear regime for frequencies in the ran§)8.601-10Hz. These experiments complete the

values obtained by the creep-recovery tests.
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Figure 5. 10. Oscillatory frequency sweep on C12r&0l% at 4 wt.%.
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In Figure 5.10 shows the measurements for MAA-C12x& % at 4 wt. %. At low

frequencies the viscous component G” is highenttiee elastic component G’. For frequencies

higher than 0.1 Hz, G’ is higher G”, which meahattthe fluid is more elastic than viscous.

The coordinates of the crossing point of G’ and @Glrves are noted,Gand ok, These

values are characteristic of the gels. For a Mabavefluid, Gx = G/2 where G is the plateau

modulus andoy =

1k, wheret is the relaxation time. Our systems are more cemphan

Maxwell fluids that have a single relaxation timedaso these equations cannot be applied

strictly. However, the position of the cross padimdicates qualitatively the differences between

the gels.

The measurements corresponding to the copolyme@l8fand MBL 5mol % at 4% wit.

are displayed in Figure 5.11.
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Figure 5. 11. Oscillatory frequency sweep on 4 Wi of the gels. a) C18 5 mol %; b) MBL 5 mol %.

The Table 5.6 summarizes the results of oscillatqyeriments for the gels of C12, C18
and MBL at 4 and 6 wt.%.

Table 5. 6. Results of oscillatory frequency sweep

Copolymer with Gel . o
5 mol%:? concentration Gx (G'=G") (Pa) oy (rad/s) T4(S)
(wt.%)

4 64 0.12 8
MAA-co-C12 6 115 0.06 17

4 - <0.001 > 1000
MAA-co-C18 6 ) i ]

4 42 8 0.13
MAA- co-MBL 6 168 01 0

1« = relaxation time.
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For C18 gels the value of G’ is higher than G”tive full ranges of frequencies, which
shows that the fluid have predominant elastic raspoThe crossover frequency and the terminal
behavior cannot be observed because of the expaathelimited accessible frequency range.
The cross over frequency is less than 0.081wghich corresponds to relaxation times much
higher than MBL.

MBL at 4 wt. % shows a cross point at much loweraBies and much higher frequencies
than Cl2gels In addition the values for G’ and G” are lowéanh for C18, which is coherent
with a weaker elastic response. At a concentratbn6 wt.%, MBL displays the same
characteristics as the gels of C12 at 4 wt.%. Riwaroscillatory experiments one can also derive
the complex viscosityn* = (G'2 + G"?)Y%w. (Figure 2.12). Extrapolation at zero frequency

gives values that are close to the ones found fmath the viscosity-time curves.
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Figure 5. 12. Complex viscosity on 4 wt. % of theeds. () C18 5 mol %; () C12 5 mol%,; (O) MBL 5
mol %.

Conclusion

The rheological analyses of these three fluids wareaed out by different methods giving
convergent results. The viscosity of the gels, g@lastic moduli and the relaxation time of the
gels increase in the order MBL < C12 < C18. The panson between C12 and C18 can be
explained easily by the length of the hydropholact.pThe behavior of MBL is peculiar. This
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last polymer at low concentration gives flowinguids while LMA forms a gel at the same

concentrations. The role of the middle ester grioudBL chain is not understood.

5.3 Gel degradation

5.3.1 Invitro assays

The gels were incubated with a hydrolytic enzymendu2 days at 37 °C. The enzyme
chosen for this experiment is the lipase frBarkholderia cepacigroduced by Amano (Amano
PS Sigma Aldrich & 30 000 U/qg)).

The gels selected to study the enzymatic degradatiere poly(MAA€o-C12) and
poly(MAA-co-MBL) 5 mol%. They were prepared in physiologicalffers at pH 7.4 and the
concentrations of the tested gels were 4 wt. %.elach measurement we run a blank, consisting
in the same gel, prepared in the same conditioheditaining no enzyme.

The gel degradation was followed by visual inspectiThe C12 sample with the enzyme
flows faster than the blank after 30 h, suggestirggloss of hydrophobic interactions in the gel.
In order to quantify this behavior rheological m@asent were performed on the enzyme
containing gels and the blanks. Figure 5.13 dessribe viscosity-time relationship of C12 gels.
In agreement with the visual observations the dggmf the enzyme is 3 times lower than the

blanks. Oscillatory measurements on these gels alsoegperformed on both gels (Figure 5.14).
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Figure 5. 13 Viscosity-time relationship of gels @y(MAA-co-C12) 5 mol %) at 6 wt.%. () blank; (-)
enzyme.

The measurements display a strong decrease ofGiadhd G” after the gel is treated by
the enzyme. As a consequence, the complex visa@gityalso decreases.
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Figure 5. 14. Oscillatory frequency sweep on poly(MA-co-C12) 5 mol% gels at 6 wt.% (stress =20
Pa), in the presence of enzyme (1 mg/mL), and withbenzyme (blank).
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It is clear that the enzyme acts on the gel by elsing its viscosity. This can be
interpreted by the cleavage of ester moieties by énzyme, decreasing the number of
hydrophobic interchain connections. The valuessaremarized in Table 5.7.

Using the same methods and conditions as abovepwestudy the poly(MAAco-MBL)

5 mol % gels. The viscosity-time relationship betwéhe blank and the enzyme are illustrated
Figure 5.15. Surprisingly, the curve show a slighticrease of the viscosity for the enzyme
treated sample. This result can be explained by atigon of the enzyme that liberates
dodecanoic acid in the medium that can act asfactant. It has been proved that surfactant at
low concentration can increase the viscosity obeissing polymers?®®?*’ The enzyme itself
may also interfere since it is an amphiphile polggtbat can interact with the hydrophobic parts
of the polymers. The Table 5.7 gives the crosstggin(G’ = G”) and relaxation times, = lkox

of both samples. The values are almost the sanmeevihosities calculated from creep-recovery
experiments are also the same for both samplesgtiests that almost no change occurs on the

gel in contact with the enzyme.
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Figure 5. 15. Viscosity-time relationship of gelspoly(MAA- co-MBL) 5 mol%) at 6 wt.%. (-) blank; (-)
enzyme.
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Table 5. 7. Rheological results under Amano Lipas@.L) during 2 days at 37 °C.

n (Pa.s) Oscillation

flow 1 (Pa.s) Creep

(G=G")(Pa) | wx(radis) | X(3)

Gel of MAA-co-C12 5mol% with A.L (1 mg/mL) 2 days 37 °C

Blank 1856 73 0.14 7 2983
Enzyme 630 11 0.06 15 730

Gel of MAA-co-MBL? 5mol% with A.L (1 mg/mL) 2days 37 °C

Blank 116 57 0.8 1.2 204
Enzyme 231 52 0.9 1.1 241

% The gels were prepared at 6 wt.% and diluted to 4 wt.% under buffer and enzyme+buffer.

In conclusion, the enzymatic degradation of the gels was detexthiby rheological
analysis. The viscosity of samples of C12 decreasdise presence of the enzyme. It may be
interpreted by the loss of hydrophobic groups tgyematic hydrolysis. The MBL samples do not
undergo such a decrease in viscosity, in the contih@ viscosity slightly increases.

The difference between both gels shows that the €i@rs is a better substrate for the
enzyme than the MBL esters, which is the oppoditdhat we had surmised. Intercalation of a
spacer between the hydrophilic chain and the estdra longer chain did not improve lability.
The viscosity increases observed for the MBL coitg polymers suggests that the released
chain and may be the enzyme itself interfere withitydrophobic interactions.

5.3.2 Invivo assays

Tests in vitro on an enzyme may be deceiving, stheelipase produced by the bacteria
may be different and inactive toward the substiate.the main issue is that the bacterium must
produce and excrete the lipase in the extracellmadium, which depends on the culture
conditions. For these reasons the studies musotimpleted by assays in vivo. These biological
tests were done in collaboration with the biolagist the Department of Bacterial membrane
transport (Ecole de Biotechnologie de Strasbodrgg gels of poly(MAAeo-C12) 5 mol % at 6
wt.% have been incubated in culture media Wigleudomonas aeruginoséstrain PAO1 during

one week.
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Figure 5. 16. Poly(MAA-0-C12) 5 mol % gels at 6 wt.% in the presence dfseudomonas aeruginosan
strain of PAOL. a) Blank; b) Gel + bacteria.

The viscosity of the gels in presence or absencthefbacteria was followed by mere
visual inspection after 7 days of incubation. Igufe 5.16 the two samples can be seen: (a) is the
gel with the sterile minimal medium as the blani &) is the gel in contact with the bacteria in
minimal medium. The latter shows a lower viscosithese behavior shows that the bacteria
were able to release enzymes to the hydrolysistef enoieties. The hydrolysis of the gels was
longer than under enzymatic conditions, giving alvamtage to be used for biomedical
applications as drug delivery by a sustained releas

5.4 Conclusion

The synthesis of the targeted copolymers was ssiutlys achieved by radical
polymerization, with molecular weights in the ora@érlG® g/mol and PDI < 2. The copolymers
were synthesized with grafting ratios of 1, 5 a@diol%. These associating copolymers gels in
aqueous solutions for grafting ratios of 5 mol% ZCC18 and MBL). The gels are formed for
concentration of the copolymer above 4 wt.%.

The behaviors of the gels has been studied by aggaxperiments . The viscosity of the
gels, the elastic moduli and the relaxation ofghks increase in the order MBL < C12 < C18.

The gels of C12 and MBL 5 mol% at 6 wt.% were deleédo study their degradation by an

enzyme (amino lipase 1 mg/mL). Rheological measargsprove that after 2 days the viscosity

128



Chapter 5:Synthesis and hydrogels

of gels with C12 decreases in the presence of nagnee (Table 5.7). In contrast the enzyme
does not change the properties of MBL gels. C12 dpve proved to be degraded in the
presence oPseudomonas aeruginogaring one week. A more detailed characterizatio€@ 12
gels after their treatment with the bacteria wdadchecessary.

The viscosity increase of MBL in the presence & émzyme is not understood and some
more rheological experiments are necessary to statet the influence of the protein or the

released hydrophobic tails. They actually can belasvsurfactants and influence the rheological
properties.

We have proved that hydrophobic moieties can easeld. However, the kinetic rates are
rather low. The design of hydrophobic moieties «tii be improved to be cleaved more
efficiently. The natural substrates are triglycesdthat bear 3 alkyl chains and the hydrophobic
chains could be designed to mimick more closelys¢hatructures. Alternatively, other
hydrolases can be targeted, like cholestesteraseyen exoproteases. For the last type of
enzymes, one has to choose short hydrophobic psptitht are substrates of these proteases.
They can be easily grafted on PMA or PAA as shawthé chapter 3 on the PEM.
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6.1 Materials

6.1.1 Solvents and chemical reagents

Organic solvents were purchased at the highest @avoiah quality from, Aldrich, Fluka,
Acros, Riedel-de-Haén. Dry solvents and monomersewhstilled under inert atmosphere.
Water was deionized by using a milli-gradient sys{#illipore, Molsheim, France).

The following chemicals were purchased from theetlssuppliers and used as is without
further purification : N-hydroxysuccinimidobiotifNHS-biotin, Iris Biotech GMBH), N-Ethyl-
N'-(3-dimethylaminopropyl)carbodiimide hydrochlogidEDCI, Iris biotech GMBH, 99%), 1-
hydroxybenzotriazole hydrate (HOBt, Fluka99,0%), tetra(ethylene glycol) (Aldrich, 999%};
(2-Aminoethyl)maleimide trifluoroacetate salt (Fiyk= 98%), N-Hydroxysulfosuccinimide
sodium salt (NHS, Aldrich>z 98.5%), ditert-butyl dicarbonate (BgO, Fluka, = 99%),
triethylamine (TEA, Acros, 99%), tetrabutylammoniuimdide (TBAI, Aldrich, = 99,0%),
sodium azide (Nadl Alfa Aesar, 99%), sodium azide (Alfa Aesar, 99%iphenylphosphine
(PPh, Acros, 99%), p-Toluenesulfonyl chloride (p-TsB8tros, 98%), O-(2-Aminoethyl’-[2-
(Boc-amino)ethyl]octaethylene glycol (Aldrich,> 90%), O,O’-Bis(2-aminoethyl)octa-
decaethylene glycol (Flukaz 95%), azobisisobutyronitrile (AIBN, Flukaz98%), lauryl
methacrylate (LMA, Aldrich, contains 500 ppm MEH® iahibitor, 96%), stearyl methacrylate
(SMA, Aldrich, contains 500 ppm MEHQ as inhibit®7%), poly(acrylic acid) (PAA, Aldrich,
35 wt.% in water, Mw 100 000), poly(allyl amine mgdhloride) (PAH, Aldrich, Mw 15 000),
poly(sodium-4-styrenesulfonate) (PSS, Aldrich , M@ 000), poly(ethyleneimine) (PEI, Fluka,
50% (w/v) in water, Mw 750 000).
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6.1.2 Biomolecules- Enzymes, Proteins, Serum and Polyelesytes

6.1.2.1 Lipases

The lipase used for gel degradation was Amano EigaS, fromBurkholderia cepacia
(=30 000 U/g, provide from Sigma-Aldrich).

(See annexes for complementary information)

6.1.2.2 Streptavidin

The streptavidin was prepared in a solution of @g/mL TRIS buffer (20 mM, tris:
Trizma® base and HCI, 2-amino-2-(hydroxymethyl)-1,3-pragiol, Sigma-Aldrich). The
solution have been stored at -20 °C until use.

(See annexes for complementary information)

6.1.2.3 Serum

Fetal bovine serum was purchased from Gibco. It sys into aliquots of 1 mL and
frozen; it was thawed and diluted with buffer smotshort before each experiment in order to
prevent degradation. The serum solutions up to If erum content (4.4 mg proteins per mL)
were filtered.

(See annexes for complementary information)

6.1.3 Polyelectrolytes

The polyelectrolytes used for the construction ofyplectrolyte multilayer films are

summarized in Table 6.1 and Table 6.2.
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Table 6. 1. Polycations used for the constructionf @olyelectrolyte multilayer films

) Unit mass
Structure Mw (g/mol) pKa Supplier
Polyelectrolyte (g/mol)
/"?ea
HsN
W,
Poly(ethylene g
imine) HN ,\?,:3 700 000 - Sigma-Aldrich ~ 332.35
(PEI) 2
N\/\N
\§/ 2 ®
* NH;
Poly(allylamine *
hydrochloride) 70 000 10 Sigma-Aldrich 93.15
(PAH) NH3CI
Table 6. 2. Polyanions used for the construction qfolyelectrolyte multilayer films
Mw _ Unit mass
Structure pKa Supplier
Polyelectrolyte (g/mol) (g/mol)
Poly(styrene
sulfonate) 70 000 1 Sigma-Aldrich 206
(PSS)
SO;3Na
Poly(acrylic acid] *
(PAA) ) 100 000 4 Sigma-Aldrich 72
O ONa
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6.2 Analytical methods and instruments

6.2.1 Chromatographic methods

Reactions were monitored by thin layer chromatdgyapTLC) on Merck silica gel
aluminum plates (60 ). The spots were revealed by UV light as visuafizagent ang-
anisaldehyde or 10% ethanolic phosphomolybdic d&idparative flash column chromatography
were performed using silica gel (Geduran silica @@l 40-60pm, from Merck) or automated
flash chromatography purification system (puriFfds#30evo from Interchim with 15/3n
silica cartridhges). Some of the polymers were fiaariby dialysis with cellulose membrane
(ZelluTrans, ROTH, with a cut-off of 12000-14 000).

6.2.2 Nuclear Magnetic Resonance (NMR)

NMR spectra were recorded on a Bruker Advance #@atsometer operating at 400 MHz
for 'H and 100 MHz fof*C. The spectra were calibrated by using residudéuterated solvent
as an internal reference. The multiplicities of theaks were described by the following
convention : singlet (s), doublet (d), triplet (Guartet (q), multiplet (m) and broad (br). The
degree of substitution (DS) was determined from réiéos of integrals ofH. When NMR
spectra were done in,D tert-butanol was added to the sample and the singleRdtppm was
used as internal reference.

6.2.3 FTIR spectrometer

The FTIR spectra were recorded on a Bruker Vert@xspectrometer by ATR on a
diamond plate from Smith. The DS of the associatpayelectrolytes were sometimes
determined in CECl..

6.2.4 Size exclusion chromatography (SEC):

Molecular weights and molecular weight distribusowere determined using a SEC
system equipped with a Shimatzu SPD M20A refractindex detector and a multiangle light
scattering detector (miniDAWN Treo from Wyatt). Teample was injected on five PLgel 10 u
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Mixed-B columns. The mobile phase was THF withoavftate of 1 mL-mifl. Toluene was used

as internal reference. The PMMA was used as a atdrfdr calibration.

6.2.5 MALDI-TOF MS

The mass spectrometry was recorded in a Brukerfleut@gpectrometer for detection of

molecular masses from 1 MDa with a-Mser, 337 nm.

6.2.6 Elemental analysis

The elemental analysis was performed by the Semé&cdicroanalyse, Institut Charles
Sadron (ICS).

6.3 Gels formation

The copolymer powder was added in basic solutioNa®H (0.9 eq. with respect to the
acidic units in the copolymer) and the solution waspleted with NakPO, buffer (40 mM) at
pH 7.4. The mixture was vigourously stirred at rotemperature during 3 days to ensure the
complete dissolution. After this period, the gelswaechanically stirred and centrifuged for 45
min at 4000 rpm to eliminate the air bubbles trappethe gels. No phase separation occurs
during centrifugation.

6.4 Rheology

The studies were carried out using a rotationadbmieter Haake Mars 11l with a cone-plate
geometry (diameter 35 mm, angle 2°). To prevenewavaporation, the measuring system was
surrounded with a solvent trap or, for long-timeaswements, low-viscosity silicon oil was
added to the edges of the cone.

The linear viscosity was measured at stress of @0fdP curves with viscosity-time
relationship. For creep-recovery analysis resuttampliance-time curves recorded in the regime

of the linear response, the values of the steaamte-stiscosity, relaxation time, and plateau
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modulus could be calculated with software suppldthe manufacturer (RheoWin 4 Data
Manager).

The oscillatory measurements have been done fosttlty of the visco-elasctic behavior
of the gels. The measurements were done unders stfe20 Pa in the linear response for

frequencies in the range of 0.001-10Hz.

6.5 Buildup of polyelectrolyte multilayer films

The polyelectrolytes used for the construction e tnutilayers were dissolved in the
following TRIS buffer solution: A solution of 20 mMTrizma® base (2-amino-2-
(hydroxymehyl)-1,3-propanediol from Sigma Aldricahd 150 mM NaCl was prepared with
ultrapure water (18.2 E.cm Milli-Q plus system, Millipore) and its pH wasljusted at 7.4 with
aqueous HCI.

Poly(ethylene imine) PEI, poly(allylamine hydrochtte) PAH and poly(styrene
sulfonate) PSS were used at a concentration of/ilnmd®AA and modified PAA were used at a
concentration of 0.5 mg/mL.

The construction of polyelectrolyte multilayer fénwas achieved by deposition of the
polyelectrolyte solutions on quartz substratesdmytact. Each deposition step of polyelectrolytes

was followed by rinsing with buffer (TRIS).

6.6 Quartz crystal microbalance (QCM)

Measurements data
The results for the construction of the films wel#ained from QCM-D301 (Q-Sense).
The crystals for the measurements are the type Q&X(Q-Sense): they are SiCrystals
recovered by gold electrodes. The crystals havmang frequency of 5. This frequency as well
as three first odd overtones at 15, 25 and 35 Midzuaed for the detection, but only the three
overtones are considered for the data treatmeasttainstabilities of the ground frequency. The
crystal was rinsed with Hellmanex (2%) solution fis min, followed by HCI (0.1 M) and

finally with ultrapure water and treated duringrb with UV/GO; prior to use.
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The polyelectrolyte multilayer films were constredin situ on the gold electrode of the
crystal at 25°C. The solution of polyelectrolytesres injected (60QiL) into the cell and let
adsorb during the time necessary to reach the ligtion of the frequency. After each
adsorption the cell was rinsed with buffer solutduring 4 min to eliminate the excess of the
prior solution. The frequencies evolutions and dm&sipations values were monitored during
experiments with the software Qsoft 401.

6.7 Biological assays

6.7.1 Invitro assays

1 g of the gels were prepared as described abowe @incentration of 6 wt. %. in
phosphate buffer (NaifO, at 40 mM, pH 7.4). A solution of lipase (0.5 mL, gfmL) in the
same buffer was added. The gel was stirred at r@mnperature during 3 days to ensure the
complete dissolution. After this period, the gelswaechanically stirred and centrifuged for 45
min at 4000 rpm to eliminate the air bubbles trappethe gels. The final concentration of the
polymer in the gel was 4 wt. %.

Blank samples were prepared the same way but therensolution was replaced by mere
buffer. The gels were incubated for 48 hrs at 37°C.

6.7.2 Invivo assays

A stock solution of minimal medium (x10) is prepérby mixing KkHPO, 340 mM,
KH.PO, 220 mM, (NH),SO, 75 mM, MgSQ 8 mM, succinic acid 34 mM and adjusting pH to 7
with NaOH. The solution is sterilized. The concahtn of this stock solution is 10 fold the one
of the final culture medium.

The polymer (70 mg) is mixed with NaOH (0.95 equer mol of methacrylic acid) and
water (630 pL) in a sterile culture tube. The tigoeortexed 1 hr and 70 pL of the 10 x medium
solution is added under sterile conditions. Theuraltube is agitated for 96 h. In the test tube
Ps. aeruginosas introduced as a suspension in the same cuttedtum (200 pL) under sterile
conditions. In the blank, only culture medium isled. The gels are let incubated for 24 hrs, and

the bacteria suspension (resp: the culture mediamg¢moved from test tube (resp; from the
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blank), and replaced by a fresh suspension of badiesp: medium culture). The procedure is
repeated during 7 days.

6.8 Syntheses

6.8.1 Monomers for associating copolymers

4-hydroxybutyl dodecanoate:a solution of 1,4—-butanediol (80 mg, 0.88 mmaigthylamine
(TEA, 150 pl, 1.06 mmol, 1.2 eq.) in dry THF (2 mias cooled and stirred at O °C. dodecanoyl
chloride (240 pl, 1.06 mmol, 1.2 eq.) was addeghdise. The reaction mixture was warmed at
room temperature and stirred for 4 h. The THF wasperated under reduced pressure, the
residual solid was dissolved in @El, (20 mL) and washed withJ@ (3 x 5 ml). The organic
layer was dried over MgSGand evaporated under reduced pressure. The crasl@uwvified by
silica gel chromatography (EtOAc:cyclohexane 1®Yyield 1 as a white solid (203 mg, 85%).
'H NMR CDCls, 400 MHz,d ppm): 4.10 (t3J = 6.3 Hz, 2 H), 3.68 (£J = 6.3 Hz, 2 H), 2.29 (t,

3) = 7.5 Hz, 2 H), 1.72-1.63 (m, 6 H), 1.26 (m, 16 A)88 (t,°J = 6.5 Hz, 3 H)."*C NMR
(CDClz, 100 MHz,6 ppm): 64.1, 62.1, 34.3, 31.8, 29.4, 29.3, 29.21,299.0, 25.1, 25.0, 22.6,
14.1.

o CiHas

O 2

Methacrolyxybutyl laurate (MBL): compoundl (200 mg, 660 pumol, 1 eq.) and triethylamine
(TEA, 140 pl, 0.99 mmol, 1.5 eq.) were dissolvediiym THF (5 ml). The mixture was cooled at
0 °C and methacryloyl chloride (100 ul, 0.99 mnioh eq.) was added dropwise. The reaction
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was warmed at room temperature and stirred forthe.solid residue was dissolved in £CHp

(20 ml), washed with kO (3 x 5 ml) and dried over MgSOThe solvent was removed under
reduced pressure and the crude was purified bgasgel chromatography (EtOAc:cyclohexane
1:9) to afford2 as a colorless oil (107 mg, 40%). For its storagpplymerization inhibitor, 4-
methoxyphenol (MEHQ), was added to the compodhdNMR (CDCls;, 400 MHz, 5 ppm):
6.05 (s, 1H), 5.55 (m, 1 H), 4.17 38, = 6.0 Hz, 2 H), 4.10 (£J = 6.5 Hz, 2 H), 2.28 (] = 7.5

Hz, 2 H), 1.94 (s, 3 H), 1.75 (m, 4 H), 1.613#= 7.2 Hz, 2 H), 1.25 (m, 16 H), 0.8815,= 6.8

Hz, 3 H).**C NMR (CDCl;, 100 MHz,5 ppm): 174.1, 167.6, 136.6, 125.6, 64.4, 63.9, 34.6,
32.1, 30.4, 29.8, 29.7, 29.6, 29.5, 29.4, 25.%6,2%.2, 22.9, 18.5, 14.3.

6.8.2 Copolymerization reactions

Poly(tert-butyl methacrylate-co-lauryl methacrylate) (poly(TBM-co-C12)):. tert-butyl
methacrylate (2 mL, 12.3 mmol, 0.95 eq.), lauryltmaerylate (140 pL, 647 pumol, 0.05 eq.)
were dissolved in dry dioxane (6 mL) in a SchielalsK, degassed and purged with argon. AIBN
(21 mg, 129 pmol, 0.01 eq.) was added under argdrlee solution was stirred at 60 °C for 24h.
The reaction was stopped by cooling to room temperaand the mixture was precipitated in
100 mL of methanol. The precipitate was washedrgi with methanol and dried to affosd
(166 mg , 87 % vyield)Mn = 247 300 g.méot; Mw/Mn =1.77.'H NMR (CDCls, 400 MHz,s
ppm): 3.94 (br s, 2 H), 2.06-1.83 (m, 4 H), 1.68b2 H), 1.44 (br s, 9 H), 1.28 (br s, 16 H),
1.05 (m, 2 H), 0.94 (£J =6.7 Hz, 9 H)}*C NMR (CDCls;, 100 MHz,é ppm): 177.2, 177, 80.8,
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67.0, 54.6, 50.9, 46.2, 32.1, 29.7, 29.2, 27.8,2P7.8, 14.2FTIR (neat): 29751as CH3), 2928
(vasCHy), 2856 (s CHy), 1719 ( C=0), 1391 §as CHs), 1365 §.s CHy), 1248, 1131, 847 ch
Anal. Found C, 68.28; H, 10.15. Calcd for 95 %HO, — 5 % GgH300,: C, 68.26; H, 10.09.

(0] (0]
4\ CigHa7

4

Poly(tert-butyl methacrylate-co-stearyl methacrylate) (poly(TBM-co-C18)). this
compound was synthesized as described abova, faith tert-butyl methacrylate (2 mL, 12.3
mmol, 0.95 eq.), stearyl methacrylate (260 pL, f470l, 0.05 eq.), AIBN (21 mg, 129 pmol,
0.01 eq.). Poly (TBMco-SMA) 4 was obtained as a white powder (354 mg, 81% yi¢hdh =
298 746 g.mot; Mw/Mn=1.75)."H NMR (CDCls, 400 MHz,6 ppm): 3.96 (br s, 2 H), 2.04-1.82
(m, 4 H), 1.65 (br s, 2 H), 1.43 (br s, 9 H), 1(B8s, 16 H), 1.04 (m, 2 H), 0.93 {1 =6.7 Hz, 9
H). **c NMR (CDCl;, 100 MHz,8 ppm): 177.2, 177, 80.8, 67.0, 54.6, 50.9, 46.21,329.7,
29.2, 29.2, 27.8, 22.5, 17.8,17.5, 14.3. AFRR (neat): 2977(vas CHs), 2929 {.sCH,), 2866
(vasCHs), 1720 ¢ C=0), 1393 § CHa), 1367 fs CH,), 1249, 1132 , 848 ¢ Anal. Found C,
68.65; H, 10.21. Calcd for 95 %id,40, — 5 % GoH3s0,: C, 68.58; H, 10.17.

095 0.05

O o O (I)
4\ (CH,)40COC1H3
5

Poly(tert-butyl methacrylate-co-methacrylate butyl laurate) (poly(TBM-co-MBL) : this
compound was synthesized as described abové, faith tert-butyl metahcrylate (3 mL, 18.5
mmol, 0.95 eq.), methacrylate butyl laurate (331, 8% umol, 0.05 eq.), AIBN (31.9 mg, 194
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pmol, 0.01 eq.). Poly (TBMo-MBL) 5 was obtained as a white powder (115 mg, 76% yield)
(Mn = 237 176 g.mét; Mw/Mn =1.74).*H NMR (CDCls, 400 MHz,5 ppm): 4.07 (br s, 2 H),
3.95 (brs, 2 H), 2.27 (m, 2 H), 2.04 (br s, 4 HB1 (m, 6 H), 1.40-1.25 (m, 25 H), 1.02-0.88 (m,
9 H). °C NMR (CDCl;, 100 MHz,6 ppm): 177.2, 176.7, 80.8, 46.5, 46.3, 34.3, 3199%,229,5,
29.3, 29.2, 27.7, 24.9, 22.7, 18,5, 17.2, 14.1. ATMR (neat): 2976ss CHs), 2932 (,sCH,),
2852 (sCHy), 1719 ( C=0), 1392 and 136@{CH,), 1248, 1131, 847 cm

6.8.3 Hydrolysis of tert-butyl groups

Poly(methacrylic acid-co-lauryl methacrylate) (poly(MAA-co-C12)). poly(TBM-co-
C12)3 (200 mg, 2 mmol) was dissolved in 1 mL of £H}, followed by the addition of TFA
(0.76 mL, 10 mmol). The reaction was stirred atmmotemperature for 2 h. The solvent was
evaporated under evaporator. Diethyl ether (15 mé&3 added to the polymer and the residue
was filtrated, this operation was repeated twidee Tesidue was dried under vacuum for 12 hrs
to yield a white powdes (193 mg, 96% yield)'H NMR (CDsOD, 400 MHz 6 ppm): 3.91 (br s,

2 H, COO-CH), 1.97-1.88 (m, 4 H, CHC-CH,-C), 1.65 (br s, 2 H, COO-GHCH,), 1.32 (br s,
16 H, COO-CH-CH,-(CH)s-CH,-CH3), 1.08 (m, 6 H,C(CH-CH,-C(CHg)), 0.95(brs, 3 H,
COO-CH-CHy-(CHy)g-CH,-CHg). *C NMR (CDsOD, 100 MHz,6 ppm): 182.3, 181.4, 55.8,
46.2, 33.0, 30.7, 29.4, 28.2, 27.3, 23.6, 19.32,174.7. ATRFTIR (neat): 3179y OH), 2985
(vas CHg), 2929 (asCH,), 2857 s CH,), 2553 (comb. and overtone COOH), 1697CE£0),
1392 §s CHs), 1370 ps CHs), 1248, 1149, 813 ch Anal. Found C, 54.08; H, 7.35Calcd. for
95 % GHeO,- 5 % GgH3002 — 40 % HO: C, 54.32; H, 7.93.
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Poly(methacrylic acid-co-stearyl methacrylate) (poly(MAA-co-C18)). this compound
was synthesized as described aboveftyom Poly(TBM-co-C18)4 (200 mg, 1.92 mmol) with
TFA (735 pL, 9.60 mmol)7 was obtained as a white powder (187 mg, 93 %yié)NMR
(CDs;OD, 400 MHz,0 ppm): 3.96 (br s, 2 H, COOE), 1.99-1.87 (m, 4 H, B,-C-CH,-C),
1.67 (br s, 2 H, COO-CHCHy), 1.33 (br s, 16 H, COO-GHCH,-(CH3)s-CH,-CHg3), 1.08 (m, 2
H, C(CH3)-CH»-C(CH3)), 0.94 (br s, 9 H, COO-GHCH,-(CH,)s-CH,-CH3). *C NMR
(CDs0D, 100 MHz,0 ppm): 182.3, 181.3, 55.8, 46.2, 33.0, 30.6, 29812,227.3, 23.5, 19.3,
17.2, 14.8. ATRFTIR (neat): 31824 OH), 2982(vas CHs), 2930 (asCH,), 2853 (asCHy), 2560
(comb. and overtone COOH), 1695 G=0), 1392 and 13715( CHs), 1246, 1148, 812 ch
Anal. Found C, 50.81; H, 7.14Calcd. for 99 % GHgO,- 1 % GoHzs0, — 52 % HO: C, 51.14;
H, 7.59.

(CH2)40COC1Hz3

Poly(methacrylic acidco-methacrylate butyl laurate) (poly(MAA-co-MBL): this
compound was synthesized as described abové& feith Poly(TBM-MBL) 5 (200 mg, 1.87
mmol), TFA (715 pL, 9.35 mmolB was obtained as a white powder (188 mg, 94 % i&Hl
NMR (CDs;OD, 400 MHz,0 ppm): 3.96 (br s, 2 H, COO-GH 1.99-1.87 (m, 4 H, CHC-CH,-
C), 1.67 (br s, 2 H, COO-GHCH,), 1.33 (br s, 16 H, COO-GHCH,-(CH,)s-CH,-CHs), 1.08
(m, 2 H, C(CH)-CH,-C(CHy)), 0.94(br s, 9 H, COO-CHCH,-(CHy)s-CH,-CHs). °C NMR
(CDs0OD, 100 MHz,0 ppm): 185.2, 184.2, 58.5, 51.8, 49.2, 48.8, 36314,329.1, 27.3, 22.0,
20.3, 20.0, 17.2, 15.FTIR (neat): 3172 OH), 2993 (as CHs), 2931 (s CH,), 2856 (as
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CHy), 2570 (comb. and overtone COOH), 1693CE€0), 1392 §s CH3), 1372 ps CH,), 1331,
1159, 704 cn.

6.8.4 Modification of PAA

Other compoundsl( 2, 3, 4, 5, 6, PAA-Maleimide and PAA-RGD) are reported in the

supporting information of chapter 3

0
BooHN" >k O\/\tﬁ)}\/\/% °
9

HN_ NH

6.8.4.1 Compounds for the modification of PAA

N-Boc-N’-biotinyl-3,6,9,12,15,18,21,24,27-nonaoxanoneicosay30-diamine,
(BocNH(EO)¢Biotin) 9: O-(2-Aminoethyl)O’-[2-(Boc-amino)ethyl]octaethylene glycol (100
mg, 179 umol, provided from Sigma-Aldrich comparand triethylamine (20 pL, 680 pumol, 1
eq.) were dissolved in DMF (2.5 mL). The solutioasastirred for 30 min at 25 °C, and
hydroxsuccinimidobiotin (281 mg, 880 umol, 1.2 eyas added. The reaction mixture was
stirred for 12 h at room temperature and then aatngted in vacuum. The residue was purified
by silica gel column chromatography (acetone:meih&nml as eluent) to affor® as a white
powder (314 mg, 89 % vyield)H NMR (CDsOD, 400 MHz,d ppm) 4.48 (dddJ;ans = 8.0 Hz,
3Jans = 5.5 Hz,2Jeis = 1.0 Hz, 1 H), 4.3 (ddJyans = 8.0 HZ,*Jyans = 5.5 Hz, 1 H), 3.64 (m, 28 H),
3.55 (,t,%0 = 5.6 Hz, 4 H), 3.36 (£J = 5.4 Hz, 2 H), 3.2 (m, 2H), 2.95 (dd,= 13.0 Hz *Jyans =
5.1 Hz, 1 H), 2.73 (d?J = 13.0 Hz, 1 H), 2.20 (£J= 7.3 Hz, 2 H), 1.67 (m, 6 H), 1.44 (s, 9H).
3¢ NMR (CDsOD, 100 MHz,8 ppm): 176.3, 174.6, 165.8, 71.6, 71.53, 71.2814,170.8, 70.6,
63.3, 61.6, 57.0, 51.8, 41.0, 40.4, 36.8, 29.8,256.8, 26.5Anal. Calcd. for CssHggN4O13S: C,
53.69; H, 8.50; N, 7.16; S, 4.10; found C, 53.158H7; N, 6.98; S, 4.03.
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O-(2-(N-biotinyl)aminoethyl),O’-(2-(N-tert-butyloxy carbonyl)aminoethyl
octadecaethylene glycol (BocNH(EO):gBiotin) 10 : a solution of O,0-Bis(2-
aminoethyl)octadecaethylene glycol (86 mg, 96 puipotchased fronsigma-Aldrich) in 1.5 mL
of THF was cooled at 0 °C and B@T (21 mg, 96 umol, 1 eq.) was added. The reactias w
stirred at room temperature for 5 h and the solvweas removed by rotary evaporator. The solid
product was dissolved in DMF (1.5 mL) wiMrhydroxsuccinimidobiotin (35.4 mg, 101 pmol,
1.2 eq.) and triethylamine (20 pL, 680 pumol, 1 eapd the solution was stirred at room
temperature for 12 hrs. The DMF was removed by waceand the residue was purified by silica
gel column chromatography (acetone:methanol 9:13fford 10 as a white powder (260 mg,
45% vyield)."H NMR (CDsOD, 400 MHz,5 ppm) 4.51 (ddd®Jyans = 8.0 Hz,*Jyans = 5.5 Hz,*Jgis
= 1.0 Hz, 1H), 4.3 (dd®Jyans = 8.0 Hz,*Jyans = 5.5 Hz, 1 H), 3.64 (m, 70 H), 3.54 (£4,= 5.6
Hz, 4 H), 3.4 (t3) = 5.4 Hz, 2 H), 3.35 (£J = 5.4 Hz, 2 H) 3.22 (m, 4 H), 2.93 (dd,= 12.8
Hz,%J = 5.1 Hz, 1 H), 2.70 (£J = 12.8 Hz, 1 H), 2.22 (£J = 7.3 Hz, 2 H), 1.66 (m, 6H), 1.43
(s, 9H). °C NMR (CDsOD, 100 MHz,5 ppm): 176.2, 174.8, 166.4, 71.4, 71.1, 70.9, 76842,
61.4,56.8, 41.1, 40.8, 40.2, 36.5, 29.6, 29.%,28%.7, 26.2MS (MALDI-TOF ): 1223.659 (M
, calcd for GsH10eN4O23S 1222.697).

6.8.4.2 Coupling Reactions

The procedure for the coupling of side chains ® gblymers is exemplified here by the
synthesis of PAA(EQBiIotin and PAA(EOjsBiotin at 5 mol%. The others coupling reactions
leading to PAA-Biotin and PAA(EGQBiotin are described chapter 4 in the supplementary

information of the article.
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PAA(EO)sPC 25%. The synthesis of this modified PAA is describgdeisch eal.”’
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PAA(EO)gBiotin 5% : BOCNH(EO}Biotin (35 mg, 550 pmol, 0.05 eq.) was mixed with
ag. HCI (1 ml, 2.5M) and stirred at room temperattor 2 hours and the mixture was dried
under vacuum. The residue and poly(acrylic aciddAPMw 100 000, 35% in water, from
Sigma-Aldrich, 100 mg, 902 pmol. of acrylic aciditsnl eq.) were dissolved in water (4 mL)
and HOBt (60.8 mg, 450 umol, 0.5 eq.) was addethéomixture followed by the minimal
amount of NEj to allow the dissolution of HOBt. The pH was adgasto 5 with aqueous HCI
(0.1 M) and EDCI (126 mg, 812 umol, 0.9 eq.) wadeabat 0°C. The reaction mixture was
stirred at room temperature for 18 h. The soluti@s dialyzed with a cellulose ester membrane
(MWCO 12000-14000) against a 1 M NaCl solution éme day and against pure water for 5
days. Lyophilization of the solution afforded PAARBiotin as a white solid (86% yieldjH
NMR (D20, 400 MHz,6 ppm) 2.72 (d, SCK 1H) comparison with the signal at 2.26 (all €H
of PAA) give a 6 % of degree of modification; 4. 3J =4.8 Hz), 4.43 (q°J = 4.8 Hz), 3.78
(brs), 3.64 (br £ = 5.5 Hz), 3.4 (t2J =5.2 Hz), 3.33 (br m), 2.99 (dd = 13 Hz,2J = 5.2 Hz),
2.78 (d,3) = 13 Hz), 2.27 (br m), 1.65 (m}*C NMR (DO, 100 MHz,d ppm): 175.9, 165.2,
69.7, 69.5, 68.9, 62.1, 60.2, 55.2, 39.8, 38.%,38.2, 27.8, 25.FTIR (neat) vmayx 3370 cnt
(v NH andv OH), 2932 crit (vasCHy), 2875 {as CH; ethylenoxide), 1699v(CO and urea amide
), 1649 (amide 1), 1560v{s COO), 1478 (amide Il ands CH,), 1449, 1403y COO), 1227,
1084 and 1052 cih(vasCH,-O-CHy), 954 cni'.
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PAA(EOQ)gBiotin 5% . BOCNH(EO)gBiotin 10 (65 mg, 53 umol, 0.05 eq.) was mixed with aq.
HCI ( 1 ml, 2.5M) and stirred at room temperatuwe 2 hours and the mixture was dried under

vacuum. PAA (Mw 100 000, 35% in water, providednir&igma-Aldrich company) was freeze
dried. Solid PAA (15.3 mg, 212 pmol. of acrylic éainits, 1 eq.) was dissolved in 5 mL of
DMF then, BOP (5.6 mg, 12.7 pumol) was added anadhetion mixture was stirred for 10 min.
10 and TEA (0.03 mL, 212 umol) were added. After futhander stirring, the solvent was
evaporated under reduced pressure. The residudisgmved into agueous solution of NaOH (1
mL; 2 N) and evaporated under reduced pressuren.adaie solution was dialyzed with a
cellulose ester membrane (MWCO 12000-14000) agairistM NaCl solution for one day and
against pure water for 5 days. Lyophilization oé tbolution afforded. PAA(E@¥Biotin as a
white powder’H NMR (D,O, 400 MHz,6 ppm): 2.72 (d, SCH 1H) 4.62 (q2J =4.8 Hz), 4.43
(q,%) = 4.8 Hz), 3.78 (br s), 3.64 (bP1 = 5.5 Hz), 3.4 (t2J =5.2 Hz), 3.33 (br m), 2.99 (dd)

= 13 Hz,2J = 5.2 Hz), 2.78 (d3J = 13 Hz), 2.27 (br m), 1.65 (m)C NMR (D0, 100 MHz,5
ppm): 176.6, 165.2, 69.7, 69.5, 68.9, 62.1, 60524539.8, 38.9, 35.5, 28.0, 27.8, 253IR
Vmax 3370 ¢ NH andv OH), 2925 {,sCH,), 2874 {.s CH, ethylenoxide), 1704v(CO acid and
urea amide 1), 1665 (amide I) 1557 (amide Il apdCOO), 1478 ps CH,), 1449, 1403y COO

), 1222, 1082-1052v{s CH,-O- CH,), 955 cm'. Comparing the signal at 4.62 ppm with the
signal at 2.26 ppm (all Gidof PAA) give a 6 % of degree of modification.
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PAA(EO)sPC-Biotin (25-1)%. Biotin hydrazide (3.09 mg, 120 umol, 0.01 eq.pwaxed
with ag. HCI (0.5 ml, 2.5M) and stirred at room fmmature for 2 hours and the mixture was
dried under vacuum. The residue and PAAEEQ) (86 mg, 1.19 mmol. of acrylic acid units, 1
eq.) were dissolved in water (3 ml). HOBt (80.4 8¢9 mmol, 0.5 eq.) was added followed to
by the minimal amount of NEto allow the dissolution of HOBt. The pH was adfasto 5 with
HCI (0.1 M), and EDCI (166 mg, 1.07 mmol, 0.9 eggs added at 0°C. The reaction mixture
was stirred at room temperature for 18 h. The swiutvas dialyzed with a cellulose ester
membrane (MWCO 12000-14000) against 1 M NaCl soiutor one day and against pure water
for 5 days. Lyophilization of the solution affordBlRA(EO)PC-Biotin as a white solid (82%
yield). 'H NMR (D,0O, 400 MHz,5 ppm): 4.61, 4.45, 4.33, 4.04, 3.73, 3.69, 3.6193320,
3.05, 2.90, 2.81, 2.79, 2.38, 1.87, 1.69.

PAA(EO)3PC-(EO)sBiotin (25-1)%: this compound was synthesized as described above
for PAA(EO)XPC-Biotin with PAA(EO)PC (90 mg, 1.25 mmol. of acrylic acid units, 1 eyl
BocNH(EO)Biotin 7 (6.5 mg, 130 pmol, 0.01 eq.). PAA(E®YL-(EO}Biotin was obtained as a
white powder (86% yield}H NMR (D,O, 400 MHz,d ppm): 4.63, 4.44, 4.35, 4.06, 3.75, 3.70,
3.64, 3.40, 3.25, 3.07, 3.00, 2.83, 2.80, 2.2%,11/59.

PAA(EO)3PC25%/(EO)¢Biotin1%: this compound was synthesized as described above
for PAA(EO)%PC-(EO)BIotin with PAA(EOXPC (60 mg, 0.83 mmol. of acrylic acid units, 1
eg.) and BocNH(EQ@Biotin 9 (6.5 mg, 80 umol, 0.01 eq.). PAA(EPLC-(EO)Biotin was
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obtained as a white powder (82% yieltht NMR (D,O, 400 MHz,d ppm): 4.62, 4.44, 4.34,
4.04, 3.72, 3.63, 3.39, 3.25, 3.06, 3.00, 2.819,2729, 1.84, 1.63.

PAA(EO)3PC25%-(EO)1gBiotin1%: this compound was synthesized as described above
for PAA(EO)%PC-(EO)Biotin with PAA(EOXPC (98 mg, 1.36 mmol. of acrylic acid units, 1
eg.) and BocNH(EQ)Biotin 11 (16.5 mg, 14 pmol, 0.01 eq.). PAA(EBL-(EO)¢Biotin was
obtained as a white powder (76% yielthi NMR (D;O, 400 MHz,d ppm): 4.58, 4.41, 4.31,
4.03, 3.71, 3.61, 3.39, 3.22, 3.05, 2.79, 2.7R,21282, 1.61.
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Addressing fundamental challenges that biomedipglieations face nowadays in the
fields of drug delivery and tissue engineering, meeve designed and characterized PAA and
PMA modified with various groups. We have been dblénk these polyelectrolytes with alkyl
chains, peptides, phosphorylcholine or biotin, watlell-controlled modification rates. The
chemistry of polyelectrolytes and their purificatioften sounds tedious and deterring. But these
polymers can be easily modified with the couplieggents coming from peptide chemistry and
that operate in water. They can be linked to amjolgical species, even if the latter are water-
soluble and sometimes fragile. The purification abmays be done by dialysis, which warranties
high purity levels in a single step.

We were able to prepare a whole library of polyetdgtes where we have varied the
nature of the side chains, their length and theaftipg ratio. These polymers provided sound
material to carry out the following studies.

First, we have used them to elaborate surfaces euttirolled and selective adsorption
properties. We have searched for surfaces abléntb delectively and specifically one protein
and prevent the physisorption of all other protelREM films were capped with with PAA-
(EO)Biotin (n = 0, 3, 9 and 18) and the adsorption Hrespecific binding of these films were
studied by QCM. As expected, these films can bipdcHically streptavidin. But when the
spacers are long enough, they also impede nonfspadhesion. In a less extent, long spacers
also hinder specific binding. So the spacers havepimal length (n=9) providing the highest
ratio of mass of adsorbed streptavidin over thesnasadsorbed serum proteins. This ratio
defines the selectivity of the films

A better selectivity could be reached with PAA hegrsimultaneously PC and biotins.
This double functionalization is possible with theame chemistry used for mono
functionalization. It yields an interesting polymsnce the deposition of a single layer suffices
to endow the film with the desired selectivity.

The interplay between specific binding and non-adieeproperties was exploited to create
a device that prevents specific and non specifsogtion of proteins when it is not stretched
and induces the specific adsorption of proteins @dadhesion when it is stretched. It consists
of films PEM films containing PAA(EQBiotin and PAA-PC, assembled on silicon substrates.
This system is one of the few mechano-responsies &nown in the literature.
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This work will be pursued along two directions.gEjithe selective binding surface will be
used as biosensors. A complete immuno-assay withiieed out with streptavidin and a biotin-
labeled antibody. The selectivity of the surfacewtt allow exclusively the binding of the
desired material. The non-specific adsorption sthdud considerably diminished and therefore
increase the signal/noise ratio.

The study of the PEMs will be completed by the measents of the thicknesses and
densities of the layers, and the neat mass of degdgsolymers, to deduce the water content and
the number of side groups (E@iptin and PC per unit surface. This work can beedby optical
wave guide spectroscopy (OWLS).

In a second part, we have synthesized associatilygnprs in two steps by classical free
radical polymerization. These polymers are PMA rfiediwith different alkyl chains (C12, C18
and MBL) and grafting ratio GR = 1, 5 and 10 %. Thain chain and the hydrophobic alkyl
chain were connected through ester functions. Thebgners were able to form hydrogels at
concentrations of 4 wt. % with a GR of 5 %. The afthese macromolecules was to study the
cleavage of the ester moietiesvitro by the action of an enzyme (Amano Lipase) endvo by
a Pseudomonas aeruginas@he ultimate goal of this work is to obtain apassive hydrogels
that can release drugs.

The gel viscosity and the change of viscosity i@ pnesence of bacterial enzymes were
studied by rheology using a cone-plane rheometee fheological analysis showed that the
viscosity of the gels increase in the order MBL<2GL1C18. The samples of C18 exhibit some
dispersion in the values of the viscosity due ®hbterogeneities of the gel.

The effect of the enzyme on the gels was studieat afdays at 37 °C (incubation in vitro).
The viscosity of the gels with C12 alkyl chains @&sed, which showed a slight hydrolysis of
the hydrophobic chains. MBL gels did not reveal ahginges in their properties. The gels were
incubated during 7 days for C12 in the presencd’sdudomonas aeruginasdhe results
confirm the effective hydrolysis of the gels, whitldicates a degradation of the hydrophobic
associating parts.

The work will be continued by the optimization dktformation of the gels to avoid the
heterogeneities we had observed and gain bettesdeqibility in rheological experiments. The
group will graft other side chains to increase tlobgavage rate by the bacteria. One may seek

chains that have a structure closer to the ondemhatural lipase substrates. Alternatively, we
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will also modify PAA with peptides bearing alkyl @ins, to frame proteases. The tesvitro
can be further study with a deactivation of theyemz at 80 °C, to check whether the enzyme
modify the properties also by physical interactiasith the polymers. The collaborating
biologists are also developing high throughputstestd plan to use antibiotic resistant strains.
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Annexe 1.

Rheology

The rheology is the study of flow and deformatioin noatter under stress. The flow
behavior of the polymers determines the nature thed properties and in this case their
viscosity.

Under idealised conditions, ideal solids are subptto shear stresses between two parallel
walls. A force applied to an area, leads to a flowhe liquid layer A in contact with the liquid
underneath as represented in Figure Al.1.

Plate of area A T Pull with force F’
L n S
:ﬁ -
-

Figure Al. 1. Flow between two parallel plates

The velocity of flow that can be maintained foriaeq force is controlled by the internal
resistance of the liquid, e.g by it is viscosity.

The shear stress is equal to:

= % = % = Pa(Pascal)

The shear stress causes the liquid to flow in a special patterne Dietween two parallel
plates, one is moving a constant speed while theratne is stationary. Where the different
layers speed correspond to the shear rate:

dv 1
Yy = dy s (s™)
There is possible to describe the basic law ofoggyg for ideal liquid:
o N
n= ; = oo .s = Pas

The correlation between shear stress and sheadtefiténg the flow behavior of a liquid.
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The viscosity §) is the physical property of a liquid to resistla influence of flow. The
viscosity can be influenced by several parametershe temperature (T), shear ratg {ime (t),
between others.

The rheometry can measure materials that exhilwbrabination of elastic and viscous
characteristics, property called visco-elasticitgere are two techniques that allows the measure
of this properties, one is creep-recovery and doemsd is by oscillatory regime.

- Visco-elastic measurements

The visco-elastic measure by creep and recoveoyvalbne to differentiate well between
the viscous and the elastic responses of a fluids Theasurement is a response-time to the

stress-dependency of both the viscous and elastiavior, displayed in Figure A1.2.

Pente=1/n

Creep / L Recovery

Recoverable
Strain

Strain

16,f

Figure Al. 2. Creep-recovery responses.

The first step is the creep by a constant applieess leads to a proportional strain
response with the time, interrelated by:
y(@) =J().o
This equation introduces the new term of the tiglated compliance J(t) describe as

_y@® 1
YO o Pa
The recovery allows to determine the elastic respoof the fluid, and is obtained by

removing the stress the strain drops immediatelyiew-time constant level.
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Maxwell model principle
A viscoelastic material behaves as a Maxwell liq@tigure A1.3). Their mechanical
properties can be describes as for mechanical matdth combines a dashpot and a spring in

series.

Dashpot (energy dissipation element),
Viscosity n

Spring(energy storage element),
and the compliance J

Figure Al. 3. Schematic representation of Maxwell wdel

In a dynamic test of a Maxwell fluid the modules ar

G = Go.—T
1+ w?7?

" wT
K a2

Where,
Go is the plateau modulus (Pa),
o is the angular velocity (rad"s

T is relaxation time (s).
Wheno < 1k, G’ and G” are proportional te, the moduli are

G'~Go w?T?

G'"~Go wt
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Figure Al.4 represents the variation of G’ and &' a function of time for a Maxwell

fluid and the complex viscosity*

w

n =

G
- G”
_—-- n*

G, G” (Pa)

wx w(rad/s)

Figure Al. 4. Oscillatory moduli G’ and G- @ relationship for a Maxwell fluid

This model allows to determine the theoretical galwf relaxation timetf) and the

plateau module ().

The cross point when G’ = G”"whei{.t= 1)

1
a)x=;
Gy =G,/2
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Annexe 2.

Quartz crystal microbalance

The quartz crystal microbalance (QCM) is an uleasitive weighing device that utilizes
the mechanical resonance of piezoelectric crysalljuartz. The measurement is done from the
changes of the frequency of resonance which isgutigmal to the mass deposited on the quartz
crystal (Figure A2.5). This technique allows foliogy the adsorption of thin films on the surface
of the device.

We have used a QCM-D to following the multilayeilttup and adsorption of proteins.
QCM-D has a sensitivity of up to 1 ng/ém

The core of QCM is a thin disk made of single aygiezoelectric quartz that is brought
to oscillation by an electric potential provided By external driving oscillator circuit. The
electrodes are of thin gold layers coating each sifdhe crystal surface. During the experiments
the frequencies are recorded the ground frequemdyhee 3rd, 5th and 7th harmonic. The values
of those frequencies are 5, 15, 25 and 35 MHz csady.

Oscillation
amplitude
A
) Excitation ' Relaxation
~ ’\.\ ,
RCTeT A A, s | A—
. g
v ¢ = ;
e I 10 7 Y, SN S 5
SRR =]
N :

time

Figure A2. 1. Principle of QCM by the frequency anddissipation change in QCM experiments upon
adsorption of molecules on the sensor surfac&heory

The bottom side is fixed on a still stand. Underoanillating electric potential, the upper side

undergoes an horizontal oscillatory translationation. As a first approximation, the whole
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system is equivalent to a harmonic oscillator. Haemonic is characterized by its resonant

frequency {):

1 |k
fr= 2w M
WhereM is the mass of the crystal akds stiffness constant. The mass deposition of anadht
(m << M) on the crystal, the total mass is equaMo+r m, giving the following expresion for

resonant frequency:

1 k
fr:% M+mzfr(1_%)

The mass deposition of a material produce the ahahghe resonance frequenayf)(describe
as:
-mf, m

M=f-h==m=¢

Where C is the constant that depends only on tlokrteéss and the properties of the quartz
crystal. C is called the constant of Sauerbrey:
c=M
£

e.g for the crystals we have C = 17.7 ndlcm

From the previous equations, one can derive thesrmadsorbed on the electrodes) (as a
function of the frequency variations. It can be grafized to all the harmonic frenquencies in the
the Sauerbrey relation:

A
m=—Cﬁ
v

Wheref, is the fundamental resonance frequency and tldeirh@armonics. This relation permits
the determination of mass deposition. This relagiemmits the determination of mass deposition.
For this work the crystal surface is in contactwatliquid and the liquid exerts a shear stress on
the adsorbed layer, which leads to a change aeenance frequency and to viscous dissipation

For these reason the measurements have been daiG@dM-D, were D stands for dissipation.

162



Annexes

Annexe 3.

Biomolecules

Lipases

Lipases are water soluble enzymes that hydrolyze ester $aoid water-insoluble
substrates such as triglycerides, phospholipidd, @wlesteryl esters. Usually lipases are a
“hydrolytic enzyme cocktail” elaborated by an orgam. There have been found in organism
from the microbial, plant, and animal kingdom. Coemoially available lipases are usually
derived from microorganism. The activity of thedges increase in the presence of aggregates,
emulsion or micellar solutions. The common architex for the lipases ig/3 hydrolase fold,
composed of lid or flatt helices and strands peptide sequence consisting serine, metaind
aspartic acid/glutamic acid. The activation of #reyme consists of a mobile element at the
surface a lid, which covers the active site. Thediopening at a hydrophobic interface, making
the active site accessible for substrates and eirigathe activity of the lipasg®

The 3D structure of Aeruginosa has been determiaeda 2.54 A resolution by

crystallography>° It is ana /p protein, with alternate R sheet and alpha helhis Btructure is
shared by all lipases.

Figure A3. 1. 3D structure of Ps. aeruginosa Lipasg®
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Streptavidin

Streptavidin is obtained from cultures of the beuata Streptomyces avidinif° It is a
tetramer of four identical subunits that are bujt of 159 amino acids. The tetramer has an
approximately spherical shape with a diameter ouah.5 nm and overall molecular weight of
60 kDa. The isoelectric point of streptavidin lizstween 5 and 6. Strepatavidin can bind four
equivalents of biotin. The interaction betweensteidin and biotin are, with a binding constant
of the order of 18 M, among the strongest non-covalent interactionsvkndt was used in our
for the specific adsorption of biotin, detailedcimapter 3 and 4.

Figure A3. 2. Tetrameric molecular structure of Steptavidin

Serum

Fetal bovine serum was used to test the adsormoproteins. Serum is the liquid
fraction of the blood that is obtained after renlowh the cells and of the blood clot by
centrifugation. It is a “cocktail” of various prats, growth factors, ion, lipids and other
molecules. A more detalil list of its constituerggiven in Table A3.1.
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Table A3. 1. Ingredients of Fetal bovine serum.

Function Concentration
Proteins 30-50 mg/mL
albumin Osmotic pressure
regulation 20 mg/mL
a, B, y-globulins Various; immune reponse 1-15 mg/mL
fibronectin
vitronectin Attachment factors 1-100 pg/mL
laminin
Growth factors
EGF, PDGF, IGF, FGF, | Control of cell behavior 1-100 ng/mL
insulin
Lipids
Chlolesterol, linoleic acid 0.1-3eM
Trace elements
Fe, Zn, Se etc. Of the orderd!

Albumin and globulins are the major constituentbrdnectin, vitronectin and laminin
are minor constituents but have the strongest teryd® adsorb on surfaces and promote cell
adhesion.

FBS is also used as a complement for cell cultuegliom in adhesion assays. Their
importance for culture lies in the presence of dlovactors, transferring, anti-proteases and
lipids, which are vital for cells.
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Annexe 4.

Rheological results

Creep-recovery
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Figure A4. 1. Creep-recovery curve of C12 at 4 wt.%applied stress = 20 Pa
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Figure A4. 2. Creep-recovery curve of C18 at 6 wt.%applied stress = 20 Pa
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Compliance/Pa!

0 500 1000 1500 2000 2500
timeins

Figure A4. 3. Creep-recovery curve of C18 at 6 wt.%applied stress = 20 Pa.
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Figure A4. 4. Creep-recovery curve of MBL at 6 wt.% applied stress = 20 Pa
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Annexes

Oscillatory measurements
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