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Abstract

Because of its high specific strength, durabilapd biocompatibility, titanium is a widely
used material for orthopedic implants. However,inisufficient binding with the surrounding bone
tissue regularly leads to stress shielding, boserption and implant loosening. A promising solatio
to improve adhesion is to modify the implant suefabemistry and topography by coating it with a

protein-eluting polyelectrolyte complex.

Bone morphogenetic protein 2 (BMP-2), a potente@asbnductive growth factor, was
adsorbed onto the surface of anodized titanium, polgelectrolyte multilayer (PEM) coatings
prepared from solutions of poly-L-histidine (PLH)dapoly(methacrylic acid) (PMAA) were built on
top of the BMP-2. The effect of solution pH duritite deposition process was investigated. High
levels of BMP-2 released over several months wetdéeaed. Approximately 2ig/cm? of BMP-2
were initially adsorbed on the anodized titaniurd anpH-dependent release behavior was observed,
with more stable coatings assembled at pH = 6-#ed&Hifferent diffusion regimes could be
determined from the release profiles: an initiaidbuelease, a sustained release regime and aidaple

regime.

Mass adsorption monitoring using quartz crystatrobalance with dissipation monitoring
(QCM-D) showed that PLH was adsorbed in greatentiies than PMAA, and that more mass was
adsorbed per bilayer as the number of bilayers ghdereover, the pH of the water used during the

rinsing step significantly impacted the compositafrthe multilayer.

Atomic force microscopy (AFM) and contact anglealgeis (CAA) were used to determine
the topography and surface energy of the PEMs. Mible change was observed in surface
morphology as the assembly pH was varied, wherkassurface energy decreased for samples
prepared at more basic pH. These variations irgittett the influence of the initial BMP-2 layer can

be felt throughout the PEM and impact its surfaoacture.
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I. Introduction

Among all specialties represented in the surgeaig fiorthopedics, or orthopedic surgery, can
be considered as one of the oldest. This discigBneentered on the treatment of all pathologies
affecting bones and the musculoskeletal systemjudimg the repairing of fractures and
malformations, the treatment of infections and fjgrains, and the implementation of artificial
implants. Implanted devices are used to relieveeplace deficient articulations such as knees,, hips
and the spinal cord. In 2012, in the United Statese, 1.16 million hip and knee replacements were
performed, a number that has doubled since 1995samxpected to continue increasin@ne of the
major concerns regarding implants is to ensurer flogig term performance as they become more
common among the population, and as the averageekpectancy steadily increases. Most joint
replacements are rated for approximately one milligcles, which amounts to fifteen to twenty years
depending on patient activity. Nonetheless, moemn th00,000 revisions to knee and hips implants
were performed in 2012, which roughly represernt®% revision rate per year. This revision rate has

been overall stable since 199%.

One of the leading causes of implant revisiomnstéd integration with the surrounding bone
tissue, either because of poor adhesion and grofattione cells and tissue on the scaffold or because
of micro-motions inhibiting the biological integiam proces$. Significant advances have been
achieved over the past few decades; however, thglea interactions taking place at the bone-
implant interface are not yet fully understood montrolled. A promising solution for improving
osseointegration exists in the form of drug-eluttiogtings. Substances that can be released fraa the
systems include drugs such as antibiotics or pdierk as well as growth factors such as bone
morphogenetic proteins. Bone morphogenetic pr@giBMP-2), for example, is known for its potent
osteoinductive effect, which enhances osteobld&trdntiation and stimulates extracellular matrix
mineralizatior’. However, due to the long period of time requiredthese phenomena to take place
after a replacement surgery, the release of BMRduld occur in a controlled manner so as to

optimize its effect on the surrounding tissue.
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The enhanced biocompatibility and stability ofysdéctrolyte multilayers (PEMS), along with
their capacity to control the release of a loadeteoule, make them suitable candidates to be used a
implant coatings along with BMP-2. Moreover, thesgstems are extremely versatile, as their
properties can be tuned by adjusting parameters asctemperature, salt concentration, electrical
environment, ultrasound, and pH? However, the flexibility of PEMs can also be cafesied as a
weak point, since each PEM system will behave iimdividual way in response to identical stimuli.
In this regard, a careful investigation of the camed influences of pH, PEM structure and PEM
properties is required in order to fully understéimel mechanisms at work for a given system. The aim
of this work is to perform such a study and use thi@rmation to tailor coatings for implants in a

controlled and efficient manner.

In this research, PEM assembly pH has been stiiecder to investigate its impact on the
structure and properties of the resulting coatiffte PEM considered was made of an initial layer of
BMP-2 adsorbed on anodized titanium and coverel fivie bilayers of PLH/PMAA. By varying the

solutions pH between 4.0 and 8.0, the followingsairave been pursued:

1. Investigate the effects of the PEM assembly pH ranwvth factor release from the multilayer.
It is supposed that the assembly pH of the PEMegydnfluences its BMP-2 release in a
controlled way, thus making it suitable as an imptaating candidate.

2. Characterize the effect of the PEM assembly pHndutthe multilayer formation. The working
hypothesis, based on literature review, is thatagsembly pH of the PEM system impacts its
internal structure during the buildup process asfécts the electrostatic interactions holding
together the different layers.

3. Demonstrate the impact of the PEM assembly pH ennthltilayer surface. It is postulated
that the differences in internal structure causethb assembly pH influence the PEM surface

properties.

After providing sufficient background informatiatine research performed during this thesis project i

order to confirm or refute these hypotheses isgmiesl and discussed.
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II. Background information

In medicine, an implant is defined as “an objectmaterial inserted or grafted into the body
for prosthetic, therapeutic, diagnostic or experitak purposes*' The first applications of such
devices have been shown to go back as far as thenarEgyptian era, where people used fake toes
made out of wood or papier maché. A British redeapoup led by Jacqueline Finch demonstrated
that these early external prostheses did not méuéflif an aesthetic role, but significantly eastu
motion and comfort of walkindf. However, it was not until the end of the ninetbesgntury that the
first functional internal implants appeared. Unliiede limbs, these devices were placed directly int
the body, which may explain their late developmehen compared to external implants, as their
development required a more advanced knowledgeunfah anatomy and the act of surgery. The
German surgeon Themistocles Gluck is recognizealeafirst scientist to extensively research interna
implants. Gluck reported successful operationsgusiory joints as early as 1899 Afterwards,
research in this domain increased, with importamtributions being brought by the Judet brothers,
who conceived of the first total hip replacemenb®widely used in surgical acts in 1946, and Sir
John Charnley, who designed a modern version ofa hip implant in 1962. Models of the Charnley

implant are still in use toddy.

Since the 1970's, the number of operating procsiuelated to joint replacements have been
steadily increasing. The Organization for Econo@azoperation and Development (OECD) reported
an increase of 30% in hip replacements and ne@fty i knee replacements between 2000 and 2011.
In the United States alone, the number of both gioes more than doubled during that period of
time (see appendix 1J.More than 1.55 million knee replacements, hip aepiments and spinal
fusions were performed in that country in 2012, ackhrepresented almost 20% of all surgeries
registered that year and an increase of 9% as aechpa 2011° All three of these medical acts have
been consistently ranked in the top ten most pesddr procedures as well as the top ten most

expensive procedures for several years (see app2)idi’
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Although the field of joint replacement has expaded significant advancements during the
past century, there are still fundamental issukga® to the aging of joint replacements. Caton and
Papin pointed out that several studies around thdweported a durability rate of 90% after fiftee
years for hip implants. This rate decreased to &Btér 25 years and about 75% after thirty-five
years™* Overall, an implant lifespan will range from tenthirty years depending on its materials, the
patient physical activity and their weight, withetaverage value hovering between fifteen and twenty
years. Other factors can significantly decreasengmant lifespan, such as nosocomial infections,
which cause 1 to 5% of all primary joint replaceméilures, inappropriate mechanical load, and
implant wear and fatigue failures at the bone/impliaterface’ In the United States alone, roughly

10% of all joint replacements are revision surgecaused by one of these probléfhs.

Implant wear and fatigue failures are especialigbfematic, as they create micro-motions
between the bone and the implant. Not only do tineiseo-motions accelerate the degradation of the
joint replacement by creating debris that leadmfiammatory reactions and potential poisoning, but
they have also been shown to increase undesirdlylEigbogical responses such as bone resorption.
Moreover, if the micro-motions are due to a poatiahfixation of the implant, the device is more
likely to fail early, which defies its original ppmse and may lead to more pain for the pafient.
Research has thus been focused on ways of incgetimrearly osseointegration of implants in order
to increase their lifespan and thus decrease timbauof revision surgeries. The solutions propdsed
achieve this goal include radiation therapy, bonarrow grafting or the simultaneous use of
demineralized bone matrix associated with the impland local delivery of one or more biologics
such as growth or differentiation factors to thpuip site*'° Research in this domain has notably
reported the use of vascular endothelial growthofa¢VEGF), fibroblast growth factors (FGFs),
transforming growth factors (TGFs), mitogenic pletelerived growth factor (PDGF) and bone

morphogenetic proteins (BMP3J-%*

BMPs play a key role in tissue formation throughtiie body; among them BMP-2 has been
approved by the American Food and Drug AdministraiiFDA) and extensively used in controlled

release application as it enhances osteoblastrelitiation as well as bone extracellular matrix
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mineralizatior’. Nonetheless, current BMP-2 delivery vehicles sashinjections or implantable
carriers have been shown to cause a series ofsalsile effects such as pain, osteolysis or aagreat
risk of developing cancer cells, as well as sulbogitibone tissue regeneration, all because of tige la
quantities of growth factor suddenly released th®body*>** A controlled, physiological release of
BMP-2 is thus required in order to prevent theske gffects. One option is a growth factor-eluting
coating applied onto the surface of the implantrides designs have been proposed such as drug
loaded nanoparticles immobilized on the implantfane”™ BMP-2 infused hydrogef$, plasma-
induced surface functionalisati6hpr immobilization on the titanium surface modifieith heparin

or silk proteing®® The use of polyelectrolyte layer-by-layer (LbL)ncplexes however has been one

of the most promising options.

BulhEliite

Figure 1: Principle of PEM formation

Polyelectrolytes are polymers with ionically dissle repeat units. These groups can be
positively charged for polycations, negatively aet for polyanions, or including both positive and
negative charges for polyampholytes. Completelgatimted ionic groups are representative of strong
polyelectrolytes, whereas there is a pH-dependeobability that any one ionic group will be
dissociated on weak polyelectrolytes. The eledta@stinteractions between the different charged
groups can lead to the formation of polyelectrolgtanplexes, for example by alternating layer by
layer adsorption of a polycation and a polyanioigFe 1). This specific structure, called a PEM) ca
be designed as a thin film or as capsules, thos/aly for a large variety in system design. Morepve

numerous studies have reported that PEMs show lertddiocompatibility’®>? As a result, these

16



systems have been used in numerous applicatiors asiccell transfection or differentiatidit’
obtaining of nano-patterned surfac®® design of a superhydrophobic surfaténctionalization of
living cells® or delivery systems for biologically relevant mmiées including DNA? antibiotics and

anti-inflammatory drugs’>*>**or growth factorg®*?-**

The versatility of PEM properties adds to therdten they draw as potential materials for
controlled drug delivery. Over the past decadeesdveviews have focused on how stimuli such as
temperature, electric or magnetic fields, salt egas concentration can impact PEM permeability,
thickness, swelling behavior, drug loading capadityrface roughness or cell adhesiéh™® Further
control over the drug release from these systemseaachieved by either cross-linking the different
layers®>® or including nanoparticles in its structdfé’ Nonetheless, among all of these parameters,
pH is one of the most interesting. For example, Wk of Antipov et al. showed that the
permeability of PEM capsules could be tuned by ghanthe external pH, thus allowing drug loading
during the open state, transportation and storageglthe closed state, and finally drug release by
switching to an open state once agaif.Research in this field has since then been boariting pH-
induced conformational changes and swelling traomsthave been investigated, and the control over
their reversibility achieved by pH-tuning has beepeatedly confirmet® Similarly, pH-induced
drug release from PEM was extended to films, wisbbowed that both drug diffusion and PEM
degradation were participating in the release @sté” Large molecules such as BMP-2 and other
growth factors were sustainably eluted from thessings, and the resulting systems displayed & grea
stability ?***®*Finally, Thompson et al. showed that the assemHlyvas as important as the external

pH in determining PEM properties such as elastiitgt cell adhesiof?.

Peterson et al. reported similar observationsafmther BMP-2 eluting PEM. This particular
system consisted of a BMP-2 layer adsorbed on taptanium substrate and covered with several
multilayers made of poly-L-histidine (PLH) and pg@hethacrylic acid) (PMAA) (Figure 2). Sustained
release of BMP-2 was observed for several wétkewever, adjusting the deposition solution pH to
pH = 6 during the PEM formation greatly increased éluted amount of growth fact§rThe work

presented in this thesis aimed to investigatel#sisfinding by expanding the range of assembly pH
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valuesat which this particular system was built and stagyits impact on different PEM propertie
including the amount of BMR-released, the mass and structure of each lagdrtre resulting
surface properties. The final purpose of this negteavas to otain a better understanding of 1
relationships linking the assembly pH, tPEM structure, and its resulting properties in orde

design a tunable BMR-eluting system that could be efficiently usedasmplant coatinto enhance

osseointegration.

‘0. _ONa|

CHs

Figure 2: Chemical structure of PMAA (left) and PLH (right)
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III. Experimental section

1. Materials

Titanium foil (99.5% metal basis, 0.25 mm thickidditanium wire (99.7% metal basis, 0.25
mm in diameter) were purchased from Alfa Aesar.y@oéthacrylic acid, sodium salt) solution
(PMAA, M, ~ 5400, 30 wt.% in water), poly-L-histidine hydhdaride (PLH, molecular weight
5000), phosphate buffered saline (PBS, pH = 7ddljusn hydroxide anhydrous pellets 98%),
hydrochloric acid (ACS, reagent 37%) and sulfueagACS, reagent 95-98%) were obtained from
Sigma Aldrich. Recombinant human bone morphogempetitein 2 (BMP-2) as well as human BMP-2

enzyme linked immune sorbent assay (ELISA) devetaygrkits were acquired from Peprotech.

2. Titanium plates preparation

Titanium foil was cut into 1x1 cm? or 2x2 cm?2 pkté&ach piece was soaked for at least one
minute in 1 M hydrochloric acid in order to remoWe natural oxide layer covering their surfaces.
The plates were then rinsed with deionized watbgreol, acetone, and water in this specific order s
as to remove contaminants. They were then anodizadl65 g/L sulfuric acid solution at a potential
of 30 V for five minutes and rinsed afterwards wihionized water. The cathode was made of
wrapped titanium wire whereas the anode considtéieglate to be anodized connected to the power
source with another titanium wire (Figure 3). Untlemse conditions, the pore sizes of the titanium

dioxide surface range from 40 to 200 nm in diam&ter
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Power supply

+ |-
i1
Ti sheet
(anode)
Pt foil
(cathode)
TiO,
film

Figure 3: General scheme of an electrochemical celsed to produce TiQ films by anodization of Ti. The actual setup

used in the experiment presented in this report casisted in wrapped titanium wire instead of a platium foil.

3. Build up of polyelectrolytes multilayers

Each anodized titanium plate was immersed in aub@tL BMP-2 in water solution for 15
minutes, during which time the BMP-2 adsorbed ®dhodized titanium surface. After the deposition
of this preliminary layer, the plates were rinsdulee times in deionized water and the actual
polyelectrolyte multilayer was built on top of is dllows. First, the plates were immersed in a 1
mg/mL PMAA in water solution for 15 minutes, aft@hich they were rinsed three times in deionized
water in order to remove loosely adsorbed polymanfthe surface. They were then immersed in a 1
mg/mL PLH in water solution and once again leftattsorb for fifteen minutes before being rinsed
three times in deionized water, thus concluding fibrenation of the first polyelectrolyte bilayer

(Figure 4). This process was repeated until fiveARMPLH bilayers (ten layers total) were obtained.
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Peterson et al. showed that this resulting film wask enough for an efficient sustained release of

BMP-24

Polyanion

Figure 4: Scheme of the layer-by-layer formation opolyelectrolyte multilayers® PMAA is the polyanion and PLH is

the polycation.

For a given multilayer build-up, the PMAA and Plddlution as well as the water used for
rinsing were all adjusted to the same pH using dwfdoric acid solutions (1 M and 0.1 M) and
sodium hydroxide solutions (1 M and 0.1 M). Platese prepared using solutions adjusted to pH 4.0,
5.0, 6.0, 7.0 and 8.0 in order to study the impcthis parameter on the BMP-2 release and the
coating structure. Monitoring of the pH adjustmshbwed that the concentration of sodium/chloride
ions added to the solutions was far less thahMptherefore, the influence of ions on polyelebtte
conformation and resulting PEM structure was deemegligible. All multilayers were prepared at

room temperature (approximately 22 °C).
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4. Growth factor release study

For each pH condition, the growth factor releasglystwas conducted on five different
samples, each sample consisting of a 1x1 cm? fattewas coated with solutions adjusted to that
particular pH. After immersing them in PBS, thetptawere incubated at 37 °C. Aliquots of 1 mL
were regularly sampled after 1, 2, 4 and 8 houd,adter 1, 2, 3, 4, 7, 10, 14, 17, 21 and 25 dal}s.
aliquots were immediately frozen at -30 °C aftengbing and replaced with an equal volume of PBS.
At the end of a release study the plates were difisst with 0.5 mL of a 0.1 M hydrochloric acid
solution and then with 0.5 mL of a 0.1 M sodium toghloride solution in order to remove all
leftover BMP-2 on the anodized titanium surfacebbgaking all electrostatic interactions between the
PEM and substrate. The resulting 1 mL aliquot viies tadjusted to pH = 7.4 with hydrochloric acid
and sodium hydroxide solutions in order to mat@hphl of the previous aliquots (consisting primarily

of PBS), and immediately frozen at -30 °C.

In order to define the impact of the assembly pHtloe release of BMP-2 from the PEM
samples, the amount of BMP-2 eventually reachiegstirrounding PBS medium was quantified using
a sandwich ELISA. This technique aims to detecigant presented by the sample and is performed
in a series of five main steps (Figure 5). Firsgtnawn quantity of capture antibody is adsorbedion
plate and any non specific binding sites are bldcke avoid cross-reactions. Then, the sample
containing the antigen of interest is added so ithean binds to the capture antibody. The thiepst
consists of adding a detection antibody that wioaink to the sample, which will then become
“sandwiched”. Non specific sites on the detectiotiteody are afterward linked to a third kind of
antibody which present an enzyme. Finally, a chahigcadded that will be converted by the enzyme

into a detectable signal, usually by using colotimer fluorescence.
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Figure 5: Principle of a sandwich ELISA. 1) Capture antibody adorbed on surface, 2) Sample with antigen linked t
capture antibody, 3) Detection antibody linked to atigen, 4) Enzyme linked antibody bound to detectiomntibody, 5)
Substrate converted by enzyminto detectable form.

ELISA was performedh accordance wit the instructions provided wittihe development kit.
Aliquots were thawed and brought tcom temperature before use, and dilusisanging fror 1/8 to
1/32 wereselected in order to obtain rets within the specified concentration limits the ELISA
protocol Color monitoring of the ELISA plates was perfornesing aPerkir-Elmer Victor

multilabel reader with a 405 nm filter and650 nm correction filter.

5. Analysis of the coatings surface

a. Layer-by-layer mass monitoring

The amount of polyelectrolyte adsorbed on the Hatéace for each layer was monitored
several pH conditions using a-Sense E4 quartz crystal microbalamng¢h dissipation monitorini
(QCM-D, Biolin Scientific). Briefly, QCM-D uses a quartz crystal resonator that oscillatess:
fundamental frequency by piezoelectric effect ia #ibsence of any perturbation. How, if mass is
adsorbed or desorbed on the resonator surfaceditating frequency will change, thullowing for
these variations to be tracked in real tilMoreover,if the frequency shift is coupled to dissipat
monitoring, (which is to say the evolution of thgstem damping) as it is the case for Q-D,
informationrelated to the sample viscoelcity can be collectedAs a consequence, this method
been increasingly used to determine film thickraass$ molecular affinity to surfac in gas and liquid
environment§®°®
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Titanium plated QCM-D sensors were used to reptebe actual titanium plates. Given the
cost of manufactured BMP-2 and the amount of grokatitor solution required to run through the
QCM-D for 15 minutes to form a layer, the initiayer of BMP-2 was replaced by an extra layer of
PLH. This first layer was made by running a 1 mg/pti-adjusted PLH in water solution through
each QCM-D module, and then rinsing it by runnihg torresponding pH-adjusted deionized water

for ten minutes.

The multilayer buildup was performed by first rummma 1 mg/mL pH-adjusted PLH in water
solution through each QCM-D module for fifteen niemj then rinsing it with the corresponding
pH-adjusted deionized water for ten minutes. Theoiseé layer was then adsorbed by running the
1 mg/mL PLH in water solution for fifteen minutesdarinsing it again afterward with water for ten
minutes, thus leading to the formation of the fiodayer. This procedure was repeated until five
bilayers (ten layers total) had been formed ondbghe initial PLH layer. The QCM-D data were
acquired using the software Q-Soft and treated thighsoftware Q-Tools. For stiff thin films such as
PEMs, the Sauerbrey equation can be used to lneddte changes in frequency and mass:

C
Am = —;Af (1)

In this equation, m is the adsorbed mass, f thenaad frequency, n the overtone humber and C the
mass sensitivity constant which in this case wasaketp 17.7 ng/(cfaHz). The validity of the

Sauerbrey equation for this particular PEM systealhbe discussed in detail in section (V.4).

The impact of the rinsing water pH on the PEM wagestigated by reproducing the same
experiment while using regular (and not pH-adjustddionized rinsing water in between each

polyelectrolyte adsorption step.

b. Contact angle analysis
Contact angle analysis was performed on 2x2 cenditim plates coated with BMP-2 and five
PMAA/PLH bilayers using a contact angle gonioméRamé-Hart). Plates were prepared at pH 4, 5,

6, 7 and 8 as described previously. For each dondiseveral 2uL droplets of deionized water,
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glycerol, formamide or diiodomethane were droppatbdhe corresponding plate and the resulting
contact angles were measured using the softwargliDemge. When switching to a different liquid, the
plates were rinsed three times with deionized waldged with nitrogen and left to dry overnight

beforehand.

The surface energy of each plate was determird fhe contact angle measurements using

the Owens-Wendt theory, which identifies the palad dispersive contributions to the global surface

energy?®

c. Atomic force microscopy

The surfaces of 2x2 cmz? titanium plates preparetiénsame manner as those used in contact
angle analysis were imaged using an atomic foraeastope (AFM, Nanosurf NaioAFM) in contact
mode. Briefly, atomic force microscopy is a higlsalkation scanning probe technique using a
cantilever with a sharp tip at its end that conmts contact with the sample surface. As the tgnsc
the sample, it is deflected by the asperities enstirface. This deflection is detected by a lasanb
reflecting onto the probe and into a grid of phaddds (Figure 6). This signal is then convertedrto
image. Piezoelectric elements located either insgmaple stage or the cantilever holder constantly
adjust the tip-to-sample distance through a feddb@mp so as to maintain a constant pressure force
and avoid breakage of the cantilever. Contact medmpable of detecting features ranging from a
hundred micrometers to a few nanometers as welliaionalizing surfaces, tracking living cells

behaviors or even measuring adhesion foft€s

Images presenting discrepancies such as scraichesisual blobs of adsorbed polymers were
discarded in this study. For each AFM image, theraye roughness of the surface, its root mean
square as well as the peak-valley height were medsand then averaged by using three samples per

pH condition.
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Figure 6: Schematic of AFM principle’
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IV. Impact of the assembly pH on the BMP-2 release

1. Comparative study up to 25 days

The sandwich ELISA protocol used was specific BdP-2, allowing for determination of
BMP-2 concentration in the release medium for ggdlcondition and at each time point, eventually
resulting in Figure 7. For PEMs prepared at theelstiwpH value (pH = 4.0), the amount of BMP-2
released is the greatest and reaches approximha&dy 0.11 ug/cmz2 after twenty-four days. As the
assembly pH becomes more basic this amount desremadually, reaching its minimum release
profile for coatings assembled between pH = 6 ddd¥ with roughly 79G 160 ng/cm? of BMP-2
released in the same time span. However, whendpesition pH increased further, the amount of
BMP-2 released from the PEM increased, resulting.20+ 0.085ug/cm2 of cumulative release after

25 days for plates prepared at pH = 8.

Two reasons could explain these differences ipasd profiles. The first one is that the
amount of BMP-2 initially adsorbed on each platbolethe PEM formation was not always the same.
However, as all plates were anodized and immensatié same BMP-2 solution by following the
exact same protocol, this hypothesis does not $edmld. The more plausible reason is that the PEM
internal structure was sensitive enough to theerdfice in assembly pH that it adopted different
architectures as a result. As a matter of facty attveral weeks of experiment, all samples woalah
reached an internal pH equal to the one of theosanding medium, namely 7.4. Therefore, the
different behaviors that were observed, especdlihhe end of the study, have a very low probabilit
of being due to events happening after the PEM d&tion. Following this reasoning, the various
profiles that were obtained were predetermined reefbe actual release study started. The only
variable that could have had such an impact wasPlEM deposition pH. The deposition pH-

dependent variations in internal organization wdaddhen reflected in the BMP-2 release profilss, a
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the molecules would encounter more or fewer obssagthen trying to diffuse from the titanium

substrate through the multilayer.
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Figure 7: Cumulative released BMP-2 concentration fovarious assembly pH. Error bars represent standard

deviation.

Based on this understanding of BMP-2 release, alsmamount of BMP-2 released after a
certain time span would indicate that the PEM ewmpis more stable and/or packed more tightly than
for other pH conditions. As a matter of fact, Pster et al. have shown that PMAA has a very low
solubility in water, especially in a pH range of5.7°", which might explain the increased resistance
to BMP-2 elution of the studied PEM prepared arophd= 6. Nonetheless, this increased resistance
of the coating also has the potential of an exténu®iod of release that could span way longer than

25 days.

On a different note, it is interesting to pointt doat independently of the assembly pH, all
samples presented sustained release for up to &5 Haowing that the biological fixation of the
implant, that is to say the proliferation of cedlisning to anchor the foreign body into the skeleton

starts 10-14 days after surgery and that the mlimatimn of these new tissues can take more than
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three month$,such results are extremely promising for the uséhis BMP-2 system as implants

coating.

Plotting the BMP-2 concentrations in term of thpércentage compared to the initial total
amount of BMP-2 adsorbed on titanium plates yieldesllts leading to identical observations as
plates prepared at pH = 6 presented the lowestselpercentage (Figure 8). However, it was noted
that for all pH conditions, the amount releasethatend of the 25 days experiment was consistently
above 90%. Following this observation, the initiaial amount of BMP-2 adsorbed on the titanium
plates should have been around 835 ng/cm?, whidhesvalue obtained by the plate prepared at
pH = 6, and, moreover, this amount should have lieesame for all plates as explained previously.
There are thus conflicting results between the oreasBMP-2 concentrations displayed in Figure 7

and the corresponding percentages presented ineFggu
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15 20 25 30

Percentage of total BMP-2 amount initially adsorbed

Time (d)
Figure 8: Cumulative percentage of released BMP-2 fovarious assembly pH. Error bars represent standard

deviation. The total amount of BMP-2 released at thend of the experiment was identified to be the totamount of

BMP-2 initially adsorbed.
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As there would be no reason for different quagditof BMP-2 to be adsorbed while following
the same immersion protocol, another explanatios pushed forward, namely, the assumption that
the final plate treatment aiming to peel the PEM &me remaining adsorbed BMP-2 did not fully
capture all BMP-2 that was left in the system (baththe titanium substrate and within the PEM). In
order to confirm this new hypothesis, the reledsdias taking place at the time were not stopptat af

25 days but pursued until a state of BMP-2 deptetould be approached.

2. Complete release profile and Kinetics
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Figure 9: Cumulative released BMP-2 concentrationsar coatings assembled at pH=4 and pH=5. Error barsapresent

standard deviation.

The release studies for samples prepared at pHard4pH = 5 were performed for up to
seventy days. At this point, a leveling of the aske profile extending to the last few weeks was

observed, indicating that almost all BMP-2 had bletrout of the PEM (Figure 9). This assumption
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was furthermore supported by the similar aspe¢hefcurves representing the BMP-2 concentration
percentage (Figure 10) and the nearly identicalesalff cumulative BMP-2 release attained at the end
of both release studies, establishing that thé amt@unt of BMP-2 adsorbed on each plate was around
2.0% 0.13pg/cm? and that the final process aiming to cleargtate of all remaining BMP-2 adsorbed
was indeed inefficient. In that regard, the perages presented in Figure 8 could be considered
inaccurate and should be recalculated, either lBynamg an average initial amount of BMP-2
adsorbed equal to gg/cm? or, to ensure scientific soundness, by refdie release studies and
monitor the BMP-2 release until its profile indieatan exhaustion of the initial load, as was dane i

this experiment for pH = 4 and pH = 5.

20 40 60 80
Time (d)

Percentage of total BMP-2 amount initially adsorbed

Figure 10: Cumulative percentage of released BMP-r coatings assembled at pH=4 and pH=5. Error barsepresent
standard deviation. The total amount of BMP-2 releas# at the end of the experiment was identified to bthe total

amount of BMP-2 initially adsorbed.

Peterson et al. reported similar amounts initiathgorbed for the release of fluorescent-labeled
poly-lysine from a PLH/PMAA multilayet: When switching to the release of BMP-2 molecules

however, other studies from this group showed thatinitial amount of proteins adsorbed on the
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substrate ranged between 20 and 100 ndft¥iZThese differences in magnitude order are most
probably due to the different protocols followedese experiments, the main ones being the release
temperature (room temperature for Peterson e3@l;C in the present report) and the pH of the
rinsing water when building up the PEM (unchangedHeterson et al., pH adjusted in the present
report). Additionally, other studies about BMP-2eese indicated that high amount of molecules can
indeed be released depending on the PEM formatiadittons and on the release conditions. Guillot
et al. as well as Crouzier et al. both used a systiernating poly-L-lysine and hyaluronic acid and
observed concentrations ranging from 6 toujicm? of growth factor being released from the PEM.
Crouzier et al. used a porous ceramic as a substrhereas Guillot et al. used titaniﬁ?rﬁ?SimiIarly,
MacDonald et al. reported as much asugimnt of BMP-2 released in vivo from a 14 mg scaffold
coated with a polf{-aminoester)/chondroitin sulfate multilay@rThe results displayed in this report
are thus plausible and tend to confirm that sevesalplex phenomena oversee the release process.
These results also demonstrate the potential 8fREM coating as a long-term delivery system,sas it
effectiveness could be witnessed for more thanrhwaths, which represents two thirds of an implant
osseointegration. Complete release profiles atrathposition pH values should thus be investigated
in order to confirm these already promising resudtspecially for coatings assembled at pH = 6, as

their great stability could extend the releasequkéven further.

Transition /11 Transition 11/111
BMP-2 BMP-2
pH t(d) concentration t (d) concentration
(ng/cm?) (ng/cm?)
4 0.3535 903.83 10.138 1645.15
5 3.2124 898.74 27.628 1824.92

Table 1: Transition points between the different kinéic regimes of release

A point that has not been yet addressed is the massfer processes involved in these release
studies. From Figure 7 it could be seen that a&tburst of released BMP-2 taking place during the
first day, the profiles leveled slightly during tliest few days. Then, after roughly four days of
immersion, an extremely regular release was wigtessitil the end of the twenty-five days period.

The curves shown in Figure 9 complete this obsemdly covering a longer span of time. It appears

32



from them that the first two regimes observed iguFé 7 can actually be merged as one covering the
first days of the study, followed by a very steadiease for up to 20-30 days. After that point both
curves level off, their slopes coming close to zexentually establishing what could be considai®d
three different zones for the profile of each pkaion. Each one of these regimes was fitted waith
linear model (R2> 0.91) and the transition data in between them weported in Table 1.
Interestingly enough, it seemed that these tramstoccurred not based on the immersion time but
rather on the amount of BMP-2 released. Howeveg tiuthe small size of the data pool this

observation was made on, more extensive reseangtessary to explore this behavior further.

The first zone corresponds to a burst releaseeplEasommon phenomenon in drug release
profiles in polymeric systems. Although it has beebserved for numerous PEMs such as
PLH/PMAA, poly(-aminoester)/hyaluronic acid, and pd@gminoester)/poly(acrylic acid};** the
underlying mechanisms are still poorly understoBdrameters that probably influence diffusion
include the surface characteristics of the sulestaatd its interactions with the adsorbed drug, the
morphology and porosity of the PEM coating as wadl the processing conditioffsin the
experiments reported here, it is quite possible tha immersion of the samples into the release
medium is the main cause of the observed bursaseleas the dry PEM coatings would undergo a
swelling process as water molecules diffuse betviberpolymer chain®. These chains would thus
reorganize their network, breaking and forming neectrostatic bonds until completion of a new
stable matrix that would be more loosely bound thafore due to its hydration. This increased
porosity along with unbalanced electrostatic intéoms and easier transport due to the presence of
water molecules in the multilayer would greatly pade the diffusion of BMP-2. Moreover, a
concentration gradient would be established betwherBMP-2 covered titanium substrate and the
BMP-2 free medium in which the sample is immerselich could cause an osmosis process, further

increasing the release rate of growth factor.

The second regime presents a fairly linear prafier the time range of one to several weeks.
Following the previous assumptions regarding th& fiegime, this transition can easily be explained

by steady-state diffusion that is reached aftergietion of the PEM swelling and reorganization.sThi
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stage of the release, however, is the most integeshe from a medical point of view, as it would
allow a controlled and continuous delivery of grbviictor over a long period of time. Moreover, the
differences in transition time (Table 1) and inexgpef release (Table 2) induced by the assembly pH
of the coating indicate that this control could dimized if the corresponding assembly pH were
used, thus resulting in precisely tuned BMP-2 aly?EMSs that would be specifically designed for a
given release profile. Such steady profiles foimailar multilayer coating have already been repabrte
by Peterson et &f, however, the considerably longer period of steagase as well as the larger

amount of growth factor involved that are repottede further increase the potential of this system.

Slope
pH Regime | Regime I Regime Il
4 1940.4 75.758 7.7379
5 220.03 37.933 3.6892

Table 2: Slope of the different kinetic regimes ofelease

The third and last regime, in which the leveliofythe release profile can be observed,
corresponds most probably to the exhaustion of BMP-2 reservoir adsorbed on the titanium
substrate. As less and less growth factor remamnghe plate, the previous steady-state would be
thrown out of balance once again as a constanisiié flux could not be maintained through the
multilayer. However, unlike the first regime thisansition would not end up in a matrix
reorganization, as the electrostatic bonds wouldnbstly dependent on the polymer chains and the
solvent molecules rather than on the remaining BMBRelecules. As a result, there would simply be a
decreased flux of growth factor. Eventually all BMRvould be released, an assumption confirmed by

the percentage curves (Figure 10).

Up to this point, only diffusive phenomena haverme&onsidered to explain the release of
BMP-2 into the surrounding medium. Another commoocpss of drug release that could intervene in
this system is the degradation of the PEM, whicloisay the disruption in the electrostatic bonds
linking the different polyelectrolyte layers togethbecause of the water molecules infusing it. This
mechanism leads to a decrease in thickness of tit@@ayer as the polymer chains are pulled out of

it.">** As a matter of fact, Peterson et al. observed dhat PLH/PMAA system was substantially
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degraded (removed from the substrate) after 25 daMP-2 release. They also isolated PMAA in
the PBS mediurf: However, if degradation were the driving factogrowth factor release, very few
polymer chains would have been expected remainmghe substrate at the end of the experiment.
Therefore, the remaining adsorbed BMP-2 should Hamen easily removed, and as discussed
previously through Figure 7 and Figure 8 this wa$ the case. This mechanism has thus been

considered negligible as compared to diffusion.

3. Research of a global model

Despite the recurrent presence of three differeginmes for all assembly pH conditions, the
variations in regime transition and speed of grofattior release still could not be predicted. A enor
general model taking into account the whole relgaseess was needed in order to be able to

understand and control the BMP-2 release profiles.

The Higuchi model developed in 1961 is a widelgdigquation, if not the most used one,

aiming to describe the release rate of drugs frawlid matrix. Its basic form can be written as:

Where M is the total amount of drug release at time ts £he surface area releasing the drug, D is the
Fickian drug diffusivity within the system, @ the initial drug concentration ang @ the solubility

of the drug in the system. This equation can ed&slyeduced to a simpler form:
M,
M, = K\t or T KW\t (3)

With M,, the cumulative amount of drug released at infitiitee, which should be equal to the initial
amount adsorbed on the sample surface, and K aactnsflecting the design variables of the
system’* It is obvious that the Higuchi model describesagdransport dependent on the square root

of time, much like the release from a thin polyrfien using pure Fickian diffusion for which onlyeh
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definition of K would differ. These similar formgeaconsistent with the fact that the Higuchi model

was developed using Fick’s first law of diffusiand can thus be considered as being derived from
this model. A direct consequence of this form ofdidependence is that both models are only valid
for the first 60% of the total drug releadSeNonetheless, systems such as PLH/PMAA PEMs or

chitosan-based hydrogel have been reported tonfdhes modef* ™

The data obtained during release studies wer¢egl@ind fitted to the Higuchi model for all
points up to 60% of the total amount released atetid of each experiment, and the resulting model
parameters were computed in Table 3. It could Ioeloded from these results that, besides the PEMs
assembled at pH = 5 and, to a lesser extent, at @ldnd pH = 8, this model does not properly pttedic
the multilayer behavior regarding growth factor idely. However, this result could have been
expected as one of the major hypotheses suppdtimdiiguchi model is that the polymer carrier
diffusing into the outside medium should not swalldegrade during the diffusion procéssAs
discussed previously, the studied PEM does notoconfo this hypothesis. Moreover, proteins such
as BMP-2 have complex secondary structures thhtdadunctional groups and can therefore interact
through hydrogen bonds or electrostatic interastionth the polymer matrix. As a result, their
diffusion cannot be described using a Fickian diffa model or one of its variations as such theorie

were usually developed to account for the diffusibsmall, uncharged molecul@s.

Higuchi model Power law model
pH K R? K R? n
4 792.05 0.5791 817.67 0.9212 0.2778
5 424.64 0.9595 457.09 0.9672 0.435
6 138.78 0.8679 174.22 0.8705 0.4303
7 349.36 0.3988 349.91 0.875 0.242
8 435.29 0.8769 430.12 0.9528 0.3497

Table 3: Model parameters for the Higuchi and the pwer law models

Following this observation, other models were @bm®d such as a zero-order kinetic

behavior and the power law model, which can betewrias:
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M =K.t" (4)

M
It can be seen that the Higuchi and Fickian modedsobtained when n = 0.5, whereas the zero-order
model corresponds to the case where n = 1, whidnmthat the drug release would remain constant
over time. This last model has been sometimes faamgistent with complete drug release profiles
for PEM systems as reported by Berg et ‘ahpwever, in most cases a zero-order model was only
representative of a later stage in the releaseepsdt’® From Figure 7 it can indeed be concluded that
this model, if fitting for the constant release @h®d after one week, cannot be used to accouttdor
complete release behavior. As a result, each BNpireflle was fitted to the power law model. The

results are shown in Table 3.

Overall, all pH conditions agreed fairly well wita power law, with a coefficient of
determination greater than or equal to 0.87 andvéepbelow 0.5. Extending the model to the release
studies lasting seventy days confirmed these esait pH = 4 and pH = 5 with coefficients of
determination equal to 0.92 and 0.96 and powerrsregual to 0.246 and 0.397, respectively. From
this analysis, it can be concluded that, if a Fiokor Higuchi diffusion mechanism is indeed involve
in this release process, it is not the only onevelgt participating in the transport of BMP-2 fraittme
substrate to the outside medium. It has notablyn beported by Siepmann and Peppas that the
increased plasticity of the multilayer caused bg Hydration of the polymer matrix can enhance
molecule transport through what is referred asse-tbmechanism. These two phenomena, diffusion
through the PEM as well as transport induced byraauahic swelling, should thus be both taken into
account in order to devise an accurate model aj dzlease from PEMS.Moreover, the variations of
deposition pH incidentally modifying the multilayswelling can also impact these mechanisms by
increasing or decreasing their relative contributitm the transport phenomenon. Finally, the
electrostatic interactions between BMP-2 molecaled the polymer matrix cannot be neglected as

such interplay is highly important during the releg@roces§.
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V. Impact of the assembly pH on the PEM structure and

formation mechanism

As conditions during the release study were idgahfor all samples, the differences observed
in amounts of released BMP-2 could only be explity a deposition pH-dependence of the
multilayer coating that would affect its internédugture. Such behavior has been previously regprte
while the effects described are sometimes compleigposite for different PEM complexes. Garg et
al. observed that increasing the solution pH whanlding up a PEM of poly(allylamine
hydrochloride) (PAH) and PCBS, an anionic polymetj@, resulted in an overall increase in mass
adsorbed as well as an increased thickness of EM.’® However, Notley et al. reported that
PAH/poly(acrylic acid) (PAA) systems were thickehen formed at more acidic pH valutésinally,
the poly(L-glutamic acid)/poly-L-lysine (PGA/PLL)oating studied by Richert et al. showed an
increase in thickness if either highly acidic ayltly basic pH were used during its formation, whsre
it remained thin between pH = 6 and pH £ order to investigate if and how the assembly pH
would indeed impact the BMP-2-(PMAA/PLH¥)ystem, QCM-D measurements were performed at

pH=6and pH=7.

1. The Sauerbrey model

QCM-D is a nanogram sensitive technique that usssusiic waves generated by a
piezoelectric quartz crystal sensor to measure .nidss reference frequency for these sensors is
usually equal to 5 MHz, which corresponds to atafythickness of roughly 330g.8* The measured
shift in frequency of the acoustic waves can bkelihto the mass adsorbed onto the sensor using the

Sauerbrey equation which was developed in 1959:
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Am=—-C.— (5)

Where m represents the mass, f the frequency, rodbdone number and C the mass sensitivity

constant, equal to 17.7 Hz.ngfcfar a 5 MHz crystal and defined as:

(6)

With t, the crystal thickness apg its density.

Despite its simple form, the Sauerbrey equatios leen widely used in QCM analysis to
investigate adsorption phenomena and surface amadization such as situ hybridization of DNA,
detection of cellular systems, adsorption of preteind lipids or even model for cell adhestomhe

validity of the Sauerbrey equation is dependentherfollowing three requirements:

1. The adsorbed mass must be small relative to thezjcrystal mass.
2. Arrigid film must be formed upon adsorption.

3. The quartz crystal sensor must be homogeneousBred\by the adsorbed film.

Many PEMs comply to these conditions and thus tkieietics during the multilayer formation have
been extensively researched using the Sauerbregliod This fact can mostly be explained by the
very thin films obtained, with thicknesses rangifigm a few nanometers to a few hundred
nanometers depending on the polyelectrolytes usieel, number of bilayers and the assembly
conditions®®**%® Kolasinska et al. indicated that the thicknessadive bilayer PSS/PAH system
ranged from about 3 to 8 nth.Similarly Kostler et al. reported a thickness &oat 17 nm for
PDADMAC/PSS PEMSs containing five bilayers. As whle discussed in greater detail in section
(V.4), the BMP-2-(PMAA/PLH;y system presented here was deemed compatible h@thge of the
Sauerbrey theory and investigated through QCM-Drder to determine how the assembly pH would

impact the mass and structure of the PEM.
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2. PEM adsorption profile and importance of solutions filtration

Initial QCM-D experiments at pH = 6 and pH = 7lgied surprising results, as the adsorbed
mass profiles were entirely different from what wagected based on a review of the literature.
Instead of regular step-like increases in massespanding to the different layers being adsorbed,
features such as irregular peaks and unexpectedad®es in mass were observed (Figure 11). These
characteristics were even more pronounced for P&ddsmbled at pH = 7, where large amounts of
mass were adsorbed during deposition and then imereediately washed away from the surface
during the rinsing step (Figure 12). Moreover, tbpetition of these experiments to confirm the data
obtained led to completely different profiles whiclid not fit the previous results, while still

presenting the same kind of discrepancies.
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Figure 11: QCM-D curve obtained for solutions and msing water adjusted at pH = 6, non filtered. Massvas obtained

through analysis of changes in frequency using th8auerbrey equation.
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Figure 12: QCM-D curve obtained for solutions and msing water adjusted at pH = 7, non filtered. Massvas obtained

through analysis of changes in frequency using thBauerbrey equation.

To explain and remedy to these problems, the highhsitive conformation of the polymer
chains in solution was considered. It has long baswn that, because of the charged functional
groups attached to the polyelectrolyte backbone,citnformation of these molecules is extremely
dependent on parameters such as temperature, osolignic concentration, pH, and polymer
concentration. High ionic concentrations obtaingdhe addition of salt are known to cause charge
screening, which in turn allows the polyelectrolyfieain to adopt a more coiled shape and form
thicker layers when adsorb&f° However, this salt effect was not considered psssible cause of
error during this experiment as the amounts of adited to the solutions to adjust their pH were
negligible (~10 M, see appendix 3). A similar coil transition walso reported by Glinel et al. for
systems including poly(N-isopropylacrylamide) (PKM) and its derivative§® Under 32 °C,

PNIPAM chains were highly soluble in water due timisg hydrogen bonding. However, above this
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critical temperature the hydrogen bond interactibasame disrupted, resulting in a collapse of the
chains that adopted a globular conformation. Vianmetin ionic concentration resulted in shiftingth
critical temperature, and it was noticed that thassition was entirely reversible. As temperatues
maintained constant during the experiment, thisapater was also deemed insignificant for the

current system.

Globule-coil transitions can also be obtained uhio pH variations. Koetz and Kosmella
reported that PMAA displayed a compact globule foatn acidic pH values, as hydrophobic
interactions between the methyl groups formed doitdcro-domains along the polymer chaifis.
Their work also indicated that weak polyelectrodyteere especially subject to these conformational
pH-induced changes, which can eventually lead ¢éofthmation of aggregates stabilized by surface
charges and large enough to result in solutionidityb This last point was especially interestiag,
turbidity had indeed been observed while prepatimgPLH solutions used in this experiment. The
probable coiled conformation of the polyelectrolylains supported the results obtained as the
adsorption process would be hindered by the smafiber of charges available on the aggregates
surface. These aggregates would form weak conmsctigth the underlying polymer layer, and thus
would be easily washed away during the rinsing .st&p a result, it was decided to filter the
polyelectrolyte solutions before running them ttyiothe QCM-D in order to obtain better adsorption
profiles. This procedure proved to be effectivecas be seen in Figure 13 and Figure 14. Eachlgrofi
presented regular increases in mass as a layebeing adsorbed, followed by a decrease and a
leveling representative of the rinsing step, asébo bound polymer chains would be washed away

from the surface.

Finally, a last cause of result discrepancies w@ssidered: the validity of the Sauerbrey
equation to correctly account for the mass adsmmpprocess. Several alternative models and
corrections to the Sauerbrey model have been pedpfos the analysis of PEMS® This issue will

be more extensively discussed later on in thisshes
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Figure 13: QCM-D curve obtained for solutions and msing water adjusted at pH = 6 and filtered. Massvas obtained
through analysis of changes in frequency using th8auerbrey equation.
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Figure 14: QCM-D curve obtained for solutions and msing water adjusted at pH = 7 and filtered. Massvas obtained
through analysis of changes in frequency using thBauerbrey equation.
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3. Impact of the assembly pH on the mass adsorbed

Two additional parameters were investigated: theopthe polymer solutions, either equal to
6 or to 7 for the whole multilayer, and the pH bé trinsing water, either unmodified or adjusted to
match the PEM one. For each pH condition, a minimafnfiour different runs were considered in

order to obtain reliable data.

Large variations in mass adsorbed were observeegndiing on the assembly conditions
(Figure 15 to Figure 18). Systems entirely assedthblepH = 6 exhibited an average total mass of
7.6+ 2.8pug/cm?, whereas a mass of 2@.1 pg/cm? was obtained when using solutions adjusted at
pH = 7. Switching from pH-adjusted to regular détexd water also impacted the mass adsorbed,
increasing it to 16.4 4.2 ug/cm? for PEMs built at pH = 6 and decreasing iL »+ 0.68ug/cm? for
the ones formed at pH = 7. Overall, it can be gbanb less mass was adsorbed when PEMs were
assembled from solutions at pH = 7, and thatadipisting the rinsing water pH had the opposite
effects on the adsorbed mass depending on thensydie as it was increased at pH = 6 and decreased

atpH=7.

Values of PEM mass reported in the literaturerditidisagree with such a wide range, as they
also indicated that this parameter was heavily dé@et on both the PEM nature and the assembly
conditions. For example, systems made with differpalyelectrolytes can show similar mass
adsorption for a given number of layers. Notlegleand Chien et al. reported that PAH/PAA systems
consisting of eleven layers had a mass of about@@&n? under certain pH conditiofs® The same
estimation of mass was found to be consistent REM including several different polythiophenes,
as well as chitosan/heparin multilayers, even thotltey are polymers with extremely different
functional groupg*®’ On the other hand, several studies demonstragd/étnying the assembly pH
for the same PAH/PAA system resulted in large @ana in mass adsorbed, ranging from less than
800 ng/cm? to 8.Gug/cm? for an eleven-layer PEM®>°® Moreover, this difference increased as the

number of layers increased, as shown by Chien. eitad reported a mass ofug/cm? for a 31-layer
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system built at pH = 2, and of 18y/cm2 for the same system assembled at pH = 6.8¢e wb
significant difference between the two systems adut observed when only eleven layers were
adsorbed® Regarding the (PMAA/PLH) PEM presented in this study, Peterson et al. tegoa
mass of about 1ig/cm? when it was assembled at pH = 6 and rinséd wvimodified water, which is

a value slightly smaller but nonetheless consistétht the results obtained hete.
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Figure 15: Average mass adsorbed for solutions arthsing water adjusted at pH =6. Results display tB mass
adsorbed per layer of a given polyelectrolyte (Ieftas well as the mass adsorbed per bilayer (rightError bars

represent standard deviation.
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Figure 16: Average mass adsorbed for solutions arrthsing water adjusted at pH = 7. Results displaytte mass
adsorbed per layer of a given polyelectrolyte (Ieftas well as the mass adsorbed per bilayer (rightError bars

represent standard deviation.
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Figure 17: Average mass adsorbed for solutions adjted at pH = 6 and unmodified rinsing water. Resutt display the
mass adsorbed per layer of a given polyelectroly{geft) as well as the mass adsorbed per bilayer ¢it). Error bars

represent standard deviation.
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Figure 18: Average mass adsorbed for solutions adjted at pH = 7 and unmodified rinsing water. Resutt display the
mass adsorbed per layer of a given polyelectroly{geft) as well as the mass adsorbed per bilayer ¢ht). Error bars

represent standard deviation.

It should be noted that, despite performing sdverss for each condition, the data obtained in
this study still might not be entirely reliable, they presented extremely large standard deviations
some of these standard deviations were even l#ngerthe actual value they accounted for (Figure
18). In that regard, one should not look at theomfia quantitative point of view, but rather from a

gualitative point of view in order to identify retcing trends.

One such trend, as was previously mentioned,eisntreased amount of mass adsorbed at a
more acidic pH value. One explanation for this mimenon is that the polymer chains present more
available charges at pH = 6 due to their overatif@onation, which in turn allow more electrostatic
bonds to be formed and thus more molecules to serlbed in a layer. Moreover, this large number of
electrostatic interactions also reinforces the alestability of the layer, as it will adopt a flat
conformation rather than a loop-and-tail one, mgkinmore difficult to remove molecules from it
during the rinsing step. This last point is espécbvious when comparing Figure 13 and Figure 14,

as nearly no mass is washed away when buildingHi at pH = 6 whereas a consequent amount of
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mass is removed after each adsorption step at fHFhese results are consistent with the release
study results, as films built at pH = 6 would berenstrongly bound than those built at pH = 7, thus

offering more resistance to the diffusion of BMP-2.

Another possible explanation to this difference nsass adsorbed, once again due to
electrostatic interactions, is the pH-dependentwamof water trapped in each polyelectrolyte layer
during its adsorption. Aggarwal et al. reported tiés effect could drastically increase the adedrb
mass for a chitosan/heparin PEM that was formguHat 4 rather than pH = 9, as the mass fraction

accounting for the water trapped in the system pairfpom 33% to 719%*

Another observable trend is that more PLH than RMvas adsorbed per bilayer. Once again,
the balance between each polymer ionization lemdltaeir resulting conformation can account for
this phenomenon. The pKa of PLH ranges from 4 & depending on its ionization level, which
means that PLH is strongly dissociated at both pfand pH = 7° On the other hand, PMAA has a
pKa of 6.8 and thus presents few charges at pHand nearly none at pH =°%7.Overall, PLH
molecules have more possibilities to form elecatistbonds and adsorb on the PEM surface, which

explains why they account for a greater mass.

It can also be seen that the mass adsorbed iecresth the number of bilayers. This
observation seems to hint that this system doedafiowv a linear buildup behavior, but rather an
exponential one. Elzbieciak et al. as well as Cleital., among others, reported similar observation
for PAH/PAA system&> This behavior usually indicates an interpenetraficocess, which can be
described as the polymer chains adsorbing thenwsedvetop of the film and diffusing in the
underlying layers at the same time. As this diffasis enhanced by fewer electrostatic interacttons
break, this behavior is especially common for weaklarged polyelectrolytes, which will then adopt
a loop-and-tail conformation rather than a flat omeen adsorbing on the film surfafeThis
mechanism was consistent with the low ionizatiogrde of PMAA in this experiment. Moreover, it
could be seen from Figure 15 and Figure 16 thatettponential growth was more pronounced for

PEMs built at pH = 7, which corresponded to a readutral PMAA and further supported this
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theory. Films formed at pH = 6 were then probabiyrer than those assembled at pH = 7, but also
more compact and presenting a higher link densitych in turn would explain why a slower BMP-2

release was obtained from them. The related viastieldata (Table 4), which are discussed later on
in this thesis, supported this hypothesis, as fimssembled at pH = 6 were overall in greater

agreement with the Sauerbrey model than those thathpH = 7.

As was previously said, using unmodified deionizedter instead of pH-adjusted water
during each rinsing step yielded unclear result$ mereased the total mass adsorbed at pH =16 fro
7.6 £ 2.8 pg/cm? to 16.4+ 4.2 pg/cm?, and decreased it at pH = 7 from 2.6..2 pg/cm? to
1.2 + 0.68 ug/cm2. Regardless, it is clear that the pH of timsimg water indeed did matter and
impacted the overall multilayer structure during fibrmation. This processing parameter should be
taken into account when designing a PEM coating djpposite behaviors observed at different pH
values were most likely due to the interactionsmeen water molecules and polymer chains. The
balance between hydrogen and electrostatic bondagdthe rinsing step would be altered when
compared to multilayers formed using pH-adjustedewaMoreover, PMAA would be especially
sensitive to such changes because this range @f péty close to its pKa, making PMAA susceptible
to switching conformations upon the slightest stirmuand thus impacting the mass adsorbed. To

better understand this phenomenon, further studietered around the rinsing process are necessary.

4. Discussion on possible sources of error

The significant variations of adsorbed mass olekwithin each pH-condition and the large
resulting standard deviations might find their ®@um several factors. One possible cause of error
includes the accuracy of the QCM-D system as welita artifacts. Castro et al. investigated the
impact of an inhomogeneous mass distribution onséresor surface. They reported that a punctual
loading on the quartz crystal surface could leadasitive shifts in resonance frequency, which woul
then be translated as negative mass shifts whew use Sauerbrey mod®l.These results make
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sense, as one of the assumptions of the Sauerlmégl s that the sensor is homogeneously covered.
It might also explain some of the discrepancieeplel in the present study, as it could sometinees b

observed upon dismantling and cleaning the QCMDpsthat the sensors were not entirely covered
by the PEM. Another similar source of error incledie fact that, despite extensive cleaning of both
the sensors and the entire QCM-D device, some ooméats might have remained in the apparatus

between each experiment.

Another criterion to take into account when coasimy the accuracy of the results is the
variations observed in response to specific praggedf the coating. It has been shown by Nirschl et
al. that when comparing the frequency responseGNID and film bulk acoustic resonators (FBAR)
during the formation of the same PEM, differentckimess values were obtain®8.Their work
suggested that these frequency shifts were maindytd the penetration depth and the viscoelasticity
of the multilayer, which are known to be frequerdspendent properties. PEMs demonstrating a
significant viscoelastic behavior have especialtei known to diverge from the behavior predicted

by the Sauerbrey equatidh®*

Another assumption of the Sauerbrey model istti®mimaterial being measured is a thin rigid
film. While many films studied in air can complytithis requirement, coatings assembled in a liquid
medium must be considered more carefully as theyhgdrated and thus softer, causing part of the
resonating energy to dissipate as part of a dangfiiegt®®*’Kanazawa and Gordon overcome part of
these restrictions by adapting the Sauerbrey emju&i purely elastic films formed in liquid medfa.
Similarly, White and Schrag tried to predict thepense of a QCM quartz crystal when a viscoelastic
layer would be formed on the sensor while being iviscoelastic surrounding medidfnHowever,
the most famous model accounting for both viscous elastic properties of a soft adsorbed layer is

the Kelvin-Voigt model.

The Kelvin-Voigt model, also simply called the gomodel, consists of a spring and a dash-
pot in parallel (Figure 19). The spring accountstfe elastic behavior of the polymer layer and the

dash-pot represents the viscous part of the behavio
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Figure 19: Scheme of the Kelvin-Voigt model

This model assumes that both elements experierceatime straim, and that the overall stressis
equal to the sum of both stress contributions. riedi the spring stress and the dash-pot stress
respectively as:

de(t)
dt

(7)

Ospring = E.e and Odash—pot = 1

With E the spring stiffness angthe viscosity of the materiat,can eventually be written as:

(8)

0 = Ospring + Odash—pot = E.e+ 1.

Which is the general equation for the Kelvin-Voigbdel. It can be seen from Equation 8 that if a
stresss is applied to the system, the spring will wansteetch but will be held back by the dash-pot,
which requires a longer time to react to the stimuBimilarly, if the stress is removed, the spriild

want to contract but will be slowed by the dash-fimis accounting for dampening effetfs.

This model has been widely used in PEM and prstesitudies to account for behaviors
diverging from the Sauerbrey thediy*'%Moreover, work has been performed in order to egpa
the Kelvin-Voigt model to more accurately represtm formation of PEMs. One example is the
model proposed by Voinova et al. for a two-layescoelastic polymer coating, whereas the basic
model considers only a single layer. However, asShuerbrey model is more simple and easy to use,
it is still preferred to the Kelvin-Voigt model if can be applied. The limit of its validity is wly
defined as the ratio of the dissipation shift betwé¢he different overtonesD over their frequency

shift Af. The smaller this value is, the stiffer the filaill be; however values as high as 0.4 have been
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deemed acceptable for PEMs by the QCM-D providerthds ratio increases, the need to switch from

the Sauerbrey model to a viscoelastic one suche&elvin-Voigt model becomes more and more

relevant.

pH | Rinsing water | AD/Af (10° Hz") 2;?/?;?;2
pH-adjusted 0.49463 0.45732
° Unmodified 0.19200 0.25204
pH-adjusted 0.46095 0.26063
! Unmodified 2.78061 0.28579

Table 4: Limit ratio for the validity of the Sauerbrey model

The results obtained for this ratio were summalrineTable 4. It could be seen from it that for

both conditions involving pH-adjusted water, théaavas slightly above the validity limit of the

Sauerbrey theory. Therefore the use of a viscoelasidel did not seem to be necessary, especially

since it was demonstrated that the Sauerbrey nemled still be applied to non-rigid films if those

were thin enougf? Similarly, PEMs assembled at pH = 6 with unmodifitnsing water exhibited a

AD/Af value in agreement with the Sauerbrey theorys tbonfirming the formation of a thin rigid

film under those conditions. As a matter of factlyahe films assembled at pH = 7 with unmodified

rinsing water proved to require a different modelorder to account for viscoelastic effects. These

data tend to confirm previous results hinting atoapact, strongly adsorbed multilayer with chains

adopting a flat conformation when adsorbing at p#,=and a softer, weakly adsorbed one when

adsorbed at pH = 7, with layers made of loops arld more prone to trapping water molecules and

thus adopting a more viscoelastic behavior.
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VI. Impact of the assembly pH on the surface roughness

1. Contact angle analysis

In order to determine if the pH used during the PHmation affected the chemical
composition, and thus the surface energy of theltreg coating, static contact angle measurements
were performed. The approach proposed by Owen¥\&mdif® was used to calculate the components

of the surface tensions of the PEM surfaces.

a. The Owens-Wendt method
As with most theories aiming to identify the suddoee energy of a solid, the one developed
by Owens and Wendt stems from the Young’'s equatibich correlates the contact angle, formed by
a liquid/vapor interface meeting with a solid sagawith the different interfacial energies invalvdt

is written as:

Ys = ¥sL + Yi-cos (0) (9)

vs is the surface free energy of a solid (solid/vapuaerface),y. is the surface free energy of a
measuring liquid (liquid/vapor interface), is the surface free energy at the solid/liquiéifatce and

0 is the measured contact angle (Figure 20).

Figure 20: Diagram of contact angle parameterd*
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Another form of this equation is the Young-Dupréi&iipn, which introduce the notion of work of

adhesion W

Wo =vs+vL—VsL = v-(1+cos(8)) (10)

Owens and Wendt assumed that bgtrandys could be divided into a polar part and a

dispersive part® as follows:
v=vi+y, and ys=vy§+yg (11)

Furthermore, they expressed the work of adhesieniquisly described by using the geometric mean

of these surface energy components, leading to:

W, =2\/y,fl.y§l+2\/yf.yf (12)

Eventually, the core equation of the Owens-Wenelbt was obtained:

(1 + cos(8
Y. ( ZCOS( ))=\/V"-V5‘1+\/Vf-ysp (13)

As the polar and dispersive contributions of nurasriiquid have been extensively measured and are
easily available in chemistry handbooks, the twmaiming unknowns args” andys”, which means
one needs to use two different liquids to measorgact angles on a surface while relying on this
method. It is recommended to use a liquid with mni@nt polar contribution on one hand, as well as
one with a dominant dispersive contribution on dkieer hand in order to minimize the possible error
in the determination of the component8 andy “. Possible valid associations include water and

bromo-naphtalene, water and formamide, or everegiy@nd diiodomethan&”?

b. Measurements and results
In order to obtain more accurate results, foureddht liquids instead of merely two were used
to measure contact angles on each sample: watgcergl, formamide and diiodomethane.

Equation 13 was transformed as follow in orderde a linear regression to determjgeandys™:
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The polar and dispersive parts of the sample saifi@e energy can then be easily determined as the

squared value of the slope and the squared valtie dfitercept, respectively.
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Figure 21: Measured static contact angle of diffenat liquids as a function of pH

For all liquids, a defined trend was observedhgsdontact angle value increased on plates
prepared at a higher pH (Figure 21). This trend assecially visible for pH ranging in between 6.0
and 8.0, suggesting that the coating hydrophobii#g enhanced by using more basic solutions
during the PEM buildup. This observation was latenfirmed as it appeared that the surface free

energy of the coated sample decreased as the PfaMtfon pH increased (Figure 22).
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Figure 22: Surface free energy of BMP2-(PMAA/PLHj) coatings as a function of pH

The polar contribution to the surface energy wasidant for PEM built at more acidic pH
and decreased as the basicity of the coating eakitincreased, whereas the dispersive component
increased slightly when moving from acidic formatjoH to basic ones. At these high pH values, this
dispersive component became the dominant contoibut the global surface energy. The transition
from polar to dispersive dominated regime occuamexind pH = 6, for which the polar and dispersive

energies presented nearly identical values.

This result was somewhat unexpected, as the lyar deposited for all samples was PLH
and thus should have presented the same surfacerfezgy. However, this behavior can be explained
by the combined effects of several electrostateEngimena. The main one is the pH dependency of the
charges present on polyelectrolyte chains. As tHeinzreases, polyanionic chains will see their
charge increase, whereas polycationic chains wifiel charges, especially if they are weak
polyelectrolytes as it is the case in this stiftis the final layer of our system consists of pesly

charged PLH, this means that the charge densith@iPEM surface will decrease when prepared at
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basic pH and thus will become more and more hydsbigh eventually leading to the observed

experimental results.

Another significant electrostatic effect to tak#oi account is layer interpenetration. It has
been shown that the mutual interactions betweeryap@ns and polycations in a PEM could
drastically change their pKand therefore have a great impact on the multilaassembly and
stability >**% leading to the diffusion of charged chains intoogpositely charged layer. Due to this
interpenetration and the generally very small thegs of these systems, the influence of burieddaye
may still be observed at the PEM surface and impaatact angle measurements. In particular, the
work of Kdstler, Delgado and Ribitsch has showrt tha wetting of these surfaces might lead to a
decrease in the upper layer entanglement, thusnipadrface properties to resemble the ones of the

final layer materiat®’

Following this reasoning, it could be expected #ibsurfaces would behave as

PLH, which is the final layer of the PEM. Howevére deposition pH-dependent differences in the
PEM internal structure also influence the layemagtement. As a result, various level of loosening
upon wetting could be observed for each assemblycphtlition. Such entanglement behaviors,

influence of lower layers and differences in PEMeInal structure could further explain the increlase

hydrophobicity observed in this study.

Finally, it is interesting to note that at pH =tl8s system presents a surface free energy of
40.42 mJ/m? with a polar and dispersive contrimgiof 18.62 mJ/m? and 21.8 mJ/m2. These values
are very close to reported values for the soliflaserenergy of PMAA (total : 41 mJ/m2 , polar :30.
mJ/mz, dispersive : 29.7 mJ/m¥j These results seem to hint to the system surfeirg themically
close to that of solid PMAA, which is curious besalPLH was the last layer deposited. Therefore,
the surface free energy should have been clostvatoof PLH rather than PMAA. This divergence
from expected results can be explained as a reftiie delicate balance between the charge dewisity
both polymers when high pH values are reached.afts@eviously, in this situation PLH chains will
become less and less charged, thus leading to @ mydrophobic surface, whereas the PMAA chains

will gain more and more charges. Due to layer agieanent, the electrostatic influence of the lower
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PMAA layer on the PEM surface energy will therefblecome dominant as the PLH layer influence

will decrease, eventually reaching values extrerolge to that of pure PMAA.

2. AFM analysis

The surface roughness of PEMs designed as possiplant coatings is of utmost importance
as it is a key parameter to obtaining good physichl integration of the implant. Numerous studies
have shown that several cell responses are dependesurface topography. In some cases cell
proliferation, such as pre-osteoblasts and fibigiblavas enhanced by flatter PEM surfaces whereas
differentiation of those cells was promoted by foeigPEM surface¥:®*'|t has also been reported
that parameters influencing PEM roughness include number of layers, the nature of the
polyelectrolyte deposited as a last layer, therabsetemperature, and even the assembly B
All of these variables make each PEM system belravts own unique way when considering the

state of its surface, which is why the following Mstudy was deemed necessary.

When considering the resulting images, it apptasthe differences between all samples are
negligible (Figure 23). Independently of their asbly pH, they all present a fairly flat topography
with a few blobs as well as irregularities probablye to locally coiled polymer chains or inherent
substrate defects. This observation is reinforgethb average roughness and the peak-valley height
values of each sample (Figure 24, Figure 25). lddre specific trend linked to the pH variations is
visible. This is somewhat surprising, as the wdrksong as well as Niepel et al. clearly indicatealt
the assembly pH had an impact on the PEM morphodogifor roughness’*** However, the PEM
structures they considered differ from the one riggbin this study in that an identical initial &yfor

all pH conditions was not adsorbed before buildipgheir PEM on top of the substrate.
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Figure 23: AFM images (contact mode) of BMP-2-(PMAAPLH) s multilayers prepared at a) pH=4, b) pH=5, c) pH=6,

d) pH=7, e) pH=8. Specified feature size and featarheight were 5um and 100 nm respectively.
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Figure 24: Average roughness of BMP2-(PMAA/PLH) multilayers as a function of pH
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Figure 25: Average peak-valley height of BMP2-(PMAAPLH) s multilayers as a function of pH

Kolasinska et al. reported that the depositioramfinitial layer of polyethyleneimine (PEI)
could deeply impact the whole PEM structtfr@hese effects included a more uniform growth ef th
film visible even for the first few layers, where@smation in absence of this first PEI layer résadl
in the presence of voids in the adsorbed layers.fiibst interesting result, however, was the faat th
the influence of the PEI layer could be witnesseeheat the PEM surface. As a matter of fact, films
including this anchoring layer presented a smoaosheiace as well as different wettability propestie
as compared to films without an initial layer ofIPgroving that the PEI influence extended as far a
fourteen polyelectrolyte layers. Similarly, Petersd al. reported that when including an initigida
of BMP-2 to their PEM structure, the resulting sgd roughness was increased compared to films
devoid of BMP-2, thus also showing that the impattthis different anchoring layer could be

measured through the whole coatffé

Keeping these facts in mind, the AFM data showingpH dependence can be explained as
the competitive action of two different phenomeffaaing the surface morphology. The first one is
the influence of pH on the electrostatic interagsidgaking place between the polymer chains during

the PEM formation, which modifies parameters sushhe& layers thickness, their entanglement and
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eventually the film surface roughness. The secomdi® the extended influence of the anchoring layer
through the whole construct in what could be cabetprincess and the pea” phenomenon. As all
samples were initially immersed in the same BMR&tion for an identical period of time, this first

layer is identical for all pH conditions. Looking the AFM results displayed in Figure 23, this last
effect is most probably the dominant one, overpavgeeven the pH-induced changes in electrostatic
bonds, as all surfaces presented the same asgeptimdently of their assembly pH and no significant

variation in surface roughness could be seen wisrpH was modified.
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VII. Conclusion

BMP-2 — eluting PEMs systems have received muarest from the scientific community in
recent years as tailorable coatings designed tarehthe osseointegration of prosthetic implants.
However, the medical use of these systems ishatitlered by a lack of understanding of their ing&rn
structure, controlled release kinetics, stimulugetalent behavior, and how all of these parameters a
linked and interact with each other. The work pn¢seé in this report aimed to investigate a PEM
formed by an anchoring layer of BMP-2 covered bye fPMAA/PLH bilayers, with the goal of

determining how its assembly pH would impact itsictiure and properties.

Different BMP-2 release profiles were obtained dach pH condition, the slower ones being
assembled at pH values centered around pH = 6initfed amount of BMP-2 loaded was estimated to
2 ng/cm?, and all pH conditions exhibited a sustair@dase profile for at least twenty-five days. This
system can thus be considered as a suitable impbating candidate. Further studies at pH = 4 and
pH = 5 showed that more than two months of relemsdd be achieved. The profiles obtained for
these two pH values were neither in agreement avilfickian or a Higuchi model, but rather with a
power law model. This indicated that the releasegss was not relying solely on pure diffusion, and

probably also involved a mass transport phenomenerto the dynamic swelling of the multilayer.

The investigation of the PEM formation using QCMdemonstrated the need to filter the
solutions prior to use in order to avoid discrepasmiadue to polymer conformational transitions.
Several trends, related to the mass adsorbed in lager, could be observed. The most significant
ones were an increased mass adsorbed when thebasgah decreased, a bigger mass of PLH
adsorbed by bilayer when compared to PMAA, andyhreeral exponential growth of the PEM. These
phenomena were most likely due to the shifting décteostatic interactions and polymer
conformations, both pH-dependent. The pH of theimg water was shown to impact the mass
adsorbed, too; however the available data wasuffitient for any definite conclusions to be drawn.

Nonetheless, the assembly pH appeared to be iraleetical factor for the PEM internal structure.
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Considerations related to the viscoelasticity af fhms demonstrated that thin rigid PEMs were
formed in most cases, thus allowing for the usethef Sauerbrey theory. However, certain pH
conditions might require the use of a viscoelastadel such as the Kelvin-Voigt model in order to

obtain a more accurate representation of the adggmiress and resulting structure.

The decrease in surface energy as the assemblyepaime more basic confirmed that the
changes in the internal structure also impacted RE& surface properties. The modified layer
entanglement and influence of underlying layerdeotééd a shift in the balance of electrostatic
interactions caused by the assembly pH. However,stirface topography remained unchanged at
different assembly pH values, indicating that thituence of the first anchoring layer was domingtin

over other interactions that may impact the surfaogphology.

Future works should aim to confirm and expandehesults to increase the understanding of
this promising PEM system. In that regard, completease profiles should be obtained for all pH
conditions in order to assess the potential of ¢biting for implant applications and obtain relkab
percentage data. The results from these experimemitd eventually lead to a global model
accounting for the pH-dependent release behavidradte to predict it. Similarly, the study of the
multilayer formation process should be investigdtdother pH conditions in order to confirm the
trends presented in this report as well as obtiable quantitative data. To do so, determining th
polymer molecules conformations depending on thetisa pH might be necessary. Finally, as this
BMP-2-eluting coating is designed for biologicalpipations, the cell response that the different
assembly pH conditions will cause should be comseile especially regarding osteoblasts
differentiation and proliferation. These supplenagynidata, coupled with the ones already investthate
in this report, could eventually allow for a tun@abmplant coating to be precisely designed and
controlled in order to efficiently promote osseemation and improve current prosthetic

technologies.
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IX. Appendices

1. OECD data regarding hip and knee replacement procedures
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Figure Al: Trend in hip replacement surgery, selects OECD countries, 2000 to 2011 (or nearest year)
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Figure A2: Trend in knee replacement surgery, seleett OECD countries, 2000 to 2011 (or nearest yeat)
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2. HCUP data regarding operating room procedures in the United States

Multiple specific procedures (2011)

ICD-9-CM all-listed procedure code and name

Total number of discharges

Standard errors

Total number of discharges

81.51|Total Hip Replacement 293,936 12,042
81.52|Partial Hip Replacement 101,139 2,590
81.53|Revise Hip Replacement (after Oct 1, 2005) 2,422 265
81.54|Total Knee Replacement 618,519 23,106
81.55|Revise Knee Replacement (after Oct 1, 2005) 4,062 353

Multiple specific procedures (2012)

ICD-9-CM all-listed procedure code and name

Standard errors

Total number of discharges

Total number of discharges

81.54|Total Knee Replacement

631,264

12,872

81.55|Revise Knee Replacement (after Oct 1, 2005)

3,120

170

Figure A3: Hip and knee replacement and revision pocedures in the U.S8

. Number of procedures, in
Rank All-listed OR procedure* p ’
thousands
All-listed OR procedures 15,662
Cesarean section 1,272
2 |Circumcision 1,108
3 |Arthroplasty of knee 718
4 |Percutaneous coronary angioplasty (PTCA) 560
5 |Laminectomy, excision intervertebral disc 525
& |Spinal fusion 488
7 |Hip replacement, total and partial 467
8 |Cholecystectomy and common duct exploration 449
9 |Hysterectomy, abdominal and vaginal 389
10 |Colorectal resection 333
Figure A4: Most frequent all-listed operating room(OR) procedures performed in U.S. hospitals, 2014
. . Aggregate costs for hospital Mean cost per Number of stays,
] *

Rank First-listed OR procedure stays, $ in millions hospital stay, $ in thousands
First-listed OR procedures 180,335 16,600 10,867
1 |Spinal fusion 12,837 27,600 465
2 |arthroplasty of knee 11,317 15,900 711
3 |Percutaneocus coronary angioplasty (PTCA) 9,730 18,800 517
4 |Hip replacement, total and partial 7,962 17,200 464
5 |Cesarean section 7,481 5,900 1,269
6 |Colorectal resection 6,747 23,400 289
7 |Coronary artery bypass graft (CABG) 6,411 38,700 166
8 |Heart valve procedures 6,070 53,400 114
9 |Cholecystectomy and common duct exploration 5,048 12,600 400
10 fT;'e;T?::nent, fracture or dislocation of hip and 4,275 16,800 255

Figure A5: Most costly first-listed operating room(OR) procedures performed in U.S. hospitals, 201
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Rank Procedure SI: ?gj :;i: :_L?HR ?3? U%?]r
population
Total stays 7,958,700 2,535.7
1 Arthroplasty knee 700,100 2230
2 Percutaneous coronary angioplasty (PTCA) 534 600 170.3
3 Laminectomy, excision intervertebral disc 468,200 1491
4 Hip replacement, total and partial 468,000 149 .1
5 Spinal fusion 450,900 143.6
6 Cholecystectomy and common duct exploration 406,300 129.4
7 Partial excision bone 338,000 107.7
8 Hysterectomy, abdominal and vaginal 312,100 99 4
9 Colorectal resection 305,900 97 .4
10 Excision, lysis peritoneal adhesions 305,800 97 4

Figure A6: Operating room procedures performed mostrequently during hospital stays, 2012

Projected Change from 2003 to 2012 Projection for All Adults
Annual Total
Measure Discharges Total Average Total Average
for All Adults Discharges Hospital Cost | Length of Stay
2012
primary hip replacement
for any reason 427,946 * T v
primary hip replacement
for osteoarthritis 285,354 T T v
primary hip replacement
for hip fracture 101,846 - * v
hip replacement
revision surgery 47,024 T T v
primary knee
arthroplasty for 675,359 ~ H ¥
osteoarthritis
kne_e_ replacement 60,803 Py Py ¥
revision surgery
spinal fusion for back
problems 347,422 * * -

Figure A7: Projected annual estimates in 2012 for whility/orthopedic procedures in U.S. hospitals®
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3. Salt concentration calculations

The calculations shown here aim to help the reasheferstand the methodology behind the
determination of solution salt concentration. Théadused were issued from actual experiments. After
measurements, the volume of one drop was deterninieel approximately 0.010 mL.

Adjustement of rinsing water to pH =7

Vyater= 0.5 L
Addition of 3 drops of NaOH, 0.1 M, and 26 dropd\aOH, 0.01 M.

Total amount of NaOH added:

NNaoH = Z P-Cnaon-Varop

(15)
=3x0.1x0.010x 1073+ 26 x 0.01 X 0.010 x 1073
= 5.6 X 107° mol
With p the number of drops. From it, the conceidrabf sodium ions can be found:
C —C . NNaoH _ 5.6 X 10_6
Nat =SNG0 =y e ¥ XD Varop 0.5+ 29 X 0.010 X 1073 (16)
=1.12x107°M
Adjustement of rinsing water to pH =6
Viwater= 0.5 L
Addition of 9 drops of NaOH, 0.01 M.
Total amount of NaOH added:
NNaoH = z P-Cnaon- Vdrop
(17)
=9x0.01x0.010x 1073 =9x 107 mol
Concentration of sodium ions:
C —C . NyaoH . 9 X 10_7
Nat = ENaOH Ty + 2D Varop 05+ 9% 0.010 X 1073 (18)
=1.80 x 10°°M

Amount of salt needed to obtain identical salt e@ntations at both pH conditions:

Difference in sodium ions amount:

73



Anyg+ = Aygon = NnaoHpH=7 — NaOH,pH=6 (19)
=56xXx10"°-9%x 1077 = 4.7 X 10"°mol

As sodium chloride salt NaCl accounts for two clearger molecule upon dissociation {Nad CI),
the amount of salt that should be added to thetiealuat pH = 6 in order to equalize salt
concentrations is:

An 47 x107°
NNact = ;V”” = =S =235x 10" mol (20)

Which represents a mass of salt of:

mNaCl = nNaCl X MNaCl = 235 X 10_6 X 5844 =137 X% 10_49 (21)

This order of mass was so small that it could reophysically measured with the material available,
and was considered to be negligible.
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