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General introduction

A human body is constituted by 206 bones connected by more than 290 joints. An example of
joint is the hip that connects the limb and the pelvis. It involvesfdmoral headand the cuplike

acetabulum formed at the union of three pelvic bones (the iligubis and ischium), as seen on

Figure0.1] Its role is mainly to support the weight of the body, during standing and walking. The joint

is freely movable. However, hip pain is commwith ageing, caused by osteoarthritis, a disease
characterized by the disappearance of the cartilage favoring the sliding of the head of the femur in the
acetabulum. To reduce pain and recover the function of the joint with the goal to improve the quality
of life of the patients, the defective joint is rigmed by an implant during a total hip arthroplasty. It is
one of the most common orthopedic surgery, with more than 000 people operated each year in

Francé.

For ages, people have tried to replace defective part of the body by implants made by natural
or synthetic materials. For hip replacements, the earliest recorded attempts date back from 1891, in
Germany, with the use of ivory (a natural material, compdrareeth and elephant tusks) to replace
the femoral headX /u% o0 v3s pe 8} C E A EC o}+ 8} 3Z }v A 0}% ]v
Charnley. These implants are constituted in three parts, a metaliiwfal stem, a polyethylene
acetabular component and acrylic bone cement. The cement improves the prosthetic fixation, acting
like a glue. Nowadays, three types of prosthesis are available, 1mefablyethylene, metabn-metal
and ceramieon-ceramic, eaclwith advantages and disadvantages. Cementless techniques are also

developed to avoid the use of cement that is degraded during locomotion, causing inflammatory

response and failure of the implant. A scheme of a classical hip prosthesis is presgritpde0.1

Concerning cementless prostheses, two main issues remain, aseptic loosening and infections,
causing an incidence of revision surgeries of addu%°>“. Firstly, aseptic loosening ise&lto a poor
interaction between the implant and the bone. Metallic implants are biocompatible, meaning that they
do not induce an inflammatory response, but they cannot enhance bone growth as such. Modifications
of surface state of the metallic substratg physical or chemical methods are possible to improve the
osseointegration. For instance, the use of hydroxyapatite, the mineral constituting of mammalians
bones and teeth, as a coating allows a better interaction between bones and impldrgssecond
issue about prostheses is a significant development of infecti@spite the preventive treatment by
prophylactic antibiotics and aseptic surgeries techniques. A promising strategy is to use the implant as
the support of the antimicrobial strategy, with thgossibility to achievénigher dosages near the

affected site thereby improving efficiency and reducing the treatment duradiot side effect



Figure0.1 Hip joint anatomy, position of the implant at the place of the joint and description of a

classical implant

In this context, this thesis aims to develop an antimicrobial coating on metallic implant, by

associating hydroxyapatite and antibacterial molesylas presented |frigure0.2] We decided to

synthesize biomimetic hydroxyapatite to achieve the best interaction between bone and implant. As
antimicrobial resistances one of the main challenges for public health in th& @dntury, our choice

of antibiotics inclined towards natural molecules, extracted from plants, known to be antibacterial, but
never used in the field. Four molecules were chosen, baicalin, baical®smarinic acid and
chlorogenic acid. The main objective of this work was thus the incorporation of these natural molecules
on or in hydroxyapatite. With this goal, we investigated the interaction between molecules and

hydroxyapatite at different leveJsn solution, with nanoparticles and finally with the coating.



The first chapter of this manuscript is a literature review on the design of coatings on metallic
implants with osseointegration and/or antibacterial properties. Techniques to improve
osseontegration will be presented, before an important part devoted to hydroxyapatite synthesis and
deposition. Finally, a study of the antibacterial strategies available will lead us to present our strategy

to develop an antibacterial hydroxyapatite coating.

The second chapter will be devoted to a study of the four selected molecules in solution, their
biological activities and their interaction with calcium. On one side, the complexation of rosmarinic
acid and chlorogenic acid with calcium was studied by tspgzopic and spectrometric methods. On
the other side, we deeply investigated the stability of baicalin and baicalein in agueous solution at
different pHs, before examining their interaction with calcium. The effect of complexation with calcium

on the bidogical activity of the four molecules was studied.

The third chapter focuses on the incorporation of the antibacterial molecules on/within
hydroxyapatite nanoparticles by two methods, during synthesisydroxyapatiteor by adsorptioron
pre-synthesizedhydroxyapatite The effect of the presence of organic molecules on hydroxyapatite
synthesis was investigate®aicalein being the molecule incorporated with the highest rate by

adsorption, biological activities of nanoparticles with adsorbed baicaleie wtedied.

The last chapter is dedicated to the development of the biomimetic hydroxyapatite coating on
a metallic substrate, the Ti6AI4V titanium alloy. Afsmlection of suitable deposition conditions
biologicallyactive molecules were incorporated the coating during synthesis hydroxyapatiteor
by adsorptionon presynthesized hydroxyapatiteand the two methods were compared. Finally,

biological activities of coatings with baicalein, incorporated by the two methods, were investigated.

A conclsion with our main findings and perspectives will end this manuscript.

Figure0.2 Strategy developed in this thesis
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Chapter 1. Literature review



1.1 Total hip arthroplasty: generalities, loosening and infections

‘Biomaterials are defined as substances, other than drugs, that can be used to treat, augment, replace,
or repair any tissue or organ of the body in vivo for any period of timk can be either metals,
ceramics or polymers. With ageing of population, the demand for biomaterials is constantly increasing,
especiallyin the field of joint replacements (hip, knee). In the field of joint replacements, the
requirements for physical properties do not leave many options in the choice of the material, only
metals have acceptable stress and fatigue resistance. Due to tlessigcof biocompatibility, titanium

v ]88+ 00}Ce E A] 0oC pe X ]} }u% 3] ]013C ] (]v * §Z ZZ 1]0]5¢
desired function with respect to a medical therapy, without eliciting any undesirable local or systemic
effects in the recipient or beneficiary of that therapy, but generating the most appropriate beneficial
cellular or tissue response to that specific situation, and optimizing the clinically relevant performance
}( §8Z 8§ 8Z & % C_ C $Z tloo] uteriflS]PtheE@etdlé arjd wlloys are good
candidates, such as chromium, magnesium and nickel alloy. However, toxicity of chromium and nickel
ions Imits their use in hip and knee prostheses, and magnesium has an in vitro corrosion rate too
important to be used. In this thesis, we will focus on the study of tR@AF1V alloy, composed of
titanium, aluminum and vanadium, because there is a consensuwgdays about its use, as its
resistance to the corrosion in body fluids at physiological temperature and pH is better than

commercially pure Titanium, with comparable physical propetties

d}3 0 Z]% @ESZE}%0 *3CU AZ] Z ]+ 3Z *uyEP] 0 % E} upE AzZ C
an implant, affects more than 100 people each year in Fraric&everal studies underline the
increasing ate of revisions arthoplastiéthese last 20 years, reaching around 10 % of the total amount
of joint arthoplasties each year in Austrdlialue to the implant failure, from the first days after
implantation to two years possurgery. Two main reasons explain this failure, the aseptic loosening
and the development of infections. Aseptic loosening can be separated in two major cases, depending
on the type of implant with or without cement. The cement is used to fix the prosthesis in the
implantation site, but the repetition of mechanical stress during locomotion degrades the-bone
cement and cemenimplant interfaces, leading to the disintegraii of the cement and the production
of debris particles which can trigger an inflammatory respénge cementless arthroplasty, the
loosening is related to the ability of osseointegration of the implaaterial into the bon& The term
osseointegration refers to the direct contact between living bone and implamaning the absence
of an interfacial fibrous tissue. The bone grows directly into or onto the implant sérfabeh implies
that the biomaterial surface is osteoconductive. When the material cannot promote bone growth,
osseointegration is poor and the risk of looseningréases. This is the case for all untreated metallic

surfaces of bone implant. The second reason for failure is the development of infections near the
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implantation site, with a rate of 0:8.4 % depending of the stutfif, 15 infections over 5060 studied

cases in the first study, and 154 infections over 36340 cases in the second. The main bacterial strains
encountered in such infections are greuositive bacteria suclas Staphylococcus aurewend S.
epidermidis The rate of infection remains low thanks to the use of prophylactic antibiotics and aseptic
surgical procedures as preventive measures, but is not negligible. In the next sections, we will explore
different straegies to improve the osseointegration, and then we will see how to develop an

antibacterial surface useable for bone implantation.

1.2 Osseointegration improvement strategies

1.2.1 Parameters improving osseointegration

Before exploring the critical padi® to improve the integration of implants in the bone site, it is
necessary to understand how the implant interacts with its environment, and how bone is forming on
the implant surface. In a healthy body, bone is constantly remextitirough a process invang
osteogenic cells: osteoclasts that degrade the old bone, and osteoblasts, which are able to synthesize
the newly formed bone. On an implant surface, the formation of a new bone is conditioned by the
}eS } 0 ¢8| §] A15'Cassumad tmat the formation of a new bone at the implant surface
occurs in a threestage process, first osteoconductith + }v oC ~  Vv}A}_ v (}Eu 3]}v v
bone remodeling. Osteoconduction is the phenomenon where osteogenic cells, i.efuliyon
differentiated bone cells, migrate to the implant surface. The second step consists of their
differentiation into ost@blasts that will synthesize new bone. The differentiation is possible at the
contact of the implant surface, or the osteogenic cell can differentiate near the implant surface, leading
to a distance bone formation. The contact/ distance osteogenesis depenmu the surface

characteristics, in terms of chemistry, roughness, topology and wettability.

Before colonization of the surface by osteogenic cells, the first interaction between the
biomaterial and its environment is through the blood circulation, resi of proteins that will adhere
to the surface. The interaction between those proteins and the migratory cells through different signal
pathways will end by the cell adhesion to the implant surface. It is then necessary to understand the
key surface pameters leading to a good protein adsorption. Proteins interact with the surface
through hydrophobic interactions, electrostatic interactions, hydrogen bonding and/or Van der Waals
forces. The chemistry of the surface, as well as its surface energy atabikst, are then important
parameters that affect the protein adsorption. Because proteins are mainly within the nanometer
range, the dimension scale of the surface is a relevant parameter, especially through the topography
design (roughness, porosity) Two main strategies can therefore be used to improve sheface

osseointegration, one involving only a physical or chemical surface treatment, and the second using
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the deposition of a coatiny modifying both physical and chemical properties of the impl@he next

two paragraphs will give some examples of these two strategies.

1.2.2 Topological modifications

It has been commonly accepted that a rough hydrophilic surface is better for protein adsorption and
cells adhesion than a smooth hydrophobic surfaice #nat the roughness organization is also a critical
parameter. To develop surfaces with suitable roughness and wettability, several technics can be used,
such as sandblasting, polishing, acid etching as well as laser and thermal treatments. Aetsalme

showed that adhesion and proliferation of osteoblasts after 14 days of culture is better on

mechanicallypolished Ti6Al4V surface than on sandblasted'bffégure 11). In the case of polishing,

grooves are all oriented in the same direction, which cannot be obtain through sandblasting.
Moreover, sandblasted surface is enriched with aluminum gxé@laining the poor adhesiéh Al

species can be released during theivodissolution of the oxide layer, which can be toxic for the cells.

Figure 11 SEMimagesof human osteoblasts omiAlV sampleafter 14 days of cell cultures (a) on
mechanically polished surface with P4000 SiC paper and (b) on sandblasted surface with 500 pm

alumina particle¥

Deligianniet al.further studied the influence of the polishing grain, showing thiattein adhesion, as

well as cell adhesion and proliferation, is better on the rougher substrifegure 12)*°.

Figure 12 Human bone marrow cell proliferation after 8, 11, 14 and 16 days of culture on TiAIV

mechanically polished with 1263600 and 180grit SiC paper, and on tissue cuilt plate(control)®
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The roughness orientation can be achieved through other technics such as laser interference
lithography, which permits the formatio of surface with arrays, dots or dimple with controlled
roughness and hydrophilicity depending on the irradiation fimkiu et al’ showed that cell adhesion
is not dgpendent of the surfac@anostructuration while it is critical for proliferation, with the best
proliferation rate visible for doted rough surface. It was also suggested that nanopillars obtained with

induction heating treatment (IHT) could serve as anghaints for cell adhesion and also promote

osteoblast differentiatior|Figure 13)*8.

Figure 13 A cross sectionnal view of¢frESEM images of oriented TLi@anopillar lagr growth on
the TiAV surfaces after IHT oxidatidor 35 s; scale bar = 500 ritn

Whenincreasingsurface roughness from 0.56 to 2.73 um of average roughness value through
laser surface melting methdy only effect on proliferation was visible. Besides elimination of cracks,
this method allows a homogeous distribution of Ti and Al at the surface. A similar situation was met
after oxidation in air at 750 °C of smooth or aetdhed rough TiAIV substrat@sA polycrystalline
titanium oxide was obtained at the surface together wath increase in the aluminium contefrom
2 to 10 %. Despite these phase changes, the wettability of the surface remained the same, which could
explain why authors did not see any difference in cell adhesion on both oxidized surfaces. However, a
higher production of differentiation marker®if etched oxidized surfaces confirmed that osteoblast
were maturing and forming new bones. From these data, the microroughness (due to acid etching)
appears more critical than nanoscale modifications (oxidation). A thermal treatment under argon
atmosphereat 1000 °C can also be used to modify the surface dXidle phase, increasing its
wettability and roughness and, consequently cell adhesion and bone formiatignd®. The thermal
SCE SuvS uC o-°} % E(}EuU (8 & ZzC E}ACO S]}v ]Jv ol o] *}ous]

being widely used in the fiel&hahriyariet al. used this process combined to friction hardening to

obtain nanostructured stiaces of titanate, enhancing cell adhesion and proliferatidigure 14)?%.

However, it is important to note that they studied the effect on adipdseived stem cedl. A twostep
plasma treatment was also recently reported for the nanostructuration of the titanium siffatiee

surface roughness was increased thanks to ultrasonic surface rolling processing, and then the surface
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wettability was improved with plasma nitriding. The nanocristafie of a TiN and I\ layer at the

surface was shown to enhance the viability of cells.

Figure 14 FESEM image of (a) the frictigmardenedsample heated at 600 °C for 1 h aftermersion
in NaOH 10 M at 30 °C for 12 h ghjl adiposederived stem cells cultured on this surfa@e

To sum up this part, roughness and wettability are key points to increase the cell adhesion and
% E}o]( & S]}v }v SZ Ju%o vS *pE( U v ]J(( E vS S®IdxRg « &E

achieve the desired surface properties without any coating.

1.2.3 Incorporation of extracellular matrix components

Extracellular matrix (ECM) is the network of macromolecules organized around the cells to give tissue
a stability. It is mainly coposed of collagens and proteoglycans, and it is a reservoir for bioactive
moleculessuch agyrowth factorg®. One way to promote cell adhesion and proliferation on titanium

implant is therefore to functionalize its surface withNEComponents.

Collagen immobilizatiohas been used for years in the field of orthopedic and dental implant
to improve osseointegration. Collagen is the main structural protein in the extracellular matrix, and
the main organic component of bones. It is also found in fibrous tissues. Theteaaieto immabilize
collagen is by adsorption in physiological conditions. Collagen can be adsorbed either in a fibrillar or
non-fibrillar structure. Nevertheless, results obtained after functionalization with cofiage density
of 3-6 pg/cm? of collagn are contrastingBeckeret al? did not observe any significant difference
between coated and nonoated Ti6AI4V implants on rat calvarial osteoblasts, whilBlé&et al2®
found a better celspreadingon coated surfaces, whereas the number of adheredsaedissimilar to
uncoated surfacesDuring an invivo study, a higher fibroblasts activity was observed 7 days after
implantation on coated implants, together with the presence of osteoblasts, while on uncoated
implant osteoblasts are visible only 14 days gogplantatior?’. However, no significant difference in
osteoHast activity was found after 28 days between the two surfaces, suggesting that the collagen |

(one of the most common collagen form in the body) coating improved the integration in its early
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stages. As an example of covalerghafted collagen coating, Mo et al. described the

nanostructuration of a Ti implant by anodization followed by grafting of acid acrylic and collagen |

coupling[Figure 15|(a) and (b)?2. The implant was first nano structured by anodization, before in vitro,

They observed a better cell spreading on collagen coated nanostructured titamivitno (Figure 15

(c) and (d) and an improved bonamplant interactionin viva

Figure 15 SEM images of (a) anodized titanium; (b) anodized titanium coated with collagen; Human
mesenchymal cells after 2 h of cultuva (c) anodized titanium and (d) anodized titanium coated

with collager®

Overall, collagen | coating may have a slight effect in osseointegration improvement, but not
significant when used alone. That is why research focusedhenimmobilization of other ECM
components, like the ArGly-Asp (RGD) peptide or growth factors. The RGD peptide is an amino acid
sequence recognized by integriri. cell adhesion proteins. Its immobilization through covalent
grafting or physical adsption®® could promote osteblasts adhesion. The covalent grafting of RGD
can be obtained through silanization of the titanium surf&cer thio-anchorage on a deposited gold
layerL. In both cass RGEroated surfaces enhance osteoblast actitrityitroand bone formation and

thicknessn viva Schueleet al. used a different strategy where the peptide was grafted on a poly(L

lysine)}graft-poly(ethylene glycol) epolymer adsorbed on the titania surfacé? (se¢Figure 16). The

presence of this arfiouling coating that does not promote cell adhesion allowed to evidence the
effect of RGD on cell adhesion and spreading. However, the same authors later showed that in this
configuraion RGD could not promote osteoblast differentiation, possibly due to an unsuitable

orientation of the peptide on the coatirig
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Figure 16 Schematic of peptidéunctionalized polyL-Lysine grafted polyethylene glycol (R-BEG)

following selfassembly on the titanium SLA surféte

As previously mentionned, the ECM also contains proteins, tergredth factors, which
promote the differentiation of osteoblasts from the mesenchymal stem cells (multipotent stromal cells
that can differenciate in various typ®f cells) and control factors during osteoinducti6#. Among
these proteins, the boe morphogenetic protein (BMP) family is widely studied and used in the field
of orthopedic implants, especially the BMPImmobilization of the protein on the implant surface can
be achieved by physical adsorption, covalent grafting or incorporationairgolymeric or a ceramic
coating. One can take advantage of the known ionic interactions between-BlsiRd anionic
molecules, heparin for example, to immobilize the protein. After heparin covalent grafting on
functionalized Ti surface, adsorption of BB performed. This allows a controlled release over 28

days, with cell proliferation and osteogenic differentiation enhanced compare to Ti surfaces alone or

with nonspecific adsorption of BME®37 (segFigure 17). Baeet al2® synthesized a nano cluster of

BMPR2 and chondroitin sulfate that was then adsorbed on a calcium phosphate layer deposited at the
titanium surface.With a simiar approachBMR2 and heparin were adsorbed at the surface of a
hydroxyapatite layer formed by electrochemical depositforin each case, cell proliferation and
osteogenic differentiation were improved when the growth factor is present. It is also possible to load
polymeric films with BMR, for example using polyelectrolyte membraffe®irect covalent grafting

of BMR2 on a titanium surface can also be achieved by modifying it with amine groups via a plasma
treatment with allyl aminé'. A spacer can be used to keep the protein far from the surface, preserving

its conformation and therefore its osteogenic activity.
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Figure 17 Factin stainingmages of human osteosarcoma M3 cells grown on (a) Ti, (b) Ti after
BMR2 adsorption (BMR2/Ti), and (c) heparhsonjugated Ti surface after BMPadsorption (BMP
2/Hep-Ti) after 24 h incubation; (d) release kinetics of BMiFom BMP2/Ti and BMB/Hep-T®

1.2.4 Calcium phosphate based coatings
Due to their similarity with bone, composed by hydroxyapatite as the mineral phase, calcium
phosphates have been widely studied in the field of bone regeneration and ossgaitiorf>*3 This

mineral family is composed of twelve main compounds presemE' @ble 11| which differ from their

Ca/P raib that strongly influences their chemical and physical propettis

Dicalcium phosphateildydrate (DCPD, brushiteineral), and dialcium phosphate anhydus
(DCPA, monetitenineral) possess a Ca/P ratio of 1.0. DCPA is rarely fowmeh but DCPD has been
proposed as an intermediate in bone mineralization. None of them were studied as coatings for
improved osseointegration, in atrast to octacalcium phosphate (OCP, Ca/P = 1.33) and tricalcium
phosphate (TCP, Ca/P = 1.5). OCP is a possible precursor of carbonated apatite in bone, with a
structure similar to the one of hydroxyapatite. Due to its high solubiiityidlogical fluig, OCP is used
in bone cement for filling bone defects, as it induces hydroxyapatite formation. TCP exists under two
crystal forms,r-d W +TQP. TCP is a higgmperature phase of calcium phosphate that cannot be
precipitated from aqueous solution, an§Z -d W Je % E} U § Av Z]PZ E-%5 u% E 3
d WX dZ J&E& <}opn ]Jo]SC J-d @ SZ]|P AJREZ <«85-TE€P,Stds used in the field of
bone regeneration and osseointegration. It has been shown that this phase is osteocondusctivt], a

as osteoinductive.

Hydroxyapatite is the main base component of bone and teeth. This mineral has a Ca/P ratio

of 1.67, with a formula of G&PQ)s(OH}, but it is never found in this stoichiometric foimviva The

in vivoHAp is calcium deficient, andainly nanarystalline (seg-igure 18((a)). Because of a crystal

lattice allowing substitutions (sgeigure 18|(b)), the calcium ions can be substituted by several ions

found in the biological fluids like Mg Na, KY AZ}e Z EP ]J* }u%o ve § C }ECP v

Moreover, OHand PQ@* can easily be substituted by carbonate ions.
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Ca/P Name Formula

0.5 Monocalcium phosphate monohydrate (MCPM) Ca(HPQ)., .H:O
0.5 Monocalcium phosphate anhydrous (MCPA) Ca(HPQ):
1.0 Dicalcium phosphate dihydrate (DCPD) Ca(HPQ). 2 HO
1.0 Dicalciumphosphate anhydrous (DCPA) CaHP®
1.33 Octacalcium phosphate (OCP) Ca(HPQ)2(PQ)s. 5 HO
15 r-d@&] o Juu % Z}¥@&PY S ~r r-Ca(PQ).
1.5 t-dE&] o0 JHU % Z}FEIRPY § ~t t-Ca(PQ).
_ CaHy(PQ).. nHkO
12122 Amorphous calcium phosphate (ACP)
n = 3t4,5; 15t20% HO
_ . , Caox(HPQ)«(PQ)s tx(OH}
1.5t1.67 Calciumdeficient hydroxyapatite (CDHA)
(O<x<1)
1.67 Hydroxyapatite (HAp) Cao(PQ)s(OH)
1.67 Fluoroapatite (FAp) Cao(PQ)sk
2.0 Tetracalcium phosphate (TTCP) Ca(PQ).0

Table 11 (Ortho)calcium phosphate familiMinerals with their names and formula are sorted by their

Ca/P ratio.

Hydroxyapatite is the more stable calcium phosphate phase, to the exception of fluoroapatite,
in which hydroxyl is substituted by fluoride that increases mechanical and physical properties of the
compound. Due to its very low solubility, and toxicitylabfides at high doses, fluoroapatite is rarely
used for bone regeneration. On the opposite of fluoroapatite, amorphous calcium phosphate (ACP,
Ca/P = 1.18.67) is poorly if even crystallized, and very unstable in biological fluids. In aqueous

solution, t forms hydroxyapatite by a dissolution/reprecipitation process.

Figure 18 ~ « yZ % $8 EvV }( +CvSZ 8] ~" ES](] ] o_#®antkdb)v SZE

representation of the unit cell of hexagonal HApa (€green, O in red, R&trahedra in brown}®
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Hydroxyapatite possessosteoconductivity property, and osteoinductivity in the presence of
osteogenic supplements. It is usad cement for bone tissue engineering, or as coating for metallic
implants.A mixture of TCP and HAp, calleghasiccalcium phosphate, with ratio between HAp and
TCP commonly around 60/40 combines osteoinductivity and solubility of TCP with the stbility
hydroxyapatite, as well as its similarity with bone. The osteoconductivity and osteoinductivity of HAp
and TCP coatings is due to their partial dissolution in biological fluids and reprecipitation on their
surfaces of biological apatite that favors legrowth. Syntheses and deposition proassf calcium

phosphate ceramics coatings will be further investigated in partl

For the use of calcium phosphate coatings in the field of osseointegration of implants, several
parameters have to be taken intcount?*’. As said beforesurface roughness is a key parameter for
protein adsorption, and then cell adhesion. However, data on effect of calcium phosphate surface
topography on cell adhesion are contradicttryPorosity is also a factor influencing protein
adsorption, where pore size ranging from 20 nnb@® um have been shown to favor the adsorption.
Moreover, porous ceramics will allow a rapid invasion of fluids, cells and bone tissue growth. The
surface charge and ionic environment are also important. Proteins are charged macromolecules;
hydrophilic sufaces will induce a higher protein adsorption than hydrophobic surfaces. Protein
adsorption is mediated by pH and ionic strength. Dissolution of calcium phosphate coating will induce
a change in calcium and phosphate concentration near the surface, nmufithe pH, and
consequently protein adsorption. Concerning protein adsorption, TCP or BCP would be the preferred
calcium phosphatg thanks to their higher dissolution rate compared to hydroxyapatite. lon release
and recrystallization from TCP to HAp glayportant roles in cell adhesion and proliferation. The low
crystallinity is more favorable for initial cell attachment and proliferation. Upon dissolution of the
coating, C# in the culture medium induces an increase in alkaline phosphatase (ALyaatid
osteocalcin mRNA expression in mouse primary osteoblasts. However, the presence of amorphous
calcium phosphate with high dissolution rate may have an adverse effect on theeong In

particular, poorly attached coatings will be delaminated fritra substrate.

Hydroxyapatite coatings can be a support to integrate bioactive compounds such as growth
factors and peptidenediated adhesion. For example, Xie et al-deposited chitosan and Ag
nanoparticles with hydroxyapatite by electrochemical défios on commercially pure titaniund.

BMR2 and heparin were then loaded on the 20 um thick coatimgadsorption and evaporation at

room temperature. Coatings of hydroxyapatite with chitosan favored osteoblasts attachment and
spreading, probably due to the biomimetic structure of hydroxyapatite. Incorporated chitosan allowed
a longterm release of BMkh vitro. Proliferation of bone mesenchymal stem cells was nearly equal for

the HAponly coating and with chitosan and BMP However, the later coating induced a higher
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differentiation in osteoblasts and was positively testadvivg with bone maturationl2 weeks after
implantation. BMF2 can also be adsorbed on hydroxyapatite synthesized by a biomimetic method
(see2.3.2.2.2, with sustained release over 28 days, and improvement of osteoblast proliferation and
activity®®. An attempt to take advantage of both osteoconductivity of hydroxyapatite and RGD peptide
adheson properties has been explored by Bitschnau €f &tainless steel wires were coated with
hydroxyapatite by electrochemicaksisted deposition and then loaded with a cyclic RGD and
bisphosphonates. No differeedn bone growth was found between the hydroxyapatitely coating

and in presence of RGD, possibly due to the fact that that the osteocondutive effect of hydroxyapatite

AMA EAZ ou _3Z (( 3}z X

1.3 Hydroxyapatite coatinggocesgs

Two main stratgies are available to form hydroxyapatite coatings. On one hand, several
deposition techniques exist to coat a substrate with presynthesized hydroxyapatite particles; on the

other hand, it is possible to get the mineral to crystallize directly at the satessurface. Current

requirements for hydroxyapatite coating in bone regeneration are listeéfainle 12| as expected by

the American Food and Drug Administration (fFEbA commercialization of the implant, following ISO
standards Coatings should be pure hydroxyapatite with good crystallinity. It is interesting to note that
the Ca/P ratio corresponds to stoichiometric or evenstaichiometric hydroxyapatitemeaningthat

FDA requirements are distant from the characteristics of biomimetic hydroxyapatite coatings.

This chapter will focus first on different methods to synthesize hydroxyapatite powders,

followed by the presentation on the available coating techniques.

Esential Requirement
Thickness Not specific
Ca/P ratio 1.67t1.76

Phase purity 95 % minimum
Crystallinity 62 % minimum
Tensile strength >50.8 MPa
Shear strength >22 MPa
Density 2.98 g/cn?
Heavy metals <50 ppm
Abrasion Not specific

Table 12 HAp coating requirementsy FDA, following ISO standattls
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1.3.1 Synthesis of hydroxyapatite particles

Hydroxyapatite can be synthesized by wet or setate methods.

1.3.1.1 Cepreciptation synthesis

Coprecipitation is the more used synthesis method, because it is simple to perform and
several precursors can be used. It consists in adding at once or dropwise one of the precursor in an
agqueous solution to a solution of the other on8olutions are heated at temperature comprised
between 25 and 100 °C, with a precise control of pH. It has to be basic, around 8 to 10, to induce
hydroxyapatite precipitation. After a mixing phase, an aging phase is performed with duration between
severalhours to days, with or without heating and stirring. Long aging times under air atmosphere
yield to carbonated hydroxyapatite, which can be interesting in bone integration. After drying, the
obtained precipitate undergoes a thermal treatment to improve trgstallinity of hydroxyapatite.
Temperature of thermal treatment has to be chosen cautiously as hydroxyapatite decomposes at high

temperature (700 °CJ. Synthesized nanoparticles are most of the tineedleshaped, but may also

have a platdike morphology|figure 19).

Calcium nitrate Ca(NP4HO is the more commonly used calcium precut&ef°3 while
ammonum phosphateHs;).HPQ or (NH))H.PQ are mainly used as phosphate precursors. Potassium
or sodium salts are less used becausé i K ions can integrate the hydroxyapatite crystal lattice.
Depending of the precursor choice, the synthesis is referced tiouble decomposition, for calcium
and phosphate salts, or neutralization if precursors are calcium hydroxide and phosphotic acid
Residual ammonium and nitrate are removed by heating. Advantage of neutralization method is the

absence of residual ions.

L. M. RodiguezLorenzo et at! systematically studied the influence of temperature, reaction
time and aging time on the stoichiometry and crystallinity of hydroxyapatite. Temperature during
synthesis influences #hcrystal size at same reaction and aging times: at 25 °C obtained small crystals
are similar to bone, while at 90 °C larger crystals are more similar to enamel. For a reaction at 90 °C,
two hours are necessary to synthesize stoichiometric HAp, while eshiimies or lower temperature
yield to calciuradeficient hydroxyapatite. Generally, crystal size was higher when the time of reaction
increased, but this parameter also affected stoichiometry and morphology of particles. The aging time

allowed an increasef Ca/P ratio and carbonate uptake.
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Figure 19 TEM micrographs and electrodiffraction patterns (insetfdjpsamples obtained at (a) 25
°C, (b) 90 °C and (c) 90 °C with 24 h of reaétion

1.3.1.2 Hydrothermal synthesis

Hydrothermal synthesis can be defined as a method of synthesis of single crystals that depends
on the solubility of minerals in hot water under a high pres8urgolutions of calcium and phosphate
precursors in aqueous sdlons are transferred in a sealed autoclave and heated at temperature
between 100 and 200 °C. When organic solvents are used, the method is called solvéférmal
Precursors used are mainly the same as for thepremipitation method (calcium nitrate and

ammonium phosphate). pH is adjusted before the hydrothermal treatment by sodium, potassium or

ammonium hydroxide®*°, or gradually increased during process by urea decompogitise¢Figure

1.10Q).

By hydrothermal and solvothermal synthesis, nanorods and nanoribbons can be formed. With
addition of surfactants and additives, like CTAB, oleic acid or glutamic acid, ultralong narfopviiees
hundreds of micrometers) are obtain&d®The hydrothermal or solvothermal phase is relatively long,
from several hours to days, so it is now combined with microwave hétiRgaction time is reduced

to 15 minutes, allowing to obtain hydroxyapatite with carbonate substitutions.

Figure 110 SEM image of the ultralong HAp micro/nanoribbons synthesigdud/drothermal

method withpH controled by urea decompositich
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1.3.1.3 Saegel synthesis

Solgel synthesis corresponds to the mixing at molecular level of calcium and phosphorous
precursors, which improves the chemical homogeneity of the resulting hydroxyapatite. The chemistry
is based on hydrolysis and gobndensation reactions of precursors (deguation 11) . Reactions
may be in aqueous pha%er in organic solveit*®, mainly ethanol. In ethanol, phosphate precursors
are phosphorous alkoxides, hydrolyzed by a little amount of water (ratigdP3H). Liu et al. suggested
that triethyl phosphite has higher activity for hydrolydign triethyl phosphaté, reducing the time
needed for reaction. Calcium nitrate, or Ca(@Etused as precursors, are added in stoichiometric
proportions to the phosphorous alcoxide solution. Solutions are aged for several hours depending on
the chosen temperature to obtain a gel. 120 minutes at 45 °C are efipughile 16 hours are
necessary at room tengsature®’. However, alkoxides are expensive reagents and research has
focused on finding other precursors, such a&f, that can be reacted with alcohol to form the
alkoxide P(O)(OR)

DK Z=; KWDIK, =iK,(1)
DK, =z OWDIKID = KK ,(2)

Equation 12 (1) Hydrolysis and (2) condensation of metal alcoxide bgelaloute

Before therma&treatment, the gel is composed of amorphous calcium phosphate. Calcination
is necessary to obtain hydroxyapatite, which is one of the disadvantage-gélsolethod. Calcination
temperature depends on the previous reaction parameters. Temperature usszbanprised between
350 °C and 1200 *&% Very high crystalline hydroxyapatite is obtained after high sintering
temperature, but thermal decomposition may occur at temperature higher than 700 °C. HAp
synthesized in ethanol was found more stable thapnthesized in water towards thermal
decompositiot. Advantage of this method is the formation of homogeneous materials, with an easy
processing by dip or spin coating to abt films. It is also very convenient to form compd¥itnd
hybrid materiaf® for bone regeneration. Raucci et al. synthesized a scaffold composed of gelatin and
hydroxyapatite by sefjel method and freeze drying. Needike nanoparticles were homogeneously
distributed in the porous polymeric matrix, with intimate interaction betm both components

Figure 111).
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Figure 111 Gelatin hydroxyapatite scaffold obtained by freeze drying process and crossla)ked
SEMiinage (b) and TEM irga(c)of the scaffoldP®

1.3.1.4 Solid state synthesis

In solidstate synthesis, solid precursors are mixed in stoichiometric quantities and heated at high
temperature (1000 °C). Precursors may be tribasic calcium phosphaté¥(Tdflcium phosphate
dihydrate (DCPD)", calcium pyrophosphaté calcium hydroxid®, and calcium carbonaté’
Precursors are first sieved and ball milled in w&té"2or organic solverit:’2 for homogeneous

mixing. The solvent chosen for milling is important, as the morphology obtained after milling in acetone

or water is different? (seq

Figurel.12). Temperature of calcination is also to consider, as at temperature under 1000 °C, mixtures

of HAp, DCP, DCPD, TCP and CaO are f8rifibis method necessitates a lot of energy to obtain pure
hydroxyapatie, but may be interesting to obtain biphasic compositions likphasic calcium
phosphate (BCP, mixture of HAp arntdlCP), used in bone regeneration. In order to reduce
consumption of time and energy, microwave heating may be an interesting processlitbstate
synthesi&®. An original approach of Wu et al. allows the formation of carbonated hydroxyapatite from
DCPD and eghsll powders, in order to reuse waste. Eggshells are mainly composed by calcium

carbonate. 10 hours of reaction at 1000 °C are necessary to form pure hydroxy&patite

Figure 112 SEM image of HAp obtained after 8 h milling in acetone (a) and water (b) and heat
treatment at 1100 °C for 1’k

27



1.3.2 Coatings process

1.3.2.1 From preformed particles
A large number of deposition methods are available to coat a surface, metallic or polymeric
with hydroxyapatite, and in a larger extent calcium phosphate mineral. A nunfli®raks or reviews

deals with methods to deposit calcium phosphates and more precisely hydroxyapatite on metallic

substrateg*'6 [Table 13|gathers some of coating process used to deposit hydroxyapatite on metallic

substrates. Plasmspray technique is the only one thadpproved by the American Food and Drug
Administration (FDA) for biomedical applications. It is the twaislely studied. Control of coating
composition, morphology and porosity are possible depending on the technique. With the majority of
the process described, a thermal post treatment is necessary to obtain crystalline and adherent
coatings. To improve theadherence to the substrate, the modification of the surface may be
envisaged, by deposit an interfacial layer ¢IOOTiN) at the titanium surface, through acid etching or

plasma treatment. SEM images of coatings obtained through different techniqugzresented on

Figure 113

Figure 113 SEM image of hydroxyapatite deposited(ayplasmaspray techniqué, (b)ion-beam

assisted dposition’® and (c)dip coating®
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Table 13 Deposition of HAp via different coating techniques
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1.3.2.2Wet process

1.3.2.2.1 Electrochemical depositiand micrearc oxidation coatings

In electrochemical cathodic deposition, an electric current goes through two electriodzn
electrolyte solution, containing calcium and phosphates ions. Reduction of water near the electrode
produces hydroxyl ions, leading a local increase in pH. The solubility of calcium phosphates decreases
with pH increasing, so it precipitates at tieéectrode surfac&>848 Heterogeneous precipitation
being more favorable than homogeneous precipitation in solution, the eldeti® coated. Advantages
of this technique are numerous, such as possibility to deposit a thin layer with crystallite size close to
bone mineral, control of thickness and chemical composition, homogeneity of the coating, duration of
process, and its low re& for energy, reducing the cost. However, two major problems are faced:
hydroxyl formation affects the composition of the deposited mineral and hydrogen produced during
water reduction may interact with the surface, resulting in poor coating adhesion.dépesited
mineral is often brushite or monetite, or amorphous calcium phosphate, because pH is not high
enough to produce hydroxyapatite. However a subsequent alkaline treatment in sodium hydroxide
allows the crystallization of HAp. Deposition temperataffects the deposited amount, crystallinity
and crystal size: the higher the temperature, the thicker and crystalline the coating. The composition
of the electrolyte is also critical to control the deposited coating. Importantly, the mild conditions used
in this technique are compatible with the incorporation of organic components like collagen, growth

factors, peptides or small molecules with antibacterial propeffies

Another electrochemical method to deposit calcium phosphate mineral from aqueous solution
directly on the substrate is micfarc oxidation coating (MAO). It is a combinatioretefctrochemical
oxidation, plasma chemical oxidation and thermal diffusion in an electrolyte containing calcium and
phosphates salf§. The substrate acts like the anode and is immerged in the aqueous electrolyte.
Process is fast, only 5 to 180 minutes aeeded to achieve thickness around@0 um. Concentration
and composition of the electrolytes influence the morphological characteristics, porosity, thickness,
corrosion resistance and biocompatibility of the coating. The process can also be usqubsit de

titanium oxide layer at the surface of Ti to improve the hydroxyapatite forming ability of the surface.

1.3.2.2.2 Biomimetic deposition
All techniques presented before lead to crystalline and stoichiometric hydroxyapatite, either during
process orfter a post treatment. One way to obtain bioactive hydroxyapatite, i.e-stoichiometric
poorly crystalline hydroxyapatite with calcium deficiency and substitutions is biomimetic deposition.

The methods consists in soaking the substrate in a solutightlsi supersaturated in calcium and
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phosphate whose composition mimicks blood plasma. Deposition occurs at physiological pH and

temperature (pH 7.4, 37 °C).

Kokubo was the first to report a solution allowing the deposition of hydroxyapatite on
bioactivesurface. He called this solution the Simulated Body Fluid (SBF). The initial uses of SBF were
the conversion of bioglasses, which are materials composed of am&tx with different oxides like
MgO, CaO or:B%, into hydroxyapatite, and thenderstanding of their mechanism of bioactivity in the
body?”. The solution mimicked the ionic composition and concentration of the blood plasma, except

for Ctand carbonated whose concentrations are lowered to maintain the stability of the solution (see

Table 14). Subsequently, the ability of SBF to form hydroxyapatite on ceramics, metals and polymers

was tested, as criterion for bioactivity evaluation: if hydroxyapatite was formed, then aigoddo
activity o enhance bone formation could be expected. The success of this approach led other
researchers to use it directly as a coating process, especially on titanium and titanium alloy implants.
The original SBF missed the sulfate ions in its composition, wlastcarrected in 1991 by Kokubo.
Mechanism of the hydroxyapatite deposition was further elucidated in 39Bor titanium, a
pretreatment was shown to be necessary to make the surface bioactive. As it-ienaelh that the

rutile phase of Ti@is bioactive, an acidic treatment followed by crystallizatat 600 °C was used to
favor its formation. An alkaline treatment in NaOH can also be used to fe@R Troups at the surface

that are useful to deposit hydroxyapatite. After alkali treatment, the substrate is covered by a sodium
titanate layer that iteracts with calcium ions of SBF, producing a layer of amorphous calcium titanate.
Then, phosphate ions from the solution react with the surface to produce an amorphous calcium
phosphate layer, with a Ca/P ratio close to 1.40. This layer is convertelytoxyapatite during the
maturation step to reach an atomic ratio of 1.65, close to the one of bone hydroxyapatite. The coating

was shown to also contain magnesium i&n#lorphology of the produced coating is quite typical of

the biomimetic process (s¢Eigure 114). apatite crystals are platike, while, in ceprecipitation

synthesis, needlshaped crystals are often produced. The dense and homogeneous layer of
hydroxyapatite is usually fmed of spherical aggregates that increase in size with time of deposition
to cover the whole surface. Coating is wadlherent to the substrate surface thanks to the calcium

titanate-sticking layer.

Various surface treatments have been investigated nal fihe best way to rapidly produce
hydroxyapatite. Acidic treatment with HCI, piranha solutios5@, HO;), or mixture of HCI and.BQ
were tested. Different alkali and alkali heat treatments were used to form a sodium titanate layer at
the substrate stface under the form of a gel or crystalline phase. Pattanayak®found that there

is no difference in hydroxyapatite deposition after acidic or basic treatment, with or without heating
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at 600 °C, but even after heat treatment, surface soaked in solution with neutral pH did not show any

hydroxyapatite depositionsge|Figure 115).

Figure 114 SEM image of surface (left) and cross section (right) of apatite layer formed in SBF on an

alkali heattreated titanium surfac®’

Nat K ca&* Mg>* | CI HC@ HPQ* SQ*
Blood plasma 142.0 | 5.0 2.5 1.5 103.0 270 1.0 0.5
Conventional SBF | 142.0 | 5.0 2.5 1.5 1478 4.2 1.0 0.5
Revised SBF 142.0 | 5.0 2.5 1.5 103.0 270 1.0 0.5
TasSBF 142.0 5.0 2.5 1.5 1250 270 1.0 0.5

Table 14 lonic compositions of blood plasma and different SBF formula

Figure 115Before (a) and after (b) heat treatmeat 600 °CFESEMimages of surfaces of Ti soaked

in SBF for 3 days after exposure to solutions with differenfpHs
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As mentioned before, the chloride and carbonate contents of the original SBF are not exactly
equal to the one in blood plasma. Oyane et3tied to synthesize hydroxyapatite from a solution with
the correct concentration in chloride and rb@nate but observed the precipitation of calcium
carbonatein solution. Takadama et & revised the concentration of chloride while keeping the
carbonate concentration similar to SBF. This solution, label&8kR (newlymproved SBF) had the
same stability as SBF, with the same ability to form hydroxyapatite. The influence of carbonate
concentration on the structure and crystallinity of the defted hydroxyapatite was studied using SBF
buffered with HEPES or by addition of:@Cthe solutiorf*. Solutions with HEPES were unstable while
CQ bubbling was convenient, except that the exact concentration of carbonate ions in solution is
unknown. It was found that increasing the carbonate concentration make the deposited layer thicker.
Substitution of HEPES by PRI to buffer the carbonated solution allowed to decrease the extent
of homogeneous precipitation. Overall, higher carbonate contents seem to be favorable to
hydroxyapatite depdsion on titanium or titanium alloy, but a correct stability of the solution requires
the addition of a buffer and the chloride concentration has to remain similar to the one in conventional
SBF.

Even if the standard SBF solution is already highly mdtkstaeveral attempts to modify the
concentration of the solution have been made to enhance the hydroxyapatite deposition. Indeed, in
order to deposit a relatively thick layer from SBF, a minimum of 14 days of deposition are needed with
regular replenishmets of the solution. The most popular way to speed up the deposition is to
concentrate the SBF solution, and increase the processing temperature. Jalof& etsatl 1.5 x
concentrated SBF. Deposition lasted 7, 14 or 21 days with replenishments of the solution every 48
hours. They reported homogeneous precipitation of hydroxyapatite in the solution due to too high
supessaturation, but without any effect on the coating if substrates are placed vertically in the
deposition solution. Bposition of hydroxyapatite from a 2x concentrated SB# also studied.

Evolution of composition and morphology of coatings after 12 hours and 4, 8 and 14 days of deposition

on TiAlV is visible ¢gligure 116| Along time, thickening of the coating is visible on the EDX spectrum,

as the Ti contribution decreases while Ca and P increase. The substitutions are visible by the presence

of Na and Mg comibutions.
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Figure 116 SEM images and EDX spectra of HAp coatings on titanium alloy after different times of

immersion in SBF: 12 h (a), 4 days (b), 8 days (c) and 14 d3ys (d)

Li et al*®® studied the deposition of hydroxyapatite from a 3x concentrated SBF, at 57 °C. As

they did not increase the TRIS concentration, pH was lower than expected (pBdp8kition time

varied from 1 to 4 days, with refreshment every day. As se@figare 117|coatings consisted in

spherical aggregates increasing in size with timeeplogition, but the coating was not homogeneous
and the whole surface was not covered. They found that brushite was formed in the earlier time of

deposition and transformed afterwards into hydroxyapatite.

Figure 117 SEM image of (a) Ti samples treated by alkali heat treatment and subsequently soaked
at 57 °C in 3 x SBF for (b) 1 days, (c) 2 days and (d) 4 day#.) @e high magnification imagés
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In another approach, Habibovic et®8keparated the coating procedure in two steps. First they
deposited a thin and amorphous calcium phosphate layer on the TiAlV surface in a solutigy) (SBF
consisting of SBF concentrated 5 times, without TRIS buffer and sulfate ions. The second step was the
transformation of this layer in a thick and crystallizghtite film using a solution (SHEf similar to
the previous one but with lower concentrations of M@nd HC®, known as inhibitors of apatite
crystallization. The pH of both solutions was adjusted by ag@®flow during the preparation of the
solutions. The coating steps lasted 24 h at 37 C° for the first, and 48 h at 50 °C for the second. After

soaking the substrate in SBE a carbonated amorphous calcium phosphate was deposited on the

surface|Figure 118|(a)). In SBB, the dissolution of ACP occurred followed by the crystallization of

HAp |Figure 118|(b)). In these conditins of high supersaturation, nucleation occurred both in the

solution and on the substrate surface but it was suggested that formed nuclei are more stable on the

preexisting ACP layer.

Figure 118 SEM images of (a) SBFeoatng and (b) SBB coating after 24 hours; (c) XRD
diffractogramm of (a) bone, (b) SBFcoating, and (c) SHcoating after 24 hout$

A study on the formulation of revised simulated body fluid showed that the concentration of
the solution affects the morphology and the stoichiometry of the deposited calciunsptade .
When the concentration of the SBF increases, the Ca/P ratio and the amount of incorporated
carbonates also incread. The composition of the films was less close to the bone than when
deposited in conventional or revised SBF at the usual concentrations. To conclude, it is better to keep
the ionic concentrations in SBF close to the ones of blood plasma, in ordezvterpmprecipitation in
solution and to obtain a coating composition as close as possible to bone hydroxyapatite. An exception
can be made for carbonate content, which can be lowered like in conventional SBF, or the same than

in blood plasma like in the resed SBF, if the chloride content remains high.

KS§Z E u ] % e e elousS]}tv (}E& J}ulu 8] % }*]15]}vX dZ

buffered saline (DPBS) (see compositighdble 14) allowed to deposit hydroxyapatite with 7 days at

60°C on commercially pure titanium, pretreated by physical vapor deposition to obtain anEtase
surfacé™X ,C% & o ]J(] <}ousS]}v o]l & 3 o ](] S]1}v e}ous]}v ~& "~ v ,

(HBSS) are also available &pdsit hydroxyapatite on titanium surface after surface pretreatm&nt
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HBBS:ontains more diverse ions than FCS [$able 14), but both are at physiological pH. In this

study, the titanium sudice underwent an acidic treatment irsP and an alkali heat treatment in
NaOH solutions for 5 hours at 140 C° under 3 bars of pressure. Deposition from FCS and HBSS solutions

lasted 14 days at 37 °C with replenishments of the solution every day. Byt&&Mshowed a
homogeneous deposition of HAp but the surface was not fully cox@' e 119).

Figure 119 SEM image of titanium surfaedter 2 weeks immersion in HBSS (a) and enlargement (b)

Cell culture medium containing the appropriate concentrations of calcium and phosphate ions
is also a potential choice to deposit hydroxyapatite on titanium substrates. With this idea, Faure et
allo pe Ko e u} 1(] Po s u ]Juu ~ D D ~hlff&r&d aZellar cufuve

medium containing inorganic ions but also amino acids, vitamins and glucose (see comp@$iole in

1.5). Titanium was pretreated in NaOH and soaked in DMEM at 37 °C for 4 or 15 days. After 15 days,

the surface was fully covered with hydroxyapatite, withIEum coating thickness. It wasggested

that the deposition mechanism is similar to SBF, with first the nucleation of amorphous calcium
phosphate on the surface, followed by phase transformation in hydroxyapatite and crystal growth. A
major advantage of this method is the commercial &mlity of DMEM that avoid the fastidious

preparation of SBF solutions.

Na' K Mg?* ca&* Ct HPG* | SQ? HCQ@”
DPBS | 448 10 4.1 2.5 242 14 - -
FCS 137 3.71 - 3.10 145 1.86 : :
HBSS | 142 5.81 0.898 | 1.26 146 0.779 | 0.406 | 4.17
DMEM | 15456 | 5.37 0.8 1.82 120.5 | 1.0 0.8 44
SBF 141.8 | 5.0 1.5 2.5 148.0 | 1.0 0.5 4.2

Table 15 lonic compositions of solution to deposit HAp on titanium and comparison with SBF
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As a summary, biomimetic deposition is a convenient method to coat metal substrates, but
also ceramics and polymers, with a hydroxyapatite phase close to bone in composition, morphology
and crystallinity. Compared to conventional methods like plasma sprayossible to achieve calcium
substitutions and obtain carbonated hydroxyapatite. The morphology is also clearly distinct, as plate
like shaped patrticles are obtained compared to neestaped crystals usually obtained by-co
precipitation methods. Cdangs can be homogeneous in composition and crystallinity, in contrast to
thermal methods often leading to the deposition of several calcium phosphate phases. Adherence of
the coating to the substrate is important, thanks to the sticking layer of caldtamate obtained after
alkali pretreatment. Another advantage is also the possibility to coatplanar substrates, as it is a
wet method consisting in soaking the substrate in the solution. However, deposition lasts several days
or weeks, which is the nj@ar disadvantage of this method. To accelerate the deposition, it is possible
to concentrate the solution, while keeping in mind that it is very likely to induce precipitation in

elous]iv v ul 8§z %0}e]S ZC E}ALAC % S]S 0 ¢« ~ J}uJu 8] _X

1.4 Antibacterial strategies

Prosthetic joint infections (PJI) are a major concern nowadays as their number is constantly
increasing. Indeed, even if their prevalence is lower than before, as the number of patients expands
every year, the number of infectiongoes the same way. The most frequent bacterial strain
encountered in PJIs is the gend&iaphylococcysespeciallys. aureusand S. epidermidisbesidesS.
haemolyticusS. capitisandS. hominisThe principal mechanism in the development of infecti@ns
the biofilm formatiori®on a surface. Bacteria live in two states, the planktonic state when they are in
solution, and an adhered biofilm state on a surface. The stages of biofilm development!aréll
attachment and adherence of planktonic cells to an abiotic or biotic surface¢ciitment of adhered

cells and production of extracellular polymeric substance (EP®gtBration and development of full

biofilm architecture; and 4dispersion ofthe biofilm to yield back planktonic cefts(Figure 120).

Being in a biofilm state increases the resistance of bacteria to biocides. Dispersion is the deleterious
stage, as bacteria are released in biological fluids in the case of biofilm formed amirsprface,
spreading the infection in the entire bot!y. Combating biofilm formation is very imgant to avoid

the development of PJIs. Two main strategies are currently implemented, alone or in combination:
avoid bacterial adhesion to the surface of the implant, and/or kill the bacteria under contact or in

solution by the release of a biocide agent.
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Figure 120 Bacterial life cyché®

The majority of bacteria have a hydrophobic surface, because their membranes are composed
by peptidoglycans for Gram + bacteria and phospholipids for Gtdracteria. To prevent bacterial
adhesion, one can play with surface hydrophilicity, with chemical treatments, nanopatterning, or
different coatings like polymers or titania. Such surfaces amed antiadherent, in contrast with
bactericide surfaces that kill planktonic or adhered bacteria thanks to bactericidal agents like metal
ions or nanoparticles or antibiotics (encapsulated or tethered). This part will present these different
methods usedo achieve antibacterial surfaces. First, we will focused on surface modifications, then
we will discuss the use of bactericidal metals such as silver, and finally we will explore the use of

antibiotics, with an insight on antibioresistance and the netgssiusing new antibacterial agents.

1.4.1Surface topology tuning
d]sS v]pu cuE/( (JE VvC SE 3u v3 ]s s0]PZ30C ZCY®N% Z]0o] ~A
To increase the hydrophilicity of the surface, plasthdaset®, U\ and chemicdf®treatments are

used.

A nonthermal ambient atmosphere plasma treatment used on pure titanium surfaces allowed
the formation of a TiQanatase upper layer, together with the formation of imine and imides functional

groups?®. Treatment duration affected the surface energy and watentact angle of the surface. A

10 minutes treatment lead to more hydrophilic surface than the 2 minutes ongfFipee 121|(a).

These surfaces were tested agairdtam + and Grant bacteria. Bacterial adhesion and biofilm

formation were reduced after treatment, with an enhanced effect for the longest treatment. Gram

negative bacteria were more impacted than graositive [Figure 121{(b)), probably because of the

difference between their outer membranes.
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Figure 121 (a) Contact angle of water on ndreated Ti surface (NP), after 2 min (P2) and 10 (P10)
minutes of plasma treatment; (b) Fluorescent images showing the live (green) and dead (red, arrow)

stained bacteriéStaphylococcus aureasdKlebsiella oxytocadherent to titanium disé®’

Exposition to UV irradiation at 257.7 nm for 15 hours enhanced the hydrophilicity of a TiAIV
surface with a positive effect on differentrains ofS. aureusindS. epidermidid_ower adhesion rates
and ability to retain bacterial cells under flow conditions were observed compared witlrraaiiated
surfaces® Fiber laser surfacengineering is another route to enhance the hydrophilicity of titanium
and titanium alloy surfaces. A laser treatment at 1064 nm in nitrogen environment led to the formation

of TiN and TiO species and increased surface roughthe@smpared to nortreated surfaces that

were covered with living bacteridgrigure 122|(b) and (d)), the number ofS. aureusvas reduced on

treated Ti and TiAlV surfaces, especially offriGiufe 122|(c)), and dead baeria were a majority on

TiAIV|Figure 122|(e)).

Figure 122 (a) Water contact angle on different substrates before and after laser treatment;
Huorescence images for the untreat€d, d)and lasestreated (c, e)samples after 24 h @&. aureus
ATCC 65.38ulture: Ti (b, ¢) and TiAIV (d,'®)
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Reently, research has focused on the nanopatterning of titanium surtdt¥$ Producing
nanoscale structures, sometimes inspired by Nature, with specific dimensions on the surface could
mechanically kill the bacteria, in addition to thetaadhesion effect. Numerous fabrication process
are available, among them anodizt#'* chemical etchiny® and hydrothermal are the most
popular. Dimension of nanopatterns is the key parameter for the bactericidal property. Most studies
report the bactericidal behavior for dimensions ranging between 100 and 1000 nm in height, 10 to 300
nm in diameter/width andspacing lower than 500 nf#f. Rupture of the cell wall by penetration of
high aspect rio nanopatterns is commonly assumed as the underlying bactericidal mechanism. The
control of anodization time of TiAIV substrates at a constant voltage of 20 V in an electrolyte containing
HSQ and HF can control the nanopattern obtained at the end dof firocess. 5 min leads to
nanoporous Ti@while after 60 minutes nanotubular oxide is forntéd However,S. aureusand S.
epidamidisadhesion is the same on nanoporous and nanotubular surfaces. Chemical etching in acidic
oxidant solution (E5Q and HO, mixture) can form Ti@nanopores on TiAIV substraf€s After 30
minutes of etching, surfaces exhibit a trend to hydrophobic behavior, while after 60 minutes the
hydrophilicity is enhanced. Adhesion of fungafdida albicaslepends on the time of contact with
the surface. After 2 hours of contaetdhesion is reduced on treated surface, while after 6 hours the
cell viability is higher on surfaces treated for 60 minutes, because the dimension of created pores is
different depending on the treatment duration and pore dimension seems to have an effiecell

viability.

Overall, modification in surface hydrophilicity and nanopatterning are promising ways to
reduce bacterial adhesion and activity on implant surface, with easy to handle techniques without an

additional coating. In case of nanopatternisgyfaces may also be mechanically bactericidal.

1.4.2 Surface functionalization

1.4.2.1 With inorganics compounds

Some metals have intrinsic antibacterial activity, like copper, zinc, and silver, which is the most
studied. Metals may be added on thephant by incorporation within a coating of titarig, titania
nanotubed'#1%r calcium phosphate coatintjé!'8 Metals are interesting bactericide agents because
they are active against both Grapwositive and Granmegative bacteria. Because it is a very potent
bactericide, siler is widely used, especially under the form of nanoparticles (NPs). It is commonly
accepted that the antibacterial activity of Ag NPs comes froiadhg released upon NPs dissolution.
Silver ion is capable to bind to bacterial DNA and RNA to prevetgrtzgroliferationt'®18 Silver
NPs were incorporateih hydroxyapatite coating deposited on TiAlV substraea Ag mirror reaction

(formation of metalic siver as a rsult of an oidation-reducdtion reaction)!®. Morphology of the
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hydroxyapatite coating affected the Ag release, as nanorods and nanoplates arrays retained more Ag
than smooth surfaces over 70 hours. However, it did not affect antibacterial activity and the Ag
incorporating coatig reduced the number of viable bacteria by 100 %. Toxicity of coatings were
evaluated on human bone mesenchymal stem cells. Cells adhered and proliferated on every surfaces,
meaning that the presence of silver at these concentrations was not cytotoxwee\o cytotoxicity

of silver is usually a major concern, requiring the control of silver ion release. For instance, Ag NPs

loaded in titania naotubes (TNT) were release in two steps, a first rapid initial burst release and then a

sustained one over 14 day$ These coatings were very efficient agaiBstaureugFigure 123|((a)),

but exhbited cytotoxicity, as shown |Figure 123|(b) with a reduced of number of primary rats

osteoblasts compared to controls. The toxic burst release of silver ions mdgléged by coating
loaded TNT by a polyelectrolyte filffs This protective coating did not affect the antibacterial activity
of Ag loaded TNT, but prevestt the toxicity towards osteoblasts and played a key role in adhesion

and spreading.

Figure 123 Fluorescence images of bacteria on samples after 7 days of inculfafieand primary

rat osteoblasts cell numbers on samples after 1 and 4 days of incubatifi (b)
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Zinc ions are interesting because they are less toxic than silver. Theyni@duced on Ti®

grown on titanium surface by micrarc oxidatiod'®. Coatings synthesized by this method were

uniform and porousgegFigure 124|(a)). After 24 hours of incubation witB. aureusthe antibacterial

activity of zineincorporated coating reached 100 %, while titania coating itself exhibited only 40 % of

antibacterial activity. Strontium ions were added for esigitegration property, but antibacterial

activity of mixed zZ#8r/TiQ coating was lowered to 80 4kigure 124|(b)). Alternatively, polymeric

coatings such as polydoméne, known to enhance cell adhesion and spreading, may encapsulate and
release Zn ions for 6 day$ When deposited on titanium, they exhibitd 00 % of antibacterial activity

againstS. aureusndE. colcompared to undoped polydopamine coatings.

Figure 124 SEM images of pure Ti (PT), titania coating (MTFn&rporated titania coating (MZn)

and Zn/Siincorporated titania coating (a); antibacterial rate of surfaces ag&nsureugb)'*

One can take advantage the flexibility of the structure of hydroxyapatite, which is favorable
for ionic substitutions and insertions. Numerous studies have been done to dope HAp with various
metal ions, such as silVé?, zind?1"23 coppe!?2124126 jront27129 strontium3%131 lanthanide$®, in
order to enhance its biological activity. In particulanbstitutionst or insertionst of copper and zinc
are very promising for their antibacterial properties. Depending on the ionic content and synthesis
method, doping ions may substituted calcium, or inserted into the hydroxyl channel, which does not
modify crystals lattice parametetd1282 Employed as nanopowders, -Guind Zrdoped HAp showed
bacteria reduction againgf. coliand in a lesser exter8. aureu¥? Copper substituted hydroxyapatite
reached more than 98 % of activity agairgt aureu®®. Combined doping of bismuth and silver
BibsAgsCa(PQ);OH was also very efficient againgt coliand S. aureu¥®. However, dopesd
hydroxyapatite are mainly used as nanopatrticles or ceméa the best of our knowledge, only few

very recent promising studies have been conducted on ddpatfoxyapatite coatings. Solution
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precursor plasma spraying process was used to deposiirZ2udoped hydroxyapatite on TiAW?12¢

Antibacterial activity of these coatings amet available yet.

Overall, metals are very efficielas bactericide agents, but it is necessary to control their
release in body fluids to prevent any cytotoxicity, especially in the case of silver ions. However,
promising strategies using additional polymeric coating or other bactericide metals like zentohze

further investigated, notably due to the broagpectrum activity of such agents.

1.4.2.2 With organics compounds

1.4.2.2.1 Antibiotics

Local delivery of molecular antibiotics present at the implant surface has been widely studied
over the past t@ years. Antibiotics may be covalently immobilized or encapsulated in polymers or
ceramics matrixes. One main disadvantage of antibiotics compared to metalsoiomPs- and
topological modifications is their narrow spectrum of efficacy. Indeed, anidsiobolecules have been
developed against Graipositive or Granmegative bacteria, but do not have the same efficiency

against both and can also show a strong stdgépendent activity. Nonetheless, some bresygectrum

antibiotics are available, a seleatiof which (see molecular structures [giigure 125) will be studied

here for incorporation on titanium surfaces by tethering or encapsulation

Figure 125 Molecular structures of some antibiotics immobilized on Ti surfaces
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1.4.2.2.1.1 Adsorption

With the goal of combining antibacterial activity with osseointegration, loading of antibiotics
within hydroxyapatite has been widespudied®>128142 |n these studies, drugs may be incorporated
after in the coating by adsorptidf#2814° or Ilyophilizatiod*!42 The synthetic route of the
hydroxyapatite coatingnay affect the antibiotitoading and release. Tobramycin adsorbed on plasma
sprayed HAp was releagever 2 days in PBS, while release was sustained for 8 days at concentration
above MIQagainstS. epidermidigf the drug was adsorbed on biomimetic H&pThis was attributed
to the nanoporous structure of biomimetically deposited HARy adsorption on such a coating,
tobramycin remained active up to 6 daysvitrowith S. aureusncubation every day, despite an initial
burst release in the first 15 miites8, The large amount of drug loaded allows to deliver tobramycin
for 8 days with a concentration above the MIC. Adsorption of tobramycin, cephalotin, amoxicillin and
gentamicin was studied on hydroxyapatitt Coated surfaces inhibiteS. aureuggrowth after 24
hours of incubationin vitrorelease showed an initial burst release followed by a slow and reproducible
release for 22 hours. Release rates indicated that the reledseherapeutically relevant dose could
be achieved for about 2 days. This strategy could be useful to avoid initial contamination of the implant.
The same drawback was observed when gentamicin was loaded by lyophylization on carbonated

hydroxyapatite cating on TiAI¥*2 Macropores and mesopores of carbonated hydroxyapatite allowed

to adsorb a large amount of gentamicin, but the totality of the drug was eluted after 24 Heigre¢

1.26|(a)). Nevertheless, this coating showed a diminutio®@&pidermidisadhesion and prevention of

biofilm formation|Figure 126|(b)).

Figure 126 Cumulative amounts of gentamicin released from surfaces with adsorbed gentamicin
directly on Ti (GenTi), or on carbonated hydroxyapatite (GEDHACSHa); Relative number of viable
bacteria 6. epidermidjson the different samples after culturing for 24 h(8)

1.4.2.2.1.2 Encapsulation
Encapsulation of antibiotics follows the same prinegpihan for encapsulation and release of

osteogenic agents. For example, thanks to their small size, antibiotics molecules can be incorporated
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into titania nanotubes (TNTs) formed by anodization on titanium and titanium sutfdcEdling of

TNT via lyophylization allowed an uptake of gentamicin up to 600 p@.3ocmx 0.5 cmsurfacessS.
aureusadhesion was reduced by 70 % when TNTs are loaded with gentamicin, after 4 hours of
incubation. However, this coating possesses a very stavrh effect, as the drug is eluted in 150 min,
and would be only useful to prevent initial bacterial colonization, before the adhesion and proliferation
of osteoblastic cells. Another way to encapsulatelanotics is inside a polymeric coating. Vancomycin
was successfully incorporated in a PaaBy(lacticco-caprolactone) (PEBLC) hydrogel covalenty
bounded to Ti surface via adhesive polydopamine. Addition of starch in the coating slowed down
vancomycin redasein vitro, because of slower swelling of PEf@rch gel compared to PEG aléfteln

vivo, vancomycin was delivered for nearly 4 weeks, with the reduction of inflammationrablait

model of S. aureusnfection. Drugs can also be loaded withieramics coatings, like silica or calcium
phosphate. Triclosan was incorporated in a silicageblcoating on stainless steel fixation pins via sol

gel synthesi§’. After an initial burst release, sustained release up to 8 weeks was observed, with
elution of 33 % of the original triclosan load. iAwvivostudy in rabbits showed the ability of the coating

to prevent infection and promote tissue healing.

When encapsulated in hydroxyapatite coating, antibiotic during may be added during the
coating synthesis, especially for biomimetic deposition. When the molecules are added to the coating
solution, they gradud#} become integrated within the forming calcium phosphate dep&siEor this
strategy, functional groups of the antibiotic molecule is important for interaction with calcium and
phosphate ions. Cephalotin and carbenicillin showed the best incorporation compared to cefamandol,
amoxicillin, tobramycin and gentamicin. Looking to the lasintic molecular structures, the
incorporation efficiency seems to be related to the number of carboxylic acids, except for cephalotin
that only possesses one carboxylic group. Vancomycin was poorly incorporated in the coating,
probably due to its molecufssize. As for their release, cephalotin was released at the slowest rate,
and no more than 70 % of the loaded drug was release within 16 hours. Drug loading and release were
correlated to antibacterial activity of the coating as the cephaltdded depsit was the more

efficient againsS. aureus

1.4.2.2.1.2ovalent immobilization

Tethering antibiotics has several advantages, such astéyng antibiotics effect and local
activity. As the drug is in principle immobilized on the surface for the lieebirthe implant, it should
be effective in case of late colonization, and also limit its toxicity to the closest t1€5WC is the
lowest concentration at which a compound will inhibit bacterial growth when dosed against planktonic

bacteria cell€®. The group of Shapiro and Hickok successfully tethered different antibiotics like

vancomycin and gentamycin on titanium and titanium alloy surfaces with the help edsssimbled
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monolayerd3+135133 Ag g first step, titanium surface was etched with a mixture £8@and HO;,

before covalent immobilization of silanes like aminopropyltriethoxysilane, to obtain an amcime
surface. The antibioticseve covalently coupled in a second stage using a linker, to take the drug at a
certain distance from the surface. Vancomyginsurfaces significantly prevented S. aureus biofilm

formation over 30 hours incubation, and after sevenimeubations, but did at show any activity

against E. coli biofilt#® (segqFigure 127). According to the authors, this confirmed that the activity is

due to the presence of the antibiotics, and not to a modification in surface roughness or chemistry,
because vancomycin is only active against Gram + bacteria. Studies on osteoblasts showeed the

cytotoxicity of these coatirg®

Figure 127 Bacterial colonizatio®ontrol and Vandi rodsafter 30 hof incubationwith S.
epidermidis a gram positive organism that falls within the spectrunacivity ofvancomycin, oE.

coli, a gram negativerganism that is not sensitive to vancomyém

Even if these coatings seem promising, few drawbacks remain. Physical and chemical stability
of the coatihg has to be taken into account, as the forces applied to orthopedic coatings are significant
and the biological fluids highly corrosive. Furthermore, their action is only directed in the space
immediately adjacent to the implant, which can be either beagwantage and a disadvantage. The
antibiotic cannot fight against the propagation of the infection if avoiding biofilm formation is not

enough.

1.4.2.2.2Antimicrobial peptides

Antimicrobial peptides (AMP) are part of the immune system of numerous aEn
including humans. They possess superior antimicrobial characteristics than antibiotics, because they
are broadspectrum agents. They are active against bacterial, fungi, parasites and viruses, by targeting
fundamental structures of microorganismsdithe membrane¥’. AMP are produced chemically or
biologically using bacteria, yeast or insect cells. Advantage of biological production is the cheaper price

of largescale poduction.

AMP may be encapsulated in polymeric fitffsor in calcium phosphate coating%% Even

if the incorporation is successful, the diffusion of the AMP to the surface is an issue. The outer layer is
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not the AMP, and bacteria adhering onto the top assembly may block AMP release. Moreover, long
term stability of the coating has to b&udied. AMPs adsorbed on calcium phosphate coating were
able to killS. aureusindP. aeruginosavithin 30 minutes$*. Coatings remained active after focycles

of bacteria incubation, even if the activity decreased. No loading nor antibacterial activity was
observed when AMPs were adsorbed on Ti surfacekgpee 29. To delay the AMP release from the
coating, a thin phospholipid film (palmytegleoyl phosphatidyicholine POPC) could be deposited on
top of the initial calcium phosphate layét. The presence of the film allowed a continuous drug release
up to 72 hours, witbut initial burst release. These systems were active aga&nsiureusand P.

aeruginosaafter 24 hours of incubation.

Figure 128 Antimicrobial activity of TAMPand CaPAMPagainst(a) P. aeruginosand (b)S.

aureus!*®

For covalent binding, the titanium surface is usually functionalized with different spacers, like
W ' l1E }8Z & " & pasktembldd htBnelaggybearing reactive groups to attach the peptide
onto the surface. Surface concentration of the AMP, spacer length and flexibility, as well as peptide
orientation at the interface are key parameters to assure good antibacterial aétiviys an example,

hydrophilic polymer brushes ¢substituted polyacrylamid® DMA/PAPMAwere used to covalently

attach AMPs on titanium surfad€&igure 129|(a))*>~. The polymer provided protection against ron

specific interaction and offered accessibility and flexibility to the AMPs. Antibacterial activity of these

coatings was very efficient and fast BnaeruginosandS. aureugFigure 129|(b) and (cyespectively).

Biofilm resistance of the coating was attributed to effect of the -aatihesion property of polymer
brushes, combined with the bacierde activity of the peptide Silanization of titanium surface by-(3
chloropropyl)triethoxysilane (CPTES) andarf8nopropyl)triethoxysilane (APTES) was used to
functionnalize the surface with an amino terminal group, in order to covalently attached AViPs
These coatings were efficient against Grpasitive and Granmegative bacteria, independently of the

AMP used (meliminé&? hLf1-11%%3).
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Figure 129 (a) Representation of peptide immobilized copolymer brush on surfacgibacterial

activity of peptide immobilized titanium wire against ()aeruginosand (9 S. aureus®!

1.4.2.3Antibioresistance: new antibacterial molecules from natural products

Despite the potential of local delivery of antibiotics to prevent PJIS, the ongoing phenomenon
of antimicrobial resistance has forced researchers to be careful while using common adcgibiot
2018, the World Health Organization described the antibiotic resistanderesof the biggest threats
§} Po} 0 Z 03ZU (}} « HE]SCU Y2 ThisNsmpva new phéjomenon, as the first
drug resistant bacteriabktrains were discovered in the 1930s in military hospitals. Nowadays,
antimicrobial resistance is responsible for almost 25000 deaths per year in Europes aodtiis
approximatively comprisgbetween $ 150 million and $ 30 billigh Resistant pathogens may be
classed in three different groups. First, methicitiisistantStaphylococcus aure(8RSA) is the most
spread pathogen, with 480 % of nosocomia. aureusn the USA and K described as MRSA. Even
u}E vP E}pe $Z v DZ™ U He A v }uC v ]e No e Z v _ V8] ]
resistantS. aureuss an emerging pathogen. The second group of resistant bacterial strains concerns
multi-drug resistant (MDR) graimegative bacteria, which are less prevalent than MABPSAudomonas
aeruginosaesistant to some (MDR) or all (pandfrasistant) classes oh#ibiotics commonly used to
treat Gramnegative bacteria belongs this group. The third group is the most challenging and is
characterized by MDR and extensively dragistant strains oMycobacterium tuberculosiMDRTB
and XDRIB), which are a risingrémat in the developing worfd®. However, this group is outside of our

study as this strain does not concern PJIs.

Antibiotics resistance is mainly due to misuse and overuse of antibiotics in western countries.
80 % of the totahntibiotics consumption in the USA is used in animal food production, and almost 30
% of antibiotics prescriptions may have been inapproptfatd&Resistance may appear only few years
after the use of a new drug, and is spread worldwii®ugh contact between people infected by MDR
bacteria. Genes for resistance can be transferred among bacteria of different taxonomic and ecological
groups. These genes are generally directed against a single family of antibiotics. In case of logal delive
of antibiotics, it is important to know that very low concentration of antibiotics induces the resistance,

which is correlated with sulMIC concentration of antibiotic. To fight against antibiotics resistance, it
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is necessary to reduce antibiotic consption, together with a better use. Researchers need to develop
new antibiotics, as only two new classes of antibiotics have reached the market since the 1970s. New
antibiotics may be inspired by natural molecules, which can be used as such or improveghig o
synthesis to obtain more efficient drug3 In this part, we will focus on alternative strategies involving
natural molecules. First, the use of antimicrobial peptide will be underlined, before a study of natural
polypheno$s extracted from natural products, known for their numerous biological properties

(antibacterial, antviral, antioxidant, antinflammatory).

In order to face the development of antibacterial resistance, the use of natural products as
antibacterial agerg has attracted much attention in the last decatfe$>hytopharmacology is used in
traditional medicne over three thousand years mainly as herbal tea, but also in modern medicine since
a large proportion of known drugs are molecules that have been identified in plants and used as such
or as a derivative. Indeed,is estimated that at least 25% of albelern medicines are derived, either
directly or indirectly, from medicinal plants, primarily through the application of moderhrtelogy
to traditional knowledgé*. As a sign of this increasing interest, a list of 442 plantcisded in the
2013 version of the European pharmacopoeia for their therapeutic Ageore recent approach is to
focus on the most active molecules from plaritost are secondary metabolites that serve in many
cases as plant defense mechanisms againstigtion by microorganisms, insects and herbiVrs
These molecules are responsible for plant odors (terpenoids) and colors (quinones and tannins), and
most of them give the plant its flavoAmong them, polyphenols have been demonstrated to possess
numerous health benefitssuch asantioxidatiort>®"°8 antiinflammationt**%® and antimicrobial
activity"’. It should be mentioned that these molecules have been investigated mainly for their use in

food preservation, in the form of plant extract or essential oils, or extracted mtag€%,

The most studied compoundacludeflavonoids, ubiquitous plant secondary metabolithat
are known to be synthesized by plants in response to microbial inféétith More than 4000
flavonoids have been identified in fruits, vegetables and ptierived beverages (tea, coffee, and

wine). Flavonoids can be subdivided into many subclasfiesonols, flavones, flavanones,

anthocyanidins, lavanols, and isoflavoneg={gure 130)!%* Catechins and epitlacatechin gallate,

mainly found in tea, are parts of the flav&@ml class. They are the most studied natural bioactive
molecules, for their antibacterial and antifungi activities. Flavonols, such as myricetin, morin and
guercetin, have received much atition thanks to their remarkable activity against both Gram

positive and Grammegative bacteria. Flavones share a common skeleton with flavonols, without the

hydroxyl on the central aromatic cycle. Baicalin and its aglycone baicalein are parts osjSiglae

1.31). They are extracted from the root of the plaBtutellaria baicalensiknown in the Chinese

pharmacopeia for centuries for its astiflammatory*®®, antioxidant, antiviral, anticanc&f and

49



antibacteriat®>'®’properties. These two molecules have been characterized as ones of the most active
molecules inScuteldria baicalensiextracts®167 Moreover, antibacterial activity of baicalein was
tested againsS.aureusand MRSK®1% Baicalein alone was able to eradicatdays biofilm in a dose
dependent manner, for concentrations above MfCUse in combination with ciprofloxacin, baicalein

at concentration below MIC was able to restore the antibacterial activitypodftoxacin against MRSA.

Additionally, a synergistic effect was observed against ciprofloxacin resistant $ftains

Figure 130 Chemical structures of the polyphenol classes and their biological propétties

Figure 131 Baicalin and baicalein structures
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Another class with high biological importandgecludes carboxylic plyphenols such as
chlorogenic acid§®'7%1"* gallic aciéf? rosmarinic aciéf? ferulic acid’®, ellagic acitf%, that combine
polyphenol and carboxylic acid groups. Chlorogenic acids are a familesf #8tmed between trans
cinnamic acid and quinic acid. The most common compousi®isaffeoytquinic acid (8CQA), which
]* 2 }voC }v luu E ] ooC AJo o v ]+ 38Z E (JE YulipoC o0
be found in many foods and beverages, mainly coffee, fruits, vegetables and lamiacae (oregano, basil,
marjoram, melissa, peppermint, rosemary, sage, spearming and thyme). The scavenging activity and
antibacterial property of methanolic extracts of fenadeafs and seeds have been attributed to
chlorogenic acitt’. It is also one of the major and most active components of the plamtina

persica’™.

Finally, it is also worth mentioning the terpene fartfityincluding carnosic acid. Carnosic acid
possess one phenolic group, so that it is often classified as a polyphenol compound, but it is closer to
the terpenefamily*’®. It has been described as the most active compound of rosemary essential oils

for antioxidant and antibacterial activity. It is active against Greapative and Grarpositive bacteria.

Figure 132 Molecular structures of chlorogenic, rosmarinic and carnosic acid

These examples are only a few over the wide range of natural molecules able to Kill planktonic
bacteria and/or to induce efficient biofilm prevention. Natural products may bel @seessential oils
or plant extracts, to take advantage of the synergy between compounds, or as pure compounds. An
important point is that their MIC are far higher than those of commons antibiotics, meaning that a
higher dose is necessary to reach theibatterial activity. As for their use in the field of body implants,

only few studies but promising examples are available in the liter&t(ite.

1.4 Conclusion: our strategy

This literature review emphasized the different strategies available to enhance
osseointegration of metallic implants and to prevent the development of periprosthetic joint
infections. Our goal in this PhD project was to corifeth properties to titanium alloy surfaces,

Ti6Al4V, the most common alloy used in total hip remplacement.
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As studied in this chapter, hydroxyapatite is a material that could enhance osseointegration
and support to immobilize antimicrobial agents. The unique FDA approved synthesis of hydroxyapatite
is the plasma spraying but coatings is inhomogeneous and theradce to the substrate is poor.
Moreover, with this method it is not possible to incorporate organics molecules like antibiotics during
the process. In order to overcome the issues of plasma spraying, we decided to synthesize
hydroxyapatite by a biomimdt %0}e]1S]}v ]v pe]vP SZ <}lp }[* ¢Jupo § } C (op] >
synthesized with this method is biomimetic in terms of chemistry and morphology, and temperature

used in the process is compatible with the incorporation of organic molecules.

Severhoptions are available to add antibacterial properties to a hydroxyapatite process, with
inorganics or organics inorganics compounds. The use of metal is controversial because of the toxicity
of such agents, and the issue of antibioresistance emergestiétiise of antibiotics. Therefore, our
choice goes on the use of natural antibacterial molecules, flavonoids and carboxylic acid polyphenols,
known to be efficient against resistasatrains and never used in the field of antibacterial coatings for
body inplant. These four molecules possess carboxylic acid function and/or catechol functions that

could significantly interact with hydroxyapatite.

In the next chapter, we will first discuss the antibacterial and antioxidant propertisslected
antibiotics,as well as their interaction in solution with calcium ions, to determine which molecule
would be the best choice to be associateilh the hydroxyapatite coating. Spectrophotometric and
spectrometric method will be used to describe the complexation withlcium, and the behavior of
molecules in aqueous solution. In a second step, the proof of concept to develop hybrid materials
consisting of natural antibacterial molecules and hydroxyapatite will be presented. Antibacterial and
antioxidant activity of migd baicaleirhydroxyapatite particles will be determined. Finally, biomimetic
coating of hydroxyapatite will be deposited on Ti alloy, and the incorporation of baicalein will be

performed.In vitroantibacterial and osseointegration properties of the hglgoating will be explored.

Figure 133 Our strategy to develop a natural antibacterial molectilgiomimetic hydroxyapatite

coating
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2.2 Introduction

In this first part of my PD project, we attempted to understand the interaction between
calcium and four biologically active molecules (BAMs) in solution at different pHs. The four BAMs
studied along this chapter, and the entire thesis, are polyphenols and flavonoids: rosmadniRAg
chlorogenic acid (CA), baicalin (BA) and baicalein (BE). As already discussed in the Literature review
(Chapter ), these molecules are potent antibacterial and/or antioxidant agents to be used in the field
of bone implants. In a first instance, the characterization of the antibacterial and antioxidant activities
of these molecules will be presented. Secondly, thieraction between rosmarinic and chlorogenic
acids with calcium at different pHs will be investigated. As we intent to incorporate BAMs in
hydroxyapatite, the interaction with calcium should be considered. This work conducted to the
submission of a full geer, presented in the paragrapgh4. In a third step, thén vitrofate of baicalin
and baicalein at different pHs, as well as their interaction with calcium will be studied. In particular,
the degradation of both molecules has been mentioned several timeke literature, but without
further characterizations. We will try to better understand this phenomenon in the paradgraphand

study how it affects their calciuthinding affinity.

2.3 Antibacterial and antioxidant activities of BAMs

The antibacterdl activity of RA, CA, BA and BE was characterized by the measure of the
minimum inhibitory concentration (MIC), against four bacterial strains: a Gram ned@sieadomonas
aeruginosa ATCC 27853, and three Gram positikésteria ivanoviilLi4(pvS2),Staptylococcus
epidermidisCIP 68.21 an8taphylococcus auredd CC 6538. Minimum inhibitory concentration of the
molecules was measured by the microdilution method irn@8ls plates. MuelleHilton broth (MH)
was used for culture 0. epidermidisBrain HedrInfusion broth (BHI) fok. ivanoviiand Lysogeny
broth (LB) was usefbr S. aureusindP. aeruginosaFor each tested strain, a bacterial inoculum of 1
x 1@ cfu/mLwas prepared by diluting an overnight culture in sterile MAM solutions (1001uof 10
mg.mL? stock solution in DMSQwere allotted in a 96well microplateby two fold serialdilutions
Growth of bacterial strains wade visuassessed after 24 hourscubation at 37°C. MIC was defined as
the minimal concentration of the tested compoundathcompletely inhibited cell growttBAMwere
tested at final concentrations ranging frob6to 0.4mgmL* for RA and CA40.96to 0.01mg.mL? for
BA and 1.35 to 0.03@g.mL?! for BE The highest final DMSO concentration uséd% v/v) induced
no significant bacterial growth inhibition. MIC determinatiohaiprofloxacin (0.0625 L for S.
epidermidisCIP 68.2.and 05 pgmL?! for S. aureuATC(7574) was performed as a control on each

microplate. The accepted variance on Mi&ue can be estimated to af@ld difference due to the
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microdilution method usedExperiments were performed in duplicateesults are gathered|ifiable

21

First,a difference is noticeable between Gragositive and Granmegative bacteria. The MIC
of the four molecules again§t. aeruginosés outside the range of tested concentrations, while it was
possible to measure MIC for the three other bacteria strains. Suggests that the four molecules are
more active against Grajpositive bacteria than Gramegative. Against the three Grapositive
bacteria, baicalein is the molecule with the lowest MIC, at 34 pg/mL ag&inspidermidignd L.
ivanoviiand 17 pg/mL agains$. aureusmeaning that it is the molecule with the best antibacterial
activity. Chlorogenic acid is the less active molecule against the three tested bacteria strains, with a
MIC of 2043 pg/mL againkt ivanovii 4087 pg/mL agains aureusand higher than 4087 againSt
epidermidis Baicalin and rosmarinic acid have intermediary MIC comprised between 512 and 1024

pg/mL depending on the bacteria.

S. epidermidis S. aureus L. ivanovii P. aerugmosa
MIC (ug/mL) .
CIP 68.21 ATCC 6538 Li4(pvS2) ATCQR7853
Rosmarinic acid 512 4087 512 > 4087
Chlorogenic acid > 4087 4087 2043 > 4087
Baicalin 1024 256 512 > 2048
Baicalein 34 34 17 > 68

Table 21 Antibacterial activity of the four biologically active molecules against four bacterial strains

Thereafter, the antioxidant activity of the four molecules was also tested. It was assayed by
the measure of the scavenging activity on the stable free ra@iP&H with a modified Bloisiethod

in which the bleaching percetangé DPPH is monitored at a characteristic wavelength in presence of

the sampleX dZ ¢+ C A« % E(}EuU e (}Joo}AeW f{ii ..> }( D e}ous]}v ~
uulvlpu E }v § %, 0X6 A & u]A&E AlsZ 8ii ...> }( dE]oolufig( E %o, O X
} WW, § il ...D Jv 8§Z v}oX <}E v A e u uE § Aif6 vu (8§ & Ti

the dark. DPPH inhibition was calculated by the equation:

9 JvZ] ]8]1}Vv Am@EiAsrrisouio) x 100, withAthe measured absorbance.

Figure 21 Antioxidant acitivity of the four biologically active molecifggire 21|presents the DPPH

bleachingpercentageof the four BAMs. RA is the molecule with the best antioxidant activity, with a
radical scavenging activity of 29 %. BE and BA have the same antioxidant activity, with a DPPH

bleaching rate ota. 5 %. CA have amtermediary behavior with 13.6 % of bleaching rate.
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Figure 21 Antioxidant acitivity of the four biologically active molecules

To conclude, baicalein is the molecule with the best antibacterial activity against the four
tested bacterial strains, while chlorogenic acid is the one with the worst. On the contrary, baicalein has
the weakest antioxidant activity, together with baicalin. Rosmarinic acid has an antioxidant activity 6
times higher than baicalin and baicalein, andce that of chlorogenic acid. Rosmarinic is then the best

antioxidant molecule in our study.
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2.4 Interactions of calcium with natural polyphenols exhigitin
antioxidant properties

2.4.1 Introduction

Phytopharmacology has attracted much attention in the research field in the last decades not
only because of its use as in traditional medicine over three thousand years mainly as herbal tea, but
also in modern medicine since a large proportion of knowagdrare molecules which have been
identified in plants and used as such or as a derivative. Indeiedestimated that at least 25% of all
modern medicines are derived, either directly or indirectly, from medicinal plants, primarily through
the applicaton of modern technology to traditional knowledgés a sign of this increasing interest, a
list of 442 plants is included in tt#913 version of the European pharmacopoeia for their therapeutic
use. However, control quality to ensusafety and efficacy in production of traditional medicines is
difficult, thus precluding from ensuring the efficiency of a drug based on a plant extract. A more recent
approach is to focus on the most active molecules from plants. Among them, polyphereldéen
demonstrated to possess numerous health beneditsh as antioxidatiot?, antiinflammatiorf:” and
antimicrobial activity. The most studieccompoundsinclude in particulaflavonoids, ubiquitous plant
secondary metabolitesvhose activity is, at least partly, assated with their chelatiorof transition
metals ioné. Such a complexation can not only lead itmreased solubility, hydrophilicity and
bioavailability, butthe metal complexesanay alsopossess different biological properties than the
ligand aloné®1° In particular, iror''"2 and coppet:141 playing a key role in living systems, their
complexes with flavonoids have been widely studiednother class with high biological importance
includescarboxylic plyphenolssuch as chlorogenic acid§!’ gallic aciéf, rosmarinic acié, ferulic
acicf?and ellagic acid. Complexation with transition metals ions was also largely studied, in particular
for caffeic acid deévative€*?5, I agueous solutionsit neutral pHpolyphenolic moleculessually bind
to the metalor alkali metalion by one or more tOH (andCOQG, if present),usually resulting in the
formation of weak monenuclearcomplexed’. However,their calcium complexebave been poorly
characterized despite the presence of this ion in biological fluids and therefore their possible
relevance for pharmaceutical applications as antibacterial or antioxidant compounds. In this context,

this study aimed at a dailed in vitro evaluation of calcium complexes chlorogenic acid and

rosmarinic acid (denoted biological active molecuR&N) in the text)|Figure 22).
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Figure 22 Molecular structires of (a) chlorogenic acid and (b) rosmarinic acid

Several spectroscopic methods have been used to investigate a possible complexation
between these catechol derivatives and calcidrhe pHbeing of particulaimportance onboth the
formation and the stability of the complexespeeliminary studyf the U\-visabsorbance othe BAMs
was undertaken. Rrticular attention wasdevoted to the determination of the stoichiometry of
complexes and to the identification of complexing sitesing nassspectrometry (MS) andNMR
spectroscopy. Effect of calcium complexation on antioxidant activity of both molecules was also
assessed. Taken together, these data reveal the large diversity of possible complexation modes of
calcium ions with thesenolecules and their noticeable dependence on pH. However, little if any
variation of their biological activity could be evidenced. This suggests that, compared to other
inorganic ions, interactions of calcium ions with these molecules should not playoa mole in their

antioxidant efficiency but may nevertheless be taken into account for theiivofate.

2.4.2 Experimental

2.4.2.1 Chemicals

Chlorogenic acid (CA) and rosmarinic acid (RA) was purchased from Carbosynth Limited
(Compton, Berkshire, UKJalcium chloride dihydrate was obtained from Jessen Chemica. Phosphate
buffer (PB) 0.1 M was prepared by mixing potassium phosphate monobasic and potassium phosphate
dibasic at pH 7.2.

2.4.2.2 Spectroscopic and spectrometric measurements

The formation of omplexes between the BAMs and calcium was investigated with several
methods. UWisible spectroscopy was performed on a Libra Biochrom S60 spectrometer, between
250 and 600 nm. Electrospray ionization mass spectrontE®MS)studies were conducted onlalrQ
orbitrap mass spectrometer, with a capillary voltage of 20 V and tube lens voltage of 70 V, in positive
ion mode. Resonant excitation was carried out using collisidaced dissociation (CID), normalized
collision energies (NCE) were between 5 and/30All data analysis was performed using Thermo
y 0] HEi *}(3A E X " u%o » A E JvSE} pwith &56uL Grisge }FolitidRs X u]v

were prepared in ammonium carbonate buffer 1 mM at pH 7.8, from stock solutions of BAM in
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methanol. Comfexation of calcium with rosmarinic and chlorogenic acids was studied by 1H and 13C
NMR, on a Bruker 300 MHz spectrometer equipped with a BBFO probe. Rosmarinic acid and
chlorogenic acid were dissolved inin the presence of calcium chloride with ra#dM /Ca = 0.1,

and pH was adjusted to 7 with NaOD 0.01 M.

2.4.2.3 Antioxidant activity assays

The scavenging activity on the stable free radical DPPH was assayed by the modified Blois'

method in which the bleachingercentageof DPPH is monitored at a claateristic wavelength in

presence of the sampleThe assay was perfE u e (Joo}AeW iii ...> }( D <}ous]}v ~ h
fii RDe Jv uu}v]puu & }v § %, 0X6 A & u]l& A]8Z &ii ..> }( dE]s
(E «Z *}ous]}v }( WW, 3§ iii ...D Jv 8Z v}oX <}E v A e« u puE S

of reacton in the dark. DPPH inhibition was calculated by the equation:
9]vZ] ]8]}v A €i > ~ e Uu%o0 | WW, ¢}ous]}tvee ?2 iiiU

with A the measured absorbance. For calcium effect testing, a ratio of 0.1 (BAM/Ca) was used, and

solution of BAM with calcium was prepared 5 hours before the assay.

2.4.3 Results and discussion

2.4.3.1 Spectroscopic studies of calepotyphenol interaction

2.4.3.1.1 UWisible spectroscopy
Because oits sensitivity to the protonation state of catechol as well as to the influence of the
presence of metal iongJ\-visspectroscopyis a method of choict study both free polyphenols and

their complexes!21528.29

The absorbance ofarboxylic polyphenolsecorded inthe 250600 nmrange significantly
varies with pklas shown c1ﬂ¥igure 23| Thepositionof the bands as well as their shifiith pH are very

similar for RA and G#igure 23|(a), (b)), which share the same caffeic acid moigtig(re 23|(c)). In

acidic pH, a maximum is observed at 325 nm for RA together with a shoulder at 288 [iiy(see3

(b)). At basic pH, the absorption maximum showed a bathochromic shift up to 365 nm. In addition, a
new shoulder was observed around 307 nm. In parallel, an additional absorption band is visible at c.a.
255 nm at pH 8. Evolution of absorption behawbRA is consistent with previous reports by Dagtaf

al.*. The bathochromic shift visible when increasing pH from acidic to basic values was ascribed to the
deprotonation of the hydroxyl on the position 3 of the caffeic acid part, whose pKa is reported to be
at 8.36, based m potentiometric titration and Density Function Theory calculatiéfsnother clue for

a relationship between the absorbance modification and deprotonation of a catechol hydroxyl group
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is the observed isobestic point at 271 nm and, at lower extent, at 340 nm suggesting thejue u

reaction is occurring within this pH range.

Figure 23 UV-Visible spectra of (a) chlorogenic acid and (b) rosmarinic acid at different pHs, BAM

concentration 50 umol.k (c) structure of caffeic acid

Madifications of the absorption spectrum of CA with pH are very similar to those observed for

RA (sefigure 23|(a)). At acidic pH, a maximum is observed at 323 nm wighoulder at 300 nm. A

bathochromic shift up to 365 nm is observed at basic pH, in addition with a new shoulder around 307
nm. As for RA, an additional absorption band is visible at ca. 255 nm. The presence of two isobestic
points at 270 and 339 nm, totdeer with the bathochromic shift, suggests the deprotonation of one of

the catechol groups of CA at high pH, in agreement with the pKa of the hydroxyl group on position 3
of the caffeic acid moiety, calculated to be at 9.32 (calculation made with ACDihalbre).

Noticeably no modification between absorption spectra at pH 3.8 and pH 5.1 are observed for
CA, even though the pKa of the carboxylic acid was calculated at 3.90. This is in agreement with
previous observations by Cornagtlal 22 and consistent with the positioaf the carboxylic group that
it is carried by the quinic acid moiety and is not conjugated with the catechol ring. Similarly, for RA no
difference could be observed on absorption spectra between pH 3 and pH 5, in accordance with the

fact that its carboxyl@ group is not conjugated to the catechol rings.
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As we intended to investigate the antioxidant properties of the BAM, the study of complexes

formation between BAM and calcium was performed at pH 7.8, near physiological confifiguse

2 4|displays the absorbance of mixtures of BAM and calcium chloride at three different BAM:Ca molar

ratios 1, 0.1 and 0.01 recorded in ammonium carbonate buffer, immediately after raisod 24

hours later.

Figure 24 U\-Visible spectra of (a) chlorogenic acid and (b) rosmarinic acid with calcium at pH 7.8 in
(NH:)2(CQ) 1mM, BAM concentration 50 pM, molar ratios BAM?'Ce) and (d) inset between 550
and 650nm

In an ammonium carbonate buffer of pH 7.8, the initial spectrum of CA is quite similar to the

one recorded in unbuffered solution at pH 5, except for an additional shoulder at ca. 380 nm. When

compared tgqFigure 23| it suggests an apparent pH between 5 and 7, demonstrating the strong

sensitivity of the UWis spectrum to the solution content. Upon CA addition in the 1:1 andrhtid)

the two main bands at 300 nm and 323 nm rise in intensity while the shoulder at 380 nm remains
unmodified.In the presence of a higher proportion of calcium (CA:@dio 1:100), the intensity of
these two bands does not evolve but the shoulddess intenseAfter 24 h, the absolute and relative
intensity of the two higkenergy bands are modified while that of the lemergy shoulder has

increased. Moreover, a new broad band also appears at ca. 600 nm. Quite similar observations prevail
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for RA,except that the 290 nm band intensity decreases to a limited extent only while the 365 nm

shoulder varies more significantly with time.

From these data, one could hypothesize that calcium ions interact with CA and RA. Such
interactions affect several band$ the U\visible spectra, indicating that the chromophore part of the
moleculesj.e. the caffeic group, is involved in the reaction. The decrease in the intensity of the bands
in the 256350 nm range and the increased intensity of the 390 nm band irptesence of calcium
could indicate a deprotonation event. This, and the appearance of a new band at 600 nm, is therefore
in favor of the formation of a BAM&" complex involving the catechol ring. However, because
carboxylic acids of CA and RA are natjegated to the caffeic moiety, their possible involvement in

such a complexation cannot be put aside.

2.4.3.1.2 Electrospray mass spectrometry
Electrospray ionization mass spectrometry {ES) has previously shown to provide direct
evidence for the formt@on of the complexes based upon the masses and fragmentation ions of the

complexX!3LThe presence of calcitlBBAM complexes was thus investigated B$IMS in positive

mode.|Figure 25[shows mass spectra of equimolar solutions of BAMs with calcium at pH 7.8 in

ammonium carbonate buffer. Rosmarinic acid and chlorogenic acid spectra exhibit the peak
corresponding to the protonated molecule, at m/z 36 L(IRAHH]") and 355.1q[CAH]"), respectively,

as the main peak. In addition, [BANt-Ca] species were detected for CA and RA at m/z 394.10 and
393.05, respectively, with a significant intensit® @6 of that of the main peakhdditional peaks on

Figure 25|(a)and(b) can be attributed to RA or CA species associated with ammonium.

Complementary studies were conducted at pH 5 in ultrapure water allowed the detection of
additional peaks compared tothat identified at pH 7that can be assigned to BAM/€aomplexes

Figure 26). In details, m/z 380.07 and m/z 374.08 ascribed to [2RA%&0a] [2CA+C4] respectively,

are the main peaks found in an equimolar solution of €af rosmarinic acid or chlorogenic acid,
respectively. In these conditions, additional ions at m/z 417.05 and m/z 411.06 corresponding to [RA
H+Caland [CAH+Ca], respectively arelao formed as well as their mono hydrated adducts H
Complexes with more than two BAM per calcium ion are also found at m/z 560.11 and 759.13
([3RA+CdJand [4RA+C%) and m/z 551.13 and 747.15 ([3CA+Cajd [4CA+C%). Stability ofthe
monomolecular and bimoleculacomplexedormed at pH 5Svas estimated by the calculation of &6E
i.e.the energyrequiredto dissociate 50 % of thariginalcomplex. Monomolecular complexes formed

by deprotonated RA and CA and one calchawe a similastalility, with a Ck of 13 eV and.2 eV,
respectivelyBimolecular complexes involvirane calcium ion aref comparable stabilityvith CA (11

eV)but muchless stable with RA (5.6 eV).
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Figure 25 MS spectra of chlorogen{e) acid and rosmarini¢b) acics with calcium (AM/Ca = 1) at pH
7.8
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Figure 26 MS spectra of chlorogenic adia) and rosmarinicb) acids with calcium (BAM/Ca = 1) at
pH 5

Altogether, MS data confirm thatt pH @, calcium iongan form complexes with CA and RA.
Moreover, in acidic conditions, a much wider range of complexes are formed. Noticeably,
monomolecular complexes have a similar stability for the two BAMs, which would suggest that the
catechol ring, that is present on toCA and RA, are mainly involved in their formationcontrast,
the stability of the bimolecular complexes is very different for the two BAMs, which would suggest that

carboxylate groups are also involved irf'@aordination.
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2.4.3.1.3 NMR spectroscpp

NMR spectroscopy was performed in order to gather more information on potential
complexation site between BAM and calcitim’*2 We studied solutions afalcium and BAM with a
ratio BAM:Ca = 0.1, as this is the ratio where effects of complexation are visible on tkWe UV
absorption spectralH and**C NMR spectra of CA and RA without or with calcium were recorded in

D,O at pH 7, and correspondichemical shifts were assigned in comparison with literaitite

For CA, H2 was the only proton not affected by the presence of ca[ﬁgmé 27). Aromatic

and vinylic protons were shifted ipeld, while protons from the quinic part of the molecule were
shifted lowfield. A complexation of calcium at the carboxylic acid site leading to an electron
withdrawing effect on the adjacent carbonstbe quinic moiety of CA, can explain thefilpd shift of

the corresponding protons. In parallel, a deprotonation/complexation at the catechol site of the
molecule could explain the lofield shift of aromatic and vinylic protons. Indeed, a facilitated
deprotonation of one hydroxyl groupomplexed with calcium would induce a positive mesomeric

effect along the conjugated moiety of the molecule.

13C NMR studies confirmed the presence of the two complexation sites. Mesomeric effect to
the conjugative part athe molecule lead to the shifting lofield of carbons in ortho and para positions
compared to the deprotonated hydroxyl, and the shiftingfiedd of meta position. High lovield shift
(1.06 ppm) of C4 is a sign for the complexation around the carbexyleat we can assume to be
between the hydroxyl group of C4 and hydroxyl group of £By¢roxy8-hydroxy site), which is
consistent with the fact that this site is commonly mentioned as a site of complexation for metals on
CAS,

It is noteworthy thatintensity of both C20 and C19 as well as C8 signals were strongly
decreased, which could sign for the complexation on théechol or on the carboxylatgroups.
However, such modifications could also be induced by some relaxation issues, so that they cannot

unequivocally be assigned to a complexation process.
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Figure 27 *H (a), and*C(b) NMR spectra of chlorogenic aqgidre (red line) and in presence of
calcium, CACa = 0.0Xblue line)

H spectrum of RA in presence of calciwas calibrated assuming that H7 is not affected by
the complexation. With such an assumption, all vinylic and aromatic protons were shiftédldip

while chemical shift of H8 is identical to the one without calc@' fre 28). Complexation would

therefore preferably take place on one or the other of catechol sites. In'¥espectrum, C19 was
shifted downfield (+0.4 ppm), in line with a possible complexation on ta¢echol site, further
confirmed by the observed high jeld shifting of C17 and C18(7 and-0.45 ppm, respectively)

that could be explained by a mesomeric effect, and to a lower extent to the shift of the vinylic carbons.
Some modifications of the33C4 catechol signal was also observed, but to a lesser degree (only 0.06
ppm shift). Finally, a 0.2 ppm shift of C14 signal was observed, which could be an indication the
carboxylate group could also be involved in the complexation, although this hypetiesot
confirmed by'H NMR results.
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Figure 28 'H (a), and*C(b) NMR spectra of rosmarinic aguire (red line) and in presence of
calcium, RACa = 0.0Xblue line)

Altogether, NMR studies suggest that both catechal aarboxylate groups may act as binding sites

for calcium for both BAM at pH 7, although the former seems highly favored for RA.

2.4.3.2 Effect of complexation upon antioxidant activity

The effect of calcium chelation on antioxidant activity was assessearding to the DPPH

radical scavenging methogdFigure 29), for 0.1 molar ratio (BAM/CaRosmarinic acid is the best

antioxidant molecule, with a DPPH bleachpegcentageof 27 %, followed by chlorogenic acid (13.6%).
The presence of calcium does not affect the antioxidant activity of chlorogenic acid, while the DPPH
bleachingpercentageis decreased by®% for RA. Antioxidant activity is recognized in the diteres”

to arise from the oxidation potential of hydroxyl groups, namely the catechol ones for RA. Therefore,
the effect of the presence of calcium on the antioxitdactivity of RA designates the catechol as the
preferential site for the complexation. Conversely, as there is no effect of the complexation on the
antioxidant activity for chlorogenic acid, it could be assumed that the catechol group is less involved

in complexation for CA and thus that the carboxylate could be the preferred site of complexation.
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Figure 29 Antioxidant activity of BAM alone or in presence of calcium (molar ratio BAM/Ca 0.1)

2.4.3.3 Discussion

U\tvisible spetroscopy analysis of chlorogenic acid and rosmarinic acid in the presence of
calcium ions near neutral pH have evidenced modification of the intensity of several absorption bands
and appearance of an additional one, suggesting that complexation doesamtis correlated with
partial deprotonation of the catechol ring. However, because the carboxylate groups of both BAMs are
not conjugated with the caffeic moiety, this technique did not allow us to conclude on the possible
involvement of these groups the complexation reaction. MS studies confirmed that both molecules
can form mononuclear complexes with calcium near neutral pH and evidenced that, at pH 5,
multimolecular complexes could also be obtained. The difference in stability of the bimolecular
complexes formed with CA and RA suggested that carboxylate groups could also be involved in calcium
complexation. FinallyH and**C NMR indicated that both catechol and carboxylate groups could

interact with calcium at pH 7, although the later appears §icanitly more efficient in CA than in RA.

In the case of chlorogenic acid, Cornatdl. have shown that carboxylate is first involved in
the complexation of P ions, followed by the catech®l For quinic acid, i.e. one of the structural
moiety of chlorogenic acid, is known that two polyol sites : the-Hydroxy6-hydroxy and the 4
hydroxy8-hydroxy® are likely to chelate metals. In our study, we noticed that the behavior of the
molecule regarding calcium ion is different at pH 5 and pH 7.8 in ammonium carbonate Buffet
5, when carboxylate is deprotonated several complexes are detected wiHti £3iut [2CA+CHland
[CAH+Ca] are the more intense ones. Additional fragmentation experiments performed for
[2CA+Ca&] showed the formation of two ions following the diolysis of the ester function: (i) a

complex constituted by one CA, the calcium ion and the quinic moiety of the second CA, and (ii) the
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caffeic acid part of the second (FAdure 210). Calcium would therefore be complexed on the quinic

acid part of the molecule, meaning on the carboxylate or on tigydroxy8-hydroxysite, as shown

on[Figure 211|(a). It is also possible that one molecule chelates the calcium by one of these sites, and
the other by the catechdHigure 211|(b)).

Figure 210 MS/MS spectrum of chlorogenic acid with calcium (CA: Ca = 1), m/z = 374.08

Unlike what happens at pH 5, only the f@ACa]complex is formed at pH 7.8. The shoulder
at 410 nm on UWis absorption spectra in presence of calcium indicates a modification similar to

deprotonation that becomes less important at high calcium proportion. This suggests a preferred

complexation on thecatechol ring, as it starts to be deprotonated at this pH (pKa = $F3@)ré 211

(c)). This is consistent with NMR studies that showed the shift of protons andreagignals from the
caffeic part of the molecule, close to the catechol. Even if visible, the shift of carbons and protons NMR
peaks from the quinic part of the molecule are less intense than for the caffeic part. Additional
complexation on the carboxylate on the 4hydroxy8-hydroxy site is indeed in line with the slight
observed modifications of UVis spectrum at high calcium content. We can also note that calcium
coordination at the ihydroxy6-hydroxy is very unlikely, as no clear shift of protond earbons NMR
signals on 1 and 6 positions is observed. At pH 7.8, the calcium complexation does not modify the
antioxidant activities of chlorogenic acid. This suggests that the polyol cycle of the quinic acid moiety

is involved in the antioxidant actiyiteven if the catechol is involved in complexation.
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Figure 211 Calcium complexation by chlorogenic acid at pH 5 (a) and (b), and pH 7.8 (c)

Behavior of rosmarinic acid with calcium depending of pH and medium conditionstés g
similar to chlorogenic acid, as their structures are close. Three sites are possible for chelation, two
catechols and the carboxylate. Among the several complexes that can be formed at pH 5, as shown by
ESIMS experiments, the two main ones are [2RAFGNd [RAH+Cal. Fragmentation of [2RA+C4]

leads to the formation of two ions resulting from the hydrolysis of the ester function giFR@ré

2.12). The first oe is composed by one RA molecule chelatingf ®@ih the (3,4 dihydroxyphenyl)

lactic acid part of a second RA. The second fragmentation ion consists of the caffeic part of the second
molecule. In this complex, the calcium can be located either on theoggldiie or on the catechol €3

C4 of the first molecule, and either on the carboxylate or on one or the other catechol for the second,
as shown irFigure 2.10 (a), (b). Moreover the fragmentation of [RA+Ca]+ indicates the loss oft4

CO and CQi.e.the loss of the carboxylatE(gure 212), suggesting that the calcium is not complexed

by the carboxylate. Chelation with a stoichiometnl vould therefore occur preirentially on the

catechol C19C20 (on the caffeic part of RA), as it is the one with the lower|plgaré 213|(c)).
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Moreover, this complex is the only one that canfbened at pH 7.8, and NMR studies at this pH show
that the complexation is more likely to occur on this site. Indeed, all peaks for protons corresponding
to one or the other aromatic cycle are shifted, but those of carbons@®are more shifted than €3
C5.1°C NMR study also reveals that the carboxylate is involved at this pH, with the shift of C14 peak.
From UWVis absorption studies at pH 7.8 in presence of calcium we know that calcium complexation
induces a modification of the spectrum similer deprotonation, which is less important at high
calcium dosages. In conclusion, the complexation at pH 7.8 is more likely to take place on the catechol
C19C20, and the carboxylate is involved only if the concentration of calcium rises. Effects on the
antioxidant activity, which is lowered in presence of calcium, strengthens this hypothesis. Unlike for
chlorogenic acid, only two catechols of RA are responsible for the antioxidant activity so the

complexation of one of thershouldhave a strong effect on the apnkidant activity of the molecule.

Figure 212 MS/MS spectrum of rosmarinic acid with calcium (RA: Ca = 1), (a) m/z = 380.07, (b) m/z =
399.04
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Figure 213 Calcium complexation by rosmarinic aatdpoH 5 (a) and (b); and pH 7.8 (c)

2.4.4 Conclusion

The ability of two natural polyphenols, chlorogenic acid and rosmarinc acid to chelate calcium
ions and the impact of such a complexation on their-@axidant activity was studied. Complexation
was found highly pHdependent, with monomolecular complexes formed at neutral pH and
bimolecular complexes at acidic pH. Monomolecular complexes formed with deprotonated molecules
possess the best stability. Both catechol and carboxylate groups are able to lziodamy sites for
calcium. Only the antioxidant activity of rosmarinic acid was decreased in the presence of calcium, due
to the inactivation of the catechol moiety. Considering that calcium level in blood is ca. 1 mM, such
interactions may play a role io-availability and in vivo efficiency of both rosmarinic and chlorogenic

acid
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2.5 Stability of baicalin and baicalein at different pH and effect on
calcium complexation

2.5.1 Introduction

Baicalin (BA) and baicalein (BEYy(re 214) are two flavonoids extracted from the root of the

plant Scutellaria baicaleinsi®\s mentioned in thditerature review Chapter )}, they are interesting

for their antibacterial and mtioxidant activity. However, several pap&¥ mentioned their
degradationin vivq supposedly via an oxidation process, by analogy with the-chiallacterized
oxidation of others flavonoids (quercetin, fisefitff2. The final product of degradation of both
molecules has not been yeindoubtedly identified Nevertheless, the degradation was found to be
very sensitive to pH, temperature and prese of other flavonoids in solution. In this chapter, we will
study the fate of BA and BE at pH 5 and pH 7.8VId\¢pectroscopy was used, because both molecules
are two colored molecules. We also performed electrospray mass spectrometlyifi & detemine

the molecular mass of the product in solution as well as their potential product of degradation. We
were able to propose a scheme for the degradation and oxidation of baicalin and baicalein. With the
oxidation of BE and BA in mind, we studied thetieriaction with calcium at pH 5 and pH 7.8, with the
same characterization techniques. The effect of interaction with calcium on the biological activity of

baicalein and baicalin wadso investigated

Figure 214 Molecular stuctures with pKdcalculated with ADC iLab softward)baicalin (a) and

baicalein (b)
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2.5.2Stability of baicalin and baicalein at different pH

2.5.2.1U\visible spectroscopy
As the literature reports that baicalin and baicalein are likely to undetggradation in
aqueous solutiof?, their stability was assayed over time in phosphate buffer at pH 7.2. Neutral pH was

chosen because it is representative of the pbimjical pHij.e. conditions where BA and BE biological

activity is relevant. In freshigrepared solutions, both BA and BE-Wsible spectrgKigure 215

exhibit twomain bands positioned &75 and 316 nm, and 271 and 340 nm, respectj\ialgiccordance
with literature data Indeed, flavones are reported to show two major absorption bands in the UV

visible regio®'243 band | and 1IBand }in the range of 308400 nm arises from the absorption of-B

ring conjugated with carbonyl of ring C (cinnamoyl systen|Fagere 215/(c)). Band I]between 240t

300 nm is related to conjugated system between ring A and carbonyl of ring C (benzoyl system, see

Figure 215|(c)). Z.S. Markovic et Bpublished an experimental UV spectrum of BE at pH 7 with two

main peaks at 264 and 359 navhich is consistent with our observations.

At pH 7.2the BA spectrum remained unchanged after one hour at pH 7.2. , Bhaight blue
shift of band Il was observeafter more than 4 hours in solutionyhile band | intensity progressively
decreased with time. After 24 hours, band | was only a shou@eBE spectrum, @ear blue shift of

the band llover timewas observd from271to 257 on BE spectruvlfi(qure 215|(b)). Simultaneously,

band | was shifted towards longer wavelengths from 340 to r@&Cafter 24 hours in solutigrgiving
simultaneous rise to a new adsorption band whose intensity is higher after 24 h than the one of the
initial BE band |. Morver, an additional shoulder was observed around 420 nm. These modifisation
over time were very slightly visibédter a 1 hourold BE solution. It could therefore be concluded that
even if EEwas slightly less stable than BA, both molecules remains unchanged in solution after one
hour at pH 7.2. Further experiments as a function of pH were consequently performed with solutions

initially preparedfor less than one hour.
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Figure 215 Stability of baicalin (a) and baicaleir) 8s a function of time in 0.1 M PBS pH, ata

concentration of 50 pmol:t, and structure of flavonoids (c)

It is commonly found inhe literature that BE and BA are more stable at acidit.pb\Vis

spectra of BE and BA at pH 5 in ultrapure water was monitored, and displ

eia 216

Spectrum

of baicalin at this pH remained unchanged over time. On the contrary to BA, the BE spectrum evolved

during the time of experimentBand lis shifted to 265 nm afte24 hours Band llis shifted from324

to 325 nm besides the appearance of a shoulder at 365 nm after 6 hours. After 24 hours, a new

shoulder is visible at 438 nm. Absorption intensity slightly decreased from 0 to 6 hours, and drastically

between 6 and 24 hourt can thus be concluded #t baicalein is unstable at pH 5 in ultrapure water,

although the degradatiorkineticsisslower than at pH 7.BAis stable over 24 hours in ultrapure water

at pH5.

90



Figure 216 Stability of baicalin (a) and baicaleir) sa function of timein ultrapure water, at a

concentration of 50 umol:L

The evolution of UWis spectra of BA and BEre recordedmore systematicallys function

of pH For baicalifFigure 217|(a)), an increase of the pH clearly led to the collapse of band | (317 nm)

above pH 7 while band slightly decreases Il (276 nm) in intensity. In addition, a new band with a

maximum at 432 nmgpears, which could sign for the deprotonation of the catechol with the lowest

pKathat is 9.2(Figure 214 Molecular stuctures with pKacalculated with ADC iLab software)

baicalin (a) and baicalein (i5)or baicaleiffFigure 217{(b)), band Il (274 nm) undergoes a progressive

slight redshift while band (323 nm) shifts towards longer wavelengtH€) G0 nm),according to the
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supposed facilitated deprotonation of catecHolAnew shouldernear 450 nrris observedat pH 10.
Deprotonation of the cdvoxylic acicf BA is not visible on the UWis absorption spectra, although its
pKa was calculated at 3.8his is consistent with thessumption that the glycosidic part of BA is not

conjugated with rings A and C.

We have to be very careful with the erpretation of the evolution of UWis spectraas a
function of pH because of the degradation of both molecules at@HFor baicalinwe know thatthe
degradation starts after 4 hours at neutral pBlonsequently, we can assume that spectra recorded
within 1 hour at pH 5 and 7.2 can be compared on the basis of pH evolution. In case of baicalein
however, the degradation takes place before 4 holirss therefore difficult to assign the evolution of
the U\ Vis spectrum only to the rise of the pH. We arelmbly looking at two events at the same

time, the evolution due to pH, and the degradation of the molecule.

To conclude, baicalin and baicalein are both unstable in aqueous solution diffithent
kinetics. Baicalin is stable at acidic pH, and starts to be degraded after 4 hours@t [@dicalein is
degraded at neutral pkbithin 1 hour, while at pH 5 the degradation has been evidenced only 6 hours
after solubilization of the moleculde havethus to be careful while studying events involving
baicalein because of its quick degradation in aqueous medturther experiments as a function of

pH were consequently performed with solutiopsepared forless than one hour.
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Figure 217 U\+Visible spectra of (a) baicalin and (b) baicalein at different pHs, BAM concentration 50

pumol. Lt
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2.5.2.3 Mass spectrometry

The degradation of baicalein was studied by electrospray mass spectrometsiyl S $h
positive mode, at pH B ultrapure water and pH 7.8 in ammonium bicarbonate buffer i{HCQ).
Baicalein was solubilizeat 0.01 mol.E2 in methanol before thalilution in water or bufferat 50 uM
ESIMS experimental parameters were the same than presented in paragtaph2. Mass spectra

were recorded shortly after preparation of BE soluta®20 hourdlater.

Figure 218|presents mass spectra at pH 5. Shortly after prepardfagufe 218|(a)), the main
peak is detected at m/z 271.06, corresponding to a protonated adduct of baicalein [BBekifles

this peak, a peak with low relative abunmdz is present at m/z 269.05, ascribed to a molecule of
baicalein that would have lost two protons. The hydrated adduct of this molecule is also found at m/z

287.22, with a higher relative abundance, suggesting that the modified BE is more stable when

hydrated. Spectrum after 20 hout&igure 218|(b)) is very similar. The only difference is the relative

abundance of the peak at m/z 269.05 that is slightly higher thiFigare 218|(a). Spectra at pH 7.8
are presented ivEFigure 219 The same peakthan in pH 5 are present, with different relative

abundances. The main peak is at m/z 285.05 that corresponds to adduct of BE that would have lost

two protons and KHO. No difference between the two spectra are visible, meaning that the degradation
of the molecule in ammonium carbonate buffer at pH 7.8 occurs within the time of preparation of the

solution and injection in mass spectrometer.

Overall, three peaks are detected for BE, with relative abundance depending on the pH of the
solution. The degradatioof the molecule corresponds to the loss of two protons, and the degraded
molecule seems to be stabilized by one molecule #.HVith data from UWis spectroscopy, we
assumed that the degradation takes place at the catechol level. A loss of two pietmssistent with
this assumption, as BE can lose protons only on hydroxyl groups. An oxidation of the catechol group in
a quinoic derivative could explain the loss of two protons, as it is preserﬁi@;lime 220] This is in

accordance to the work of Xireg al*° dealing with the degradation process of baicalin (BA) at pH 9.0.
ESIMS results confirm the quick degradation of BE in ammoniurhazsate buffer,as the oxidation
takes placewithin few minutes. We can also notice the presence of the oxidized molecule at pH 5,
even shortly after the preparation of the solution, whereas in this condifenU\£Vis spectrum of BE

remains unchanged
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Figure 218 ESIMS spectra of baicalein in ultrapure water at pH 5 shortly after preparation of the

solution (a) and 20 hours after (b). BE concentration = 50 pM
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Figure 219 ESIMS spectra of baicalein in 1 mM ammom carbonate buffer (NPL(HCQ) at pH 7.8

shortly after preparation of the solution (a) and 20 hours after (b). BE concentration = 50 pM
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Figure 220 Proposed oxidation scheme of baicalein

2.5.3 Interactions with calcium

2.5.3.1 Spectroscopic and spectrometric measurements

2.5.3.1.1 UWis spectroscopy
As we intended to investigate the antimicrobial and amtidant properties oflavonoids the

study of complexes formation between BAM and calcium was performeed physiological pH, at pH

7.8in our experimentsFigure 221|displays thdJ\~visabsorbancespectraof mixtures ofBE or BAnd

calcium chloride at three different BAM:Ca molar ratios 1, 0.1 and 0.01 recorded in ammonium

carbonate buffer, immediately after mixture anchéurs later

In the case of BEigure 221|(a)), the presence of Caat pH 7.8 does not modify the WV

visible spectrum shortly after the adain of calcium, whatever the BBa ratio tested After 6 h,

spectra are very similar to the one obtained for pusadalin at pH 1@vithout calcium, with a drop of

the intensity of main absorption band. However, this effect cannot be related to calcium complexation,
as the evolution is the same for pure baicalin and baicalin in presence of calcium whatever the BA/Ca
ratio. Given the ewlution of U\WVis spectrum of BA at pH 7.8 after 8 hours, we can assume that the

degradation is pHiependent, but also buffedependent. Indeed, the degradation at pH 7.2 in
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phosphate buffer involves only a shift of band Il near 270 nm within 8 hourg-{gaee 215|(a)). In

ammonium bicarbonate buffer at pH 7.8, the degradation is quicker, occurring within 6 hours, with a
more important modification of the UVis speatum. The degradation is similar to a deprotonation,

which could be related to an event at the catechabupin ring A.

For BHFigure 221{(b)), there is a clear efict of presence of calcium immediately after its

addition with a redshift of the 270 nm peak and the emergence of the 420 nm band that are both
enhanced as the BAM:Ca decreases, suggesting the transitory formation of specific complexes. After 6
h, no furher band Il shift is observed but the overall spectra intensity decreasee whshoulder

appears at 293 nm. This modification is not ddependent as the spectra are identical whatever the

BAM/calcium ratio testednixtures.Given the degradation of BE@H 7.2 in phosphate buffeF{gure

2.15|(b)), after 6 hours, we are probably only looking at the degradation of the molecule, with no effect

of the presence of calcium. We can also notice that the spectrum of the degraded molecule is similar
to the one of BE at pH 10. Degradation has the sametdfian deprotonation, suggesting an event

at the catechol site.

To conclude, we tried to observe a complexation between calcium and BE or BA at pH 7.8 in
ammonium carbonate buffer. As for baicalin, no effect of interaction with calcium was visible,meithe
at shortterm nor at longterm. After 6 hours, the only event is the degradation of the molecule that
we assumed to be quicker at pH 7.8 in ammonium carbonate buffer than in phosphate buffer at pH
7.2. For baicalein, a modification of the W\ spectrunon the shortterm for molar ratio BE/Ca 1:10
and 1:100 suggests an interaction with calcium. However, after 6 hours, the degradation of the
molecule overwhelmed any interaction with calcium. For both molecules, the degradatimes the
same modificatio of the UWis spectrum than the one observed when increasing pH, thzt was

interpreted as a deprotonation
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Figure 221 U\~Visible spectra of baicalin (a) and baicalein (b) with calcium at pH 7.8 in 1mM of
buffer (NH)2(CQ) immediately after mixture and after 6 hours. BAM concentration 50 uM; molar

ratios are expressed regarding BAM: Ca concentration
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2.5.3.1.2 Mass spectrometry
The complexation with calcium was investigated byNESIin positive mode, at pH 5 and pH
7.8. Buimolar solutions of BA or BE with calcium at 50 uM were prepared in ultrapure water or

ammonium bicarbonate bufferESIMS spectra of BA and BE in presence of calcium at pH 5 are

presented ipFigure 222|(a) and (b) respectively.

For baicalinin addition tothe peak of the protonated molecule at m/z 447.10, two peaks are
observed, at m/z 466.07 with z = 2 and at m/z 485.04 with z = 1. The first peak correspondsmex
[2BA+C& with a 2 : 1 stoechiometry (BA:Ca) and the second to a confipl%2H+2Ca]with a 2 :

2 stoechiometryBA:Ca). Thitter complex could béormed by two deprotonated baicalin, or by a

fully protonated baicalin and an oxidized form of the molecule, as it was observed for baicalein.

For baicalein, the main peak is the protonated molecule at m/z 271.06, as observed before.
Another peak is observed at/z 299.04 wih z = 2. This peak corresponds to the ad@&+Ca-+HoF".
Overall, both baicalin and baicalein are able to form complexes with calcium at Btaldlity of
complexes was estimated by the calculation ofoCtEe necessary energy to dissate 50 % of the
complex. For BA, an intermediate value is obtained for [2BA*(aD eV) whereas the complex
formed by two deprotonated Bfor one BA and one BAaoaid two calcium ions [2BA+2QHI]" was
found more stable (11.4 eV). Note that such aelation was not possible for [2BE+Ca@F as this

complex was detected in very low amount and revealed to be highly unstable.

At pH 7.8, baicalin exhibits only one peak corresponding to a complex with calcium, with a very

low relative abundance, at m/483.03(Figure 223|(a)). It corresponds to a complex formed with

calcium and BA that lost two protons, in other words an oxidized BA. The complex would have the
formula[BAoxH +Ca] Other peaks in the spectrum are assigned to the protonated molecule at m/z
447.10 ([BA+H], an hydrated adduct of the oxidized molecule at m/z 463.09 ([BAox£H%Hand

two peaks corresponding to oxidized BE at m/z 269.05 and 28[B&EvX+H]and ([BEox+H+BD]",
respectively). This is in agreement with the fact that baicalin is unstable at pH 7.8, and that the sugar

moiety is hydrolyzed during degradation, as suggested by étirg*® On the ESMS spectrum of

baicalein at pH 7.8-{gure 223), no peak corresponding to a complex between BE or its oxidized form

with calcium is detected.he same three peaks that were observed on theMSlispectrum of BE at
pH 7.8 without calcium are detected: [BEXHBEox+H]and [BEox+H+HAT]", at m/z 271.06, 269.06
and 287.22 respectively.

Overall at pH 7.8he oxidation process strongly decreases ttalciumbinding efficiency of

BA and BEOxidized BA seems to be unstable, as its final products of degrad&eox+H]and
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([BEox+H+#D]") are observed in largguantity. The oxidized molecule is only stabilized by adduct with

water or calcium.

Figure 222 ESIMS spectra of baicalin (a) and baicalein (b) in ultrapure water at pH 5 in presence of

calcium at ratio BAM/Ca = 1:1. BAM concentration = 50 pM
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Figure 223 ESIMS spectra of baicalin (a) and baicalein (b) in ammonium bicarbonate buffer at pH 7.8

in presence of calcium at ratio BAM/Ca = 1:1. BAM concentration = 50 uM

To conclude, the complexation with calcium isgépendent and varies with the oxidation of
BA and BE. At pH 5, BA chelates calcium with a ratio 2:1 and 2:2, with the 2:2 complex being more
stable than the 2:1. The 2:2 complex may be constituted by two deprotonated BA or by ore fully

protonated BA and one oxidized BgegFigure 224). For BE, a 2:1 hydrated complex is formed. At pH

7.8, the oxidation process overwhelmed the complexation with calcium. Oxidized BE is not able to form

102



chelate calcium, and only ercomplex with oxidized BA is formed. However, oxidized BA is unstable
and degradation products of BA have been detected by mpestroscopy. It is stabilized by adducts
with water or calcium. The oxidation of BA was also observed bYis'8pectroscopytapH 7.8, but

we were not able to detect any possible complexation in the presence of calcium with this method.
Complexation site could thus take place on the carboxylate that is not in the conjugated part of the
molecule. On the contrary we observed anst interaction with calcium in the UVis spectrum of BE

while nothing is detected bgass spectrometry

Figure 224 Complexes formed by baicalein and calcium at pH 5
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2.5.3.2 Effect of complexation on the biological agtivit
The effect of the presence of calcium on the antioxidant and antibacterial activities of baicalin and

baicalein was finally studied

2.5.3.2.1 Antioxidant activity
The antioxidant activity was tested as presented in the paragfaphto the exception thafor the

solution with calcium, mixture wengreapred6 hours before the DPPH assay. Results are presented in

Figure 225 The antioxidant activity of baicaleinginilar with or without calcium. The low activity is

related to the fact that in this solution, BE is fully oxidized even without calcium. Antioxidant activity
of BA drastically decreases after 6 hours in presence of calcium. Given the fact that badtiized
at p 7.8 in 6 hours, we can assume that the reduction of it radical scavenging activity is more likely due

to its oxidation rather than an effect of calcium complexation.

[N
o

DPPH SCAVENGING %

O P N W 01 O N 00 ©

BA BA + calcium BE BE + calcium

Figure 225 Antioxidant activity of BA andEBalone or in presence of calcium (molar ratio BAM/Ca
0.1),atpH 7.8

2.5.3.2.2 Antibacterial activity
The antibacterial activity of BA and BE in presence of calcium was studied, &apsdermidi€IP
68.21,S. aureuATCC 6538&,. ivanoviLi4(pvS2andP.aeruginisaATCC 27853. Calcium was added in

equimolar concentration compared to BA or Biorr{ Table 22| we observe that MIGh presence of

calcium are identidato MIC of pureBA or BEwithin the experimental error, except in two cases. MIC
of BAwas decreased [®fold (from 1024 tal28ug.mL?) againssS. epidermidis presence of calcium.
Although significant because above the experimental error, suchredse remains modest. Similarly,
MIC of BE was reduced from 34 to 8.5 pghagiainstS. aureuslt is important to notethat BE and BA

are oxidized in culture medium.
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S. epidermidis S. aureus L. ivanovii P.aeruginosa

MIC (ug/mL)
CIP 68.21 ATCC 6538 Li4(pvS2) ATCQ@7853
Baicalin 1024 256 512 > 2048
Baicalein 34 34 17 > 68
Baicalin + calcium 128 128 1024 2048
Baicalein + calciur 17 8,5 17 > 68

Table 22 Minimum inhibitory concentration of baicalin and baicalein agafostr bacterial strains,

alone and in presence of calcium (molar ratio 1:1)

2.5.3.2.3 Conclusions

Biological activities of baicalin and baicalein appear more dependent on their oxidi@ihan on

the presence of calcium. Indeed, calcium does not hayeeffect on the antioxidant activity of BA and
BE.The presence of calcium does not affect MIC of BA and BE againstnoviand P. aeruginosa
Nevertheless, the MIC of BA is decreased 4gl@ againstS. epidermidisThus, it appears that the
presene of calcium does not affect, or slightly positively affects the antimicrobial activity of the
flavonoids This result is encouraging from the perspective of using the product as an antibacterial

agent in a living organism, therefore in the presence dfioal

2.5.3.3 Conclusions

Baicalin and baicalein are two flavonoids, with two main sites for calcium complexation, the
catechol on the Aing and the 5hydroxy4-keto site. In addition, baicalin is a glucuronic acid
derivative, so the carboxylate group ohet sugar ring is also a potential site for calcium binding.
Interaction between baicalin and calcium is-gependent. At pH 5, E®IS studies revealed the
presence of two complex between calcium and the molecule, [2BA*+@afl [2BA2H+2Cd]
(constituted by two deprotonated BA or one BA and one oxidized BA). At pH 7.8, none of these
complexes are formed, but the complex [BAdxCa], i.e. a complex between the oxidized molecule
and the calcium, is detected, besides the rmtdized norcomplexed molecule. Oxidized BA coexists
with nonroxidized BA, but only when stabilized by water or calcium; otherwise it is degraded in BEOX.
We can assume that complexation with calcium occurs immediately after oxidation; otherwise a peak
corresponding to BAowould be detected. No effect of complexation is visible or\i&/absorption
spectra, which can be explained by considering that complexation occurs at the carboxylate site, which
is not conjugated with the chromophore part of the molecule. Concerningitblegical activities of
BA, its antioxidant activity is only affected by the oxidation and not the complexation with calcium.
Besides the decrease of MIC of BA agaém&pidermidiscomplexation of calcium does not affect the

antibacterial activity oBA.

105



Baicalein, which is the aglycone of baicalin, oxidizes faster than baicalin and at a lower pH. At
pH 5, the oxidized molecule is detected, as well as a [2BE3QR*tdmplex in a very small quantity
compare to the native molecule. As complexationwscowith both baicalin and baicalein at this pH,
we can assume that the catechol andhydroxy4-keto sites are also the preferred complexation sites
for baicalin at this pH. At pH 7.8, the entire molecule is oxidized, as shown-MSESiId UWis
absorpion experiments. A small effect of calcium complexation is visible in the first times-@fsJV
studies, but no complex is detected by mass spectrometry. As soon as the complex is formed, baicalein
oxidizes, and the calcium leaves the molecule, so nho aaxgan be detected by mass spectrometry.

It therefore seems that thexidation of the complex is in competition with the oxidation of the non
complexed molecule, thiormer being faster. The absence of complex at pH 7.8 with BE supports our
previous assumon that, for baicalin at this pH, calcium interacts with the carboxylate moiety. Finally,
there is no effect of the presence of calcium on the antioxidant activity, as the molecule spontaneously
oxidized in the medium, even without calcium. There is mgnificant effect of calcium on the

antibacterial activity of BE, except dald decrease of the MIC agairft aureus

2.5.4 Conclusions

In this section, we aimed at investigate the fate of baicalin and baicalein at different pH, and their
interaction wth calcium at neutral pH. The degradation of both molecules has already been
mentioned, but not deeply investigated. Literature only focused on how to avoid this degradation, and
oxidation was only suggested. Here, we show that baicalin is oxidized dnalyaed in baicalein at

pH 7.8, but remains stable at pH 5. On the contrary, baicalein is more unstable, and is oxidized at pH
5. The oxidation was proven by B&$, with the loss of two protondBoth BE and BA have a weak
antioxidant activity at neutralpH, because they already fully oxidized. On the contrary, their
antibacterial activity does not vary with oxidation. We can even assumed that the active molecule is
the oxidized one in the case of BE, because the oxidation of the molecule is almost itenadia
physiological pH. Moreover, the antibacterial assays are performed at 37 °C, which probably increases
the kinetics of the reaction. The calcium complexation isdpendent. At pH 5, both BE and BA may
chelate calcium, but at pH 7.8 complexationiisdered by the oxidation reaction. Oxidized BE cannot
chelate calcium, and only a small fraction of oxidized BA form a complex. For BA, oxidation overwhelms
the complexation because there is no trace of a complex with-aradized BA while there is still a

peak of noroxidized BA alone. Given the information of complexation of both molecules at pH 5 and
7.8, we can assumed that at pH 5, the complexation site is on the catechol orhiydréxy4-keto

site, because both molecules chelate calcium. After diddaonly BA can form complex, so the site

of complexation is more likely the carboxylate, as it is absent on BE that does not form any complex.

Calcium complexation does not have an important effect on the antibacterial activity of baicalin and
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baicalein The presence of calcium does not interfere with the biological activity of both molecules,

which is encouraging for their utilization vivoas potent antibacterial agents.

2.6 General conclusions

In this chapter, we decided to study four biologicabtive molecules, chosen for their antibacterial

and antioxidant activities. Chlorogenic and rosmarinic acids are two polyphenols that share the same
caffeic acid moiety. As for baicalin and baicalein, they are two flavonoids, baicalein being the aglycone
form of baicalin. Among the four molecules, baicalein was characterized to be the best antibacterial
agent, while rosmarinic acid is the best antioxidant molecule. The interaction of the four molecules
with calcium was investigated by WXs spectroscopyral mass spectrometry. For chlorogenic and
rosmarinic acid, complexatiowas found highly piependent, with monomolecular complexes
formed at neutral pH and bimolecular complexes at acidic pH. Monomolecular complexes formed with
deprotonated molecules posss the best stabilityVe tried to determine the site of complexation of
calcium by NMR, but we were not able to discriminate betweatechol and carboxylate groups.
Finally, the effect of calcium complexation on the antioxidant activity was studiedyridyta slight
decrease of the activity of rosmarinic acid was observed. For baicalin and baicalein, we were first
concerned by their degradation at physiological pH, as it was already mentioned in the literature. We
highlighted the oxidation of both moletes, with different kinetics of degradation. BE is more unstable
than BA, it oxidizes at pH 5, while BA only starts to oxidize at pH 7.2. The kinetics of degradation is pH
dependent and mediurdependent. Given the oxidation of the molecules, we can assilmaethe

active form of baicalein is the oxidized one. The complexation with calcium was investigated, knowing
that both molecules are degraded at neutral pH. Complexation is possible at pH 5, but in competition
with the oxidation at pH 7.8. Indeed, oxtdd BE cannot chelate calcium, while the presence of calcium

allows the stabilization of oxidized BA that is otherwise degraded in oxidized BE.

To conclude, we studied the complexation of chlorogenic and rosmarinic acid with calcium, as well as
its effecton the antioxidant activity of both molecules. The oxidation and degradation of baicalin and
baicalein, and their interaction with calcium were investigated depending on pH. Complexation with
calcium should play a role for the vivofate of the moleculs, but the effect on their biological activity

was not marked. As we want to associate these molecules in hydroxyapatite, knowing their interaction
with calcium could be useful to understand their behavior towards the targeted material. In the next
chapter, we will first focus on the preparation of biologically active molechlgdroxyapatite hybrid

nanoparticles.
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3.1 Introduction

In the previous chapter, we evidenced that the four natural biologically active moléBéi#n),
rosmarinic acid, chlorogenic acid, baicalin and baicalein could interact with calcium at different levels.
Rosmarinic and chlorogenic acid formed monomolecular complexes at both pH 5 and 7.8, while the
oxidation of baicalin overwhelmed the compleiat at neutral pH. Baicalein was the molecule with
the lowest affinity for C4. Keeping these informations in mind, we here tried to associate these
molecules with hydroxyapatite nanoparticles in order to achieve their controlled release in a biological
medium. Two strategies were considered, adsorption onfprened hydroxyapatite nanoparticles or
incorporation of BAMs in the reaction medium during hydroxyapatite synthesis. Considering the size
of BAMs compared to the crystal lattice of hydroxyapatitehath cases BAM would be adsorbed on

the surface of HAp patrticles, and/or in the interparticulate porosity. In the first section, the synthesis
and characterization of hydroxyapatite nanoparticles will be described, before reporting the
investigation of tle two methods for incorporating the molecules in the material. Then, the
antibacterial and antioxidant properties of hydroxyapatite nanopatrticles incorporating baicalein will

be studied.

3.2 Hydroxyapatite synthesis

Hydroxyapatite was synthesized by-me@cipitation following the neutralization methddBriefly, 0.1

mol of Ca(OH)X7.4 g) was dissolved in 100 mL of distilled water during 1h30, and 0.06 mol (6.9 g) of
NHH.PQ was dissolved in 50 mL of water. Ammonium dihydrogenophosphate solution was added to
calcium stution, and the medium was left to react for 48 h at 25 °C under stirring. Temperature was
controlled by a thermostat bath. After reaction, white particles were recovered by centrifugation at
5000 rpm for 5 minutes, followed by three washing with distiNeater. The powder was dried in a
oven at 100 °C for 24 hours. Particles were characterized-tay Yowder diffraction (XRD) and
Transmission Electron Microscopy (TEM)phsisorption was used to determine the specific area of

the powder and its porosjt

The yield of synthesis, as determined by weighting the final powder, was 60 % assuming that
only hydroxyapatite was formed. Theray diffractogrammFigure3.1 (a)) confirmed this hypothesis,
by comparison with the PDF card-004-0738. TEM image asen inFigure3.1 (b)showed platelike
nanoparticles31+6 nm inlength and9+3 nm in width. Specific surface area calculated with the BET

method was 160 rhgl. The average pore diameter of the powder, corresponding to interparticle

space, was 15 nm (sélee isotherm of N physisorption offFigure 31/(c)).
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Figure 31 Xray diffractogramm (a), TEM image (b), angNysisorption isotherm of synthesized

hydroxyapatite particles

Crystallite size may be calculatasing Debye® Z EE& E| ¢ quaﬁmn;m'. We used the

peak at 26 °, corresponding to the plan (002) due to its adequate resolution and loss of interference.

HI
>H.. "€

Equation 31 Scherrer's formula

In the formula, D is the crystallite sizeiska dimensionless shape factdr]$Z 35C%] o A op }( iXd
the Xray wavelength, in our case 1.54 A (CuXK A o VP3Z+U t ]» 8Z (poo A] 8Z 8 Z
~E ] veeU v } ]° 83Z J((E S8]}v vPOo }( SZ }EE *%}v JVP & (o0
calculated crystallite size for HAp wait2 nm.

3.3 Incorporation of BAMs

3.3.1 Post synthesis adsorption

As previously mentioned, BAM were selected in particular for their carboxylic acid and catechol
functions, presumed to interact with the hydroxyapatite surface. In a first approach, sstepo

method was used to synthesize the hybrid particles.
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In this @proach, 10 mg of ground HAp particles weresuspended in a 200 mL solution of
BAM in distilled watergH C5). The BAM concentration was set to 0.05 mM as it is near the limit of
solubility of BA and BE, corresponding to an initial molar ratio betweearnd BAM of 1. After 24
hours of contact under stirring at room temperature, particles were recovered by filtration, and dried
at 100 °C for 24 hours. The quantity of adsorbed BAM was estimated by TGA aneNosithky/
spectroscopy. For the WVis method,absorbance of the solution was checked before and after
adsorption, and the difference between the two values was used to estimate the adsorbed quantity.

Morphology of particles after adsorption was also observed with TEM.

Incorporated quantity measuredyb TGA and UVis spectroscopyexpressed in mg of

incorporated molecule by g of HAp, and particle size as obtained from TEM are gath€adudieid. 1.

Incorporated
Incorporated Incorporated Particle
quantity Crystallite size
Sample quantity quantity length/width
(moleculesnnr?) (nm) (XRD)
(mg.g?) (UV) | (mg.g") (TGA) (hm)
(TGA
HAp-RA 20 31 0.3 31+10/8+2 215
HApCA 10 27 0.3 43+11/12+1 235
HApBE 89 63 0.9 33+10/15+3 24+5
HApBA 60 37 0.3 27+4/8+3 24+5
HAp - - - 31+6/9+3 21+2

Table 31 Estimation of adsorbed quantity of BAM on HAp measured by TGA-biidBpectroscopy

and particle dimension as obtained from TEM

From UWis and TGA, baicalein is the molecule with the highest adsorption rate. Nonetheless,
it is important to note the difference in the adsorbed quantity if measured by UV or by TGA. For baicalin
and baicalein, the reason is probably the beginning of degradation of the molecule after 24 hours,

which modifies the UWis spectrum and therefore indusean error in the estimation.

The variation of pH at the beginning and end of the adsorption process was also monitored
(Table3.2). In all situations, the initial mixture is acidic and the pH is higher after adsorption, close to

neutrality.
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HAp HApRA HApCA HApBA HApBE

BAM (mM) 0 0.05 0.05 0.05 0.05
Initial pH 4.7 3.7 (3.5) 4.6 (4.1) 4 (4.05) 5
Fnal pH 6.6 7.2 7.1 6.6 7

Table 32 Initial and final pH of HAp suspensiaisne orin the presence of BAMS€alculated pH with

the weak acid dissociation equation under brackets for RA, CA and BA.
i
%o , —IA"' %orlo } P
Equation 32 Weak acid dissociation

In more details, all initial values are close or lower to the control samplagieement with

the acidic nature of BAMs. We calculated the theoretical pH for a solution of RA, CA or BA, thanks to

the equation of weak acid dissociation (deguation 32). Considering final values, they are larger than

for pure HAp, except for BA. The increase of pH observed when the dried HAp powder is placed in an
acidic aqueous environment was previouslpaged? and attributed to the protonation of phosphate
groups on the HAp surface and possible release o@dtHcarbonate species. This previous work also
evidenced that the final pH could be modified if adsorbing molecules were present. Here, a final higher
pH compared to HAp alone may indicate that the adsorption process involves a deprotonation of the
BAM.

As seen in the TEM images presented-igure 3.2 adsorption of BAM did not modify the
plateletshape aspect of HAp particles. Determination of particle width and length by image analysis

confirmed that adsorption did not significantly modify particlesiénsion Table3.1).

As seen irigure 3.3 Xray diffractograns after adsorption are similar to pure HAp, confirming
TEM obsevations.The crystallite size, calculated and gathered able 3.1are similar to the one of
HAp before adsorptionThe backgrand noise is higher for particles after adsorption because the
guantity of powder used for the measurement waery smallWe can note two remdable peaks on
the diffractogram of HAp + adsorbed RA, at 18 ° and 24 °. The peak at 18 ° deserves our atétion
assigned it to Ca(Oklput we cannot give an explanation to the presence of calcium hydroxide in these
conditions. This must be checked with another batch of hydroxyapatite after adsorption. The peak at

24 ° is probably an artefact of the sample teriddue to the small quantity of analyzed powder.
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Figure 32 TEM image of hydroxyapatite after adsorption of (a) rosmarinic acid, (b) chlorogenic acid,

(c) baicalein and (d) baicalin

Figure 33 X-ray diffractogramms of HAp particles after adsorption of BAM
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1H,13C andP'P solidstate CAMAS NMR experiments were performed on Hag4, HABE and
HApBA (initial BAM concentration = 0.05 mM) and compared with pure HApRM\pas not studied,
as theadsorbed quantity is comparable to the one in HBA, with close molecular structure and
weight. Superimposition dH spectra is presented Figure3.4. On the spectrum of pure HAp, we can
notice the common signal of protons in HAp, with the very narpmak at O ppm characteristic of
protons in the crystal lattice, and the broader peak at 5.6 ppm characteristic of disordered protons at
the HAp surfacé Similar spectra are observed for HBA and HABA, except thatte high ppm peak
is broader. On the HABE spectrum we can distinguish a shoulder at 7.2 ppm indicated by a red arrow,

probably corresponding to the aromatic protons of baicalein.

Figure 34 H solidstate NMR spectra of HApLApCA, HASBE and HABA (initial concentration for

adsorption = 0.05 mM) (* indicates residual peaks of acetone and ethanol)

The®*C spectrum of HAp-{gure3.5) is characterized by a broad peak of weak intensity at 170
ppm corresponding to carbonate€arbonates are also visible on the spectra of &4 HAfBE and
HApBA. However, the peak is dissymmetrical, with a more intense part above 170 ppm, which would
suggest a type B substitutitin In HAp lattice, carbonates can substitute the hydroxyl, which lisdcal
an Atype substitution, or the phosphate that is called dayBe substitution. In addition, an intense
peak at approximatively 120 ppm is seen on the H&pspectrumand, to lesser extent, on the one of
HApBA. This peak corresponds to aromatic caboh baicalein and baicalin. As NMR is not a very

sensitive characterization method, only adsorbed baicalein and baicalin are detected because they are
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adsorbed in a larger quantity than CA. These data also confirm the higher affinity of BE for HAp
comparal to BA and CA.

Figure 35 3C cpmas solidstate NMR spectra of HAp, H&A, HABE and HABA (initial
concentration for adsorption = 0.05 mmot)LNS = 47752, d1 = 1s, p15 =2 ms.

The 3P spectrum of HApF{gure 3.6) is characterized by an unique peak at 2.7 ppm
corresponding to phosphorous in the apatitic structure. The position and width of the peak is the same

for the three samples with adsorbed BAMs.
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Figure 36 3'P solidstate NMR spec#r of HAp, HAICA, HASBE and HABA (initial concentration for
adsorption = 0.05 mmol3).

A 2D correlation map betweéhl and®*P of HAPBE was recorded. A three units sequence was
used, with 1 a saturation orf'P to remove noise coming from dephasinga@ Hahn echo to filter the
contribution of amorphous OH itH spectrum and 3acquisition®*!P with crosspolarization. During a
crosspolarization experimentiH is magnetized, before contact withP during thecontact time, and
then spectrum is acquired ofiP. We tested four contact times (p15) for crgmsarization, and we
decided to focus on the 10 ms conditidfiqure 3.7 ). The correlation between crystallifé® and
aromatictH is visible at 2.7 ppmfé*P and 7.1 ppm for 1H. This correlation is the sign of the adsorption
of BE on HAp. The same correlation map was recorded for pure HAp as reféniginee 8.7 () The
only correlation visible is at 2.7 ppm for 31P and 0 ppm for 1H, which correspwttitks correlation

between OH in apatitic structure and crystalline phosphorous, that is also visible eBE$pectrum.
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Figure 37 2D hetero correlation map 1:B1P of HAfBE (a) and HAp (NS =256,d1 =1s, p15=10
ms,TD =180

3.3.2 In situsynthesis

The second attempt to incorporate the four natural BAM in hydroxyapatite was by
incorporation during synthesis. The protocol was the same as for pure hydroxyapatite, except that 100
times smaller concentrations of inorganprecursors were used, molecules were added in the calcium
hydroxide solution and the solution left under stirring for 1 h 30 before adding the
dihydrogenophosphate solution. Two ratios between calcium and BAMs were studied, 0.0075 and
0.075 (BAM : calcim), except for baicalin for which the highest ratio was 0dd# to solubility issues.
Colored particles were obtained, with color depending on the incorporated mole€hke crystalline

phase of the precipitated powder was first checked by XRD. The mloghof the synthesized
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particles was studied by TEM. Quantity of incorporated molecule was measured by thermogravimetric

analysis (TGA).

We will first describe the synthesis with the molar ratio BAM:Ca = 0.00ai8e 3.3 gathers
the yield of the reactin, calculated from recovered powder weight assuming that hydroxyapatite was
the only formed phase, the particle dimension as obtained from TEM, the crystallite size obtained from
XRD, the incorporated quantity of BAM measured by TGA and the molaB#t#oCain the materials,

calculated from the incorporated quantity of BAM measured by TGA.

] Particle - Incorporated Final molar
Sample | Yield (%) ] Crystallite size (nm ] _
length/width (nm) quantity (mg.gd) | ratio BAM : C¢
HAp 90 30+7/8+4 15+3 - -

HApRA 46 1442/4.2+0.5 16+1 52 0.015
HApCA 56 19+2/6+2 15+1 42 0.011
HApBE 53 1743/7+1 17+1 52 0.02
HApBA 46 13+2/4.2+0.5 13+2 54 0.012

Table 33 Yield of the synthesis, particle and crystallite size, incorporated quantity of BAM and final
molar ration BAM:Ca of HABAM (BAM: Ca = 0.0075).

Figure 38 XRD pattern of hydroxyapatite particles synthesized in the presence of rosmarinic acid

(HApRA), chlorogenic acid (HARA), baicalein (HABE) and baicalin (HAA) (BAM:Ca = 0.0075)
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From XRD, it is possible to evidence the formation of hydroxyapata# aonditions Figure
3.8). The calculated crystallite size of pure hydroxyapatite is 15 nm and is not significantly modified in
the presence of BAMs at this concentration. It is also important to notice that in the I@o@ain,
diffractograms of HAfRA and HAEBE show an additional peak et 2 7= 18°. This peak may
correspond to the (001) diffraction peak of Ca(&Mhich is the most intense for this structure. This

peak is not observed for BA and CA.

In parallelthe yield of the hydroxyapatite fonation decreases with the incorporation of the

BAM,from 90 % for pure HAp, to 505% in the presence of BAIT%?Ie 34). Therefore, the presence

of BAMs seems to inbit the formation of HAp. The amount of incorporated BAM is higher than in the
case of adsorption, except for bacailein. However, from the measure of the incorporated quantity, we
can calculate the final molar ratio between BAM and Ca in the hybrid raatéris 0.011 for HALA,

0.015 for HARRA, 0.02 for HABE and).01 for HAEBA The highest ratio is again obtained for BE, as
observed in the adsorption process. Thus, there is an enrichment in BAM within the material compared

to the initial molar ratd in solution (0.0075).

TEM images of HABA and HABA Figure 3.9 (b) and (d)show plateletshaped particles,
similar to pure HAp, but apparently more aggregated. H¥pand HABE have a less defined shape.

The particles in the four samples are sigmaintly snaller [Table 33) than pure hydroxyapatite, which

is consistent with crystallite size calculatedrh XRD data. However, while crystallite siaded only
in a nonsignificant amount, size variation as measured from TEM evidemwiceabledifference
between HApRA and HACA, and HB-BA and HA-BE.

Altogether, BAMs at low concentration decrease the amount of formed hydroxyapatite
nanoparticles and the crystallite size, these two parameters being apparently correlated (i.e. lowest
yields (RA, BA) are obtained for the smallest particles). The amount of incorporated BAM can also vary,
but clear correlation with the other studied factors is natagtjhtforward: for instance BE leads to the
highest BAM:Ca ratio but the yield is not very different from other BAMs. Importantly XRD suggests

that other phases are present in the final powder, and especially Ca(OH)
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Figure 39 TEM images of (a) HAPA, (b) HAICA, (c) HABE and (dHApBA

In order to evaluate better the effect of BAM on the hydroxyapatite synthesis, a higher molar
ratio was studied for RA, CA and BE, B&K& = 0.075, and, due to solubility limitation, BAb&: = 0.04
for BA. Apparentife. on hydroxyapatite basis) yields of the reactions, crystallite size (from XRD),

incorporated quantity and BAM: Ca molar ratio in the materials are gatherédhte3.4.

Incorporated Final molar ratio

Sample Yield (%) Crystallite size (nm
quantity (mg.d) BAM : Ca
HAp 90 1543 - -
HApCA 43 14+2 73 0.02
HApBE 42 14+3 135 0.05
HApBA 50 18+2 111 0.025

Table 34. Apparent yield of the synthesis, crystallite size and incorporated quantity of BAM and of
HApBAM (BAM: Ca = 0.075).

The synthesis with rosmarinic acid was difficult to handle. After washing, almost no powder
was collected. Synthesized particles seemedetdissolve in distilled water, so it was impossible to
calculate the yield of the reaction and to measure the incorporated quantity of RA by TGA. In order to

recover few mg of powder to perform XRD, the washing step was skipped.
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XRD patterns presented Figure3.10 showed the presence of hydroxyapatite for HBR,

HApCA and HABA. Calculated crystallite sizes are similar to the one calculated for HAp particles

synthesized in the presence of BAMs with the molar ratio 0.00&&round 15 nm. In preseemf RA,

the diffractogramm is not the one of hydroxyapatite, therefore we decided to name this compound

CaP(for calcium phosphat®A. However, after comparison with database, it could be assigned to the

calcium carbonate (Cag)Zalcite phaseAs a matte of fact, the main diffraction peak of calcite

29° is also visible on the diffractogramm of HB®, and to a lesser extent in the one of HZ but

not with BA. The presence of calcite would explain the redissolution eR@aR water during wasing,

as calcite is quite soluble in water near neutral pH. Therefore HAp formation seems totally inhibited

by the presence of rosmarinic acid.

Figure 310 XRD pattern of hydroxyapatite particles synthesized in the presenwsiofarinic acid
(HApRA), chlorogenic acid (HAA), and baicalein (HAE) (Ca:BAM = 0.073nd comparison with
patterns of hydroxyapatite (JCPDS@@488) and calcite (JCPDSIEB6)

TEM images of HABE and CaRA are presented ||PFigure 311

It is clearly visible that

particles in presence of RA are different from the ones of-BEPthe latter being similar to previous

samples. They are larger, and rectangidhaped, comparedtthe small plateletike particles of HAp

BE. These observations therefore confirm results from XRD.
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Figure 311 TEM images of (a) HARE and (b) CaRA (initial BAM:Ca = 0.075)

For CA and BE incorporating particles, we hateed that the apparent yield was lower than
with the ratio 0.0075. Thus, a larger quantity of BAM seemed to inhibit HAp formatioa. In parallel,
incorporated quantity of BAMs was higher, with 73 migaf incorporated CA and 135 md.gf
incorporaked BE. Yet, whereas the initial solutions were 10 times more concentrated in BAM, the final
incorporated quantity is not 10 times higher than the quantity incorporated when the BAM: Ca ratio
was 0.0075. The final loadings were at least twice that obtaitelde lower ratio but smaller than the

initial solution content. Again, BE was the most efficiently incorporated molecule.

Overall, the synthesis of hydroxyapatite in presence of BAM is possible for low molecular ratio
between BAM and calcium, even if, &hsynthesized in the presence of organic molecules, the yield
of the reaction decreases and HAp crystals are smaller. At higher ratio, the synthesis is totally inhibited
in presence of rosmarinic acid while, despite a stronger effect compared to lowier FAp is still

obtained for the other BAMs

Variations in yields, as calculated from the weight of recovered powder, must be taken
carefully as other phases, Ca(@#f) low molar ratio and CaG@t high ratio, were also evidenced.
These phases may als@ liaken into account when calculating the amount of BAM per g of
hydroxyapatite. However, it can at least be stated that bacalein is the most efficiently retained BAM in

the final product.

3.3.3 Comparison of incorporation methods

We developed two method® associate BAMs with HAp, either by paghthesis adsorption
or incorporation during synthesis. The first method leads to adsorption of all BAMs without significant
modification of the HAp nanoparticles structure, with highest loading being obtaine@&orThe
second method allows to obtain hybrid nanoparticles for all BAMs and two sets of concentrations,

except for RA at the highest BAM:Ca ratio. However, the reaction yield of hydroxyapatite formation is
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decreased compared to the one of pure HAP sysith@nd other phases are recovered in almost all

samples

Adsorption method

Because the underlying mechanisms are expected to be simpler, we can first discuss the
second method. Adsorption of biologically active molecules on hydroxyapatite have albeady
reported in the literature, for delivering antibacterial agents or osteogenic components. For instance,
antibiotics such as gentamicin, tobramycin, or gentamicin have been efficiently adsorbed on
hydroxyapatite nanoparticles or coatirtgs Others examples are anticanégmntkinflammatory or
hemostatid? molecules. Overall, three kind of interactions can be expected éetwthe molecules
and the surface: (1) electrostatic, (2) hydrophilic/hydrophobic and (3) complexation with the calcium
ions. The first two ones are highly correlated to the surface charge of HAp: at pH below its isoelectric
point (IEP), the surface is ptigely-charged and has good affinity for anionic species, while the mirror

situation occurs at pH above IEP. Near the IEP, the HAp surface has a marked hydrophobic character.

The IEP of hydroxyapatite can range between 7 and 8, being therefore pgsitiaebed in
the sorption conditions in this work. We measured the pKa of the carboxylic acid of RA, CA and BA by
titration with NaOH. For the three molecules, carboxylic acid is deprotonated at pH 5 in distilled water,
suggesting that attractive electraaic interactions can drive their adsorption on the HAp surface.
Surprisingly, baicalein appears to have the strongest affinity for HAp, although being neutral at pH 5.
Moreover, it did not show any interaction with calcium ion in our previous molectiatys(see
Chapter 3. This result can be interpreted in light of a study by Chirdon &tthhat showed that
catechol and pyrogallol adsorbed more readily and strongly on HAp surfaces than phenol and
carboxylic acids. The proposed explanation is based on coopergtivederrbond interactions thanks
to the presence of two or three close phenol groups. The fact that BA is less efficiently adsorbed than
BE evidence that the loss of one available OH group on the pyrogallol ring is not compensated by the
presence of an adtional carboxylate group on the sugar moiety. Accordingly, the catechol ring
present on CA and RA is less efficient than the pyrogallol ring of BE to interact with the HAp surface.
Noticeably, it seems that the ability of the BAM to form complexes wittii€aot relevant to explain
the results obtained by the adsorption process. As discussed above, the main reason is that other
interactions are also driving the BAM affinity for the HAp surface. Another point to consider is that the
coordination sphere ofalcium ions within HAp is already occupied by phosphate and hydroxyl groups,

limiting its chelation by the BAM ligands.
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In situ method

In contrast, the formation of BAML&* could be expected to be relevant for the fiist situ
method since it involvea preliminary step where Ca(QHf dissolved in the presence of the bioactive
molecules. However, two points are to be considered. The first one is related to the pH conditions that
are highly alkaline (pH 12). On the one hand, such conditions shouldHaNtdy deprotonated forms
of the molecules, which should enhance their interaction with calcium ions. On the other hand,
experiments described i@hapter 2nade us expect that some degradation of the BAM could occur in

these pH conditions.

To check thishypothesis, we investigated the stability of the BAMs at pH 12 bywidV

spectroscopyKigure 312). It is clear that the spectrum at pH 12 for the four moleculedfferdnt

from the one at pH 5 (se€hapter 3, and that spectra evolve with time. For BE and BA, we assume
that oxidation is the privileged degradation pathways, as it was describéddpter Xor degradation

of these molecules at pH 7. As for RA andvi@®assume that the ester function would be hydrolyzed.
Therefore, it is very likely that the structure of BAMs involved in the HAp growth process is different
from the one investigated ihapter 2during studies in solution, and that the identified comes

are not fully relevant to understand their influence on timesituprocess.

Figure 312 Stability of (a) RA, (b) CA, (c) BE and (d) BA at pH 12.
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The second point to consider is that BAM may also influence Cag®@sHution and/or favor
CaCoformation. Indeed, for RA, the Ca(QHiffraction peak observed on particles synthesized with
the ration 0.0075 is the highest and Ca@®mation is the most favored when ratio is 0.075, while for
BA, no Ca(OkHlpeak is observed at low ratio and no Ca@dound at high ratio.

To understand better this phenomenon, some additional experiments were performed. First,
the evolution of the Ca(Oklpolution in the absence or presence of RA was followed by XRD
measuranents. In the first case, after 15 minutes, a very low amount of powder could be recovered,
suggesting fast dissolution of calcium hydroxide. After 30 minutes, the solid content of the solution
was much more significant and XRD indicate that it consispaief CaCe Formation of calcite in
these conditions is very favorable and already reported in the literature. A similar evolution was found
in the presence of RA, except for a trace of remaining Ca@td) 30 min. This would indicate that
RA has onla minor influence on Ca(OHJissolution. It is also important to keep in mind that upon
ammonium phosphate addition, without BAM, only HAp is formed while in the presence of RA at high
concentration only CaC@s identified with intermediate situationd,e. both CaC®and HAp being

present, for other BAMs. Therefore RA may either inhibit Galidolution or inhibit HAp formation.

Figure 313 XRD of powder recovered after 30 min in solution of Ca{@ht) Ca(OH)} RA., and
comparison with XRD of calcite (PDF car®956)
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One important information is that the crystallite sizes are similar for HAp andGMBE/BA,
while all BAMs induce a decrease in particle s estimated on TEM images. If we make the
hypothesis that ira first approximation, therystallite sizés the size of the first objects that are formed
in solution, if the crystallites have the same size whatever the synthesis conditisncan be
interpreted considering that HApucleationis not perturbed If we continue the hypothesis with the
fact that thepatrticle sizeeflects the growth phase, if the particle size is decreased when incorporation
of CA, BA and BE, we can suggest that these molecules inhilgrdianeh of HAp.Such a growth
limitation can esult either from adsorption of the BAMs on the surface of growing partaflésApor
a depletion in available €a The first possibility is very unlikelpecause when we tried tadsob
BAMs on HAp particleBEwasthe molecule with the highest affinity for HAp surface while it does not
show a particular inhibiting effect here. Accordingly, RA did not exhibit a specifically high affinity for
HAp surface but has the highest inhibiting action on precipitation. Altwretthis would favor the
hypothesis that the underlying mechanism is mainly related to BAM interactions with;Ga&O
would limit its dissolution. It has been shown tHar selectedorganicsat concentratiors lower than
0.01 mol.t! the dissolution ofCaC@is inhibited in alkaline p¥*°. Inhibition was attributed to the
blocking of dissolution sites by adsorbed carboxylates. RA, ami¢hcarboxylate and two catechol

functions may act as strong adsorbent on Cg@venting from its dissolution.

3.4 Biological activity of hydroxyapatite baicalein hybrid particles
obtained by adsorption

3.4.1 Introduction

In this part, the biologidaactivity of hydroxyapatite nanoparticles with BAM will be
investigated. We decided to focus only on the hybrid hydroxyapatite particles with baicalein. Indeed,
as seen irchapter 2 it is the molecule with the best antibacterial activity. Moreover, thesmolecule
with the best incorporation in hydroxyapatite, either by adsorption or during synthesis. As we saw that
baicalein is degraded in pH 12 during synthesis of hydroxyapatite, we decided to study only particles
after adsorption. First, the releas# baicalein from HAp coatings was studied by HPLC, before the

study of their antioxidant and antibacterial activities.

3.4.1 Baicalein releage vitro

This work was initiated during my stay in the team of Pr M.F. Desimone at the Universidad de
BuenosAires. Baicalein release from HAp particles (after adsorption) in PBS was studied by HPLC. 10
mg of particles were suspended in 2 mL of PBS at pH 7.4, and 0.5 mL of supernatant was removed at

different times for HPLC analysis, and replaced by fresh PBSleBarelease was studied over 6 days.
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HPLC analysis was performed with reverse phase on a C18 column. Cumulative release profile, in

percentage of the total adsorbed amount, is presentgéigure 314
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Figure 314 Cumulative release of baicalein

Release profile is characterized by a rapid burst release, with 20 % of the total amount of adsorbed
baicalein released in the first 45 minutes. Thereafter, release rate is slower during 24 hours, to reach
36 %. After 6 days, 40 % of baicalein is rele&®ed the hydroxyapatite particles. This suggests that a

noticeable amount of baicalein strongly binds to hydroxyapatite.

The release profile of baicalein follows a classic profile of drug release from nanoparticles,
consisting in initial burst release folved by a slower and more controlled ph&$&'°¢ The initial
release may be longer or shorter, from a 