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Summary

The prevalence of joint replacement procedure increased by more than 119% in the last
decade as aesult to that the demand for a prosthesis is very likely to increase
Uncemented prosthesis is tfiest-choicetreatment option for patient age less than 68
years,due to itslong-term and more stable fixation. The two major limitations that lead

to thefailure of joint replacement surgery are a prosthetic joint infection and aseptic

loosening.

To encounter these limitatiortkis study aimed to develapcoating that can control the
release of the antimicrobial agerthlprhexidine) andthe antrinflammaory agent
(dexamethasone) to provide prophylaxis from postsurgical inflammation and infection
The antibacterial and antnflammatory coatingwas built initially on titanium
nanoparticledollowed by the validation on the medical grade Ti alloys surfatas
multilayer coating was achieved employing a Layer by Layer (LbL) technology
incorporating a drug of interest between polyelectrolyte layers of alginate antigtaly
amino estersPhysicochemical characterisatierof the obtained nanoparticles were
conductedand amount of chlorhexidine and dexamethasone released from the multi
layered system was quantified. Cytotoxicity aadti-inflammatory activity vere
assesseth in-vitro human macrophage cellular modelso cytocompatibility towards

human ostoblasts cells were examined.

The results showed that chlorhexidine was released in a controlled manner for 60 days
from the nanoparticular systepnovidinginhibition of growthfor a number of clinically
relevant grampositive andgramnegative bacteriastrains.Dexamethasone released for

up to 30 days was able to suppress TWF a n-@ prdduction. Study on Ti alloys
surfaces confirmed the efficacy of the mudiyered systems. Moreover, no cytotoxic
effects were observed towards osteoblastsoundiiy prosthetic device confirming not

just efficacy but also a safety of the proposed system.
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Chapter 1: Introduction
1.1 Arthroplasty

Joint arthroplasty is the surgical procedure of replacing a damaged joint with an implant,
commonly known as prosthesBrostheesare designed to restore the function of worn
joints due to conditions that causes joint deformation such as osteoarthritis, hip fracture,
septic arthritis, and bone dysplagilbhnson 2014)The implants are usually made of
metal, ceamic, or highdensity polyethylené_6pezLdpez et al. 2017)

The National Joint Registry UK reported that the numbers of, lipee, shoulder

ankle, and elboweplacement procedure conducted in the calendar year 2017 were
91,88, 102,1776,526, 734 and 612, respectivéNational Joint Registry 2018More

than 90% of these cases were caused by osteoarthritis and most of the patients were 61
76 years oldNational Joint Registry 2018; Prieidhambra et al. 2014)This is not
surprising since the global prevalence of osteoarthritis amonddidye(>65 years old)

was more than 30% in 20qKim et al. 2010) In the period between 1991 and 2006,
the rates of total knee replacement (TKYformed in UK have more than tripled in
women (from 42.5 to 138.7 per 100,000 pergears) and men (from 28.7 to 99.4 per
100,000 personears)(Culliford et al. 2010) The elative population of elderly people

is continuously rising globally as the obesity epidemic; because both of these are risk
factors for OA, the demand for prosthesis is very likely to incréalsang and Jordan
2010)

1.2 Characteristics of prosthesis for cemented or uncemented

fixation

In general, damaged joint can be replaced with a prosthesis fixed using two distinctive
methods; in cemented prosthesis PMMA bone cement is employed as grout between
device and bone while in uncemented prosthesis the device is initially forced into the
bore (fApress fitodo) and |l ong term fixation
device(Maggs and Wilson 2017)

The difference between the two type of fixation methods also requires different device
design, cemented stems can either gmised as: tapes | i p -(lidoede)
composite lrdaom@®@iesd alp2012)Taperslip stems, such as the
Exeter stem, are collarless and havepolishedsurface, thewccomplishinal

fixation through posbperative micromotion and subsidence of the steidethe
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cement mantle; theresulting radiabtresses andompression at the bomement and
prosthesicement interfaces provide the necessary inter{delyasuriya et al. 2013)
Compositebarstems, such as the Charnley Sterhave rough surfaces and
achievestabilitythrough astrongbond between stem, cement and bovithout
micromovement between device and cement mdddlgasuriya et al. 2013Jhe design

characteristics of these two stem types are showigimel.

Charnley Exeter

O e

Figure 1. Drawing showing the principal design characteristics of the femoral
prosthese¢Jayasuriya et al. 2013)

Cementecgsocketdend to be thickvalled polyethyleneups with groovesn
theexternalsurface and ammplantedwire marker tgermittheassessmemf position

on postoperative Xays (Maggs and Wilson 2017A schematic representation of an
uncemented prosthesis Besentedin Figure 2; in knee joint prosthesis isnainly
composed of femoral component and tibial component. A spacet/liner is placed between
these two partd-or hip prosthesis, itompose®f acetabular component, femoral head,
and femoral stemA plastic liner is placed between the acetabular compamhthe

femoral head
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Figure 2. Uncemented prosthesis for hip (a) and knee (b) joint replacement. Figure
adapted fromhttp://orthoinfo.aaos.org/topic.cfm?topic=a00221

Uncemented stems have been developed in numerous designs (with wedged, tapered,
cylindrical, modular and other anatomic shapes); recentlyteshgtiem plans have been
brought to mar ket with the point of maki ng
proximal femur. However, all these designs have the same objective to maximise the
initial stability and allow for surrounding bone growth in the nhgnand years post
operation (Maggs and Wilson 2017)Initial stabilityis vital becaus¢he degree of
micromotion at thistage determindgbe type of tissue forming at the bone prosthesis
interface. Micromotionomo r e t h an 1 Sbhooustissue,batveeenstO and15G

€ mresults in the formation of a mixture of bone dibdoustissue while unde?O

€ mresults predominantly bone tiss(iengh et al. 1992; Pilliar, Lee, and Maniatopoulos
1986; Jasty et al. 1997)

Uncemented prostheses are suragineered two ways to favour the interlock between
devi ce and -gboweho fA ©omahutacteesby gritdlasengor
plasmasprayinghydroxyapatite (HA) onto the device surfdoe makeacreate a

texturedsurfaced onto which bone can gr@idhanuja et al. 2011)0On the other hand,


http://orthoinfo.aaos.org/topic.cfm?topic=a00221

fingr owt ho s unadeudilicirgg sinteradbeads, fibresindpermeablanetals,

these devices havwmicroscopigpores into which bone catevelop; the
idealporesizefor in-growth is 504 0 O eEm and pdrcentag®@f p t i mu m
voidsinsidethe coating, to maintain mechanicaksigth,is 30% 50% (Berry 2001)

Instead of providing a scaffold for osteoblasts growth, coating prostheses with bioactive
materials such as HA and tricalcium phosphate can actively promote cells growth
increasing and such stability. Coating can eithertotal or fractional; total coating
presents an extended area for fixation, but can diminish loading of the proximal bone,
driving to stresshielding. While only proximal coating channels the strengths of weight
bearing through the femoral metaphys$ist has a smaller area available for fixation
(Maggs and Wilson 2017)

Uncemented sockets present porous coatings over the entire circumference, fixation is
achieved using screws, pegs, or spikes to achieve initial stability. Most systems use
metal shell with a polyethylene liner fastened securely inside it. However, results are not
unequivocal in demonstrating improved performance of these de{iéeggs and
Wilson 2017)

1.2.1 Advantages and Limitations ofcemented Prosthesis

Joint replacement using cemented fixation technique has many advantages that out
preform other prosthesis type. Its allow long te8orvivorship based in clinical studies

in the UK andNew Zealand. Also, cemented stem can be considered to be customized
for the patient and can be used in almost all situations, including where there is femoral
deformity. The cement mantle allows components to be positioned optimally with
respect to the patient's anatomy and leg lendpiwever, the common limitation
associaté with this kind of prosthesis are Benement implantation syndrome and
higher rate of Aseptic loosening of a cemented femoral component after TJA is a
potential cause of pain and loss of function, resulting in the subsequent need for a
revision.In rarecases, patients have an allergic reaction to the bone cement and must

undergo a second surgery to remove the prostheses.

1.2.2 Advantages and Limitations of Uncemented Prosthesis

Joint replacement using uncemented fixation technique has been increasingyr popul

due to its ability to allow bone ingrowth, the ability of osteoblasts to grow into the pores



of implants and stabilize (A\prato et al. 2016; Prudhon and Verdier 201F)cemented
prosthesis offer better lortgrm survival, a more stable fixation and lower risk of bone
loss /osteqgisis over cemented implantGiebaly et al. 2016)They also are superior to
cemented prosthesis in terms of shorfgerating room time, preservation of bone stock
and ease of revisiofAprato et al. 2016)additionally uacemented fixation is not
affected by any of the possible complications associated with cemented fixation like
third body wear, retained loose fragments and bone cement implantation syndrome
(Aprato et al. 2016; Donaldson et al. 2009)

Despite the numerous aforementioned benefits efamented joint replacements, their
instability was a major drawback that prevented the diffusion of these déMeggs

and Wilson 2017)Modern designs have solved this problem leading to an increasing
number of cementless fixation procedures. For example, in the UK for hip arthroplasty
the proportion of uncemented joint replacement device has increased steadily from
16.8% in 2003 to 2.5% in 2013 but fell slightly to 38% in 2017, as showikrigure 3
(National Joint Registry 2018, 201Although uncemented fixation has become more
popular in hip replacement, uncemented fixation technique require suftiboermt flow

and healthy bone that is able to stabilize the prosth@digulkarim et al. 2013)
Therefore, uncemented prosthesis is more suitable for younger patients (less than 65
years old)(Wyatt et al. 2014)Uncemented femoral prosthesis has better survival rates
and lower risk of revision (p < 0.002) in patients aged less than 55; while elderly patients
(more than 65 years old) with uncemented prosthesis are at increased rislsiohrevi
and periprosthetic fracture (12.4% vs 6.8%pskal, Capps, and Scanelli 2016)
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Figure 3. The percentage of cemed and uncemented hip replacements in the UK from
2003 to 2017(National Joint Registry 2018)
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An analysis of five national joint replacement registries (Norwi&yeden, England
Wales, Australia and New Zeeland) has revealed that cemented prostheses slightly
outperform uncemented implants in terms of revision risk, particularly in younger
patients; however, registries generally record only revision agp@intd butnot patient
reported outcome such as pain, quality of life or mobility therefore a full comparison
simply based on revision rate would not be provide a complete compéftsamg, Yan,

ard Zhang 2017)

1.2.3 Materials for Components of Uncemented Prosthesis

The materials employed to manufacture implead tofulfil numerous requirements

such as biocompatibilitystrengthandcorrosionresistance (Matsuno et al. 2001)
Uncemented prosthetic devices can be made using ehatimy, and stainless steel
(Ansari, Takahashi, and Pandit 2018) howe v er the fAgold standarc
prosthesis is titanium alloy, a metal with high resistance to corr¢&iong et al. 2012;
Moskal, Capps, and Scanelli 2016)he advances in material science has led to
development of functionally graded material (FGM), a clagsmicro-structured
materials for biomedical application. The most popular FGM, titanium and
hydroxyapatite, haveeen used itombination asnaterials for joint prosthesigledia
2007)and have demonstrated enhanced bone remod&Bioigg et al. 2012Beside the
material employed in the stem and socket, the contacting surfaces combination (ball and
socket) in uncemented prosthesis can be rogtahetal, metabn-polyethylene,
ceranic-on-polyethylene, ceramion-ceramic, ad ceramieoni metal (National Joint
Registry 2018) The trends in the preferences for metaimetal, metabn-
polyethylene, ceramion-polyethylene, ceramion ceranic, andceramieon i metal hip

joint prosthesis is illustrated Figure4.



Temporal changes in percentages of each bearing surface used in uncemented primary hip replacements.
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Figure 4. The preferences for surface materials for uncemented hip prosthesis. MoP:
metaton-polyethylene, CoP: ceramimn-polyethylene, CoC: ceramin ceramic, CoM:
ceramiconi metal, MoM: metabn-metal. Figure adapted frorNational Joint Registry
(2018)

Metalon-metal (MoM) prosthesis is of a huge concern due to reportedly high rate of
revision (Matharu et al. 2018; Pijls et al. 2018&)d metal toxicityMartin et al. 2015;
Harris et al. 2015) The number of MoM prosthesis used therefbes decreased
drastically from 2007 to @1 (Figure 4). Metalon-highly crosslinked polyethylene
(MoP) has been produced to reduce linear and volumetric wear than conventional
polyethylene that cause osteolyditowever, the erosion of th@olymeric constituents
results in failureof these devices, for example at-yi€ar follow, osteolysiswas
observed ir26% of cases whileaseptic looseningccurred in3% (D'Antonio, Capello,

and Naughton 2012Hard bearing surfaces which produce even less volumetric wear,
such as ceramion-ceramic (CoC) has also been developed to address the problem of
osteolysis.In light of their remarkable war performance, Coc are favoured in young
patients; lowever, concerns regarding the best technique for implantation to avoid

fractureandsqueakingstill remains(Hernigou et al. 2016; Wang et al. 2016)

Recently, there has been a growing attention on development of piosthids
antimicrobial activity(Goodman et al. 2013; Raphel et al. 2016; Zhang, Zhang, and Li
2013) Currently available uncemented prosthesis in the United Kingdom are often

coated with osseocondctive materials. For exampléressfit® (Waldemar), CSF®



(Joint Replacement Instrumentation Ltd.), Trident® and ABG II® (Stryker) are a few of
hip joint implants that are coated with hydroxyapatite. Metha® (B Braun), Cerafit®
(Corin) prostheses are coatedth pure calcium phosphate. Antibactericidal agent
coated prosthesis is not available in the market yet, but ongoing research showed
promising resultgGallo, Holinkg and Moucha 2014; Getzlaf et al. 2016; Riool, Dirks,

et al. 2017) however this technology have not been tested in clinical trials or have

demonstrated antimicrobial activity only for a short peribtime (days).

1.2.4 Fixation Procedure for Uncemented Prosthesis

The prosthesis can be attached to the surrounding bone using cement material such as
poly(methyl methacrylate) (PMMA)(Vaishya, Chauhan, and Vaish 2013; J. and F.
2007) which is then termed cemented prosthesis, or without cement; the latter is
commonly known as uncemented prosthé&rato et al. 2016)Figure5 illustrates the
differences between cemented and uncemented prosthesis for hip joint replacement. In
hip joint replacement, the head of the femur is removed and a medullary cavity is
created. Hip prosthesis consists of acetabular cup, insert, femoralféeadal stem,

and the shaftRigure 5a). The acetabular cup of prosthesis is then fitted to the socket
while the stem of the prosthesis is inserted to the medullaryycaf/ithe femur. In
cemented prosthesis, both acetabular cup and femoral stem of the prosthesis is anchored
with cement material to ensure great stabilig(re 5b). Whenuncemented prosthesis

is used, the femoral stem is inserted into the medullary cavity securely without the use of
cement material. This stem is designed to have porous surface to promote bony ingrowth

(Figurebc).

(a)

Acetabular cup

Insert

Femoral head 'ﬁ
Femoral stem

Shaft

CMMG 2002

CMMG 2002

Figure 5. Schematic illustration of hip implant parts (a) and differences between
cemented prosthesis (b) and uncemented prosthesis (c) for hip joint replacement.
https://www.healthpages.org/surgiegdre/higjoint-replacemensurgery/ accessed on
5/02/2019



https://www.healthpages.org/surgical-care/hip-joint-replacement-surgery/

X-rays of patients undergoing hip replacement are showigure 6 and Figure 7 for
cemented and cementless procedures, respectively.

Figure 6. Serial radiographs of a 69earold man who experienced revision with the
cemented stem. (a) Radiograph before revision, showing a loosened stem. (b)
Radiograph instantly after revision with cemented femoral stem. (c) Radiogragdrs

after revision(Wanget al. 2013)

Figure 7. Serial radiographs of a 6@earold man who experienced revision with the
cementless modular femoral stem. (a) Radiograph before revision, showing a loosened
stem. (b) Radiograph instantly after revisiovith the cementless modular femoral
prosthesis. (c) Radiograph 4 years after the revision. The patient had a good clinical
result, and the stem remains stable with no subsidéW(ang et al. 2013)



1.3 Prosthetic-associated infections

Like any other surgical intervention, pagteative infections are a potential adverse
event associated to joint replacement. Sterility during surgical procedure is of the utmost
importance. However, prophylaxis treatment using antimicrobial agents is essential to
further minimise bacterial attachmetd prosthetic surface. The increased use of
prosthesis in the last decades has been constantly followed by increased incidence of

prosthesisassociated infectiofGetzlaf et al. 2016)

Overall, the annual incidence of PJI in the United Kingdom is around 0.5 to 2%
(Williams, Mihok, and Murray 2016Yhis relatively low figure, however, should be
taken as a concern since the demand for joint arthroplasty is increasing gleadity,
Graves, et al. 2017; Hooper 2013Yloreover, most of PJI cases are caused by
multidrugresistantStaphylococcuswhich is difficult to eradicatéGetzlaf et al. 2016;
Raphel et al. 2016J he most common Pdlusing bacteria are listedTiable1.

Table 1. Most common Prosthetjoint-infectionCausing Bacterig(Tande and Patel
2014)

, _ Shoulder
Bacteria Hip (%) | Knee (%) %) Elbow (%)
0

Staphylococcus aureus 13 23 18 42
Coagulasaegative

30 23 41 41
Staphylococcus
Streptococcuspp. 6 6 4 4
Enterococcuspp. 2 2 3 3
Gramnegative bacilli 7 5 10 7
Propionibacterium acne 1 2 24 1
Polymicrobial 7 11 15 5

Treatment options for PJI include both raperative measures with long term exposure
to antibiotics and surgical such as debridement and implant retention (DAIR)prone

two-stage revision arthroplasty, arthrodesis and amputé@arim, Swann, and Ashford
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2017) Implant retention without infection is ideal aBd\IR has been reported to have
variable success rates depending on patient factors, duration of infection, infecting
micro-organisms, choice of procedure, single or multiple debridement procedures,
arthroscopic or open, antibiotic choice and durationnibeotic use(Qasim, Swann,

and Ashford 2017)From the otal of 27,605 hip joint revision procedures took place
from 2017 in the United Kingdom, 3,872 cases (13.8%) were caused by projstimgtic
infection (PJI) (National Joint Registry 2018) Therefore, prosthetic joint infection
surgery is not a likely lifehanging event potentially l{fdreating but also poses
significant financial burden as it involves multiple procedures, prolonged antibiotics
administration, lentpy hospital stays and more expensive implants for revision surgery
(Merollini, Crawford, and Graves 2013)

1.3.1 Role of biofilms in prostheticassociated infection

As in more than half of human infectiof@illiams and Costerton 2012jhe main
mechanism involved inPJIl is biofilm formation(Getzlaf et al. 2016; Gbejuade,
Lovering, and Webb 2015 he initial stage of biofilm formation is adhesion of bacteria
to the surface of prosthesis and it a process mediated by various mech@ustagon,
Stewart, and Greenberg 1999; Arciola et al. 20E®Xstly, PJicausing bacteria might
form nonspecific adhesion with an inert biomaterial surface due to roughness,
hydrophobicity, or weak chemical interactig@hen and Wen 2011)The latter is
mediated either by Lewis aclthse reaction, van der Waals force, electrostatae, or

all of them(Hall-Stoodley and Stoodley 2009prosthetic surface possessing electron
accepting groups / acidic groups can provide adhesion site for bacteria via electron
donaton (Getzlaf et al. 2016) Meanwhile, opposite electrostatic charge between
prosthesis surface and bacterial cell wall might lead to electrostaticradiated
adhe#n (Hall-Stoodley and Stoodley 2005; Stoodley et al. 2012)

Pili, hairlike protein fibres found on the surface of bacterial cells, are able to overcome
electrical repulsive force between bacterial cells and prosthetic surface, allowing strong
adhesion(Costerton, Stewart, and Greenberg 1999; -S#dbdley and Stoodley 2005;
Stoodley et al. 2012More importantly, hydrophobic interaction between hydrophobic
surface of prosthesis and bacterial cell wall becomes the most critical factor for non

specific bacterial adhesidetzlaf et al. 2016)

The initial phase of bacterial adhesion with aforementioned mechanismss§eoific
adhesion and adhesinediated attachment) is reversible but often proceed to

irreversible phase due to further cellular interaction®lwing expression of biofilm
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generating genefGallo, Holinka, and Moucha 2014PDnce tle reversableghase is
passedgenerally in a matter of minutes from the initial adhesiohicéilm is formed
(Dunne 2002)

The stages in biofilm formation are shown Kigure 8; as baterial adhesion onto
prosthesis @ach irreversible phase, a conditional film is formed. This film occurs as
covering layer, preventing attachment of prosthesis to the hos{@adlp, Holinka, and
Moucha 2014) Later, biofilmforming bacteria will express biofillgenerating genes
which are reponsible for secreting highly resistant slime. Once the biofilm is formed,
the probability of eradicating bacternkecreasebecause biofilms armore resistant to
antimicrobial agentthan the floating counterpai®ingh et al. 2017; Eze, Chenia, and El
Zowalaty 2018) Biofilm matrix mainly consists of polysaccharides which has the ability
to cover micrecolonies and inhibit penetration of antimicrobial agétallo, Holinka,

and Moucha 2014Moreover, bacteria such &aphylococcusan attach to the surface

of other bacteriaghrough microbial surface component recognizing adhesive matrix
molecules consequently, biofilm might contain various bacterial species, which leads to
higher regstance to antimicrobial age(®allo, Holinka, and Moucha 2014)

Therefore, the only window of opportunity to inhibit biofilm formation lies in the

reversible phase of bacterial adheqi@allo, Holinka, and Moucha 2014)

WINDOW OF OPPORTUNITY
for host cells, Antimicrobial agents
local / systemic ATB
—————— e — — — L \ 7
Floating B - Blofiim g

bacteria

Figure 8. the prosthetic surface and tlur stages involved in biofilm formation:
initial attachment of floating bacteria, pansion, biofilm maturation, and resistant
biofilm establishment. Figure adapted fr@allo, Holinka, and Moucha (2014)

1.3.2 Prophylaxis for Prosthetic-associatednfection

A successful preventive measure to encounter PJI requires -disclplinary

considerationgWang et al. 2017)Sterility during surgical procedure is of the utmost
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importance(Kearns et al. 2011)however, prophylaxis treatment using antimicrbbia
agents is essential to further minimise bacterial proliferation and attachment to the
prosthetic surfacgParvizi, Shohat, and Gehrke 201Mrostheticdevices can be
designed to have antimicrobial property. This can be achieved by modifying the surface
of implants or incorporating antimicrobial compound(s) onto the impl@Nifliams,

Mihok, and Murray 2016; Getzlaf et al. 2016)

1.3.2.1 Surfacemodification

The surface of prosthetic device can be modified, physically or chemically, to reduce the
risk of bacterial attachment. Physical modification by roughness reduction have been
reported in a large numbef studies Table 2). Smoother surfaces present a lower
number of potential contact sites for bacterial attachment compared to highly porous and
rough surfacesHjgure9), thus reducing the ability of bacteria to colonj€stzlaf et al.

2016)

Table 2. Strategies to prevent prostheiigint infections by modification of surface
properties of titaniurbased orthopaedic implant materials. Adaptedrfi@etzlaf et al.
(2016)

Method Organism(s) ||/Antibacterial || System |[Observation(s) |[Reference
Oxidative MRSA, Surface in vitro ||S. aureu||Variola e
nanopatterning/Candida topography adhesion al. (2014)
of Ti albicans reduced,; C.
albicans
aggregations
reduced
UV irradiation ||S. aureus, {Spontaneous|in vitro |Bacteria adhey|Gallarde
epidermidis |\wettability but not firmly|Moreno €
attached al. (2009)
uv S. aureus, Increased in vitro ||Bacteria  killeq|Gallarde
irradiation epidermidis ROS for 60 min afte|Moreno e
UV treatment |lal. (2010)
Zn TiO, E. coli, S|ZnO mediate||in vitro |[Inhibition Hu et al
aureus ROS attachment (2012)
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Method Organism(s) ||Antibacterial || System |[Observation(s) |[Reference

Zn-implanted ||E. coli, S|Zn ions in vitro ||Partial Jin et al
Ti aureus antibacterial (2014)

effect; E. col
more  inhibite

thanS. aureus

Alkali S. aureus, ENanoroughne|in vitro ||Bacteriostatic |Li et al
treatment coli Ss, increas effect, reduce|(2014)

local pH proliferation
Superhydrophy|S. aureus Superhydropl|in vitro |[Reduced Tang et a
bic TiO; obic surface adhesion (2011)
nanotube

Photocatalytic||S. aureus, {ncreased |lin vitro [Antibacterial Zaborows

TiO: layer epidermidis, HROS effect after 6(ka et al
aeruginosa min UV||(2015)
treatment
Silk Sericin|S. aureus, {Silk sericin |lin vitro ||Reduced Zhang €
surface epidermidis adhesion al. (2008)
Ag-doped TiQ||S. aureus Ag ions in vitro ||Planktonic Zhao et a
nanotube clearing, reduce|(2011)
adhesion

Other approaches rely on the modificationtled chemical properties of the materials
therefore interacting with the electrochemical and van der Waals attraction between
bacteria and material; the use of UV, oxidizing agents and alkali treatment fall in this

type of treatments.
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roughness nano-scale level
g Surface scratch
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&% with pil

Biofilm

IMPLANT SURFACE

Figure 9. Relationship between surface roughness and bacterial adhesion. Figure
adapted fronGallo, Holinka, and Moucha (2014)

1.3.2.2 Surface coatings

Chemical madification by using coating technique has been explored extenSakly (
3). There are various coating types that can be applied on implant surfaces in order to

minimize the risk of PJI:

Anti-adhesive/antiouling surfaces are prepared by coating the implants with materials
that has very low affinity to bacterial surface or bacterial adhesins such as
polyelectrolytes, metals and hydrogels. Two major limitations of this approach exist: (1)
the system can only inhibit bacterial adhesion instead of killing the path@iRapisel et

al. 2016) (2) the attachment of osteogenic cells to the implant might be hindered
(Getzlaf et al. 2016)Consequently, this approach is not suitable for cementless fixation,
considering the need of bony ingrowthetzlaf et al. 2016)

Table 3. Strategies to prevent prosthetic joint infections by coating of titabased
orthopaedic implant materials. Adapted fr@etzlaf et al. (2016)

Method Organism(s) Antibacterial ||Systen|Observation(s)|Referenct
Antiseptic  ||S. aureus Gendine in vitro|(Total Bahna ¢
dye coating (chlorhexidine) prevention gjal. (2007)
bacterial
adheence
Antibiotic S. aureus, {Various in vitro||Inhibition ofiDrago e
loaded epidermidis antibiotics biofilm andjal. (2014)
hydrogel planktonic
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Method Organism(s) Antibacterial ||Systen|Observation(s)|Referenct

coating growth

Ag coating ||Staphylococcus s||Ag ions in vivo|[Reduced
Bacillus sp. infection r Masse ¢
Enterococcus sy al. (2000)

Corneybacterim

Material S. aureus Immobilized |Both |Total abseng|Schaer ¢

painting o hydrophobic of infection al. (2012)

N,N-dodecyl, polycationic

methylPEI chains

coating

Mesoporous |[E. coli Cephalothin  |/in vitro||All bacterig|Xia et al

TiO2 coating controlled killed on|(2012)
release contact

1.3.2.3 Antimicrob ial elution

Antimicrobial agents, including antibiotics, antimicrobial peptides, and
immunomodulatory chemokines, can be fixed to prosthetic deviedsdg4). Unlike the
previous approaches, the success of this technique depends on bacterial susceptibility to
the compounds used as well as the rate of drug rel@&sdhahe, Perni, and
Prokopovich 2017)The principles in this approach is that antibiotic should be released

in a way that the concentration is always above the minimum inhibitory concentration
(MIC) throughout the duration of prophylactic thergiWilliams, Mihok, and Murray

2016)

Table 4. Strategies to prevent prosthetic joint infections by antimicrobial eluting
titaniumbased orthopaedic implant materials surfaces. Adapted f@Getzlaf et al.
(2016)

Method Organism(s) ||Antibacterial |Systen|Observation(s)|Referenct
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Method Organism(s) ||Antibacterial | Systen|Observation(s)|Referencs

Antibiotic S. aureus Tobramycin  |lin vivo|Total abseng/Ambrose

impregnated of infection; nq|et al

microspheres effect on bon||(2014)
ingrowth

Covalently S.epidermidis |[Vancomycin |lin vitro||Prevention g|Antoci ef

tethered colonization |jal. (2008)

vancomycin and biofilm
formation

HA-chitosan S. aureus Chitosan in vitro||Adhesion Chua €

polyelectrolyte reduced bjjal. (2008)

with  arginine 80% for 21

glycine-aspartic days

acid (RGD

peptide

Silk Sericin|S. aureus, {Silk sericin in vitro||Reduced Zhang €

surface epidermidis adhesion al. (2008)

Titanium  with|Staphylococcus|Dextran in vitro||Reduced Shi et al

surfacegrafted |jaureus an adhesion (2009)

dextran Staphylococcus

epidermidis

carboxymethyl |[|Staphylococcus|carboxymethyl|in vitro||Reduced Hu et al

chitosan (CMCS|aureus chitosan adhesion (2010)

or hyaluroni (CMCS) 0

acid-catechol
(HAC)
conjugated  wit
vascular
endothelial

growth factor

hyaluronic acig
catechol (HAQ
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Method Organism(s) ||Antibacterial | Systen|Observation(s)|Referencs

Gentamicin  an||StaphylococcugGentamicin n Reduced Lee et a
bone aureus vitro ||growth (2012)
morphogenic
protein2 (BMP-
2)-delivering

heparinized

Prosthetic devicean be coated with a tailored drug eluting system instead of simply
impregnated with antibiotic solution to overcome shiged elution(Williams, Mihok,

and Murray 2016)Antibiotic eluting system can be divided into two categories: matrix
system and resewir system. A biodegradable matrix system is used to sustain antibiotic
release from implant devicéal Thaher, Perni, and Prokopovich 201%hile in matrix
system, the drug is loaded onto swellable polymers. The polymers undergo swelling
upon hydration and the drug is eluted from the matrix p(Ee® et al. 2016)If the

matrix material is biodegradable, drug elution is mainly facilitated via matrix erosion
hence biodegradable materialsi & h as polyester, po-l yami no
cyanoacrylate has been widely used due to its ability to be degraded under physiologic
environment either by hydrolytic mechanism or enzymatic degradé@Gao et al.

2016) The main advantage of this system is the simple loading process; however, the
limitation of matrix system is the limited drug loadiidgsu, Park, et al. 2014)

The reservoir system differs from matrix system in the drug loading site. In reservoir
system, the drug d9adegodsicbed amdatibdreor e
coating materials to generatéfusion-mediated release. Therefore, permeability and the

thickness of coating material controls the release rate of loaded(iKazgmzadeh

Narbat et al. 2013; Al Thaher et al. 2018; Al Thaher, Perni, and Prokopovich Z0&7)

main advantage of coating system is that the coating layer creates-eomisdlled

environment that can enhance drug stabi{lBgevenson, Santini, and Langer 2012)

However, a small rupture of the coating layers can lead to abrupt drug (&eatiso et

al. 2010)

One of the most recent antibiotic eluting systems used in antimicrobial prosthetic
devices is polyelectrolyte multilayers, generally known as laydayer (LBL)

deposition technique, a multiple coating layers that ebidimultiply charged materials
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(Chuang, Smith, and Hammond 2008arkimond 2012; Hsu, Hagerman, et al. 2014;
Hsu, Park, et al. 2014; Smith et al. 200Pplyelectrolytesre deposited on the surface

of implant. The layer is then deposited with oppositely charged materials, forming a
bilayer. The drug is entrapped in between the layer and is expected to be released via
film-erosion mechanisifChuang, Smith, and Hammond 2008; Dengle2013; Shah et

al. 2013; Wong et al. 2010)

The main advantage of polyelectrolyte multilayer coating system is that the amount of
drug loaded into the film can be adjusted based on the total number of layering films and
thus this approach is versatile for many therapeutic compounds. The limitidtio
polyelectrolyte multilayer is that the number of layers required to sustain the release can
reach few hundreds, which means labour/time intensive manufacturing process
(Hammond 2012)

The majority of studies in the field of atifective prosthesis focused on contirgdl the
release of gentamicifBertazzoni Minelli et al. 20%8Chang et al. 2013; Chuang, Smith,
and Hammond 2008; Lee et al. 2012; Neut et al. 2011; Tamanna, Bulitta, and Yu 2015)
Gentamicin belongs to aminoglycoside groups that is effective againstnggative

and grarmpositive bacterigChang et al. 2013)Gentamicin is frequently used to treat
osteomyelitis and septic arthritis caused Rayaeruginosa, K. pneumonia, E. coli, S.
aureusor otherstaphylococc{Chuang, Smith, and Hammar2008; Neut et al. 2011;
Tamanna, Bulitta, and Yu 2015)its rapid bactericidal effe@nd excellent stability in
aqueous environment makes gentamicin a suitable agent fotdiongPJI prevention
(Tamanna, Bulitta, and Yu 2015)

Nevertheless, in many cases bacteda hecome less susceptible to various antibiotics
due to emerging resistance. Therefore, the use of alternative antimicrobial agents is
encouraged(Williams, Mihok, and Murray 2016)@and overuse of existing broad
spectrum antibiotic should be avoidédunita and Arias 2016)The application of
antimicrobial pepti de s-defensig2h (arsH (HiE2eemb i nant I
al. 2004) melamine(Chen et al. 2016)GL13K (Holmberg et al 2013) or HHC36
(KazemzadeliNarbat et al. 2012¥ increasingly populan prosthetic devices. These are
linked to the titanium surface similarly to antibioti€igure 10). However, the major
limitation of antimicrobial peptiés is their high susceptibility to proteolytic degradation
and thermal degradatio(Raphel et al. 2016)Secondly, the conformation of these
peptide must be flexible enough if the peptide is to be immobilized onto the implant
surface(Raphel et al. 2016)
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Figure10. Implant surface with antimicrobial activity. Antibiotics (left) or antimicrobial
peptides (right) can be covalently linked to prosthetic surface to eradicsHtin bi
formi ng bac#£Rercioanb i R b b Bd&€ehsindn@allo, Bblolinka, and
Moucha 2014)

1.3.2.4 Multifunctional surfaces

Recently, an attempt on creating higihality implants has been proposed by using two

or more approaches. Muftinctional surfaces are designed to perform various tasks at
once Figure 11), for example inhibiting bacterial attachment using -adtiesive
compound and antimicrobial peptide while promoting osseointegrétloiszanska et

al. 2012; Yamaguchi et al. 2017; Gallo, Holinka, and Moucha 2044)umber of
appro@&hes has been developed for multifunctional surface. Firstly, prosthetic device can
be coated with an antimicrobial compound in combination with an osseoinductive agents
to promote osseointegration. For example, polyethylene glycol (PEG) has been used as
non-fouling/antradhesive coating material, which is grafted physically onto the surface
of prosthetic device reducing 90% of bacterial adhegiEtwenne et al. 2004)The
coating was then modified by incorporating argirghgcine-aspatic acid (RGD)
containing peptides that can enhance the integration of osteoblasts with the device
(Rammelt et al. 2006)

In another study, antimicrobial peptide BARvas covalently tethered onto dextran, the
antiadhesive coatingShi et al. 2009) The goal of this approach was to retain the
bactericidal activity for a longer period of time inngparison with antibiotic eluting

systems. Coating of dextr@MP-2 on Ti6Al4V has successfully decreased the
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adhesion ofS. aureusandS. epidermididy 50% compared to uncoated devi&hi et
al. 2009)

Alternatively, Titaniumbased nanotube coating can be applied to enhance the
interaction of implant with desogenic cells(Popat et al. 2007)Silver nitrate was
deposited on anodized titanium to the otabe, the viability ofP. aeruginosawas
reduced 1000 times compared to uncoated nanofDiasset al. 2008)

Chitosan, a biopolymer that has antibacterial propef@edikhani et al. 2015; Mattioli
Belmonte et al. 2014has been widely used as impilacoating in combination with
osteogenic agents (RGEdntaining peptides) and antibiotic (vancomycin, ciprofloxacin)
to create dual function for prosthetic devi¢€sdikhani et al. 2015; MattiolBelmonte

et al. 2014) Lastly, antibiotic can be covalently immobilized / tethered onto the surface
of prosthesis in order to maintain bactericidal activity for a longer period in comparison
with antibiotic eluting systen{Raphel et al. 2016)Vancomycin tethered Ti6Al4V
implant has shown prolonged antibacterial activity for nearly 1 year with lower
osteolysis ratéAntoci et al. 2007; Hickok and Shapiro 2012)

Stimulation of tissue

integration
Anti-adhesive coating :

\:\}

-

="
Vs

Contact killing surface

Wear resistance

§
£,

4

&,

Bactericidal coating

Biocompatibility

Figure 11. Various biological tasks performed by prosthesis with rfutictional
surface intended for total hip arthroplasty. The device may have at least two of the
following approaches: antadhesive coating, contact killing / antibictiethered
coaing, bactericidal eluting coating, and osseoinductive coaf@gllo, Holinka, and
Moucha 2014)
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1.3.3 Rationale for antimicrobial uncemented prosthesis

The opportunity of adding antibiotics to PMMA bone cement has allowed the treatment
and prevention of infections post joint replacement surgery through a local delivery
instead of throughsystemic administration of antibiotics. This opportunity is not
available in urcemented prosthesis Despite the previously numerous benefits of un
cemented joint replacements, their instability was a major drawback that prevented the
diffusion of these déces(Maggs and Wilson 2017Modern designs have solved this
problem hence the research focus has shifted towards providing antimicrobial activity.
For example, vancomycin covalently bound to TiO rods strongly inhibited colonization
and biofilm formation, the modified titanium suck exhibited potent antibacterial
activity after preincubation for 45 dayéAntoci et al. 2007) Similarly, gentamicin was
deposited onto titanium devices but provided antimicrobial activity for a shorter period
of time than antibiotic loadedobe cement 4 days and 7 days, respectifidbut et al.
2011)

Implant coating with antimicrobial agents seems to be the most preferred option, there
are two key considerations: the implant should demonstrate excellent antimicrobial
activity and does not negatively affect tissue fixation / osseointegratioceg®.0
Research has been focusing on R&ibtaining peptidéChua et al. 2008; Rammelt et

al. 2006) and hydroxyapatite (HA)(Havelin, Espehaug, and B Engesaeter 2002;
Oosterbos et al. 2002)vhich has shown to promote bony ingro#t et al., 2011).
Meanwhile, studies on antimicrobial codafifior prosthesis are in a great range, as
summarized in Table 5. Aside from antimicrobial activity and degree of
osseointegration, there are more criteria to be fulfilled, including excellent
biocompatibility, mechanical resistance, and duration of antobial activity (Alt

2017) The latter is generally controlled by constructing a systemhwvban release

antimicrobial agent in a suitable / controlled manner.

Table5. Antimicrobial agents loaded in prosthesis coatif#gt 2017)

Type Compound

Inorganic  Silver nanopatrticle
Titanium dioxide

Selenium
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Copper

Zinc

Organic  Chitosan derivative
Microbial peptides
Cytokines

Cationic biopolymers

Other Lytic bacteriophage

1.3.3.1 Controlled release

Antimicrobial coating for prosthetic surface should be able to release the drug in a
controlled manner to ensure optimum dnfective activity in a determined period
(Getzlaf et al. 2016)This is of the greatest importance since the failure to carry those
tasks might potentially lead to development of antimicrobial resist@Betzlaf et al.
2016) Al though there is no 6gold standardé fo
coated prosthesis to date, antimicrobial activity should last for the lifetime of the device,
roughly 20 years(Raphel et al. 2016pr at leastover the critical period after
implantation (e.g. 1 yeafNational Joint Registry 2018Yhe risk of prosthesis revision

due to infection is the highest during tlfiest year following surgery but fall in
subsequent yea(dlational Joint Registry 2018%ontrolled release of antibiotitan be
assumeas twotime-framed strategyRaphel et al. 2016)1) early manifestation, in the

first 3 months, (2) late infection which commonly occurs more than 3 months or even
several years pogtnplantation. A number of studies revealed tBaaurerusnfectiors

tend to occur in the first 3 months, while otHess virulent bacterjsuch as coagulase
negative staphylococci arfel acnestypically attack during the late peridel Pozo

and Patel 2009)

Local antibiotic delivery for preventing PJI should be able to be ralemsseveral
weeks or monthglepending on the vehicle / carri@illiams, Mihok, and Murray
2016) Yet no single antinfective prosthesis that can achieve such goal is available in
the market for example agentamicincontaining coating for uncemented immia
showed relatively short relegsbouto9% in 24 hourgAlt et al. 2011) Another type of
coating for uncemented prosthesisas shownto sustain antimicrobial activity of
gentamicin up to 4 day@Neut et al. 2011)Therefore, it is clear that a more reliable

system is required to allow prolonged release of antimicrobial agent.
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Controlled release of small amtifective agents can be achieved by using biodegradable
polymers such as polyglydolacid (PGA), polylactic acid (PLA), and chitosan (CS) for
coating materials (Alt 2017), poly-betaamino esters, a class of synthetic
polyelectrolytes, have also been employed in LbL coating entrapping gentamicin and
providing prolong antimicrobial activitfChuang, Smith, ahHammond 2008; Wong et

al. 2010)

1.3.3.2 Cytocompatibility

Negligible cytotoxicity towards osteoblast cells cannot be compromised for uncemented
antimicrobial prosthesis. Earlier, silver (Ag) was used to be incorporategrivgthesis
coating. However, cytotoxicity possessed by Ag limited its ut{i@gtzlaf et al. 2016)
Alternative antimicrobial metals including copper, and zinc hasnbapplied to
overcome the poor biocompatibility possessedibser (Raphel et al. 2016)These two
agents were incorporated into Titanium nanotubes and showed good cytocompatibility
and bactericidal properties, as indicated by osteogenic msarkesteocalcin,
osteoprotegerin, collagen I) and the limited growthSofaureugRaphel et al2016)

Zinc ion has gained more interest as the alternative for silver because zinc ion is

bactericidal and is one of the minerals required for bone form¢Riaphel et al. 2016)

1.3.3.3 Antimicrobial susceptibility

The most common P&lausing bacteria iStaphyococcus aureusnd Staphylococcus
epidermidiscontributing for over 60% of PJI cas@3allo, Holinka, and Moucha 2014)

The National surveillance for England reported that 8% of PJI cases detected in 2010/11
were due to methicillimesistantStaphylococcus aureU®RSA), which has dropped

from 25% in 2006(Lamagni 2014) The ranaining PJiswere caused by coagulase
negative staphylococci (31%), temococci (12%) andEscherichia coli (7%),
Enterobacter(7%), Pseudomonag7%), and streptococci (7%¥urthermoreover a

guarter were polymicrobial infectighamagni 2014)

While in the UK the rate of PJIs caused by MRSA has decreased in recent years, the
global trend is instead increasing steadily, particularlyhi@ United StategGallo,
Holinka, and Moucha 2014)Moreover, the growing incidence of antimicrobial
resistance causes difficulty oesigning treatment and antibiotic choi@@etzlaf et al.

2016) The problem is even more complicated in polymicrobial infection due to

remarkably variable susceptibjlit(Getzlaf et al. 2016) Therefore, antimicrobial

24



susceptibility is critical to prevent Rdlated morbidity(Gallo, Holinka, and Moucha
2014) A susceptibility assay should be conducted for -arfctive orthopaedic
prosthesis to ensure an effiwe prophylactic treatmeiiolina-Manso et al. 2012)

The threat of multdrug resistance has driven research to explore highly susceptible
alternative antinfective agentgWilliams, Mihok, and Murray 2016)For instance,
chitosan has gained profound interest due to its antisgptiperty and ability to
promote cell growttand ditosan has been used as implant coating material loaded with
antibiotic such as gentamicifWilliams, Mihok, and Murray 2016)chlorhexidine
((Riool, Dirks, et al. 2017)and tetracyclingCai et al. 2016)Alternatively, existing
antrinfective agents can be used simultaneously to achieve synergistic;, ¢fiect
combination of antibiotic ah anttinflammatory drug, gentamicin and bupivacaine,
exhibited better antimicrobial activity towar&aphylococcus aurey®. et al. 2014)
Antimicrobial peptides derived from eukaryotic and prokaryotic organismsuarently
being studied as anitifective coating material in combination with hydroxyapatite
(Riool, de Breij, et al. 2017; Taha et al. 2018)

1.4 Layer by Layer Technique for prosthetic coating

In many cases, burst release is not favourable due to the risk of toxicity and short
duration of actionSmith et al. 2009)Most of the antinfective coatings for implant
surface has diffusicnontrolled release with high release rétsu, Park, et al. 2014)

these systems are often sophisticated for-bgtie manufactur@Hsu, Hagerman, et al.
2014; Wong et al. 2010)The LbL technique has been developed to overcome such
problems. The use of LbL technique for prosthetic coating has been covered in various
studies. Polyelgrolyte multilayers can be applied on various surface including metal
and plastiqEtienne et al. 2004Gentamicin was successfully deposited onto the surface
of orthopaedic implant using LbL technique with ten bilayers consistibhgdodecyl,
methytpoly(ethyleneimine) as polycation source and poly(acrylic acid) as polyanion;
nearly 70% of gentamicin was released in the first 3 days but sustained for more than 4
weeks(Wong et al. 2010)40 bilayers of polyfglutamic acidjtriethylene glycolbased

LbL films have successfully controlled the release of diclofenac, a small molecule, up to
14 months(Hsu, Park, et al. 2014)herefore, the challenge of developing antibiotic

coatings with multimonthssustained releasmuldbe me using LbL technique.
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1.4.1 Underlying principles of layer-by-layer technique

Layerby-layer (LbL) is a selassembly technique employed to produce coatings and
requires polyelectrolyte solutions of opposing chargégufe 12). For instance, after

each layer of a polyanion is deposited a polycation layer follows. The layers are bound
to each other via electrostatic interactions and active compounds have beesshuly
entrapped between layef€huang, Smith, and Hammond 2008; Hammond 2012;
Macdonald et al. 2011; Smitkt al. 2009; Wong et al. 2010Recently, the multilayer
build-up can beperformed by using an automatic slide stainer for laboratory scale. Such
instrument is equipped with a number of liquid staining baths and can be programmed so
that a substrate (i.e. a metal coupon) is submerged with alternate solutions of
polyelectrolytesfor a certain periodChuang, Smith, and Hammond 2008efore
coating with subsequent a layer (oppositely charged solution), the slide is washed in a

water rinsing bath.

The challenge of achiawj high loading efficiency and controlled release from medical
devices using LbL technique, however, remains an issue to be tackled. Direct
incorporation of poorly charged molecules is difficult and thus further strategies are
required(Hsu, Park, et al. 2014pecondly, extensively prolonged release is most likely
achievable when a high number of layers ased, which implies that an enormous

amount of materials is needfédsu, Park, et al. 2014)
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Figure 12. Formationof polyelectrolyte layers in Ilbcoating (A): polyanion coating,
water rinsing, polyanion coating, subsequent water rinsing. The multilayer-inoiid
stabilized via electrostatic interaction (B). Figure adapted fidecher (1997)

1.4.2 Controlled release by layerby-layer coating

Drug release profile &m LbL coating was found to be controlled by layer
erosion/degradatiofSmith et al. 2009)Upon contact with body fluid,.bL films are
eroded via hydrolytic mechanism under physiological condition and the entrapped drug
is then elutedChuang, Smith, and Hammond 2008he schematic illustration of drug

release fronbbL film is shown inFigurel3.

‘+++++++++‘ ‘+++++++++‘

— [ | —— e |
+++++++++ +++++++++

substrate Thin multilayered Erosion and release

film (100 — 600 nm)
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Figure 13. Erosion of the polyelectrolyte layers causes release of entrapped drug.
Figure adapted fronCai et al. (2005)

Prolonged drug release from LbL coatings consisted of charged cyclodextrin as the
anionic carrier and polptamino esters) (PBAES) as the polycation lasted up to 17 days;
moreover, the release kinetic was not affected by the active compound (Saditd et

al. 2009) In addition, the release kinetic can be tailored by selecting the most suitable
polymers, optimising the mober of polyelectrolyte layers and the concentration of
polymers/polyelectrolytes, and modifying binding affinity of polyelectrolytestzlaf et

al. 2016; Etienne et al. 20048o0me of the polymers that haveen used as the building

block of polyelectrolyte layers are summarized able6.

Table 6. Polycation and polyanion combinations imayerby-Layer antimicrobial
coating for Joint Prosthesis.

_ _ Antimicrobial | Number | Release
Polycation Polyanion Reference
agent of layers | Time

Polyethylenei| poly(sodium 4 | Defensin 10 Data Etienne et

mine styrenesulfonate) Not al. (2004)

(PED), (PSS), poly(L

poly(allylami | glutamic acid) Available

nehydrochlori | (PGA)

de)

(PAH),

poly(L-

lysine) (PLL)

N,N- Poly(acrylic acid)] Gentamicin data not| 4 weeks | Wong et

dodecyl,meth| (PAA) available al. (2010)

yl-

poly(ethylene

imine)

LPEI, Polyp- | PSS, Hyaluroni¢ Gentamicin 100 10 hr Chuang,

amino esters| acid (HA) Smith,

(PBAE) and
Hammon
d (2008)
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In general, small molecule release from LbL films exhibits dual phase péfieunang,
Smith, and Hammond 2008; Wong et al. 2010; Hsu, Hagerman, et al; aaéi4pllows

pseudo firsorder kinetic(Hsu, Hagerman, et al. 2014; Tamanna, Bulitta, and Yu 2015)

Figurel4represertthe dual phase release patteBuring hydrolysis, polymer erosion

is taking over and the chain length of the polymer decreases; consequently, the

molecular weight changesver time and the mobility of the polymer increases

(Siepmann et al. 2004; Klose et al. 20(B)ug molecules can diffuse more easily as the

polymer chains are shortened and thus the diffusion constant increases as the molecular

weight of the polymer changé€Siepmann et al. 2004; Klose et al. 2008)

1.2

0.4 ~

0.2 ~

Figure 14. Example ddual phase release kinetic

The relationship between drug diffusion and molecular weight change in pseudo first

order kingic is described in Equation 1,

T A o T in (1)

where 0y is the initial diffusion coefficient of the drug att = 0, k is a constant, antM
the molecular weight of polymgiSiepmann et al. 2004The change in M during

polymer erosia is described in Equation 2,

(2)

where My is the molecular weight of polymer at time = twdMs initial molecular
weight, and kg is the degradation rate constant of the poly(&epmann et al. 2004;
Klose et al. 2008)
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In the first phase of antibiotic release from LbL multilayers, the drug diffuses out rapidly
from the film; antibiotic release is also encouraged mainly by destabilization of LbL
films. These events lead to initial burst release of antibiotic up % i8Cthe first few
period (can last for hours or days depending on the film ingredi@@isjang, Smith,

and Hammond 200&)nd film hydrolysis does not contribute substantially to the release
of drug in this stage. In the second stage, antibiotic diffuses out from uneroded film and
is released on a relatively slower ré@huang, Smith, and Hammond 2008his event

is followed by erosion of bhL films due to hydrolytic degradation, during this stage the
drug is released at a rate that diminishes over {@tang, Smith, and Hammond
2008)

Antibiotic release from LbL coatings can be mjed for several days, weeks, or
months depending on the number of layers, polymer type and concen{@Ghioang,
Smith, and Hammond 2008)ncorporation of gentamicin into LbL films with ten
bilayers consisting of N,Mlodecyl,methybpoly(ethyleneimine) as polycation source and
poly(acrylic acid) as polyanion source exhibited 70% release in the first 3 days but
sustained for more than 4 week&ong et al. 2010)Forty bilayers of polyfglutamic
acid)triethylene glycolbased LBL films have successfully controlled the release of
diclofenac for 14 month@su, Park, et al. 2014)

The major problem of controlling release rate of antibiotic from LbL film is that
antibiotic can rapidly diffuses wards the outermost layer of LbL during preparation,
causing accumulation of antibiotic on the surface of LbL films, consequently, burst
release is inevitabléChuang, Smith, and Hammond 2008his explains typical dual
phase in release kinetic of antibiotic from LBL films (Hsu et al., 2014).

1.5 Aseptic Loosening

Aseptic loosening is a major cause of revision surgery after joint arthrofiNesipnal

Joint Registry 2018)Because of the different definitions and methods of diagnosing
loosening in the literature, the exact percentage of aseptic loosening is difficult to define.
In general, aseptic looseningfees to the failure of the bond between an implant and
bone which results in micrar macremotion of the implant relative to the adjacent
bone (Abu-Amer, Darwech, and Clohisy 2007Aseptic loosening is comphted to
diagnose, especially if it is in sthillimeter range(Claassen et ak014; Reish et al.
2006) To find out whether an implant is loose, various surrogate measures, such as

increased uptake on bone scan or radmi lines adjacent to implants are normally

30



used (Nam, Barrack, and Potter 2014) However

agreement and their accuracy limits are unkn@®eish et al. 2006)

Failure of primary ingrowth of bone into the prosthesis, wear sléhdiuced osteolysis

or bad technique of cementing may cause loosening to @8burAmer, Darwech, and
Clohisy 2007) On the other hand, mechanical overload, physiologic bone resorption, or
a combination of bitn at the borieémplant interface can cause loosening of a previously
solidly fixed implant to occur months or years after implantation. Hence, clinical
presentation of loosening varies, ranging from no pain to persistent pain commencing
instantaneously at joint arthroplasty, to latenset pain starting several months or
years (Sundfeldt, Carlsson, et al. 200@®)etection of a partially lose implant may
complicate matters further. While joint arthrode®ften have bont-bone healing
across only a portion of the joint surface, bone ingrowth may occur onhamagment

of the bonéimplant interface, as shown by recent computed tomography (CT) scan
studiegMakino et al. 2018)Depending on the location and amount of ingrowth present,
the bone may not fix to a sufficient portion of the implant, thus creating a cantilever
effect, akin to a diving board, where one side of the implant is stable, but the other side
experiences micromotion(Penner M.J., Almousa S.A., and Kolla L.JF'hese

complexities make understanding aseptic loosening very challefigirenpont 2016)

Fibroblast
Wear debris /
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;réstm sis ® @ ‘ ' ‘
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Early inflammatory )H inflammatory cytokines
 Balie
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Cell recruitment b

Figure 15. Schematic representation of periprosthédimseningand osteolysis.
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1.5.1 Biologicresponse to wear debris

The role of particulate debris in periprosthetic bone loss was first recognif@dlleyt

and Semlitschin 1977 and has been studied extensively ever since. Biologic response to
wear particles is now the currently accepted leading cause of periprosthetic osteolysis
and aseptic loosening of prosthetic hip and knee impl&#s et al. 2013; Sundfeldt,
Carlsson, et al. 2006; Abimer, Darwech, and Clohisy 2007)

As shavn in Figure 15, implantderived wear debris induces an early fiery response
from the inhabitant or invading macrophages within the periprosthetic tissue. Small
particlesare phagocytosed, though the bigger induce fusion of macrophages and gaint
cell arrangement. Activated macrophages release proinflammatory cytokines,
chemokines, and enzymes that recruit different cell types inside periprosthetic tissue,
which are furtheractivated by the particles resulting in sustained irritation, increased
secretion of cytokines/chemokines/ost@stogenic  factors/MMPs/TIMPs, and
osteolysigSyggelos et al. 2013)

Polyethylene liners, metal components, and cement all are subjected to wear and
produce wear particlefKretzer et al. 2014)Of these, polyethylene particles are the

most important in the pathogenesis of osteoly€iatelas, Wimmer, and Utzschneider

2011) The host biologic response is affected by particle type, concentration and size; a
Acritical Ssized in the range d@maBrophage 10. 0 & n
based inflammatory respong&reen et al. 1998)Criticalsized wear particles are
phagocytized by macrophages, which in turn trigger a cascade of intracellular reactions

leading to the production of inflammatory mediators, including tumor necrosis factor

(TNF)-U , i nt erl, k-6, lkandmacfophage cologtimulating factor (MCSF)

(Green et al. 1998Fibroblast proliferation, tissugrosis, and activation of osteoclasts

are induced by 6 and TNFU whi ch |l eads to extensive peri
(Kobayashi et al. 2000; Lam et al. 2000; Cenni et al. 2002; Cochran andAfiatia

1992; Udagawa et al. 1995; Yoshitake et al. 2008 concept of effective joint space,

that is the space surrounding the prosthetic joint encompassing all of the irnptant

surfaces through which synovial fluid can flow and disperse wear particles explains how

wear particlesreach areas distant from the articular surfé@ehmalzried, Jasty, and

Harris 1992)

In this regard, it should be noted that differentiation of bone marrow macrophages
(osteoclast precursors) into mature osteoclasts requires recognition and bindiag of th
osteoblast, fibroblast, and T cell secreted factor Receptor activator of nuclear factor

kappa B ligand (RANKL) by its cognate receptor, RANK, which is expressed on the
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surface of osteoclast precurs@gBougall 2012) This process is regulated by another
factor secreted by osteoblasts, namely OPG, which acts as a decoy receptor by binding
to RANKL and reducing its bioavailabilitDougall 2012) On the other hand, binding

of RANKL to RANK prompts induction of several intracellulartipaays by this
receptor, leading to activation of key transcription factors, most notably BfVright

et al. 2009rnnd TNF (Luo et al. 2018)

The NFeB family of transcription f ataltoor s has
pathologic responses and essential for osteoclast differentiation. It consists of several

family members that primarily form heterodimers. These dimers are found bound to an

inhibitory protein (inhibitorof NFe B [ | aB] ) t hat , lation, retdine absenc
the complex in the cytoplasm. Stimulation by RANKL or other specific stimuli causes

the wupstream | 8B kinases (I KKs) to be acti
phosphorylate, leading to its dissociation fromthedNB ¢ o mp | e xallyaamitd event
degradation by t he-libpratedtNesoB otmee s ytsit @ms | d @Bt e
nucleus, binds to specific DNA sites, and induces basal transcr{@ekinghaus and

Ghosh 2009; Dougall 2012; Kobayashi et al. 2000; Lam et al. 2000; Yoshitake et al.

2008)

1.5.2 Potential therapeutic intervention

The biologic mechanisms of debrizediated osteolysis are complex and involve many
cell types and inflammatory cytokines of the periprosthetic memb{@oehran and
Finch-Arietta 1992; Hartmann et al. 2017; Kobayashi et al. 2000; Lam et al..2000)
Therefore, in combination with improvements in implant integration, strategies to target
the cellular components (osteoblasts and osteoclasts) that contribute to implant failure

represent potentially effective therapeutic imémtions(Apostu et al. 2018)

Several approaches that utilize knowledge of the inflammatory pathways leading to
osteoclasteogenesis have been designed to perturb these pathways aradldvéaiee

the deleterious effects of inflammatory osteoly@su-Amer, Darwech, and Clohisy
2007) Considerations have been given to a number of approaches to osteastmbt
therapy; the first involves tartjieg osteoclast precursor cells, which are recruited to
inflammatory sites by circulating cytokines. The second entails targeting precursors that
are stimulated by the partieteediated cellular response to differentiate and form bone
resorbing osteoclastI he third approach involves targeting activation mechanisms of

mature osteoclas{&bu-Amer, Darwech, and Clohisy 2007)
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There are various approaches to inhibit precursor cells from differentiating to
osteoclasts. First and foremost, direct inhibition of osteoclast differentiation may be
achieved by application of RANKL decoy molecules such steaprotegerin @PG)

(Luan et al. 2012; Kong et al. 1998nd the soluble fusion protein RANKc (Miller et

al. 2007)Indeed, in vitro osteoclast cultures and studies in animal models and have
identified significant inhibition of osteoclastogenesis and redubatimarks of
osteolysigSimonet et al. 1997; Bucay et al. 1993herapproaches include targeting

key intracellular signal transduction pathways that are essential for osteoclast

differentiation and inflammation. The core of this process is the transcription factor NF

9B which is essenti al f dic respamged) fori emaimplea mmat or \
transduction of a dominamegative formofthe NB B i nhi bi t ory protein,
retainsNFeB in the cytopl asm, was sufficient to

osteoclastAbbas and AbtAmer 2003) Another possible approach is to block the
upstreamIKKompl ex from activating, which is resp:«
and subsequent activation of MFRIsraél 2010)This was done by introducing a small

peptide that perturbs assembly of the IKK complex and attenuates activation of NF

9 BDai et al. 2004)More importantly, administration of the dominane gat i ve | 8B
protein or the IKK inhibitoy small peptide to arthritic mice was found to significantly

block bone erosion associated with inflammatory arthritis and pantidieed

osteolysis of calvaria in the mi¢Pai et al. 2004 Since NFa Bs central to most host

immune and inflammatory responses and induces expression of a large number of genes
encoding proteins that are associated with bone pathology, efforts have been directed
toward identifying specific NF® Bmediated genes and theiroducts. Steps in this

direction should lead to the design of a future generation of selective inhibitors that may

be effective in alleviating inflammatory bone loflsin et al. 2017; Sundfeldt, V

Carlsson, et al. 2006)

The use of antinflammatory approaches to neutralize mediators such as TNE, IL-

6, and others are required in inhibiting recruitment of a$éso precursor and other cells

to the inflammatory site. It has been proposed that pharmacologic interventions targeted
at macrophages may provide the means to slow the response to wea(Sitwerz,
Loonegy, and O'Keefe 2000; Ren et al. 2013)eed, inflammation in the periprosthetic
tissue may be reduced by local cytokine inhibition, along with several biologic
mediators identified as useful for clinical application. In particular, thé Heceptor
antagonist protein has been reported to reduce inflamm@rend and Gabay 2000)

and the antinflammatory cytokine IE10 appears to able to reduce cell mediated
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reactions in inflammatio(Naiyer et al. 2013 onsidering the use of partief¢imulated
murine air pouch and calvarial models fdetevaluation of the potentials of gene
therapy to treat orthopedic wear debris inflammation, recent studies have shown that
retroviral vectors that encodes humanlilreceptor antagonist, human TNF receptor,
and viral IL-10 led to significant decreases imflammation, decreased fluid
accumulation in pouches, and reduction of macrophage i(Sud.et al. 2001)n the
murine air pouch study, histologic assessments revealed that a 40% reduction in
inflammatory cell infiltration was exhibited in pouches transduced with virdlOlor

IL-1 receptor antagonist when compared with nonviral conwpléacZ transduced
membranes. These findings were reproduced in rabbit kfieehiman et al. 1999;
Keravala et al. 2006)

Useful molecular targets could be unveiled by clarifying the mtdeamechanisms
underlaying the amndsteoclastogenic actions of these -amflammatory cytokines.
Therefore, recent reports have demonstrated some advancements in showing the anti
osteoclastogenic action of 4. and IFNo (Amarasekara et al. 2018pecifically, IL-4

docks on membrane receptors that are expressed on the osteoclast precursor surfaces,
then it activates key transcription factors, particularly the signal transducer and activator
of transcription (STATR(Xiong et al. 2014)The mechanism of action behind this
involves the activation by H4 of Janus kinases, which phosphorylate STAT6, thus,
prompting its dimerization and translocation to the nucleus, where it binds to DNA and
regulates target gené¢illarino et al. 2015)STAT6 was found to be crucidbr the
inhibition of osteoclastogenesis by-4L.and inhibits inflammatory bone erosion hence
STATG is a possible target for the design of-@ntisive drugs(Abu-Amer 2001)

1.5.3 Anti-Inflammatory Coating

The reaction of immune system after transplantation of prosthesis usually induce
60r ej e c etheimgantssiconsidered as foreign magferderson, Rodriguez, and
Chang 2008) The addition of immunosuppressant, an agent that can slow down this
defense reaction, can ultimately help to boost astegration procesgDawes et al.
2010) Therefore, the addition of astiflammabry agent such as corticosteroid or
glucocorticoid that can act as immunosuppresant onto the coating layer for prosthetic
device is beneficialBoehler, Graham, and Shea 2011; Dumont, Park, and Shea 2015

Dexamethasone, a glucocorticoid that interferes withCNE a n-d, tha Pnain
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inflammatory regulators, has been widely used as immunosuppressive agent for diseased

soft tissues following organ transplg@outinho and Chapman 201

1.5.4 Clinical Outcomes for Postoperative Inflammatory Management

Postoperative inflammatory management affects the clinical outcomes of surgical
procedures, particularly for mobilization and functionalization of newmlylanted
artificial joint (Anastase et al. 2014)Studies revealed that administration of
dexamethasone as infiltration resulted in low severity of pain basedwer Visual
analogue scale (VAS) pain score, serum level ak&ttive protein (CRP), and 4L
6.(Ikeuchi et al. 204) Moreover, early mobility has been achieved two days-post
operation when steroid antiflammatory was administeredollowing the joint
replacemat (Ikeuchi et al. 2014)However, this administration technique only lasts for

a few days, whereas encapsulation of -arftammatory agent into the surface of

prosthesis can enhancetbffect ten times longéDawes et al. 2010)

However, antinflammation agent has immunosuppressive dgtiwvhich is resulted

from repressed transcription of genes that encode cytokines and chemokines that favours
inflammation, and cell adhesid@outinho and Chapman 201Qonsequently, subjects

that are given immunosuppressive agent after orthogedcedure are in higher risk of
developing infection, delayed wound healing, and slow rate of osseointegration
(Scanzello et al. 2006Moreover, long term use of TNB ant agoni st , a
immunosuppressive agents, after orthopedic procedure for 30 days was reportedly to

calse postoperative septic failui@canzello et al. 2006)

1.5.4.1 Effectivity of Anti -Inflammatory Coating

In order to achieve antnflammatory effect, the amount of aimiflammatory agent
released at all times must be within therapeutic range. Single dose of dexamethasone via
intravenous route usually require 8 mg for pogérative inflammatory management
(Anastase et al. 2014)ocal injection containing 6.6 mg of dexamethasone into
periarticular tissue has been shown to reduce local inflammatfter total knee
arthroplasty (Ikeuchi et al. 2013) The amount of dexamethasone required to be
incorporated into prosthesis coating layer remains unknomtmeaeds to be studied. In a
study conducted bpawes et al. (201080 mg dexamethasone was coated orH@AT+

7Nb alloy microspheres in combination with poly (lactateglycolide (PLGA). Around

thirty percent of dexamethasone was release within the first 60 minutes but 90% of the
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drug was released in 23 dg{3awes et al. 2010However, the antinflammatory effect

that can be demonstrated by thystem has not been studied.

1.6 Aims and Objectives

The antimicrobial agent needs to be released in a controlled manner so that a sufficient
concentration of antimicrobial agent can be reached at all times to prevent biofilm
formation during osseointegrati process. Furthermore, another adverse event related to
joint replacement is aseptic loosening; evidence revealed thahfsathmatory drugs

can reduce the risk such occurrence. In this study, simultaneous antibacterial and anti
inflammatory coatingsvere developedn model titanium alloy implant surfaceshese
coatingswerebuilt employing LbL technique incorporating both an antimicrobial agent
(chlorhexidine diacetate) and an anflammatory drug (dexamethasonégtween
polyelectrolytes layers ofginate ancpoly-beta amino esters

Chlorhexidine has been chosen in this study because this compound iirgefigpical
antiseptic that has demonstrated to be highly effective to treat skin antissadt
infections caused by a broad range of baateincluding methicillinresistant
Stapylococcus aurelRSA (Schlett et al. 2014)Longterm useof chlorhexidine has

been established in many hospital settings therefore it is expected that chlorhexidine
coatings on orthopedic prosthesis will not cause unwanted effects for the lifetime of the
device. Dexamethasone has been chosen because it haanbdatiflammatory and
immunosuppressive effect, which has positive impact on osseointedgi@tatinho and
Chapman 2011)Other glucocorticoids including prednisolone and mephgbnisolone

are possible to use for their airtflammatory and immnosuppressive action but
dexamethasone has greater bioavailability and it is retained in the body fluid for a longer
period (Coutinho and Chapman 2010jhe coating method in this study relies heavily

on electrostatic interactions hence, the watduble form of drugs, which will largely
dissociate into charged ions are used: chlorhexidine diacetate (CHX) and dexamethasone
sodium phosphate (DER).

A number of characterisations of developed system/coatmgconducted:

- physicochemical (TGA, TEM, zeta potential determinatiorparticles size
measurement);

- release profile of active molecules;

- antimicrobial activity testing;

- antrinflammatory activity testing;
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- cytocompatibility;

- durability and stabilitypropertieof the coatings

1.7 Hypothesis
Several hypotheses for these studiese suggested

1 the number of polyelectrolyte layers will influence the physicochemical properties
of the coating layer, drug release profile, the antibacterial effect and anti
inflammatory effect

1 drug relase profile from the coating system will be controlled by layer erosion
mechanism and follow zemrder kinetic model
no detrimental effects on titanium cytocompatibility will be caused by the coatings

both drugs will retain efficacy once released frémm toatings
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Chapter 2: General Materials and Methods

This chapter refers to some of the common methods that have been used for the
preparation of different titanium nanoparticles and coupons and testing their properties
throughout this thesis. Later chapters wélfer to these methods to reduce repetition by
highlighting main differences in nanoparticle and coupons coating. Test methods that are
specific to certain chapters will be described in detail in the appropriate chapter

2.1 Chemicals

Titanium (IV) oxide (Anatase, <25nm, 99.7%);/A8ninopropyktriethoxysilane (APTS,

99%), chlorhexidine diacetatéCL) (Figure 16), Dexamethasone sodium phosphate

(DEX-P, >97%) Figure 17), phosphate buffer solution (PBS) tablets, sodium acetate
trihydrate (099%), di sodium phospAL&r e (ACS
(Figure18) were purchased from Sigaddrich, UK.

HPLC grade acetonitrile, Glacial Acetic Acid, and Toluene were purchased from Fisher,
UK. All other chemicals were reage grade, stored according to manufacturer's

guidelines and used as received.

(o]
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Figure 16. Chemical structure of chlorhexidine diacetate
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Figure 17. Chemical structure dbexamethasone sodiumonophospdte
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Figure 18. Chemical structure of Na alginapelymer

2.1.1 poly-beta-amino-ester synthesis

Aminot er mi n at-amino gser)sPBAES) (B1) a patented polymer were
produced by mixing 1,6 hexanediol diacrylate aifgkerazine in a 1:1.1 ratio in DCM at

a concentration of 5 ml of DCM for each 3.7 mmol of acryl@mure 19.9). The
polymerization was performed under stirring at 500€48 h. PBAEs was precipitated
through pouring the mixture of the reaction in about ten times the volume ofldiethy
ether under vigorous mixinghe solvent was evaporated under vacu(#h.Thaher et

al. 2018)
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Figure 19. Synthesisof p o | -gn{inb ester)susing 1,6 hexanediol diacrylate and
piperazine in 1:1.1 ratio iDCM.

By GPC, an average MW of B1 was determined to be 5600 kDa. This is confirmed with
the patent datgFigure 20. Also, NMR has been conductefbr B1, (Figure 2)

represent an example of Blspectrum.
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Figure 20. PBAE hydrolysis, B(meant SD n =3) at pH =7% ) and pH =5 ( ).

41



/
i

LJ N
| T T T T
3 2 1 0 -
g o™

1

I I I I I I I I I
15 14 13 12 11 10 9 8 7 6 5 4

Figure 21. Example of NRM spectrum B1.

I I
-2 ppm

2.2 Nanoparticles preparation

2.2.1 Surface functionalisation of titanium nanopatrticles

One gram ofTiO; nanoparticles was dispersed in 15 mL of anhydrous tolueneni 10

APTS were added to the dispersion to functionalize the surface efriéi@particles.

The dispersion was incubated for 24 hours at room Temperature under constant stirring.
The amindunctionalized TiQ (TiO2-NH-) nanoparticles were centrifuged at 14000 rpm
and 20 °C for 5 minutes (L-BOK Ultracentrifuge, Beckman Coulter, UK). Ti®IH-
nanoparticles were then redispersed in fresh toluene using a vortex mixer
(WhirliMixer ™, Fisherbrad, UK). Centrifugation and washing procedure were repeated
for 3 times. After the final washing cycle, TA®H2nanoparticles were collected and

dried under fume hood for 24 hours.

2.2.2 Preparation of polyelectrolyte solutions

Polyanionic solutions were prepdrby dissolving sodium alginate in acetate buffer 0.1

M, pH 5 (2 mg/ml).PBAE polymer (so called B1 polymewas dissolved in acetate

42



buffer 0.1 M, pH 5 (2 mg/ml). Chlorhexidine diacetate and dexamethasone sodium
phosphate (DE>P) at a concentration of X8g/ml were separately dissolved in acetate
buffer 0.1 M, pH 5. All solutions were stirred constantly using magnetic stirrer at 600
rpm for 2 hours at 20 °C.

2.2.3 Layer by layer (LbL) coating technique

TiO2-NH2 nanopatrticles were coated with polyelectrolyte itayers. The layers
consisted of different numbers of repeating sequence as the following:CALE G-
B1l, ALG-B1-DEX-B1. One sequence containing these four layers were termed

quadruple layer (Q).

TiO2-NH2 nanoparticles350 ng) were placed into a test tulaed with 20 ml of ALG
(2mg/ml) solution The mixture was homogenised for 10 min and the nanoparticles were
collected by centrifuging at 5000 rpm, 20 °C for 2 minutes. The 4dy@red
nanoparticles were washed with acetate buffer to remove the excess @®f AL
centrifuged, and the supernatant removed. The second layer was applied onto ALG
layered nanoparticles by dispersing the nanoparticles in 10 ml of CL solution. The
mixture was homogenised, centrifuged, and washed using a similar procedure to that for
ALG layer. Polyelectrolyte coating, centrifugation, and washing steps were repeated for
the third layer (ALG) and fourth layer (B1), resulting in the first quadruple layer. Layer
by-layer coating process was continued to achieve 10 quadruple layers. During th
coating process, a small amount of coated nanoparticles were collected for evaluation:
nanoparticles with one quadruple layer (Q1), three quadruple layers (Q3), five quadruple
layers (Q5), seven quadruple layers (Q7), and ten quadruple layers (Q1DEXeor
coating, Layetby-layer coating technique followed the previously mentioned steps

except chlorhexidine solution was replaced with DEX.

After the final washing cycle, TiENH:nanoparticles were collected and dried under

fume hood for 24 hours.
2.3 Nanoparticles surface and materiacharacterisation

2.3.1 Nanoparticles hydrodynamic size

The hydrodynamic size for the amino functionalized titanium nanoparticles and the LbL
coated multilayer nanoparticles were measured by dynamic light scattering (DLS) using
Malvern Zetasizer, Nano ZS particle characterization system (Malvern Instrument
limited, UK). A 633 nm HeéNe laser with measurement angle of 17° was used to

analyse the preparations. 1mg of nanoparticles was dispersed in 1mL of acetate buffer
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pH 5, homogrised by vortex mixer and ultrasonic bath for 5min. The suspension was

then transferred into square couvette.

2.3.2 Zeta potential measurements

The electrophoretic mobility of ALG, B1, chlorhexidine, DEX solutions and
nanoparticles suspensions were determiméth a Malvern Zetasizer, ZS particle
characterization system (Malvern I nstrument

were obtained from the Henry equation (Equation 1)

Y — 1)

whereUedescri bes electrophoretic mob(isla)t yi,s U d
Henryés function, and- denotes viscosity. According to Smoluchowski’s approximation,

the f(Ka) value was 1.5, a standard value for electrophoretic measurement in agueous

medium containing low concentration of electrolyteita et al. 2013) Electrophoretic

mobility was atermined based on the measurement of velocity of particles within the

fluid using Laser Doppler Velocimetry (LDV) technique. Following the washing step in

each layer coating, 1mg of nanoparticles was dispersed in 1mL of acetate buffer pH 5,
homogenised byortex mixer and ultrasonic bath for 5min; for ALG, B1, chlorhexidine

and DEXP, the solutions used from LbL were employed. The suspension was then

transferred into the capillary cell.

In each measurement, 1ml of the solution or suspension was plagdatiéntapillary
cel | . The sample was irradiated and the ¢
performed in triplicate for each run and results are presented as the average + standard

deviation.

2.3.3 Transmission Electron microscopyi particle size determinatbn

Images of particles were obtaineding a Zeiss 902 transmission electron microscope
(TEM) operating at a voltage of 80 kWhe aqueous dispersion of the partichess
drop-cast onto a carbecoated copper grid, and grid was dried at room temperature
(20°C) befordoading into the microscope (direct depositiofe average particle size,
sizedistribution and morphology analysisf the samples was carried out from

transmission electron micrographs using ImageJ for Windows (Version 1.50i).

2.3.4 Thermogravimetric Assay (TGA)

Thermogravimetric analysis (TGA) was performed using a Pd&tkiter TGA 4000
instrument. Coated nanoparticles were initially weighed and heated fram ZIrC

with a heating rate of 10 °C/min. Weight loss percentage of each sample ‘&l 46d
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750°C were determined relative to initial weight of sample. Organic and inorganic
content was determined by subtracting the point at initial weight loss (%) up to when the
line plateaus (approximately arouR8i0’C).

2.3.5 Drug release study

Coatedparticles were dispersed in two media, acetate buffer pH 5 and phosphate buffer
pH 7 (10 mg/ml), and incubated statically at 37°C. The medium was withdrawn daily for
gquantification and the replaced with an equal volume of fresh buffer. All experiments

were perfomed on 3 independent nanoparticles batches.

2.3.5.1 Drug concentration determination

The amount of chlorhexidine and DEX released from the coated nanoparticles was
determined using revergdase High Performance Liquid Chromatography / with a
Agilent Technologies®HPLC (1100 series) equipped with a WatBpherisorb ODS2
column (Pore ige-80A, 5 pm, and packing dimension of 4.6 mm X 150 mm). The
injection volume was 1@1 in both cases. The quantification protocol for chlorhexidine
used a mixture of acetate bufeeetonitrile 58:42 as the mobile phase, flow rate of 1
mL/min, and a UV detector at 239 niQuantification procedure for DER was as
described in(Martin-Sabroso et al. 2013)sing a mixture of PB&cetonitrileglacial

acetic acid 70:26:4 as the mobile phase, flow rate of 1 mL/min, and a UV detector at 244
nm. Quantification procedure for EX was adapted frofMartin-Sabroso et al. 2013)
using the mobile phasmixture of PBSacetonitrileglacial acetic acid 70:26:4 as the
mobile phase, flow rate of 1 mL/min, and a UMealor at 244 nnas retention times
were ~4.5 min and ~18 min for DER and DEX, respectively, and not overlapping of
the two peak was observed.

Stock solutions of chlorhexidine, DER and DEX with concentration of 1 mg/mL were
prepared separately and ariss of concentrations ranging from 28 ug/mL was
prepared for calibration. A calibration curve that describes the relationship between peak
area (mAu) and concentration of standard drug (ug/mL) was obtained for each drug
from 3 independent stock salus and the regression equation wasived(Figure 22,
Figure24).
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Figure 22. Calibration curve of dexamethasoamployedmeant SD n =3).
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Figure 23. Calibration curve of DEX° employedmeant SD n =3).
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Figure 24. Calibration curve of chlorohexidine employ@gdeant SD n =3).

2.3.6 Drug loading estimation

The mass of DEX and chlorhexidine loaded into functionalized m@oparticles was
estimated by analyzing the supernatant obtained durieagéntrifugation steps. The
collected supernatant was analyzed using HPLC to measure the amount of DEX or
chlorhexidine which was not loaded over the particldsXnd chlorhexidine loading

% were estimated based on the following equgfrapadimitriou and Bikiaris 2009)

Drug loading (%)= ZpTMT

2.4 Antimicrobial testing

Brain heart infusion agar (BHI) was prepdrby dissolving 479 of brain heart infusion
agar powder in one litre of distilled water. The solution was shaken to suspend agar
powder evenly, and then sterilized in an autoclave at 121 °C for 15 minutes. The solution
was allowed to cool to 585 °C befoe being poured into Petri dishes (9 cm diameter).
The Petri dishes were cooled to room temperature then storetbat@ until use. BHI

broth was prepared by dissolving 37g of BHI broth powder in one litre of distilled water,

then sterilized in an autaote at 121 °C for 15 minutes. The sterilized broth was allowed
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to cool to room temperature before being aliquoted into 15 ml sterile tubes and stored at
8-15 °C until use.

Grampositive bacteria methicillinesistantStaphylococcus aureU$RSA) 140, 924,
and 275,Staphylococcus epidermidis79, 189, 222, an&nterococcus faecalialong
with Gramnegative bacteriumcinetobacter baumann@40, 643, and 64 Escherichia
coli were used. Bacteria frozen stokes were store@CGfiC; strains were streaked on

BHI plates weekly and incubated for-28 hours at 37°C, then stored at 4°C.

Each bacterial strain was inoculated into BHI broth and incubated {84 I®&urs at
37°C. Then, the inoculated growth was diluted 1000 times in fresh BHI broth, and 20 pl
of the diuted broth were added into a sterile\®éll plate. After that, each well was
filled with 100 pl of the release media from coated titanium nanoparticles or coupons,
and the plates were incubated for28 hours at 37°C. On the next day, the growth in
eachwell was evaluated visually. Each experiment was performed in triplicate for each
individual strain, to determine the duration of the inhibitory activity of coated titanium

coupons.

2.5 Cellsculture

Human monocic leukaemia cells (THR), Human osteoblastells (Sao) were
obtained from ATCCand grown in RPMIL640 medium supplemented with 10% heat
inactivated fetal bovine serum (FBS) and 1% penicilBtreptomycin (PS) (Gibco by
Life Technologies, US) at 37°C in a humidified 5% CGf@mosphere. Cell medium was
changed twice per week.

2.5.1 Differentiation of THP -1 monocytes to macrophages

To initiate the differentiation of monocytierived macrophages, 30ng/mL of phorbol
12-myristate 13acetate (PMA, Sigmaldrich) was added to thRPMI-1640 medium
(10% FCS, 1% PS) for 3 days, where human monocytic leukemia cells{Iri#Ere
grown in suspension.Then adhered monocytderived macrophagewere grownin
RPMI-1640 medium supplemented with 10% hieaictivated foetal bovine serum
(FBS) and 1%penicillin-streptomycin (PS) (Gibco by Life Technologies, US) at 37°C in

a humidified 5% C@atmosphere. Cell medium were changed twice per week.

2.5.2 Exposure of cells to drug release media

Therelease buffer from the first 24 hours of either n@articles ortitanium coupons at

pH 7 was passed through 0n22 syringe filter for sterilization.
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Cells were seeded in 9@ell plates (Thermo Fisher Scientific, Denmark) at a density of
5x10* cells per well and incubated for 24 hours at 37°C in a humidified 5% CO
atmosphere to allow cell attachment. After removing the media and washing the cells
with sterile PBS, cells were incubated with release media from nanopatrticles or coupons
for 3 hours at 37°C in a humidified 5% g&mosphere

lug/mL of lipopolysaccharides (I SigmaAldrich) was added to thenacrophage

cellsin each well.

The cells incubated in cell medium only with neither 24h solute of nanoparticles nor
LPS were used as blank control. The experiments were performed in triplicate wells to
evaluate the cytokies produced by cells and cell mitochondrial activity-atr2 points,

6 hours and 24 hours.

2.5.2.1 Cell proliferation assay

MTT (3-4, 5dimethylthiazol2,5diphenyltetrazolium bromide, Sigma#sdrich) assay

was used to quantify nedbolically active cells .Fitl/, 5mg/mL of MTT stock solution

was prepared by dissolving 100mg of MTT reagent in 20mL of PBS and filtered through
a 0.22um syringe filter for sterilization. At each time point, cell medium was discarded.
Then 2@ of MTT stock solution and 100uL of PB8ere added to eackell. The
control well contains pureell medium ofy without the addition of release medium,
from this well the actual mitochondrial activity waetected. Theest of the wells
contained cell medium plus the experimental samplen the wellsincubated in a
humidified atmosphere at 37°C with 5% £fr 4 hours. The supernatant was then
removed and the precipitated formazan was dissolved imL.16Ddimethyl sulfoxide at
37°C for 30 minutes. The absorbance was measured by aogetbmeter (Lab Tech
LT5000MS) at 560nmThe absorbance of the walls that contain the release medium plus
experimental samples was compared to the absorbance of the control medium which
contains pure cells onlBy following this probcol we measure theytotoxic effect of

our release medium.

2.5.2.2 Cytokinesmeasurement

The quantity of TNF alpha (Thermo Fisher Scientific, Vienna, Austria) arl (lLife
Technologies, Frederick, MD, USA) secreted from individual samples by human THP

1/macrophages was detected thg enzymdinked immunosorbent assay (ELISA) kit

according to manufacturerds instructions.

with the provided sample diluent were added in the appropriate wells eivalBplate

coated with monoclonal antldy to human TNF alpha or 16, respectively. Standards
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and samples were in triplicate.rB0of biotin conjugate solution was then added to each
well. The plate was covered by a plate cover and incubated at room temperature for 2
hours on a shaker. The spatant was then removed and the wells were washed 4 times
with wash buffer. 108L of streptavidiRHRP solution was added to each well. The plate
was covered by a new plate cover and incubated at room temperature for another 1 hour
for TNF alpha or 30 miutes for IL-6 on a shaker. The supernatant was again removed
and the wells were washed again 4 times with wash bufferm1@d 3,3'5,5
Tetramethyl benzidin€TMB) substrate solution was added to each well and the plate
was incubated at room temperatimethe dark till the substrate solution began to turn
bleu (about 120 min). Finally, 100uL of stop solution was added to each well to halt
the reaction. The yellow coloured solution was then quantified by absorbance at 450nm
with (TNF alpha) or without eference wavelength at 650nm -@). in a multiwell
microplate reader (L'6000MS ELISA reader, Labtech). Calibration cur¢Egure 25

and Figure 26) were obtained at each measurement to reduce variability between

experiments.

2.0

1.0 1

OD4s50nm — ODg50nm

0.5 1

0.0+ ; ; ; ; ; w : . . ,
0 150 300 450 600 750 900 1050 1200 1350 1500

TNFo conc. (pg/ml)

Figure 25. Example of calibration curve of TdKmeant SD n =3).
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Figure 26. Example of calibration curve of & (meant SD n =3).

2.5.3 Epifluorescent imaging

Cellswer e fixed with 3.7% (w/v) formaldehyde i
and then,permeabilised with 0.1%rifon X-100 forfurther5 nat raom temperature

F-actin cytoskeletonwas st ai ned wi t h 50 mg/ L of tetral
isothiocyanateconjugated phalloidin (Sigma |l dr i ¢ h, St . Loui s, MO, U
at room temperature, followed by incubationtwit 5 mg/ L of tri hydr ochl
33342 (Thermo Fisher Scienti fi ctostaibuelse ne, OR,
nuclei Samples were thewasted with PBS, mounted and examined using LSM 880

upright confocal laser scanning microscope with Airyscan (Ze@bkerkochen,

Germany) with a 63magnificationobjective. The following settings were employed to

excite the dyes and acquire the imageee x 140 nm and &aex i340 nm;
573 nm and aem 488 nm for t et comjugatedh vy | rhoi
phalloidin and Hoechst, respectiveljhe obtained imagesese processedsing ZEN

imaging software (Zeiss).
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2.6 Statistical analysis

Oneway analysis bvariance (ANOVA) was performed was performed using SPSS
(12.0 to assess the statistical significance of results between groups at 95% confidence
level (p< 0.05). All data were expressed as mean + standard deviation (SD) from at least
three independent kees.
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Chapter 3: Prolonged release of Dexamethasone
from LbL coating for un -cemented joint replacement
devices

3.1 Introduction

68 thousands primary hip and 71 thousand knee replacement procedures were performed
by the National Health Service (NHS) in England and Wale2017 (National Joint
Registry 2018)1t is expected that these operations will be performed on an increasing
number of patients because of the improvementfe duality they provide and the
constantly aging population. There are two main methods of fixation;(pathyl
methacrylate) based bone cement fixation and cementless fixation which aims towards
the direct integration of the implant with the host tissydoone ingrowth into a porous

or macroscopically textured implant surface. The two methods of fixation are used in a
similar proportion of cases worldwide (although their relative popularity varies in
different countries) and have similarly good clinioasults(Maggs and Wilson 2017)

In cementless fixation, integration is promoted by the local delivery obiosketive

and/or osseoconductive drugs from the device surface. Despite the knowledge of
effective molecules for such purpose.eith controlled delivery remains a major
challenggHammond 2012)The use of a dissolvable coating allows a sustained targeted
release that cannot be achieved by simple adsorption or direct binding to the surface.
Layerby-layer (LbL) is a sedassembly technique employed fgmduce a coating and
relies on the alternated deposition of positively and negatively charged polymers
(polyelectrolytes) through electrostatic attractig@huang, Smith, and Hammond 2008;
Hammond 2012; Macdonald et al. 2011; Smith et al. 2009; Wong et al.. 2@l 0has

found medical applications when biocompatible polyelectrolytes are employed. LbL can
be also used to release a drug from the coating, replacing one of the polyelectrolytes
with the target molecule, whose only requirement is the presence of eleittrostat
charges. Additionally, to prolong the release of the target molecule, simply more layers
are required. Scalability and ease of fabrication of LbL coating are further advantageous
characteristics of such technig{@&huang, Smith, and Hammond 2008; Hammond 2012;
Macdonald et al. 2011; Smith &t 2009; Wong et al. 2010)

Inflammation is accompanied by the relea$enumerous makers in the surrounding

ti ssues; interl eukins (1L and TNFU are
employed for diagnostic purposes, including aseptic looséNiagconcelos et al. 2016;

Jiranek et al. 1993; Goldring et al. 19&8)d prosthetic joint infectiondRandau et al.
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2014). Aseptic loosening is a sevebbene loss (osteolysis) in the tissue surrounding the
implantand it isconsequence of a prolonged inflammat{bandgraeber et al. 201;4}

is the most likely cause of revision surgery for both ifigir{ich et al. 2008)and knee
(Rozkydal et al. 2007&and it is responsible for about 40% of all revision procedures
(Goriainov et al. 2014)Hence, the development of aimflammatory drugs releasing
devices has been seen as tool in the fight towards the reduction of arthroplasty failure
(Wu et al. 2016; Li et al. 2013)ith the objective to improve on the current NICE
guidelines that have set a maximum rate of revision after 10 yaafailfoe of 10%
(Utting et al. 2005) The administration of anthflammatory drugs does not treat
osteolysis but aims at reducing the periprosthetic inflammation that leads to bone loss

and consequent aseptic loosing of the de(id@ng et al. 2011)

Dexamethasone (DEX) is well known amtflammatory steroidal drug widely used to
manage swelling and pain after arthropldgstickey et al. 2002; Zhou et al. 2018)d to
reduce inflammatioTsurufuji, Kurihara, and Ojima 1984l is not water soluble, but
the esterification of the hydroxyl moieties with phosphate groups resalts i
dexamethasone phosphate (DBX that is highly water soluble and is the main
component of the medical formulations containing DEX.

We propose to develop an implant coating containing {PEPdbricated using the LbL
technique capable of prolonged releakthe antiinflammatory drug. The drugs will be
embedded into a dissolvable coating, and such its release, will be controlled taking
advantage of the negative charge of exhibited by IPEX he main enefits of this
technology arethe ease of fabrication dnthe scalability, thus making it easily
translatable to a variety of orthopaedic implants offering successful and lasting joint

repair.

3.2 Materials and Methods

3.2.1 Chemicals

Titanium (IV) oxide (Anatase, <25nm, 99.7%),-A&inopropyl) triethoxysilane

(APTS, 99%), phosphate buffer solution (PBS) tablets, sodium acetate trihydrate

(099 %) , dexamet hasone, dexamet hasone phosph
heart infusion broth, were purchased from Sightdrich, UK. HPLC grade acetonitrile,

glacial acetic Aid, and toluene were purchased from Fisher, UK. All other chemicals

were reagent grade, stored according to manu
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B1 polymer is acationic polymer belongs to the class pfo | -gnfinb ester)sthe
syntresis of ths polymer detailed in2.1.1

3.2.2 Nanoparticles preparation

3.2.2.1 Surface functionalisation of titanium oxide nanoparticles

Titanium oxide nanoparticles were functionalizedhwitmino groups (TiENH2) via

salinization as described in secti@2.1

3.2.2.2 Layer by layer (LbL) coating technique

The amino functionalizeditanium nanoparticles were coated with polyelectrolyte
multilayers. The layers consisted of different numbers of repeating sequence as the
following: Alginate-B1-DEX-B1. One sequence containing these four layers was termed
quadruple layer (QL), up to temguadruple layers were coated on the titanium
nanoparticles, named as Where n represents the number of quadruple layatse 7

and Figure 27 show the component of dexamethasone layer by layer coating on the
amino functionalized titanium nanoparticles. The concentrations used waggn for

sodium alginate, 10ng/ml for Dexamethasone phosphate, anagZml for B1. (The

procedurdor LbL coating is described in secti@R.3

NN

Dexamethason
M Alginate

Tio>
B NH:
H B:

Figure 27. Components of DEX layer by layer coating on the titannanoparticles
surface.
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Number

of o Layer composite on the surface of amino functionali
quadruple Abbreviation nanoparticles

layers

1 Q1 TiONH2-Alginate-B1-DEX-B1

2 Q2 TiIONH2Q:-Alginate-B1-DEX-B1

3 Q3 TiONH,-Q1-Q2-Alginate-B1-DEX-B1

4 Q4 TiIONH2-Q1-Q2-Q3-Alginate B1-DEX-B1

5 Q5 TIONH2-Q1-Q2-Q3-Q4-Alginate-B1-DEX-B1

6 Q6 TiONH,-Q1-Q2-Q3-Q4-Q5-Alginate B1-DEX-B1

7 Q7 TIONH2-Q1-Q2-Q3-Q4-Q5-Q6-Alginate B1-DEX-B1

8 Q8 TIONH2-Q1-Q2-Q3-Q4-Q5-Q6-Q7-Alginate B1-DEX-B1

9 Q9 TIONH,-Q1-Q2-Q3-Q4-Q5-Q6-Q7-Q8-Alginate- B1-DEX-B1
10 Q10 TIONH2-Q1-Q2-Q3-Q4-Q6-Q7-Q8-Q9-Alginate-B1-DEX-B1

Table 7. Components of

surface.

DEX layer by layer coating on the titannenoparticles

3.2.3 Nanoparticles surface and material characterisation

3.2.3.1 Nanoparticles size measurements

The hydrodynamic size for the amino functionalized titanium nanoparticles and the LbL

coated multilayer nanoparticles were measured by dynamicdagtitering (DLS) using

Malvern Zetasizer, Nano ZS particle characterization system (Malvern Instrument

limited, UK) as described in secti@n3.1

3.2.3.2 Zeta potential measurements
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Nanoparticles electrophoretic mobility was measured by dynamic light scattering (DLS),
using Malvern Zetasizer, Nano ZS particle characterization system (Malvern instrument
limited, UK), (described in sectidh3.2.

3.2.3.3 Transmission Electron microscopyi particle size determination

Images of particles were obtainading a Zeiss 902 transmission electron microscope
(TEM) operating at a voltage of 80 kV as desed in section2.3.3 The average
particle size, sizélistribution and morphology analysié the samples was carried out

from transmission electron micrographs using ImageJ for Windows (Version 1.50i).

3.2.3.4 Thermogravimetric Assay (TGA)

Thermogravimetric ssay wasperformed using a Perkiglmer TGA 4000 instrument
(described in sectio?.3.4.

3.2.4 Dexamethasone release quantification

Dexamethasone release was measured by dispersing the DEX coated nanoparticles (10
mg) into 1ml of a buffer media (acetate buffer pHand phosphate buffer pH3) and
incubated at 37 °C.

An aliquot of 1 mL of the medium was withdrawn daily for quantifisatiand the
medium was replaced with an equal volume of fresh buffer. The amount of DEXPDEX
released from the coating layer was determined using rephese High Performance
Liquid Chromatography/HPLC (1100 series Agil@igichnologies®). The quantifidgah

procedure for dexamethasone is described in se2itf.1

3.3 Cell growth

Saos2 andTHP-1 cells weregrown as described ig.5.

3.3.1 Biological test
3.3.1.1 MTT

MTT assay was conducted to measure human macrophages1jTEiRrd human
osteoblasts (Sad®) mitochondrial activity posexposure to DEX coated titanium
nanopaitles after 1, 2 and 3 days exposure as per the protocol described in section
2521

3. 3. mL:62nd TNFa
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The amount of IL6 and TNFa released in the media after exposure to LPS and DEX for
6 and 24 hours was determined using appropriate ELISA kimgi@K) according to
manufact ur er 6 sas peethegprotooeldasaibed in secoh.2.2

3.3.1.3 Imaging

Epifluorescenimages of human macrophages (FHPand human osteoblasts (S&)s

were obtainedtainingF-actin cytoskeletonand nucl&e | | s wer e yxed with 3
formaldehyde in PB&t room €mperature for 5 miand permeabilised with 0.1%Triton

X-100 at room emperature for 5 minTetramethyl rhodamine B isothiocyanate

conjugated phalloidi50mg/L) (SigmaAldrich, St. Louis, MO, USA)was addedat

room temperaturegfter 40 minutes trihydrochloride Hoechst 333@&mg/L) (Thermo

Fisher Scientific, Eugene, OR, B¥ywas added and the cells stoffed 10 minutes in

the dark.Samples werewasled with PBS mounted and examined using LSM 880

upright confocal laser scanning microscope with Airyscan (Zeiss, Oberkochen,
Germany)with a 63X magnification objectivandertle f ol | owi ngb546ondi ti on
545n m af3Honan;en580-573n m  a m4B8na for tetramethyl rhodamine B
isothiocyanateconjugated phalloidirand Hoechst respectively ZEN imaging software

(Zeiss)was employed fornocessing of the obtained images

3.3.2 Statistical analysis

Oneway analysis of variance (ANOVA) was performed to assess the statistical
significance of results between groups at 95% confidence level (p> 0.05). All data were

expressed as mean * standard deviation (SD) from at least three independent values.

3.4 Results

The LbL DEX functionalised Ti nanoparticles were prepared and their phgiseraical
and material properties were characterised employing zeta potential measurements and

TGA techniques; drug release profile and biological evaluations.

3.4.1 Zeta potentid measurements

The aminefunctionalised titanium substrate presented a positive surface charge of

+38.4+0.6 mVdue to presence of protonated armgroups on the surface.
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Zeta potentials of the initial polyelectrolytes (Alginate and B1) and the drug (DEX)

solutions were measureddble 8); this is an important step to guarantee a successful

LbL assembly.

Polyelectrolyte and drug solution

Zeta Potential (mV) £ SD

Alginate solution (2mg/mL) -26.42+1.25
B1 solution (2mg/mL) +10.25+1.66
DEX solution (10mg/mL) -0.48+1.64

Table8. Zeta potentials of the polyelectrolyte solutions (alginate and B1) and the drug
(DEX-P) at pH =5

Alginate and Blpossessed opposite surface chargeble8), therefore, they were able
to create a LbL assembly due to electrostatic interactions on the-amitmnalised
titaniumsubstrate (FO-NH>) used as a template for the LbL.

o ly

48 1

15 A

Zeta potential (&)

Quadruple layers deposited
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Figure 28. Zeta potential changes during the LbL assembly procedure of alginate/B1l
and DEX layering on the amino functionalised titanium substrate. The layer O
represented th bare (uncoated) JO-NH; particles(meant SD n =3).

During the LbL procedure a zeta potentiaiglire 28) was measured after each layer to
ensure the polyelectrolyte deposition occurred. Zeta potentials alternated depending on
the last adsorbed outer layen the substrate: starting from a pivgity charged THO-

NH. template. Upon adsorption of thé& [ayer (alginate) the surface charge turned to a
negative value (~26 mV). Subsequently, when the cationic polyelectrolyte (B1) was
layered the zeta potential turned to a positive value (~+7 m\@n,Tiwhen the DEX

layer (anionic polyelectrolytevas addedthe surface charge of the surface changed to
(~-15 mV).

When the outer layer of the LbL construct was either alginate or-BEKe zeta of the
coated nanopatrticles was close to zeta potentidleopure polyelectrolytes and drug; on

the contrary when Bl was deposited the zeta potential reached a positive values only
after the first layer, after that the deposition of B1 resulted in an increase of the
nanoparticles zeta potential but did not reaalues above 0 mV.

3.4.2 TEM and particles size

Particles appearecubical and sphericdike shaped Figure 29) with relatively narrow
distributed diametersT@ble9). LbL did not noticeably impact the size of the patrticles;

however, after 10 quadruple layers, some particles agglomeration could be observed.

Sample Average size (nm) £ SD
TiO 2-particles 3445
Amino-functionalised particles 3416
Q10 4048

Table9. Average diameter size of Li@anoparticles bare, after functionalisation and
LbL deposition determined from TEM images
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Figure 29. Example of Transmission Electron Microscopy images of (a) bare TiO
nanoparticles, (b) amino functionalised (BiH) nanoparticles and LbL coated
(Q10). Bar represents 100 nm.
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3.4.3 Thermogravimetric analysis (TGA)

The amount of organic content (%) on the surface of Haytred DEXLbL loaded T#
O-NH: particles, after the deposition of each quadruple |lagigin@ate, B1, DEX and
B1) was evaluated by thermogravimetric analysis (T@EAQure30).

100 1
90 1
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60 1
50 1
40 1
30 1
20 1
18

Weight (%)

0 100 200 300 400 500 600 700 800
Temperature (°C)

— T e Q1 -—- Q5 — Q10
=== TiOy-NHp +=+= Q3 Q7

Figure 30. Thermograms of different LbL DEX coatedOFNH, substrate.

The thermograms of Lbkoated titanium nanoparticles exhibited a gradual weight loss
with increasing temperature and they did not reveal further mass loss at temperature
above 650 °C. We assumed that all the organic content present on the titanium surfaces
has been lost at thfmoint, and that the remaining mass was attributable to the inorganic
core of the nanoparticles. A further mass loss was noticeable at about 100 °C and it
represented the vaporization of the entrapped water moisture in nanoparticles and was
not the resulbf degradation of organic compounds (alginate, B1 or DEX), therefore the
total mass loss observed at 100 °C was subtracted to the mass loss cis&s0¥d to

determine the organic content.

The organic contenfTable 10) of uncoated Ti@ (bare) nanoparticles was the lowest
(1.4£0.2%); while after amino functionalisation, the particles presented 4.2+0.9% of

organic fraction. Moreover, in LbL coated particles, the weight 1035@&C depended
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on the number of quadruple layers depositeainfthe highest for Q10 (17.5+1.4%) and
the lowest for Q1 (6.6+0.4). As the organic content is a depended on the film thickness,
Q10 was the highest film coating, followed by Q7, Q5, Q3, and Q1.

Quadruple Layer Organic content (%)
Bare particles 1.4+0.2

TiO-NH; 4.2+0.9

Q1 6.6+0.4

Q3 9.7+0.6

Q5 12.8+0.8

Q7 15.7+0.9

Q10 17.5+1.4

Table 10. Percentage of organic material in miiyered DEX-LbL loaded TiO-NH,
surface after addition of each quadruple layer (Q1, Q3, Q5, Q7 and Q10).

3.4.4 DEX release quantification

DEX-P and not DEX was detected in both the release media (pH5 and pH7.3). The
amount of DEX released from the LbL coatedOFNH. surfaces monotonically
increased with increasing number if quadruple layers (from Q1 to Q10) at both pH5 and
pH7.3 Figure31). Moreover, drug release was detectable fotoup0-30 days for both

pH conditions Figure31). At pH=7.3 DEX was detected in the release buffer for up to

25 days compared to 30 days for drug redeat pH=5; the same pattern (longer release

at pH5 than pH7.3) was observed for the particles investigated regardless of number of
layers. Furthermore, the total amount of DEX released was higher at pH=5 than the one

released at pH=7.3 for comparable nensbof quadruples layers.
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Figure 31. Cumulative release of DEX from Lili-O-NH. surfaces at pH=5 (A) and
pH=7.3 (B) for different number of quadruple layers (Q1, Q3, Q5, Q7 and @i€yn
+ SD n =3).

3.4.5 In-vitro inflammation model: LPS-activated human macrophages.
3.4.5.1 Mitochondrial activity

Cellular mitochondrial activity of macrophageiea exposure for 6 and 24 hours to
particle release buffer was assessed employing MTT assay and it did not reveal any
detrimental effect (P>0.05F(gure32).
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Figure 32. Mitochondrial activity of activated THR cells exposed to media containing
DEX-P or elutes from DEX released from LbL assembly for 6 and R#%
concentration of 1pg/m{meant SD n =6).

3.4.5.2 Inflammation markers (IL -6 and TNFa)

Activated human monocytes did not produce either noticeable amolin6obr TNFa

when not exposed to LPS. When inflammation was induce@, ikached ~1.2 ng/ml

and ~1.4 ng/ml after 6 and 24 h of exposwimilarly, TNFa concentration wa about

~30 and ~33 ng/ml after the same exposure. The addition of®EMppressed b
production to about a third after both 6 and 2fiNfFa concentration was reduced to
half after 6 h and about a third after 24 hours. The use of an equivalent doEX of D
release from LbL coating had similar reduction patterns for both inflammation markers
but the efficacy of the release drug was abot®8@% inferior to pure DEX (p<0.05).
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Figure 33. IL-6 expression of activated THPcells patexposure to media containing
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DEX-P or elutes from DEX releadefrom LbL assembly for 6 and 24H.PS
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3.453 Cell morphology

Additionally, cell morphology and cytoskeletal properties were evaluated by staining
actin rings using confocal microscopligure 35). The results showed that eft24h
growth in media without LPS and DEX, the human macrophages were spread over the
surface demonstrating a regular morphology. LPS exposure (lpg/mL), induced a
reorganization in actin distribution of the macrophages resulting in evident difference in
cell morphology: cells showed an ossllaped configuration, after addition of DEX the

cell size increased remaining oval shape.

(a) (b)

Figure 35. (a) Actin staining epifluorescent images of human macrophagesDES,

(b) LPS+DEX; (c) LPS+DEXP and (d) LPS+DEX from release buffer after 24hr
exposure assessed by confocal microscopy. Actin rings and nuclei of cells were stained
with phalloidinFITC and DAPI, respectively; arrows indicate pseudopods. Bar

corresponds to 2@m.

3.4.6 Safety assessent for orthopaedic application using osteoblasts (Sa)
3.4.6.1 Mitochondrial activity
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The mitochondrial activity of human osteobtaskposed to DEXP or the equivalent
dose in release buffers at pH=7 increase with exposing trigeré 36). No difference
was observed when comparing control cells to either IPE)¢ DEX in release buffers
(p<0.05).
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Figure 36. Mitochondrial activity ofSaos2 cells exposed to media containing DEXr
elutes fran LbL assemblior 1, 2 and 3Jays(meant SD n =6).

3.4.6.2 Cell morphology

Already established osteoblast cultures to media containing eitherPD&Xreleased
DEX to the response to sterile PBS. Mareq the tests were conducted only from
release buffer pH7 as the acidic buffer (pH5) exhibited toxic activity. DEX released
from the LbL coating did not negatively impact osteoblai$tés clearly seen that the
morphology of the actin rings and nucleddiot change after the addition of DEXor

DEX from release buffedn addition to thgtOsteoblast cells appeared spread with well
organised actin filamentsegardless of the presence of DIEPXor DEX from release
buffers Figure37).
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(b)

Figure 37. Actin staining epifluorescent images of human osteoblast{&ddEX; (b)
LPS+DEXP and (c) DEX from release buffer after 24hr exposure assessaahfncal
microscopy. Actin rings and nuclei of cells were stained with phallétiiiC and DAPI
respectively. Bar corresponds to 2.

3.5 Discussion

3.5.1 Size

The determined bare particle size is in agreement with the manufacturer stated
dimensions; amino functionalisation did not impact on the nanoparticles size, while the
small size increase calculated from TEM images observed after coating with 10
quadruple ayers is consistent with under polyelectrolyte layers thickness under
nanometre, similar to that reported in other stu@esng et al. 2014; Al Thaher et al.
2018) As observed in other studies, polyelectrolyte deposition on nditdgaisurfaces
originates agglomeration as the polyelectrolytes can deposit simultaneously over more
than one particle during LbL assemlf@osens et al. 2010)hese aggregates during
subsequent layer deposition behave as one indiVigarticle leading to further
agglomeration. However, agglomeration appears to be minimal as LbL protocol was

optimised to minimise such occurrence through polyelectrolytes excess.
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3.5.2 Zeta

The observed zigag of the zeta potential is typical of LbL depios as the coated
surface assumes the charge of the last layered polyelectrolyte, furthermore the negative
potential observed after depositing DIEXand alginate are very close to the values
measured for the pure molecules leading to the conclusioththatirface was saturated

by eithercompounds. On the contrary, the lack of symmetric inversion in zeta potential,
observed after B1 deposition, could be attributed to the fact that B1 is a weaker charged
polyelectrolyte compare to Alginatddble 8). Moreover, no increase in the positive
charge after Bl deposition despite attempts increasing Bl concentration and/or
extending the contact time. Howevegpwsition of B1 was accomplished as the zeta
potential of the nanoparticles moved to higher values (less negative); this could only be

achieved by positive charges neutralising the negative of the previous layer.

3.53 TGA

Thermogravimetric assay is typicaltpnducted to confirm and quantify the attachment

of organic molecules on surfaces either by conjugai@hTomas et al. 2007r LbL

(Al Thaher et al. 2018)As visible in Figure 30, the thermograms ofllacoated
nanoparticles showed a plateau from around 650 °C that is due to the inorganic fraction
(in this work made of Tig) of the nanoparticles remaining after the organic components
have been burriMai et al. 2014; Zhong et al. 201%Jowever the mass loss at this point
does not correspond emty to the amount of deposited polyelectrolyte and drug as the
weight loss occurring around 100 °C is due to the vaporization of entrapped water not a
result of degradation of organic compounds (alginate/B1APEXherefore this mass

loss needs offsettingn the calculationdDu et al. 2015) Such water is due to the
agueous solution used during LbL that remsain the on the nanoparticles despite the
drying process. Remarkably, the total moisture content increased with increasing

numbers of layer.

The organic fraction of the particles for the amino functionalized nanoparticixde

10) was the results of the amino silanol conjugating to the titanium surfaces; moreover
the organic fraction increased with growing number of quadruple layers: Q1, Q3, Q5,
Q7, Q10 Table8). The organic content of the nanoparticles after each quadruple layer
observed in this work was similar to LbL coated silica nanoparticles containing
gentamcin (Al Thaher et al. 2018)The amount was almost linear with the number of
quadruple layersp to Q7 but the rate of organic fraction deposition decreased after this,
because, as already seen in TEM images, LbL is progressively hindered but

agglomeration and the available surface diminish accordingly.
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3.5.4 DEX release

in vitro release studies wererfirmed at two different pHs to simulate different joint
conditions: healthy joints (pH=7.3§50ldie and Nachemson 1978hd inflamed joints,
which are associateslith local acidosigde Nadai et al. 2013pH=5).

Drug release from LbL constructs is the sum of two simultaneous and independent
processg; the progressive detachment of the coating layers (delamination) and the
diffusion of the drug through the deposited lay@mith et al. 2009)The kinetic of the

two phenomena depends on nature of the polyelectrolytes employed dAdl firhher

et al. 2018) these two parameters directly influence the hydrolysis kinaftithe
polyelectrolytes that govern the delamination process and the electrostatic attractions
between layers that control the drug diffusion coeffici@itThaher et al. 2018; Smith

et al. 2009) Moreover, if diffusion is the predominant mechanism of release the profile
exhibdts an exponential behaviour with the highest drug release at the beginning that
gradually drops to zero. On the contrary delamination provides a zero order kinetic of
release (constant rate until the LbL is fully degrad&aith et al. 2009; Al THeer et al.

2018) The releas profile observed in this workFigure 31) is attributable to release
mechanism dominated by diffusion, similar profiles where observed for siriding
prepared with the positive charged antibiotic gentanficimuang, Smith, and Hammond
2008; Al Thaher et aR018)or an osseoinductive protefShah et al. 2013)However,
DEX-P exhibited higher release at pH5 than pH7 while gentamicin exhibited the
opposite behavioufAl Thaher et al. 2018)Higher DEX release kinetic in acidic
conditions compared to neutral were also obsefWahg et al. 2007put determined by

the hydrolysis of the ester bond employed to conjugate the steroid. Since onHp DEX
was observed in the release buffers, the opposite impact of pH on the release-Bf DEX
and gentamicin can be assumed to depend onhige of the two drugs at the pHs
tested; DEXP is negatively charged while chlorhexidine is positively charged. It has
been demonstrated that the surface charge of the outer polyelectrolyte deposited is the
key in controlling diffusion through all coatingith lower diffusion for molecules
exhibiting the same charge as the outer coating k8eto, Shiba, and Anzai 20181

is almost complely deprotonated at pH7.3, with a charge close to zero, while in mild
acidic conditions (pH5) is fully protonated and positively charged; PEacid groups

are deprotonated in both conditions and the drug is negatively charged hence the higher
diffusion doserved at pH5. Gentamicin, on the contrary, is positively charged at both
pHs and such the higher diffusion observed at pH7.3. B1 hydrolysis is slow gApH5

Thaher et al. 2018)more a month to reach a 80% reduction of the polyelectrolyte
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molecular weight, thus higher delamination does not contribute to the release é? DEX

at pH=5 as it is atsrevealed by the release profile that is not zero order.

Moreover, drug release had been observed for about 4 weeks and it is length of time
compatible to the requirements to prevaatite host inflammatory reaction that occurs
immediately after device iptantation and due to both the issue injury undergone during
surgery to place the device and the response to the materia{Atsédrson, Rodriguez,

and Chang 2008)acute host inflammatory reaction caesults in difficult device

integration with compromised functionality and longeyByidges and Garcia 2008)

3.5.5 Cytocompatibility and inflammatory activity towards human Monocytes

The mitochondrial activity (linked to cell viability) ofiuman monocytes (THE)-
derived macrophage=xposed to DEX released from the LbL coatedDINH: sufaces

was determined to exclude drug toxicity. Additionalpgtivated human monocytes
(THP-1)-derived macrophages were used as model human macrophages. This cells line
is very well established for studying functions and metabolism of human monocytes and
macrophage (Qin 2012) LPS concentration of 1lug/mL is routinely employed to
simulate inflammation in human macrophag@tue et al. 2002; Moreirdabaka et al.

2012)

Cells were exposed to LPS and to either DEXr the same drug dose usihg elutes
collected from the DEX release studies at pH=@.8dnfrm that the antinflammatory
activity of DEX, on nflammation markers such as TMF a n-@| was ketained when
released from the LbL construdthe elutes from the drug release studies performed at
pH=5 were not considered due to the low cellular vighiliey caused when exposed to
the cells as detmined in preliminary studiesAs we have showrHgure31) that DEX
concentration in the release mediaried according to the number of layers deposited
onto the TiO-NH; surfaces, only elutes from DEX released from 10QL assembly was

used as maximum concentration of released DEX was obtained.

In this study, inflammation was induced by exposafrenonocytederived macrophages

to LPS; specific measurable inflammatory markers produced by human macrophages

such as Ik6 and tumour necrosis factor alphB Nl F Wgre monitored(Qin 2012;

Cochran and Finclrietta 1992) To be able obtain a reliabla vitro inflammation

model,an appropriate cell density and an optimal LPS concentration should be utilized

in cell cultures for quantification agga This is mainly for the following reasons: if the

cell density is not appropriate, andTNFU producti on may not be d

cell media and if LPS concentration is too high this could cause cell toxicity, and
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oppositely, low LPS concentratiomay not be capable of activate macrophages

inflammation.

LbL coating release not only DEX but also polyelectrolytes or the products of Bl
hydrolysis, therefore we determined both whether DEX activity was retained once
released and LbL decomposition puots potential toxicity and inflammatory activity.

DEX activity once released was marginally reduced compared to the equivalent amount
of DEX-P likely as the drug was deposited and not conjugated to the surface, thus
avoiding reactions for DEX active gragipMoreover, the coating conditions were mild
(aqueous solution and room temperature) and thus unable to damage the molecules. B1
are a class of known biocompatible polyelectrolites hence the lack of toxic was
expected.

BesideI6 and TNF U Figure83dndEiguie3)nLP$ stimulation (1pgnL)

was shown to induce significant changes on the cytoskeletal properties and morphology
of the cells Figure 35 compared to the untreated cells (control group). Multiple
pseudopods with abundant actin filaments were clearly visible only on cells exposed to
LPS;these membrane features did not disappdeen DEX was adde®seudopodia are
involved in cell movement and phagocytosis thus their presence is linked to the
inflammation processSimilar images were presented fyiu et al. 2008)and (Qin

2012) As monocytes phagocytosis is kay their immunological activity, structural
changes may have negative impacts on monocytes ability to perform the assigned tasks
(Dale, Boxer, and Liles 2008)

3.5.6 Cytocompatibility toward human osteoblast

The development and evaluation of any new biomaterial must comprise not only the
assessment of futionally to the desired level, but also the demonstration of no adverse
effects caused to tissues and cells that the material will be in contact with. The titanium
coating presented here have demonstrated the ability to sustain dexamethasone release
for prolonged periods of time with retained aimlammatory activity; howevertheir
clinical utilisation is conditional to the ability of supporting osteoblast cells growth.
They are the fundamental cells of bones and they are routinely empleyi itesing

of novel orthopaedic materialdikulewicz and Chojnacka 2011; Baranowski et al.
2016) MTT assay assesses the mitochondrial activity of cells through the colorimetric
quantification of the formazan produced by the oxidation of a tetrazolium dye in the cell
mitochondria; MTT is therefore an indirect determination of the amount of viali¢e cel
(Mosmann 1983lnder the assumption of constant mitochondrial activity among cells in

the various conditions tested.
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It was not possible to grow cells directly onto the LbL coated surfaces as we employed
titanium nanoparticles as a model foatitum devices; hence we tested the response of
already established osteoblast cultures to media containing eithefPDiiXreleased

DEX to the response to sterile PBS. Moreover, the tests were conducted only from
release buffer pH7 as the acidic buffer §)tdxhibited toxic activity.

DEX released from the LbL coating did not negatively impact osteslfkigure36 and
Figure 37) and such these materials are not inferior to standard titanium in regards to
osteoblast growth. Because titanium exhibits sufficient cytocompatibility towards
osteoblasts,tiwas not necessary for the LbL coating to improve such properties and

norrinferiority was deemed sufficient.

Uncemented hip replacement devices have a porous or textured surface to allow
mechanical interlocking with the bone; hence during insertion digyouter part of the
surface contacts the bone. Because of this, our proposed coating deposited within the
porous surface will not be subjected to friction and will remain unaffected by the

handling and mechanical actions associated with the surgery

3.6 Conclusions

Longevity of joint replacement devices is severely impacted by inflammatory processes
that can lead to bone loss and aseptic loosening of the prosthesis. We have successfully
controlled the release of dexamethasone (a widely usednfiathmatory steroidal

drug) for abou0-30 days This material did not impact on osteoblasts proliferation and

the antiinflammatory activity of the realised drug was retained. These materials
therefore appear a potential tool for reducing the number of revisioareggecessary

when aseptic loosening develops.

74



Chapter 4: Chlorhexidine controlled release from
layer-by-layer coatednanoparticles
4.1 Introduction

A successful preventive measure to encounter PJI requires -disgiplinary
considerations. Sterility during surgical procedure is of the utmost importance. However,
prophylaxis treatment using antimicrobial agents is essential to further minimise
bacteral attachment to prosthetic surface. Prosthetic devices can be designed to have
antimicrobial property. This can be achieved by modifying the surface of implants or
incorporating antimicrobial compound(s) onto the implé@istzlaf et al. 2016)

Antimicrobial coating for prosthetic surface should be able to release the drug in a
controlled manner to ensure optimum danfective activity in a determined period
(Getdaf et al. 2016; Al Thaher, Perni, and Prokopovich 20THjis is of the greatest
importance since the failure to carry those tasks might potentially lead to development of
antimicrobial resistancéGetzlaf et al. 2016) Al t hough there is no
local antibiotic release from antibiottmated prosthesis to date, antimicrobial activity
should last for the fietime of the device, roughly 20 yegRaphel et al. 20168t least

over the critical period after implantation (e.g3 2nonths)YLamagni 2014)

One of the most recent antibiotic eluting systensed in antimicrobial prosthetic
devices is polyelectrolyte multilayer, a multiple coating layers that sooimultiply
charged materialéSmith et al. 2009)Polyelectrolytes are deposited on the surface of
implants through leernatively oppositely charged molecules in what is known as-layer
by-layer (LbL) deposition techniqudgAlotaibi et al. 2018) The drug is entrapped in
between the layer and is expected to be released viaffdsion mechanisifEmith et

al. 2009) The film can consist of a single to hundreds of ld{#su, Hagerman, et al.
2014) The main advantage of polyelectrolyteultilayer coating system is that the
amount of drug loaded into the film can be adjusted based on the total number of
layering films and thus this approach is versatile for many therapeutic compounds
(Hammond 2012)

The majority of studies in the field of astifective posthesis focused on controlling the
release of gentamicin. Nevertheless, in many cases, bacteria have become less
susceptible to various antibiotics due to emerging resistance. Therefore, the use of
alternative antimicrobial agents is encourag®dlliams, Mihok, and Murray 2016and

overuse of existing broagpectrum antibiotic should be avoid@dCE 2015)
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Chlorhexidine is a ncenantibiotic antimicrobial agent; it is chemaity classed a
bisbiguanide and exists as a cationic form at physiological pH; its antimicrobial action is
assumed to be caused by osmotic equilibrium of the bacterial cell alteration after
electrostatic binding to the negatively charged bacterial cell (weh and Kam 2008)
Chlorhexidine is not water soluble; however, water soluble salts, found in commercial
formulations, can beofmed with gluconic acidLim and Kam 2008; Milstone,
Passaretti, and Perl 200&8hlorhexidine glucnate (CHG) is available in a variety of
concentrations (0.594%) and formulations (wipes, cloths, scrubs, solutions). It is
available as either a single agent or in combination with alcohol (isopropyl alcohol or

ethyl alcohol).

It is activity can be eittr bacteriostatic at low concentrations (0.0002% to 0.5%) or
bactericidal at much higher concentrations (>0.%@)sterwaal et all989) At lower
concentrations, it is capable of disrupting cellular membranes resulting in leakage of cell
contents, while at higher concentrations, chlorhexidiae induce the coagulation of
intracellular content¢BarrettBee, Newboult, andEdwards 1994)Although very high
concentrations of chlorhexidine can result in ATPase inactivation, the lethal effects of
chlorhexidine are primarily mediated by membrane disruptive properties. It has broad
spectrum activity and is highly effective agst a wide variety of organisms responsible

for PJI, like Staphylococcus aureuéncluding methicillinresistant Staphylococcus
aureus(MRSA)) and coagulase negati®aphylococcuslt also demonstrates activity
against Granmegative bacteria, fungi and to a lesser extent, mycobacteria. It is
sporostatic, but not sporicidgMilstone, Passaretti, and Perl 200&}hlorhexidine
uptake by bacteria cells is extremely rapid as it has been shown that the maximum
uptake occurs within the first 20 sedsnof contactFitzgerald, Davies, and Russell
1989)and negligible further binding occurs with prolonged exposure ti{@gsner et

al. 2011) Such uptake is assumed to driven hggive diffusion and has been observed
concentration dependeiiiMcDonnell and Russell 19990nce deposited on tissues
chlorhexidine rets antimicrobial activity for long periods, for example on skin

persistent antimicrobial activity has been observed for up to 48 {idibtzard 2005)

Controlled release of antifective agents can be achievey bsing biodegradable
polymers such as alginate. Alginate is a naturally occurring anionic polymer typically
obtained from brown seaweed, and has been extensively investigated and used for many
biomedical applications, due to its biocompatibility, low tityi, and relatively low cost

(Lee and Mooney 2012)
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In this chapter, LbL coating containing chlorhexidine will be prepared on titanium
nanoparticles. The physieahemical properties of the particles will be assessed through
DLS, zeta potential and TGA. Drug release will be quantified along with the dugidtio
antimicrobial activity; finally the impact of the media containing the released drug on
human osteoblasts mitochondrial activity will be quantified through MTT assay.

4.2 Material and methods

4.2.1 Chemicals

Titanium (IV) oxide (Anatase, <25nm, 99.7%);A8ninopropyl) triethoxysilane (APTS,
99%), chlorhexidine diacetate (CL), phosphate buffer solution (PBS) tablets, sodium

acetate trihydrate (099%), brain heart i nfu

purchased from Sigmaldrich, UK. HPLC grade acettrile, glacial acetic Acid, and

toluene were purchased from Fisher, UK. All other chemicals were reagent grade, stored
according to manufacturerés guidelines and
biocompatible, biodegradable cationic polynwrthe p o | -gniinb ester)s class as

detailed in2.1.1

4.2.2 Nanoparticle preparation

4.2.2.1 Surface functionalization of titanium oxide nanoparticles

Titanium oxide nanoparticles were futionalized with amino groups (Ti®H) via

silanation, as described in sect®2.1

4.2.2.2 Layer by layer (LbL) coating technique

The amino fictionalized titanium nanoparticles were coated with polyelectrolyte
multilayers. The layers consisted of different numbers of repeating sequence as the
following: Alginate-ChlorhexidineAlginate-B1. One sequence containing these four
layers was tened quadruple layer (QL), up to ten quadruple layers were coated on the
titanium nanoparticles, named as@here n represents the number of quadruple layers.
Table 11 shows the component of chlorhexidine layer by layer coating on the amino
functionalized titanium nanoparticles. The concentrations used were: 2mg/ml for sodium
alginate, 10mg/ml for chlorhexidine, and 2mg/ml for B1l. (The procedure for LbL

coating is described in secti@2.3.

Number Layer composite on the surface of amino functionali

Abbreviation

of nanoparticles
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quadruple

layers

1 Q1 TiO-NH.-Alginate-ChlorhexidinealginateB1

2 Q2 TiO-NH2-Q:- Alginate-ChlorhexidinealginateB1

3 Q3 TiO-NH»-Q1-Q2-Alginate-ChlorhexidinealginateB1

4 Q4 TiO-NH»-Q1-Q2-Q3-Alginate-ChlorhexidinealginateB1

5 Q5 TiO-NH2-Q1-Q2-Q3-Q4-Alginate- ChlorhexidinealginateB1

5 06 TiO-NH»-Q1-Q2-Q3-Q4-Q5-Alginate-Chlorhexidinealginate
Bl

. o7 TiO-NH2-Q1-Q2-Q3-Q4-Q5-Q6-Alginate-Chlorhexidine
alginateB1

8 08 TiO-NH2-Q1-Q2-Q3-Q4-Q5-Q6-Q7-Alginate-Chlorhexidine
alginateB1

9 09 TiO-NH2>-Q1-Q2-Q3-Q4-Q5-Q6-Q7-Q8 Alginate-
ChlorhexidinealginateB1
TiO-NH»-Q1-Q2-Q3-Q4-Q6-Q7-Q8-Q9%- Alginate-

10 010 2-Q1-Q2-Q3-Q4-Q6-Q7-Q8-Q g

ChlorhexidinealginateB1

Table 11. Components of chlorhexidine layer by layer coating on the titanium
nanoparticles surface.

4.2.3 Nanoparticles surface and material characterisation

4.2.3.1 Nanoparticles size measurements

The hydrodynamic size for the amino functionalized titanium nanoparticles and the LbL

coated multilayer nanoparticles were measured by dynamicdagtitering (DLS) using

Malvern Zetasizer, Nano ZS particle characterization system (Malvern Instrument

limited, UK) as described in secti@n3.1

4.2.3.2 Zeta potential meaurements
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Nanoparticles electrophoretic mobility was measured by dynamic light scattering (DLS),
using Malvern Zetasizer, Nano ZS particle characterization system (Malvern instrument
limited, UK), (described in sectidh3.2.

4.2.3.3 Transmission Electron microscopyi particle size determination

Images of particles were obtainading a Zeiss 902 transmission electron microscope
(TEM) operating at a voltage of 80 kV as described in se@i@®3 The average
particle size, sizélistribution and morphology analysié the samples was carried out

from transmission electron micrographs using ImageJ for Windows (Version 1.50i).

4.2.3.4 Thermogravimetric Assay (TGA)

Thermogravimetric Assay was performed using a Pdgkmer TGA 4000 instrument
(described in sectio?.3.4.

4.2.4 Chlorhexidine release quantification

Chlorhexidine release was measured by dispersing the chlorhexidine coated
nanoparticles (10mg) into 1ml of a buffer media and incubated at 37 °C. Two media:
acetate buffer pH5, and phosphate buffer pH7.3, were used. pH7.3 represented healthy
joint environnent (Ribeiro, Monteiro, and Ferraz 20128hd pH5 represented infected

joint condition(Kinnari et al. 2009; de Nadai et al. 2013)

An aliquot of 1 mL of the medium was withdrawn daily for quantification and the
medium was replaced with equal volume of fresh buffer. The amount of CL released
from the coating layer was determined using revphase High Performance Liquid
Chromatography/HPLC (1100 series Agilent Technologies®). The quantification

procedure for chlorhexidine is described in secldh5.1

4.2.5 Antimicrobial testing

Antimicrobial testing was performed on chlorhexidine coated nanoparticles using the
protocol described in secticgh4. The following clinical isolates from PJI were utilised:
methicillin-resistant Methicillin resistanStaphylococcus aureudMRSA) 275, 294;
Staphylococcus epidermidi®72, 222, 199; Methicillin resistanStaphylococcus
epidermidiSMRSE) 140 Acinetobacter baumannii 646, 643, 6&cherichia col293,

andEnterococcud81.

4.2.6 Exposure of Osteoblast cells to release media

Human osteoblasts (Sa@y were grown as described in sectidrs; MTT assay was

conducted to measure e | riteobondrial activity posexposure to chlorhexidine
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coated titanium nanoparticles after 1, 2 and 3 days exposure as per the protocol
describedn section2.5.2.1

4.2.7 Statistical analysis

Oneway analysis of variance (ANOVA) was performed to assess the statistical
significance of results betwegmoups at 95% confidence levek(p.05). All data were

expressed as mean * standard deviation (SD) from at least three independent values.

4.3 Results

4.3.1 Surface functionalisation of TiO,

The surface of Ti@nanoparticles carried neutral charge. In order to achieve successful
deposition of the first layer, negatively charged ALG, the surface of f@@oparticles
were functionalized by APTS. The mechanism of this functiemi@in has been
proposed by(Howarter and Youngblood 20Q8as illustrated inFigure 38. Initially,
APTS were adsorbed onto TiO2 surface via hydrogen bbBigilire 38a). Next, more
APTS were adsorbed andi#édnded APTS formed siloxane crdsks with each other
(Figure38b). The adsorbed APTS also formed siloxane bond with free APTS available
in the solution during the treatment. As a result, multilayer hypldof APTS was
formed, with NH positioned at the surfac€igure38c).
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Figure 38. Aminasilanisation of TiQ nanoparticles. Initial adsorption of APTS onto
TiO; surface (a) followed by siloxane cragsking (b). Further crosslinking results in
multilayer aminosilane buildip with NH2 groups positioned on the outermost layer (c).
Figure adapted from(Howarter and Youngblood 2008)

4.3.2 Nanoparticles surface and material characterisation
4.3.2.1 Particle size measurements

The hydrodynamic size for amino functionalized titanium nanoparticles and
nanoparticles layered with different number of quadruple layers arensincvable 12.

The diameter of the particles increased monotonically with progressively deposited
layers from 504 nm for the bare functionalised pl$i¢THO-NH,) to 2.2rmm after 10

quadruple layers.

Sample Hydrodynamic diameter (nm)
TiO-NHz nanopatrticles 504 £ 3.2

Ql 780.9 £5.1

Q3 1240 + 9.7

Q5 1630 + 8.4

Q7 1900+ 6.5

Q10 2210+ 10.5

Table 12. Hydrodynamic diameter measurement in acetate buffer pH5 for amino
functionalised titanium nanoparticles and nanoparticles layered with different number
of quadruple layer (n=3 = SD).

4.3.2.2 Zeta potential measurements

Zeta potential measurements for amino fiomalized titanium nanoparticles and for

each layering step are shownrHigure 39.

Total 40 single layers were created to build ten quadruple layers. The amino

functionalised titanium nanoparticles zeta potential was measured at +38.4+0.65 mV.
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Figure 39. Zeta potential measurements for chlorhexidine coated amino functionalised
titanium nanoparticlegmeant SD n =3).

The coated nanoparticles generally exhibited azaiy pattern (alternating positive and
negative value) after each coating step,illustrated irFigure 39. The single repeated
united was a sequence consisting of AlgifatdorhexidineAlginate-B1 (quadruple
films); this had a onsistent zeta potential pattern (saw tooth) throughout the film
deposition process as depictedrigure39. Coated particles exhibiting alginateader

layer had zeta potential of arour@D mV regardless of the polyelectrolyte underneath
(either chlorhexidine or B1); this value is very close to the zeta potential of pure alginate
in the coating solution indicating a high coverage of the particleace. The zeta
potential turned te5 mV after coating with chlorhexidine while coating of B1 onto

these patrticles resulted in zeta potentialldf mV.

4.3.3 TEM and particles size

Particles appearecubical and sphericdike shaped Kigure 29) with relatively narrow
distributed diametersT@ble9). LbL did not noticeably impact the size of the patrticles;

however, after 10 quadruple layers, some particles agglomeration could be observed.
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Sample Average diameter (nm) + SD

TiO 2-particles 3415

Amino-functionalised particles | 34+6

Q10 42+5

Table13. Average diameter size of Ti@anoparticles bare, after functionalisation and
LbL deposition determined from TEM images

4.3.3.1 Thermogravimetric analysis(TGA)

The TGA analysis of the various layers coated titanium nanoparticles are shown in
Figure4l. Based on the TGA results, the percentage of organic content on the surface of
the nanoparticles was calculated and it is presentédhile14.

Tablel4. Organic content%) in chlorhexidine layered titanium nanoparticles.

83

NP % organic contenfmeanz SD
n =3).

Core 1.44 +0.08

Functionalied 4.48 + 0.67

Q1 15.37+0.01

Q3 21.55+0.57

Q5 32.38 + 0.06

Q7 36.41+1.92

Q10 42.23 +£5.84




Figure 40. Example of Transmission Electron Microscopy images of (a) bare TiO
nanoparticles, (b) amindunctionalised (Ti@NH;) nanoparticles and LbL coated
(Q10). Bar represents 100 nm.
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Figure 41 Thermogravimetric analysis for chlorhexidine layered titanium
nanoparticles

As described inFigure 41, the thermograms of chlorhexidine coated titanium
nanoparticles showed a plateau from about 650 °C. We presumed that the organic
content has been lost at this point, and only the inorganic afotke nanoparticles
remained. The total loss of weight at 100 °C represented vaporization of entrapped
moisture in nanoparticles and was not the result of degradation of organic compounds
(alginate, B1 or chlorhexidine). In contrast, the most dramatightvéss occurred over

the range 180 230 °C in chlorhexidine coated titanium nanoparticles indicated drug
and polymers thermal decomposition. The weight loss of nanopardiciEsFC was
influenced by the number of quadruple layers. The order of wisightfrom the fghest

to the lowest was as follow: Q10, Q7, Q5, Q3 and Q1. In contrast, the organic content of
TiO2 nanoparticles was the lowest, being 1.44 + 0.08 %, increasing to 4.48 + 0.67 %
after aminesilanisation. This result indirectly indicatedhdat the total organic content,

which can indirectly indicate film thickness, of Q10 was the highest, followed by Q7,
Q5, Q3, and Q1.
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The slope of weight loss was sharp, confirming the higher content of coating organic
material and its decomposition. Thiesalute value of the sloe also correlated with the
number of quadruple layers as the thickest quadruple layer (Q10) had the greatest slope
in comparison with Q1, Q3, Q5, and Q7, indicating the lowest degradation rate.

4.3.4 Chlorhexidine release study
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Figure 42. Chlorhexidine cumulative release in acetate buffer pH®7a6d pH=5 @)
from Q1, Q3, Q5, Q7, an@10(meant SD n =3).
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Three major findings were identified in the release study of chlorhexidine coated
titanium nanopaitles. Firstly, the total released amountcbforhexidine was found to

be monotonically increasing with the number of quadruple layers, which means that the
highest drug content was found in Q10, while the lowest drug content was FigRfe(

42). These findings indicated increased drug loaded after consecutive coating of
quadruple layer. Also the release of Q10 and Q7 lasted momne6thalays in both
conditions. Whereas Q5 released chlorhexidine up to 51 days in both pH5 and pH7;
furthermore, Q1 and Q3 released chlorhexidine for less than 40 days in both release
buffers. Secondly, chlorhexidine coated titanium nanoparticles showedpimasic
release (zero order). Lastly, the release rate of chlorhexidine was higher at pH 5 than at
pH 7.

4.3.5 Antimicrobial testing

Antimicrobial analysis against selected bacterial strains commonly encountered in PJIs
was performed only on release media frod@Ql1coated titanium nanoparticles as these
exhibited the longest release.

Figure43 describes the antibacterial activities of chlorhexidinated titaium particles

for certain Grarmegative E. coliandA. baumann)i and Granpositive S. epidermis,
MRSE, MRSA andEnterococcup bacterial isolated from PJI. Generally, growth
inhibition of these bacteria was achieved by the release media correspondiid to
days of release for Gram negative bacteria and #281days for Granpositive bacteria,
indicating strongest susceptibility Grampositive bacteria towards chlorhexidine. The
least sensitive bacteria towards were the thheebaumanniistrains teted, where
nanoparticles releasing chlorhexidine were able to inhibit growth. dlaumanniic43

for 4 days andh. baumannii46 and 640 for 6 days. Growth Bf coli 293 and MR8

140 was inhibited by media released up to 16 days. GrowtBntérococcuswas
inhibited by media released up to 18 days while MRSA 924 and MRSA 275, were
successfully inhibited by media released up to 20 days and 28 days, respeStively.
epidermidisisolated 199, 222, and 275 were inhibited by media released up to 23, 25,

and 22days, respectively.
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Figure 43. Antimicrobial testing for 10QL chlorhexidine coated titanium nanoparticles
against various PJI clinical isolatgsneant SD n =3).

4.3.6 MTT testing

MTT testing was employed to assess the cytocompatibility of chlorhexidine coated

titanium nanoparticles.
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Figure 44. Mitochondrial activity of human osteoblasts (S@psexposed to 1:10
dilutions of chlorhexidine coated titaniumanoparticles release buffer for 1, 2 and 3
days, assessed through MTT f@seant SD n =6).

Mitochondrial activity of Sac® increased with incubation time; when the release media
containing chlorhexidine osteoblasts was added, no reduction (p<0.0pohondrial
activity was observed for incubation up to 3 ddig\re44).

4.4 Discussion

441 Size measurements

Size for amino functionalized titanium r@particles and different quadruple layers
containing Bl (polymer), alginate (polymer) and chlorhexidine (raotibiotic
antimicrobial) were measured by dynamic light scatte(idgS) and TEMthat ae
routinely applied techniques for such applicatid@eiRler et al. 2015)Titanium
nanoparticles measure@84 nm, when analyseavith TEM, compatible with the
commercially stated dimension. After amino functioratlan the particle size increased
significantly; furthermore,after layering different number of electrolytes there was a
great increase in the size of nanoparticles up to 2.22 um as seen imTaue1Q).
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When DLS was employed, the particles size estimated as 500 nm and about 5 folds
increase was measured after deposition of 10 quadruple Iayesslarge increase in
particle size is mainly due to the thickness of the deposited layers and by the
agglomeration D the nanoparticles caused by the polyelectrolytes interacting
simultaneously to more than one particle during LbL depositi@wsens et al. 2010)

The later mechanism has been suggested to be prevalent for the deposition of gentamici
on silica nanoparticles using LAl Thaher et al. 2018)The hydrodynamic diameter
increag observed here is likely due to aggregation as the increase would be too high to
simply be the results of LbL that is generally in the ordenafometregAriga et al.

2011; Deshmukh et al. 2013; Gentile et al. 2015)

4.4.2 Zeta potential measurement

Chlorhexidine diacetate is a watmluble antibacterial agent, but theludility is
affected by pH(do Amorim, Aun, and Mayer 20045olubility of chlorhexidine is
higher in acidt pH (Anusavice, Zhang, and Shen 20Q8jt the activity is higher in
slightly alkaline environmentdo Amorim, Aun, and Mayer 2004)While only 3.3
mg/ml of CHX can be dissolved in pH 7 buffer, the dissolution of Chlorhexidine at pH 4
is three times higher, being more than 10 md/musavice, Zhang, and Shen 200)

the preparation we used acetate buffer )Ho ensure that B1 was positively charged
(Al Thaher et al. 2018)n these conditions chibexidine ionizes and thus, it exhibits the
desired positive charged that allowed the LbL deposition. The positive charge of
chlorhexidine is due to chlorhexidine cations, the cationic group that is responsible for
bacteriostatic activitfdo Amorim, Aun, and Mayer 2004At pH5, sodium alginate is
negatively charged as the carboxyl groups are hydrogenated only at lowShipide

and Nagarsenker 20083 the pKa of adoxyl acids is about 4.5.

The adsorption of al ginate rendered zet a [
adsorption of c¢chlorhexidine and Bl did not
patterned exhibited a reduction of the negative charge omatin@particles surface after

chlorhexidine and B1 deposition than after algin&igure 39). For example, after the

first deposi tves3249 103199 mVt Repdsitioy & chlorhexidine onto

alginatec oat ed nanoparti ctle8t +r1@®54.uThig ieditated that ¢ e qu a |
chlorhexidine had been successfully deposited onto the previous layer via electrostatic
interaction between the @aic groups of chlorhexidine (the guanidium ion) and anionic

groups of alginate (carboxyl acid). The third layer in each quadruple layer consisted of
alginate and resul t 8476 & 2.79awhichemglieates that¢ theg v al ue

surface of nanopticles has been entirely covered by this polyelectrolyte. Lastly, the

90



final coating layer in each quadruple layers unit was made of B1; when this
polyelectrolyte was deposited -23met6onl&nopartic
Thi s e v arlegatve thea that of thes mevious layer because the cationic groups

in B1 were not capable to overcome the alginate charge; B1 belongs to a category of

polymers whose zeta potential at pH 5 is aboufl30nV, significantly smaller than

alginate (absolutealue ~ 30 mV)Perni and Prokopovich 2017)

4.4.3 Thermogravimetric analysis

Thermogravimetric assay was conducted to confirm and quantify the attachment of
polyelectrolytes and drug layers onto the surface o Ti@hoparticles. As described in
Figure 41, the thermograms of all coated nanoparticles showed a plateau line from
around 650 °C. We presumed that the organic content has been lost at this point, and
only the nhorganic core of nanoparticles remained, such approach is the typical
interpretation of thermogram®ai et al. 2014; Zhong et al. 2015)he total loss of
weight at 100 °C represented vaporization of entrapped moisture in nanoparticles and
was not a result of degradation of organic compounds (alginate/B1/chlorhexidine). In
contrast, te most dramatic weight loss occurred over the range2380°C, indicating
endothermic events of the drug and polymers, most likely as degradation.

In the LbL coating, the deposited polyelectrolytes were deposited through an aqueous
medium. Despite the ding process, traces of water can still be present in the
polyelectrolyte layers on the surface of the nanoparticles. Therefore, each layer carried
some moisture content and, as the number of layer increases, the total moisture content
became increased. thlorhexidine coated with on quadruple layer (Q1) the weight loss

at 100 °C, which indicated the moisture content, was 1.78 + 0.06 %, this figure increased
to 3.33 £ 0.04 % after 10 quadruple layers. Therefore, the weight loss at 100 °C was
used as a corcgon in determining organic contefiu et al. 2015)

The thermograms of all coated nanoparticligifre41) showed that the weight loss of

Q1 to Q10 nanoparticlest 750°C from the highest to the lowest were in the following
order: Q10, Q7, Q5, Q3, QTdble 14). This result indirectly indicated that the total
organic content, which is correlated to film thickness, of Q10 was the highest, followed
by Q7, Q5, Q3, and Q1. These results demonstrategribgressive nature of the drug
deposition through LbL; moreover the calculated organic matter percentage for the
amino functionalized nanoparticleSable 14) was caused by the amino silanol
conjugating to the titanium surface. The organic fraction of the nanoparticles after each
quadruple layer was close to the reported using the same LbL process on silica

nanoparticles to deposit gentami¢iki Thaher et al. 2018)
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4.4.4 Chlorhexidine release quantification

Two opposite mechanisms concur to drug release from LbL coatings; one is the
progressive detachment of the deposited layers (delamination) while the other is the
diffusion of the drug through the deposited lay@mith et al. 2009)The release profile

is, therefore, the sum of these two simultaneous processes; moreover, as each of these
two mechanisms have a distinctivdease profile, from the observed profile it is
possible to determine which mechanism is predomi¢@mith et al. 2009; Al Thaher et

al. 2018) For example, pure delamination, resulting from polyelectrolyte hydrolysis or
detachment, causes a constant drug release rate up ¢odtihg detachment when it
drops to zero. On the contrary, diffusion returns a Fickian profile that has a maximum
drug release rate at the beginning and monotonically decreasing down {Sméto et

al. 2009; Al Thaher et al. 2018prug release rate from LbL coatings islueihced by
numerous variables, i.e. number and polyelectrolytes (@eath, Mano, and Reis 2008;
Wong et al. 2010Q)the strength of the electrostatic interaction between polyelectrolytes
layers (Al Thaheret al. 2018) and the kinetics of hydrolysis for the polyelectrolytes
involved (Smith et al. 2009)The observed redese kinetic Figure42) describes a drug
release profile for chlorhexidine dominated by diffusion describes a drug release profile
for chlorhexidine dminated by diffusion as the rate progressively decreases, this is
consistent with the results presented for gentanf&limhaher et al. 2018)urthermore

the higher drug release at pH7 than at pH also confirms the previously hypothesised
mechanism as Bl (and consequent delamination) would be predominant at pH5. The
observed duration of chlorhekne release from the LbL coated surfaces was ~ 2
months; hence the technology proposed would be fully capable of providing infection
prevention for a period longer than about 1 week as it is currently available when
antibiotic bone cement are employ&lwearingen et al. 2016Moreover, when LbL
coating similar to those employed here are fabricated with gentamicin, drug release had
been observed for only 4 wedRl Thaher et al. 2018)The longer elution when
chlorhexidine is considered is likely due to its higher charge gkatamicin and longer
chain; both attributes would contribute to a lower diffusion through the deposited layers

both electrostatically and sterically.

4.4.5 Antimicrobial testing

The release of chlorhexidine was studied in two different conditiBigaie 42). The

first condition (pH5) was mimicking the slightly acidic conditions in infected joint
(Kinnari et al. 2009) While the other condition (pH7.3) represented the healthy joint
(Ribeiro, Monteiro, and Ferraz 2012)
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Antimicrobial testing was carried out against clinical isolates of FQ&pel 2009;
MartinezPastor et al. 2009; Hsieh et al. 20@Bjectly incubating the release media
from the coated nanoparticlesth thetested bacteria. This simulates the real scenario in
the prosthetic joint surgenAlso only the release media at pH7.3 was used as some of
the strainsvere not able to grow sufficiently in the acidic buffés seen irFigure42,
chlorhexidine concentration in the media decreased with time, therdfereclease
media was capable of inhibit growth until chlorhexidine fell below MIC. The different
efficacy observed is linked to species and strain variation of MIC; for example MIC for
E. coliwas reported 2.67 pg/njlo Amorim, Aun, and Mayer 2004yhile for MRSA

the MIC was 48 pg/ml (Cookson, Bolton, and Platt 199Bseudomonas aeruginoga

much less susceptible to chlorhexidine 80 pd/flomas, Russell, and Maillard 2005)

In our study chlorhexidine was more effective in preventing the growtlsram
positive bacteria than Gramegative bacteria. Generally, bacteria are characterized as
positive or negative based on a$tni ng pr ot ocol t hat depends
chemical and physical cell wall propertiésladigan and Martinko 1997%ram positive
bacteriahave a very thick cell wall made of peptidoglycan (a polymer of amino acids
and sugars that create the cell wall of all bacteria in their cell memb(dedipan and
Martinko 1997)that accounts for approximately 40% or more of the mass of the wall
and it is capable of absorbing foreign mate(@Bthockman and Barrett 1983Jhese
bacteria retain the crystal violet dye (one of the two main chemicals used for Gram
staining). While on the ber hand, Gram negative bacteria have a very thin
peptidoglycan layer which approximately 10 % or less that is between an inner cell
membrane and a bacterial outer membrédadigan and Martinko 1997)Gram
negative bacteria do not retain the crystal violet stain because of the physical
composition of the cell wall and are counter stained in PiW&digan and Martinko
1997) Hence, they are termed as Gragyative. Because of their thin but diffictdt
penetrate cell membrane, Graregative bacteria are often more resistant to anigbiot

and other antibacterial interventio(fSiu 2002) moreover the pathogenic capability of
Gramnegative bacteria is often associated with certain components of their membrane,
in particular the LP{Salton and Kim 1996)The outer membrane protects the bacteria
from several antibiotics, dyes, and detergents that would normally damage either the
inner membrane orhe cell wall (made of peptidoglycan); the outer membrane also
provides Gram negative bacteria with resistance to lysozyme and peniditittigan

and Martinko 1997) The periplasmic space (space between the two cell membranes)

also contains enzymes which break down or modify antibi@iticsiita and Arias 2016)
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Hence, the higher sensitivity of th@rampositive bacteria tested in this work is

consistent with the general knowledge.

The opportunity of adding antibiotics to PMMA bone cement has allowed the treatment
and preventin of infections post joint replacement surgery through a local delivery
instead of through systemic administration of antibiotics. This opportunity is not
available in urcemented prosthesis that however possess other benefits such as a shorter
operatingroom time, preservation of bone stock and ease of revigiprato et al.
2016) additionally uncemented fixation is not affected by any of the possible
complications associated with cemented fixation like thirdybagar, retained loose
fragments and bone cement implantation syndr@hpeato et al. 2016; Donaldson et al.
2009) Despite the numerous aforementioned benefits ofcemmented joint
replacements, their instability was a major drawback that prevented the diffusion of
these devicegMaggs and Wilson 2017)Modein designs have solved this problem
hence the research focus has shifted towards providing antimicrobial activity. For
example, vancomycin covalently bound to TiO rods strongly inhibited colonization and
biofilm formation, the modified titanium surface ektéed potent antibacterial activity
after preincubation for 45 daygAntoci et al. 2007) Similarly, getamicin was
deposited onto titanium devices but provided antimicrobial activity for a shorter period
of time than antibiotic loaded bone cement 4 days and 7 days, respeg@tigatyet al.
2011)

The rise of antibiotic resistance has driven research onto alternative techniques or
molecules capable of antimatyial activity without selecting resistant cells, silver ability

to inactivate microorganisms has been widely researf®esinis et al. 2017; Kuehl et

al. 2016) However, there are growing concerns, both environmental safety and toxicity,
associatedo the use metal ions or nanoparticles. As alternative, chlorhexidine, which
has been used in mouthwash solutions and topical treatment, has now been investigated
for use in arthroplasty. Pins for external fixation coated with hydroxy
apatite/chlorhexidia had large inhibition inS. aureus(DeJong et al. 2001)TiO;
implants with chlorhexidinecontaining exerted potent bactericidal effect agailsst
aureus(Riool, Dirks, et al. 2017)However, 88% of the release occurred in the first 24
hours hence not providing prolong antimicrobial activity confirming the requirement for

a delivery system in order to achiematimicrobial properties for period of time that

would protect patients from any type of PJI, not only early infections.
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4.4.6 MTT assay

Any new biomaterial must demonstrate not only to functionally perform to the required
level it has been developed for, butyonot to hinder the contacting tissues and cells
metabolic activity or induce cell death. The titanium coating presented here have
demonstrated the ability to sustain chlorhexidine for prolong period of tiowever,

their clinical utilisation would beanditional to support osteoblast cells growth. These
are the fundamental cells in bones and routinely employadtron testing of novel
orthopaedic materialdVikulewicz and Chojnacka 2011; Baranowski et al. 20M5) T

assay is based on the determination of the mitochondrial activity of cell through the
quantfication of the formazan resulting from the oxidation of a tetrazolium dye and

indirectly the amount of viable celfMosmann 1983)

Because titanium nanoparticles were employed as a model for titanium devices, it was
not possible to grow cells @ictly onto the LbL coated surfaces; hence the response of
already established osteaoblast cultures to media containing released chlorhexidine was
compared to the response to sterile PBS. Moreover, the tests were conducted only from
release buffer pH7 as tlaeidic buffer (pH5) exhibited toxic activity.

Titanium surfaces are used in orthopaedic devices because osteoblast cells are capable of
adhering and proliferating on such material hence the increasing mitochondrial activity
observed in the controlled salep (Figure 44) was well expected; moreover the
presence of chlorhexidine from the LbL coating did not negatively impact osteoblast and
such these matials are not inferior to standard titanium in regards to osteoblast growth.
Because titanium, as mentioned, exhibits sufficient cytocompatibility towards
osteoblasts it was not necessary for the LbL coating to improve such properties-and non

inferiority was deemed sufficient.

45 Conclusiors

The ultimate goal of total joint replacement is to improve mobility of the patient. As
prosthesis implants are sepgrmanent, any harmful event such as aseptic loosening,
infection, and hypersensitivity reaction shoutéver occur for the lifetime of the
devices. While bone cement in cemented prosthesis helps the fixation of the device and
can provide a reservoir of antibiotics;-oemented prosthesis only consists of inert
materials thatlacks osseoconductive propertiesVithout a good strategy, using-un

cemented prosthesis will not reach its maximum benefits.
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We constructed a drug eluting system for {amibiotic agent (chlorhexidine) for un
cemented prosthesis using laysrlayer technique. Our zeta potential detigation

and thermogravimetric assay indicated that each drug/polymer layer was stably
deposited via electrostatic interactions. We have successfully controlled the release of
chlorhexidine for more than two months without observing detrimental effects
ostblasts viability. Thus, this can be a solution to the problem of prolonged

antimicrobial activity in urcemented prostheses and antibiotic resistance.
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Chapter 5: Chlorhexidine  and  dexamethasone
controlled release from layerby-layer coated
nanoparticles
5.1 Introducti on

Aseptic loosenin@nd periprosthetic joint infection (PJI) are most common complication
following joint replacement surgeiPostler et al. 2018}he consequences of these can
range from the need to removal of the devices and insertion of the new one (revision
surgery) to life threating and potentially life changing consequencesufigutation).

The incidence of PJI is, generally, lower than asdptisening(Ulrich et al. 2008) but

the consequences can be more serious and colpléenz, and Trampuz 2018)

PJI are routinely treated with the use of antibiotics, either parenterally or though
antibiotic laden bone cemefnagnostakos 2017however, the rise of resistance to
these drugs among bactefiR@avi et al. 2016)and the difficulties in controlling the
release of the antimicrobial compounds are a serious limitation to this apgidach
Thaher, Perni, and Prokopovich 201Tncemented prosthesis are employed in a
growing number of patients in light of @ossible better long term integratio the
device with the bone and the removal of the adverse events related to bone cement
(Abdulkarim et al. 2013; Maggs and Wilson 201Dgspite these befits, the instability
un-cemented joint replacements was a major factor in preventing the widbhasse
devices(Maggs and Wilson 2017Modern designs have solved this prolléowever,

the absence of bone cement removes the availability of the local antimicrobial delivery
route. Hence the research focus in uncemented prosthetic devices hastciiiels
providing antimicrobial activity. Antibiotics such as vancomycin and ajaittin have

been covalently bound or deposited to titanium surfaces used in joint replacement
devices(Antoci et al. 2007; Neut et al. 2011however, the increase in antibiotic
resistance poses a griogy threat and novedelivery systems allowing prolonged and
controlled release of nesntibiotic antimicrobial compounds for uncemented joint
replacement devices are an urgent need. Chlorhexidine is well known antimicrobial
compound that has been usedriouth washes and topical applicatighén and Kam

2008) more recently it is use has been attempted in orthopaedic appliq@@mimng et

al. 2001)because of its wide range activity and ability to inactivate already antibiotic
resistant bacteri@Cookson, Bolton, and Platt 1991)

Aseptic loosening is caused by the progressive destruction of the bone surrounding the

device caused by ancreased level of bone resorption by osteoclast chitsptocess is
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mediated by the immungystemresponse that considetise implant a foreign matter

(Sundfeldt, V Carlsson, et al. 2006; Greenfield et al. 200&)d, soon after
transplantation induces O suppressantsnadetdes The ad
capable ofmodulate the immunsystem responsénave been suggested as possible

therapeutic approach to aseptic loosen{Rgn et al. 2013and eéxamethasonea

steroidal drughas beemised to reduce osteolys{Ren et al. 2014)

The layerby-layer (LbL) technique has bednvestigatedfor prosthetic coating in
various studie$Macdonald et al. 2011; Shah et al. 2013; Smith et al. 2009; Wong et al.
2010)incorporating antibiotic and bone morphogenic proteins in a eluting coating. The
versatility of LbL in allowing the preparatioof multidrug complexes is well known
(Ramasamy et al. 2014nd the codelivery of drugs through coating prepared with this
technique has been demonstrg@dng et al. 2013)

In this chapter, coatings containing both dexamethasomspphte (DEXP) and
chlorhexidine on the surface of amino functionalised titanium particles have been
prepared. The role of the drugs distribution had been investigated in order to determine
the most appropriate coating capable of simultaneously preveridingnd reduce the
risk of aseptic loosening through reducing the inflammatory response of the

immunesystem.

5.2 Material and methods

5.2.1 Nanoparticles preparation

5.2.1.1 Surface functionalization of titanium nanopatrticles

Titanium oxide nanoparticles wefanctionalized with amino groups (TiQH2) via

silanation, as described in sect®2.1

5.2.1.2 Layer by layer (LbL) coating technique

TiO2.-NH2 nanopatrticleswvere coated with polyelectrolyte multilayeas described in
section2.2.3 The layers consisted of different numbers of repeating sequence as the
following: ALG-CL-ALG-B1, ALG-B1-DEX-B1. One sequence containing these four
layers were termed quadruple layer (Qjfferent combinations of quadruple layers

containing chlorhexidine and DEX were prepared:

1 ALG-B1-DEX-B1 from Q1 to 2 and ALE&HL-ALG-B1 from Q3to 10 denoted
C20
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1 ALG-B1-DEX-B1 from Q1 to 4 and ALEHL-ALG-B1 from Q5 to 10 denoted
C40

1 ALG-B1-DEX-B1 for QX3-5-7-9 and ALGCHL-ALG-B1 for Q24-6-8-10
denoted C50

After the final washing cycle, Ti&NHz2nanoparticles were collected and dried under
fume hood for 24 hours.

5.2.2 Nanoparticles characterisation

5.2.2.1 Nanoparticles size measurements

The hydrodynamic size for the amino functionalized titanium nanoparticles and the LbL
coated multilayer nanoparticles were measured by dynamic light scattering (DLS) using
Malvern Zetasizer, Nano ZS particle characterization system (Malvern Instrument
limited, UK) as described in secti@n3.1

5.2.2.2 Zeta potential measurements

Nanoparticles elaémophoretic mobility was measured by dynamic light scattering (DLS),
using Malvern Zetasizer, Nano ZS particle characterization system (Malvern instrument
limited, UK), (described in sectidh3.2.

5.2.2.3 Thermogravimetric Assay (TGA)

Thermogravimetric Assay was performed using a Pdgkmer TGA 4000 instrument
(described in sectio?.3.4.

5.2.3 Drug release study

Chlorhexidineand DEX release was measdt by dispersing the chlorhexidipdX

coated nanoparticles (10mg) into 1ml of a buffer media and incubated at 37 °C. Two
media: acetate buffer pH5, and phosphate buffer pH7.3, were used. pH7.3 represented
healthy joint environmenfRibeiro, Monteiro, and Ferraz 2012nhd pH5 represented

infected inflamedjoint condition(Kinnari et al. 2009; de Nadai et al. 2013)

An diquot of 1 mL of the medium was withdrawn daily for quantification and the
medium was replaced with equal volume of fresh buffer. The amount of CL released
from the coating layer was determined using revphsese High Performance Liquid
Chromatography/HEC (1100 series Agilent Technologies®). The quantification

procedure for chlorhexidinend DEXis described in sectich3.5.1
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5.2.4 Antimicrobial activity study

Antimicrobial testing was performed on chlorhexidine coated nanoparticles using the
protocol described in sectidh4. Clinical isolates of PJI from were employed: Gram
positive bacteria methicillinesistantStaphylococcus aureu@iRSA) 294 and 275,
Staphylococcus epidermidi879, 189 and 222, methicilliresistant Staphylococcus
epidermidis(MRSE) 140 andEnterococcusl8l abng with Gramnegative bacteria
Escherichia col293 andAcinetobacter baumanndi40, 643, and 646.

5.2.5 Cell culture and exposure to nhanopatrticles

Human monocytic leukaemia cell$1P-1 cells were grown as describedi’.

5.251 MTT

MTT assay was conducted to measure human macrophagesljTiRochondrial
activity postexposure to DEX coated titanium nanofdes after 1, 2 and 3 days

exposure as per the poobl described in sectidh5.2.1
5. 2. B:62nd TNFa

The amount of IE6 and TNFR released in the media after exposure to LPS and DEX for
6 and 24 hours was determined using appropriate ELISA kit (Sigma, UK) according to
manufact ur er 6 sas peetbegproooeldesaibed in secoh.2.2

5.2.6 Statistical analysis

Oneway analysis of variance (ANOVA) was performed using SPSS (12.0) to assess the
statistical significance of results between groups. At 95% confidence level (p<0.05)
from at least three independent value all data were expressed as mean * standard
deviation (SD)

5.3 Results

5.3.1 Nanoparticle surface and material characterisation

5.3.1.1 Particle size measurement

The hydrodynamic size for amino functionalized titanium nanoparticles and
nanoparticles layered with different number of quadruple layers are shovabliel5.
Particles diameters increased with increasing number of quadruple layers regardless of

the drug deposited and each repeated unit. After the depodititth gquadruple layers
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the hydrodynamic diameter of the nanoparticles was about 4 times greater than the

functionalised nanoparticles.

a.
Sample Hydrodynamic size (nm
TiO2-NHz nanoparticleg 504 + 3.2

Q1 651 + 6.3

Q3 1056 + 7.1

Q5 1487 £5.1

Q7 1856 + 6.5

Q10 2160 + 6.2

b.

Sample Hydrodynamic size (nm
TiO2-NHz nanoparticleg 504 + 5.7

Q1 674 + 3.6

Q3 859+7.4

Q5 1260 +9.1

Q7 1669 £ 5.1

Q10 2081 +8.1

C.

Hydrodynamic  size
Sample
(hm)

TiO2-NH2 nanoparticles| 504 + 2.7

Q1 668 £9.5
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Q3 840 + 7.4

Q5 1050 + 3.6
Q7 1455 + 8.4
Q10 1875+ 7.5

Table 15. Hydrodynamic diameter measurement in acetate buffés for amino
functionalised titanium nanoparticles and mgarticles layered with different number
of quadruple layers (a) C20, (b) C40 and @§0(meant SD n =3)

5.3.1.2 Zeta potential

Surface charge of all coated nanoparticles generally exhibited-zagigattern, as
illustrated inFigure45. All three different LbL sequences had the first quadruple layer
comprising of DEXP and described the same pattern. Starting from the positive values
of ~+38 mV of the uncated amino functionalized nanoparticles te28 mV after the

first layer deposited (alginate). Following the alginate layer B1 was deposited and the
zeta potential reached +5 mV, the subsequent deposition offDEEXulted in a surface
charge of15 mV; afurther layer of B1 (completing the first quadruple layer) resulted in

the coated particle exhibiting a zeta potential of +5 mV.

Because C20 and C40 had also the same second quadruple layer, containiBgtbé&X
zeta potential profile of these two nandjdes continued to overlap; with negative
potential after alginate (25 mV) and DEXP (~10 mV) and ~3 mV after B1; on the
contrary, a chlorhexidine containing quadruple layer was deposited in C50, hence the
zeta potential of this type of nanopartictiéers from the other two.

Further layers alginate deposition resulted in particles with a zeta potenflal mV

while deposition of Blor chlorhexidine returned a zeta potential2dfmV.
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Figure 45. Zeta potential oDEX/chlorhexidinecoated nanoparticles after sequential
coating of one quadruple layer (Q1), three quadruple layers (Q3), five quadruple layers
(Q5), seven quadruple layers (Q7)daten quadruple layers (Q10) for (a) C20, (b) C40,
(c) C50(meant SD n =3)

103



5.3.1.3 Thermogravimetric Analysis

The thermograms of all nanoparticles showed a mass loss at around 100°C, followed by
a gradual weight decrease reaching a plateau starting at around #5QUI€46).

The weight loss of the nanoparticles @&®FC was influenced by the number of
quadruple layers and by the sequence of drugs deposited. The greater the number of
quadruple layers deposited the higher the weight loss; after the deposition of 10
quadruple layer the nanopatrticles exhibited about 35%ofavganic contentegardless

of the sequence employed (p<0.09n contrast, the organic content of TiO
nanoparticles was the lowest, being 1.44 + 0.08 %, increasing to 4.48 + 0.67 % after

amino-silanisation.

104



100
ele]
80
70
60
50
40
30
20
10

Weight (%)

0 100 200 300 400 500 600 700 800
Temperature (°C)

—— TiO;-NH, —— Q@3 —— Q7
— O — Q5 Q10

100
90
80
70
60
50
40
30
20
10

Weight (%)

0 100 200 300 400 500 600 700 800
Temperature (°C)

—— TiO;-NH, — Q@3 — Q7
— 1 — Qb Q10

100
90
80
70
60
50
40
30
20
10

Weight (%)

0 100 200 300 400 500 600 700 80O
Temperature (°C)

—— TiO-NHy o Q3 ——- Q7
-— — Q5 Q10

Figure 46. Thermgrams of DEX/chlorhexidineoated nanoparticles after sequential
coating of one quadruple layer (Q1), three quadruple layers (Q3), five quadruple layers
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(Q5), seven quadruple layers (Q@nd ten quadruple layers (Q10) for (a) C20, (b) C40,
(c) C50(meant SD n =3)

5.3.2 Drugs Release

For all three types of nanoparticles chlorhexidine release was maximum after the first
day and the amount of drug released decreased gradually until it stopped; regardless of
the LbL coating structure, chlorhexidine release at.BHVas greater than at pH5. The
configuration of the LbL coating influenced the extent of the release period when
chlorhexidine was detectable. For C20 the drug was released for about 45 days at pH5
and 60 days at pH7.3; chlorhexidine was released fromn@d0particles for 40 and 60

days at pH5 and 7.3, respectively. C50 sustained chlorhexidine release for 40 and 50
days at pH5 and 7.3, respectiveiiqure4?, Figure48 andFigure49).

DEX-P release from C20 and C40 exhibited a maximum (an inflection in the cumulative
amount of drug released) after 4 days in both pH conditions, this inflection was not
observed in C50. Rehse continued for about 18 days in C20, 20 days in C40 and 12
days in C50. Overall DEP released was greater at pH5 than pHFiGufe 47, Figure

48 and Figure 49) for C20 and C40 but not stateally different for C50 (p<0.05).
Cumulatively the same amount of DEXwas released from C20 or C40 (p<0.05);

while a greater amount was observed in the release media from C50.
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Figure 47. Cumulative redase at pH5 and pH7.3 chlorhexidine (a) and DER (b)
from coated nanoparticles CZfheant SD n =3).
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Figure 49. Cumulative release at pH5 and pH7.3 of chlorhexidine (a) and-BEK)
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5.3.3 Antibacterial Activity

Generally, the growth inhibition of these bacteria was achieved in a perioti7odays
for Gram negativeE. coliandA. baumannji bacteria and 126 days for Granpositive

(S. epidermis, MRSA, MRSE and Enterococcus bacteria, indicating strongest

109



susceptibility of Granpositive bacteria towards chlorhexidine regardless of the type of
DEX-P/chlorhexidine coating{gure46). The least sensitive bacteria were the thkee
baumannii strains, where media containing chlorhexidine reddaffom the coated
nanoparticles were able to maintain growth inhibitiorAobaumanniifor 3 to 4 days.
Buffers obtained after 17 days of release from were able to irthilibli and MRSE

140 growth. On the other hand, the growthEwiterococcusvas inhibited by media
obtained after 19 days of release. Other MRSA isolates, MRSA 924 and MRSA 275,
were successfully inhibited by buffers collected after 21 days and 26 days, respectively.
Meanwhile, growth of S. epidermidis strain 189, 222, and 27%5inkbited by release
buffers collected after 23, 25, and 26 days, respectively.

For mostof the bacterial species tested the not statistical difference was observed
between C20 and C40 (p<0.05); however, C50 had the shortest ability to inhibit bacterial
growth.
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Figure 50. Antibacterial Activity of Chlorhexidine containing release media (a) C20, (b)
C40 and (c) C5@meant SD n =3).
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5.3.4 Biological tests

5.3.4.1 Cell proliferation assay

Mitochondrial activity of activated THR cells expsed to LPS was lower than in cells
not exposed to LPS (control) (p<0.05) or exposed to LPS in release buffer from LbL
coated titanium nanoparticles containing chlorhexidine and-BEXfter both 6 and 24
hours of contact. After both periods of contact, statistically significant differences

were detected among the three typélaf coating Figure51).
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Figure 51. Mitochondrial activity of activated THPL after exposure to LPS and release
buffer from LbL coated titaniumanoparticlefmeant SD n =6).

5.3.4.2 Anti-inflammatory activity

Activated THPR1 cells did not release any-b.or TNFa when not exposed to LPS after
6 and 24 of contact with the mediufidure52 andFigure53). On the contrary, when
exposed to LPS without the release buffer from the LbL coating, an increasing amount
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of both compounds was detectfter 6 and 24 hours. The addition of the release buffer
to LPS fromthe titanium coated nanoparticles reduced the amount-6fdhd TNR
(p<0.05) compared to the pure LASgure52).
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Figure 52. IL-6 produced byactivated THP1 after exposure to LPS and release buffer
from LbL coated titaniumanoparticleymeant SD n =3).

No statistically significant difference was observed among the three type of LbL coating
regardng the IL-6 release; while activated THPcell exposed to LPS released a lower
amount of TN when exposed to the eglse buffer from C50 then either C20 or C40
(p<0.05) Figure53).
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Figure 53. TNFalphaproduced byactivated THP1 after exposure to LPS and release
buffer from LbL coated titanium nanoparticlgseant SD n =3).

5.4 Discussion

5.4.1 Nanopatrticle surface functionalsation

The surface of Ti@nanoparticles has a charge close to neutrality. In order to achieve
successful deposition of the first layer, negatively charged alginate, the surface of TiO
nanoparticles were functionalized by APTS. The mechanism of this functionalization
has been pragsed by(Howarter and Youngblood 20Q8pitially, APTS was adsorbed
onto TiQ, surface via hydrogen bonds. Next, more APTS were adsorbed-aoddéd
APTS formed siloxane crodimks with each other (Figure 11b). The adsorbed APTS
also formed siloane bond with free APTS available in the solution during the treatment.
As a result, multilayer buildip of APTS was formed, with NHnoieties at the surface.
The amine groups on the TiGurface acted as anchoring points for alginate.

5.4.2 Nanoparticles charaderistics
5.4.2.1 Size
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Dynamic light scattering (DLS) is a widely applied technique for particles size
determinationGeiller et al. 2015)The particles diameter was estimated at around 500
nm and about 5 folds increase was measured after deposition of 10 quadruple layers. The
particles are stated to have a diameter about 50 msriatge increase in particle size is
mainly due to agglomeration of the nanoparticles; moreover the dimension of the coated
nanoparticles would not agree with the general knowledge of LbL coating being a few
nanometergAriga et al. 2011; Deshmukh et al. 2013; GentilaleR015) This was the

result of aggregation amg patrticles caused by the polyelectrolytes interacting, during
LbL deposition, simultaneously with more than one part{@esens et al. 2010; Al
Thaher et al. 2018)

5.4.2.2 Zeta potential

Zeta potential during an LbL deposition presents azaig pattern as the coated surface
assumes the charge of the outer polyelectrolyte. The negative zeta potential values
measured after depositing DEXandalginate were similar to the values of these pure
molecules thus after deposition of these molecules the surface was saturated by either of
these compounds. However, after B1 or chlorhexidine deposition, no positive zeta
potential was measured particuladiter the first quadruple layer, this likely the result

of weak charges polyelectrolyte on these molecules compare to alginate 6P.DEX
Attempts increasing B1 concentration and/or extending the contact time did not improve
the outcome therefore the imiliy chosen protocol represented an optimal condition.
However, successful deposition of B1 or chlorhexidine was obtained as the zeta

potential of the nanoparticles moved to higher values (less negative).

5.4.3 Thermogravimetric Analysis

Thermogravimetric assayas conducted to confirm the deposition of polyelectrolyte
and drug layers onto the surface of Ti@noparticles. We presumed that all the organic
content had been loat 750°C, and only the inorganic core of nanoparticles remained.
The total loss of weight at 100 °C represented vaporization of entrapped moisture in
nanoparticles and was not a result of degradation of organic compounds (alginate, B1,
chlorhexidine, or DEXP). Thewater originates from the aqueous medium used during
the deposition that remained despite the drying process. Therefore, the weight loss at
100 °C was used as a correction in determining organic content. Thermograms

demonstrated and increasing amount ofaoic matter with increasing number of
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deposited quadruple layers confirming the progressive deposition of polyelectrolytes and

drugs Figure46).

5.4.4 Drug Release

The pH surrounding joint replacement can vary from close to neutral conditions in
heathy situationgéRibeiro, Monteiro, and Ferraz 2012; Goldie and Nachemson 1870)
acidic condition after PJI offs€Kinnari et al. 2009)similarly, inflammatory conditions

are known to be accompanied by a drop in(gel Nadai et al. 2013 herefore, release
studies of chlorohexide and DEXP were carried out in both acetate buffer pH5
reproducing the acidic conditions observed in infected or inflamed joint and phosphate
buffer pH7.3 represented healthy joint environment.

The kinetic of drug release from LbL coatings is known t@Hedependent the level of
protonation of amine groups and carboxylic acid present on the polyelectrolytes and
consequently the diffusion of the molecules through the LbL Iagarsth et al. 2009)
Moreover, pH also controls the kinetics of possible hydrolysis of the polyelectrolytes
and such the second mechanisms of drug release from LbL co@@ihgang, Smith,

and Hammond 2008; Hammond 2012; Smith et al. 2008¢ progressive reduction of
chlorhexidine release observed (first order kinetidjigure47, Figure48 andFigure49
confirms that for quadruple layers assembled with B1 diffusion is tedominant
mechanism despite the hydrolytic properties of this polyelectrolyte; this can also be
attributed to the slow hydrolysis of this polynfé&t Thaher et al. 2018)

As observed for LbL coating containing either pure DEXr chlorhexidine, the role of

pH in controlling the drug release kinetics is opposite; EFE&xhibited higher release at

pH5 than pH7.3, on the other hand chlorhexidine exhibited higher release at pH7.3 than
pH5 (Figure47, Figure 48 and Figure 49). This pattern can be described by the role of
surface charge of ¢houter layer of LbL constructs that has been shown to maximise the
diffusion coefficient through the all coating when the diffusing molecule and outer layer
exhibit opposite charggSato, Shiba, and Anzai 2013)EX-P was negatively charged

in the pH range tested and chlorhexidine was positively charged; at the same time the
outer layer of the LbL coating, exhibiting B1, was positively chdrgt pH5 and close to
neutrality at pH7.3. The greatest difference between charges of drug and LbL outer layer

was, therefore, at pH7.3 for chlorhexidine and pH5 for EEEX

Chlorohexidinerelease from C20 and C40 was very similar to that observeddoiuii

particles coated with ten quadruple layers containing such @hapter4), at pH7.3,
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while a lower amount of chlorhexidine, compared to coating prepared only with this
molecule, was recorded for both type of DEXhlorhexidine LbL coatings. In the
particles chlorhexidine was deposited on the six and eight outer layers hence the amount
of drug that remained unreleased was the only difference particularly at pH7.3 where the
counter diffusion of DEXP was minimal. At pH5 instead, DEKX diffusion wa higher

and this interfered with chlorhexidine diffusion.

When the two drugs were sequentially deposited (C50) chlorhexidiease was the
lowest as the interference of the DIEXwas maximum. DE>P release was the highest

for the first few days as in this case the drug was closer to the coating surface and
diffusion was the least obstacle; while as release continued chidirfexiiffusion from

the deeper layers prevented further steroidal drug release resulting in the lowest overall
DEX-P release. Moreover, DER concentration from C20 and C40 did not exhibit a
maximum after the first day of release, but later, as in theaingoDEXP was
deposited at the bottom of the LbL construct and the drug had to diffuse first through the
chlorhexidine layers before reaching the surface.

5.4.5 Antibacterial Activity

Antimicrobial testing was carried out simulating the real scenario of stamed
prosthetic joint incubating the release media from the chlorhexidine LbL coated
particles with clinical isolates of PJi&eipel 2009; MartinePastor et al. 2009; Hsieh et

al. 2009) Release media at pH7.3 wased only as some of the strains were not able to
grow sufficiently in the acidic buffer. The protocol is based on the observation that
chlorhexidine concentration in the media decreased with time hence the release media
growth inhibition occurs until cbrhexidine fell below MIC. The differences in efficacy
recorded are attributable to species and strain variation of MIC; for example MEC for

coli was reported 2.67 pg/dlo Amorim, Aun, and Mayer 2004hile for MRSAthe

MIC was 48 ug/ml (Cookson, Bolton, and Platt 1991Fseudomonas aeruginoss.

much less susceptible to chlorhexid8@pg/ml(Thomas, Russell, and Maillard 2005)

The longer activity of the C20 and C40 coatings dependdtieohigher concentration
of chlorhexidine released from these LbL constructs compared toFzG€50).

Gram+ bacteria have a very thick cell wall made of a polymer of sugars and amino acids
called peptidoglycan while Grarbacteria have a very thin peptidoglycan layer between
an inner cell membrane and a bacterial outer meml{Madigan and Martinko 1997)

Various antibacterial agents are more effective against Gram+ bacteria than Gram
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because of the more complex cell wall structure that redbeesbility of the agents to
penetrate the cel(Siu 2002) therefore the higher sensitivity of the Gram positive
bacteria tested~{gure50) is consistent with established knowledge.

The rise of bacteria cells capable of surviving antibiotic is a growing concern for health
operators and alternatives such as silver have been widely reseéiBesaus et al.
2017; Kuehl et al. 2016 However, there are the use of metal ions or nanopatrticles is
now under close scrutiny for both environmental safety and toxicology. Chlorhexidine,
used in mouthwash solutions and topical treatments for decadedyelba recently
investigated for use in arthroplasty coating the surface of external fixation pins with
hydroxy apatite/chlorhexidinéDeJong et al. 2001)Chlorhexidine containing coatings

on TiQ, implants exhibited bactericidal adty againstS. aureugRiool, Dirks, et al.
2017) However, the antimicrobial activity was short as almost 90% of the drug was
released in the first 24 hours hence the LbL coating developed here appeared better
suited to help preanting PJI offset as these infection can establish weeks and months
after surgery{Chen et al. 2014)

5.4.6 Biological test

The biological validation of the prepared coating was carried usitigated human
monocytes (THR)-derived macrophages as model human macrophages. Thitirez|

is routinely employed to study the inflammation process of human monocytes and
macrophagegQin 2012) Activation of THR1 cell was achieved using LPS &iet
concentration of 1lpg/mL that is widely used to simulate inflammation in human
macrophagefGlue et al. 2002; Moreirdiabaka et al. 2012)

Cell were exposed to DER, alongwith the chlorhexidine, released from the surface of

the LbL coated titanium nanoparticles; only the release buffer collected at pH7.3 was
used as the acidic buffer (pH5) resulted in high level of cell death; moreover the buffer
was diluted 1:10 in fresh edia as pure buffer wast able to sustain cell growtlell
exposed to fresh PBS diluted in media 1:10 and not exposed to LPS served as positive
control; furthermore pure DER was not employed as each coating resulted in different

concentration of the drug.

5.4.6.1 Cell proliferation assay

The mitochondrial activity is often measured as a surrogate outcome of cell viability, in
order to ascertain that the LbL coatings were not cytotiaximiman monocytes (THP

1)-derived macrophagethe MIT assay was employe#igure51).
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As seen in the previous chapter, LPS reduced the mitochondrial activity, thus cell
viability, particularly at the longer exposutiene (24 hours) as inflammation reduced

cell metabolismThe expected absence of detrimental activity was observed when THP

1 cells were exposed to the release buffer containing both drugs and decomposition
products of the polyelectrolytes as B1 and alginare a known biocompatible

polyelectrolites.

5.4.6.2 Anti-inflammatory activity testing

The antiinflammatory activity of DEXP released was assessed through the
quantification of 1l-6 and tumour necrosis factor alphk N F that are two specific
inflammatory narkers produced by human macropha@gis 2012; Cochran and Finch
Arietta 1992) Moreover, both IE6 (Yoshitake et al. 2008; Udagawa et al. 1986)

T N F (Kobayashi et al. 2000; Lam et al. 200Bave been known to induce
osteochstogesis. This process involves the differentiation of immune cells into
osteoclast that are bone resorbing cells and act in the opposite direction of osteoblasts
(bone forming cells). Thémbalanceof osteoclast leads to an overall osteolysis and
potentally to aseptic loosenindGreenfield et al. 2002; Hartmann et al. 2017)
Therefore, any technology capable reducing these inflammation markers has the

potential to prevent aseptic loosening.

None of these markers was detected when cells were not exposed to LPS as not
inflammatory process was induced, on the contrary the concentration of these two
molecules ineased with time wheTHP-1 cells were stimulated by LPS; the buffers
containing DEXP achieved a significant reduction of the level of these two
inflammation markersHigure 52 and Figure 53) demonstrating the suitability of the

LbL technology, moreover buffers collected from C50 had a greateméatnmatory

activity as DEXP mncentration after 1 day of release vaggher than C20 and C40.

5.5 Conclusions

The ultimate goal of total joint replacement is to improve mobility of the subjects. The
prosthesis implanted at the joint area is permanent, which gives consequences that any
hamful event such as aseptic loosening, infection, and hypersensitivity reaction should
never occur for the lifetime of the devices. While the cement material in cemented
prosthesis helps establishment of the device, uncemented prosthesis only consists of
inert materials that lack of osseoconductive properties. Without a good strategy, bone

procedures using uncemented prosthesis will not reach its maximum benefits.
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We constructed a drugs elution system for antibacterial agent (chlorhexidine diacetate)
and ati-inflammatory agent (dexamethasone sodium phosphate) from uncemented
prosthesis using layday-layer technique. Our zeta potential determination and
thermogravimetric assay indicated that each drug/polymer layer was stably deposited via
electrostatic iteraction despite the number of layers. We have successfully controlled
the release of chlorhexidine for more than one month and-BEot about 15 days. The
release of chlorhexidine was accompanied by antimicrobial activity towards a variety of
clinical isolates of PJI. DE released was also capable of reducing inflammation
markers such as 6 and TNR. Depending on the distribution of the two drug different
release profiles and subsequent antimicrobial and-irgtgmmatory activity was
achieved, coatigs made with DE>P in the initial deposited layers and chlorhexidine on

the outer layers appeared better suited for the prevention of PJI and aseptic loosening.
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Chapter 6: Dual release of dexamethasone and
chlorhexidine from coated titanium coupon for hip
joint arthroplasty

6.1 Introduction

Joints are parts of the musculoskeletal system that allow reciprocal movement of body
parts; as they are subjected to dwear and t
diminished and painful ability to use such articulation; trauma is another soyjastof

damage. When joint functionality is affected beyond the natural ability teregsdir,

replacement devices are inserted to restore mobility and improve patient quality of life;

such procedures are called arthroplg8ippack and Jgesen 1995)Osteoarthritis is

the leading cause of joint replacemé8ingh 2011)and the number of procedure is

expected to more than double by 2@B&cio, Paxton, et al. 2017; Culliford et al. 2015)

Prosthesis are usually made of metal, ceramic, ordgisity polyethyleng¢Santavirta

et al . 1998, Kun| i c k 8§Fixatighoot the grasthesisandbe L o we 20
cemented or uncemented; in the former case bone cement, generally PMMA based, is

applied to rapidly secure the device in the correct p{8ceusch S.J. and H. 2005)

while in the later the device is mechanically inserted into the bone socket.

Uncemented prosthetic outperform cemented devices in terms of operating room time,
preservation of bone stock and ease of revigiyorato et al. 2016)moreover, bone
cement implantation syndrongAprato et al. 2016; Donaldson et al. 2089yompletely
avoided. Historically uncemented joint replacements were not favoured because of their
instability (Maggs and Wilson 2017)nevertheless modern design have been shown to
be as successful as cemented dev{@eadhon and Verdier 2017; Abdulkarim et al.
2013) Modern designs have solved this problem hence the research focus has shifted

towards providingantimicrobial activity.

The main complications of joint replacement are aseptic loosening and prosthetic joint
infections (PXH); aseptic loosening is the sevér@ne loss (osteolysis) in the area nearby
the implantand it is the results after a prolondedal inflammation(Landgraeber et al.
2014) Aseptic loosening is the cause of approximately 40% of all revision procedures
(Goriainov et al. 2014)PJI incidence rates are aroun@%, the management of these
infections is complex and can involve debridggm antibiotics and implant retention
(DAIR); unfortunately about 50% of patients undergoing DAIR require revision surgery

(the removal of the implanted device and the insertion of a new(Buehano et al.
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2012) More extreme PJI casean require amputatigff ande and Patel 2014} lead to
death(McPherson et al. 2002Revision surgeries performed as a consequence af PJI i
England and Wales increased from 378 in 2005 to 1048 in 2014; this increase (a 2.8
fold) is higher than the 2:fbld increase in primary knee replacements observed in the
same periodLenguerrand et al. 2017Consequently, PSdo not only pose a threat to
patientso6 | ife or gual ity of l'ife but al so
health services it has also been forecasted that, the volume of primary and revision
TKAs in England and Wales will have increased by 117% and 332%, respectively
between 2012 and 203Patel et al. 2015)For the National Health Service, a revision

knee replacement due to PJI have been shown to cost over £30,000 per case, more than
three time the cost of gsic revision(Kallala et al. 2015)similar ratios have been

observed in the USQLavernia, Lee, and Hernandez 2006)

While the use of antibiotic laden bone cements is partially capable of reducing early PJI
(Al Thaher, Perni, and Prokopovich 201Ho effective treatments are available to
reduce the inflammation causing aseptic loosening or latgApdistu et al. 2018)
Raising rates of antibiotic resistance are further reducing antibiotic laden bone cement
efficacy (Tyas et al. 2016)It is, therefore, evident how the development of novel
strategies to tackle these tyooblems is urgent as the number of joint replacement

devices is expected to graqiurtz et al. 2007; Kurtz et al. 2009)

Layerby-layer (LbL) deposition is a coating technique consisting of polyelectrolytes
deposited on a surface through alternatively exposing it to oppositely charged molecules
(Alotaibi et al. 2018) This technique has found numerous applications in medical
devices in virtue of its scalability, versatility and, because of the mild aqueous
conditions employed, ability to handle chealig sensitive active molecules such as
growth factordMacdonald et al. 2011; Wu et al. 2016; Hammond 2012)

In this study, we developed antibacterial and -arithmmatory coating on titanium
alloy implant. The coating was built employing the LbL technique incorporating an
antimicrobial agent (chlorhexidine diacetate) and an -iafitimmatory drug
(dexamethasone) using patented polymer,TBitough the use of titanium nanoparticles

as model for dvices surfaces, in the previous chapter, the use of 4 quadruple layers
containing DEXP followed by 6 quadruple layers containing chlorhexidine appeared to
fulfil both the requirement related to prolong antimicrobial activity and - anti
inflammatory capabity; therefore these type of coating will prepared on titanium
coupons to validate the technology on a system more closely resembling in vivo

situations.The surfaces were characterised and the antimicrobial activity determined
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against a variety of prosttie infection clinical isolates. Moreovethe absence of
detrimental effects of the coating on osteolslagtowth and the retention of anti
inflammatory activity of DEX after release was assessed.

6.2 Materials and Method

6.2.1 Materials

Titanium coupon, Piranhaolution. (3Aminopropyl) triethoxysilane (APTS, 99%),

Chlorhexidine diacetate (CL), Dexamethasone sodium phosphate (DEX, >97%),
Phosphate buffer solution (PBS) tablets, So
monohydrate (ACS r ea@eimts,ph@9 2 %)(,ACSi gedigent ,
purchased from Sigmaldrich, UK. HPLC grade acetonitrile, Glacial Acetic Acid, and

Toluene were purchased from Fisher, UK. All other chemicals were reagent grade,

stored according to manufacturer's guidelines and (seztaived.

6.2.2 Titanium coupon functionalization

Titanium coupons were immersed in 20 mL of piranha solution for one hour washed
three times in PBS. Then the coupons were dispersed in 15 mL of anhydrous toluene.
One hundred microliters of APTS were added #r@suspension was incubated for 24
hours at room temperature. The amine functionalized titanium coupons were washed
using toluene to purify the surface of the functionalize titanium coupons from unreacted
APTS. The washing procedure was repeated fom8di After the final washing cycle,

titanium coupons were collected and dried under fume hood for 24 hours.

6.2.3 Preparation of polyelectrolyte solution

Polyanionic solution was preparad described in sectiéh2.2

6.2.4 Determination of polyelectrolyte solution charge

The electrophoretic mobility of ALG, B1, CHX, and DEX solutions were determined by
Dynamic Light Scattering (DLS)s described in sectiéh3.2

6.2.5 Layer by layer (LbL) coating technique for Titanium coupon.

The titanium coupons were coated with polyelectrolyte multilayers containing either
only chlorohexidine, only DEX or both chlorohexidine and DEX The layers
consisted of different numbers of repeated fundamental sequencesCAXEGALG-B1

or ALG-B1-DEX-B1; a sequence containing these four layers were termed quadruple
layer (Q).
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The titanium coupons were placed into a test tube with 20 ml of ALG solution for 10
min, then the coupons were collected. The Ab@ered coupons were washed with
acetate buffeto remove the excess of ALG. The second layer was applied onte ALG
layered coupons by placing them in 10 ml of CHX or BEXolution for 10 min. The
coupons were then washed using similar procedure to that for ALG layer.
Polyelectrolyte coating, and wasbisteps were repeated for the third layer (ALG) and
fourth layer (B1), resulting in the first quadruple layer. Laygtayer coating process

was continued to achieve a total of 10 quadruple layers. For coupons containing both
DEX-P and chlorhexidine, théirst 4 quadruple layers contained DEX and the
remaining 6 chlorohexidine. The entire LbL coating was carried out at room

temperature.

6.2.6 SEM imaging

To identify the difference between the morphology of the surfaces and coating thickness
between the coatednd uncoated titanium coupons SEM was employeges of
titanium coupons (woated and LbL coat@dwere obtained usinggEM [ZEISS,
1540XB].

6.2.7 Coated Titanium coupon release study

Coated coupons were dispersed in two melabml each) acetate buffer ptb and
phosphate buffer pH 7, and incubated at 3A&aiquot of 1.5 ml of the medium was
withdrawn daily for quantification and the medium was replaced with equal volume of

fresh buffer.

The amount othlorhexidineand DEX released from the coating layeas determined
using revers@hase High Performance Liquid Chromatography / HPLC (1100 series
Agilent Technologi€®) as described in secti¢h3.5.1

6.2.8 CoatedTitanium coupon antimicrobial activity testing

Grampositive bacteria methicillinesistantStaphylococcus aureuUdIRSA) 294 and
275, methicillinresistant Staphylococcusepidermidis (MRSE) 140 Staphylococcus
epidermidis 272, 222, 199 and Enterococcus fecalis along with Gramnegative
bacteriumAcinetobacter baumannii40, 643, and &} Escherichia col293were used.
All these were clinical isolates of PJIs andimicrobial testing was performed on

chlorhexidine coated nanoparticles using the protocol described in s2etion

6.2.9 Cell culture

Human monocytic leukaemia cell$1P-1 cells were grown as describedi.

123



6.2.9.1 MTT

MTT assay was conducted to measure human macrophagesljTiRochondrial
activity postexposure to DEX cated titaniuncouponsafter 1, 2 and 3 days exposure as
per the protocol described in sect@.2.1

6. 2. B:62nd TNFa

The amount of IE6 and TNFR released in the media after exposure to LPS and DEX for
6 and 24 hours was determined using appropriate ELISA kit (Sigma, UK) according to
manufact ur er 6 sas peetbhegproooeldesaibed in secoh.2.2

6.2.10 Statistical analysis

Statistical analysis was performed using thewwag analysis of variance (ANOVA) test
wi t h Tuk exdnparisonuds & pogt hoe test after confirming normal distribution
by KolmogorovSmirnov test. Value with p<0.05 were considered as statistically

significant

6.3 Results

SEM imagesclearly showed the difference between uncoated and cdihdeium
samples,showing layers of polymer coatings on LbL coated coup@ingure 54 to
Figure55).
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6.3.1 Coated Titanium coupon imaging

Signal A= SE2
FIB Mode = Imaging

Figure 54. Example if SEM image of uncoated titanium coupon
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(@

(b)

Figure 55. Example 6 SEM image of coated titanium coup@) and after shear force
applied (b).

6.3.2 Release study

Drug release for both chlorohexidine and DBXrom LbL coating containing only one
single therapeutic agents was continuous for about 14 days in case of chlorhexidine and

5 days for DEXP, after this release decreased and stopped after a furthelags
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