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Abstract

Antibiotic laden bone cements are regulanyployedo prevent infections aftgoint replacement
surgeriesWe hare developedilica nanocarrierbbaded withgentamicinasa drug delivery systesto
bedispersedn Poly-methytmetharylate(PMMA) bone cemenfior controling andextendinghe
release of thantibioticfrom bone cementshus proving grolongedantimicrobial activity, Layer
by-Layerseltassemblywvas used to deposiegtamicinbetween alginate layeesnd two different
Poly-betaamino estersn the silica naoparticles

The release of gentamicin frdadAMMA bone cement containirgjlica nanocarriersontinued for
about 30 days compared to 6 days when the same amount of antibiotic was added as puftagpowder
in commercial formulationsmoreover the media containing the released antimicrobial drug was
cgpable of preventing the growth of numerous bacteria species responsible for prosthetic joint
infections (both catalogue strains and clinical isold@mdpnger periods of time thain case of
commercial formulationthus confirming thextendedantimicrobial properties of the drug once
released from the carrier

No detrimental effects toward humasteoblast were also observedioreover bone cement material
characteristics such asring time, water uptake and mechanical properties weaéfectedvhenthe

silica nanocarries were added



1 Introduction

About 67 thousan@dnd80 thousangbint replacement surgeriegere performed in England and
Wales in 207 *for hip and kneeespectivelyThese procedures a@rried out on a growing number
of patientdhecause of theuccess immproving life quality andbecause afhe aging populatign

along with obesity one of the risk factors leading to jderhagePoly-methylmetharylate (PMMA)
bone cemeris commoity employed to fix arthroplasty devices to bonbe use of such material
due to the quick setting time and good mechanical properties of the FdMhE\cement.

Post operatory infections caccur after any surgery and thegse additional costs directly to
healthcare providers by means of increased medicinal treatments and prdlosigiéal staysThey
arealso a serious risk for the patients as such infections can have life threfateanigingmpacts.
Infectiors incidence of about-2 % was observedepending on thmint affected by thsurgey 2 4;
additionally, infectionsire more kely to develop afterevision tharafterprimarysurgery® .

Revision surgeryostin case of PJI (~21,000£) is almost twice the cost of the cost of the same
procedure in nofinfected case (~11,000£pecaus®perating timesre longergreate blood losgs
andhigherrates of complications anéxtendechospitalisation (length of sta$) Theoverall

economic impact of PJI thmerican health care system Hagkn estimated at $566 million in 2009
only for the hospital direct costs (therefore neglecting all indirect costs i.e. lost productivity of patients
and/or carer and other direct cost such as further GP visits and tekiahiliwith the forecast to
reach $1.62 billion in 2020.

Antibiotics are commonly added to bone cements in order to prevent infections. Ruerd ce
containing gentamicin or tobramycin 2% w/w (Palacos R+G and Simplex with gentamicin) are
commercially available and routinely employed in joint replacement surgarigibsiotic mixing
results in not uniforndistributionin the bone cemenigadingto anuncontrolled releaseMainly, the
artibiotic releaseccursduringthe firstfew days (about a weekfter implantatiorhence this
approachdoesnot protect againgheinfections that occuin themonths after the surgery The
general consensisthat early infections are caused by bacteria that enter the patient body through the

surgical woundexogenouspnd immediately grow resulting in tissue damage; on the contrary late



infections are assumed to be caused by bacteria that entegéimésms through other access points
(haematogenous)e. any other minor wourgbr orally, considerable time after the surgaryd reach

the joint replacement devithroughthe blood strearfy®. The abiotic surface of the device

constitutes a favourable environment to microorganism bidfirmation and growth. Therefore late
infection are not caused by microorganisms penetrating the wound during or shortly after surgery and
surviving the initial antimicrobial activity of thantibiotic bone cement because by bacteria that

reach the jait replacement device at a later stéfyedence the idealbone cement should provide
antimicrobial activity for extended period of tirmeorder to exhibit a prophylactic action against late
infection offsetithis could be ackivedthrough the application afrug delivery systems. For this
purposeantibiotics delivery sysms have beepreparedhrough various techniques, for example
tethering the drug to a surfate!* or to a particlé®8; encapsulating the active molecire
nanoparticled® or liposomes° or deposiing the drugusing Layetby-Layer (LbL)assembl$# 2.

Such multitude of approaches demonstrates the clear clinical need of an antimicrobial delivery system
for bone cementowever it also reveatbe still unsatisfactory performance of the italae
approached-or example the entrapment of antibiotic in mesoporous silica coated with hydrolysable
polymers suffers the tradadf between extended efficacy and immediate release; in order to extend
the release, thigk coatings are required but thjsn turn, prevents release in the first hours/days of
contact with fluids®. Other approaches, likeanetubes hydroxyapatite nancodsor liposomes,

despite providing an improved release profilag detrimental effects done cementnechanical
properties seriously impinging on the practical application of such technotédietayerby-Layer
self-assemblyis acoating technique employirappositdy chargspolyelectrolyteadsorbed onto a
charged surfacalternatively?® . It also widely used in medical devicasit is possible to embed
drugsinto LbL constructgeplacinga polyelectrolytewith the chosen drugr conjugaing the drugto

one of the polyelecthgtes?®-2°,

We hypothesised that silica nanopartiaestainingantibiotics through LbL could extend antibiotic
release when embedded in PMMA bone cement. In this work, {bgyeayercoatings have been

prepared osilica nanoparticleasing gentamicin antivo differentpoly-betaaminoesters PBAES.



Silica nanoparticles amgidely used aslrug carrierdecauseher blood compability €22 andwe
have shown that it is possible to achipvelonged (few weekgjentamicin release from silica
nanoparticles coated with gentamicin using hthile releaseés sustained for only a few days when
conjugation is employett. Gentamicin isaminoglycoside antibiotic witlargespectrum activity®
anddespite rising resistandé s still widely used irorthopaedi@pplications®® and embedded into
bone cement’.

PBAE constitutesa class of positively charged and hydrolysable polyelectrolygasg been shown to
be better suited to prepare LbL construetpable obustairdgentamicinreleasdor prolonged
periods of timecompared to other polyelectrolytes such as chités#n

The properties ahe nanoparticles have been determined and the release phafittBMMA bone
cementwasestablishedrFurthermorethe antimicrobial activity of the released drug has been tested
along with the material properties of thenocompositeone cement in order to ascertain that the
addition of the silica nanocarriers to the PMMA bone cement did not compromise otharrfahcti

propertiesof the orthopaedic material

2 Materials and Methods

2.1 Chemicals

Gentamicin sulphate, tetraetkgithosilicate (TEOS),-aminopropyltriethoxysilanéAPTS),1,4
butanediol diacrylatePiperazined , -HBriMethylenedipiperidingortho-phthaldiatiehyde reagent
solution (OPA)andsodium alginateNlw 80.000120.000 Dayere purchased from Sigasddrich.
Triton X-100, ammonium hydroxide (29.6 %), cyclohexambgexanol, Dichloromethane (DCM),
diethytether,isopropyl alcohol and methanol were pur@dwfrom Fisher Scientific.

All chemicals were used d@sceived.

2.2 Synthesis silica nanoparticles

Silica nanoparticles (Skpwere prepared by hydrolysis of TEOS in reverse microemuésidramino

functionalised with APTS?®



2.3 Polymer synthesis

Pi p er a z iTrnethybenedigiperidiNg (Sigma, UK) were used as amine monomatisioA
terminated polyi§-amino ester)s were synthesized by mixing butanediol diacrylate and amine
monomers in a:1.1ratio in DicHoro-methane (DCMAat a concentration of 5ml of DChkr3.7
mmol of acrylate38

PBAEs preparé using piperazine and 4;#imethylendipiperidinevill be referredasPOLY1 and

POLY2 through the text, respectivellyigure 1a).
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Figurel. (a) Reaction scheme and structure of POLY1 and POI)ZBAE hydrolysisn PBS for

POLY1(* ) andPOLY2(, ).



2.4 Gel permeation chromatography (GPC)

Thedetermination of the kinetsof hydrolysis of POLY1 and POLY2 was carried out through the
reduction of molecular weight as determined by the FPLC (Fast Protein Liquid Chromatography)
using Akta Design (Amersham pharmacia biot8stedenksupplied with Suerdex 75 10/3000 GL
column and acetate buffer pH 5 (1 ml/min) as mobile pFase.

PBAEs solution (10 mg/ml) in PBS (pH 7.4) were prepared iacdbated statically at 37°Camsples
(0.5 ml) were collected and immediately analysedr 30 days. For eadtBAE, tworeplicatesvere
taken.A calibration curve wapreparedising 7 standards with known molecular weidptsrchased

from Fluka ChemiéAG and Polymer Laboratories Ltd) to correlate MW and retention vol&mes.

2.5 Layer-by-Layer deposition
Gentamicin cotaining coatings were prepared on silica nanoparticles using the process described by
Al Thaher et al*® for each of theompoundemployedThe particles were coated with 5 quadruple

layers deposited onto a glass watch atidwedto dry in a fume hood.

2.6 Silica-antibiotic nanocarriers characteri sation

2.6.1 Transmission electron microscopy (TEM)

Size and shape of tlianoparticlesveredetermined through transmission electron microscopy

(TEM); 4 pl droplet of conjugates suspension were deposited on a plain «ardted copper TEM

grid, water was evapated under ambient laboratory conditions for several hours. Bright field TEM

images were obtained using a TEM (Philips CM12, FEI Ltd, UK) operating at 80kV fitted with an X

ray microanalysis detector (EMIO 0 Det ecting Uni t, EDANXsoftMare. ut i | i s
Images (magnification of the images was x 100000) were recorded using a SIS MegaView Il digital

camera (SIS Analytical, Germany) and analysed with ImageJ; the diameter of at least 100 particles

was determined for each type of nanopartiéfes.



2.6.2 Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) was performed using a Stanton Redcroft7 8T;Alata were

recorded from 25 t600 °C with a constant heating rate of 10 °C-tni#

2.6.3 Zeta potential
Approximately 2 mg sample were dispersed mlDf acetic buffers (0.M) at pH 5. The suspension
was vortexed anddnsferred to a capillary cell anftet zeta potential was measured immediately

using Zetasizer ZEN 3600, Nano Series (Malvern, &K).

2.6.4 Gentamicin release

10 mg of NBwere incubated in 1 ml sterile PBS3 °C.Every day all media was replaced with

fresh sterile PBSGentamicincontained in the release medias quantified thorough fluorescence
spectroscop usingo-phthaldialdehyde (OPA)n a black 96 wells plate’0 m of mediacontaining

antibiotic were mixed witfTO m of iso-propanol an@0 m of OPA reagent; after 30 mirt eoom
temperature in the darthe fluorescenceasdetermined (excitatiowavelength = 340 nm and

emission wavelength = 450 nm) with a fluoroscan (FLUOROSstar Optina, BMG Labtech); standards of
known gentamicin concentration were also analysed simultaneously to provide califfation.

All characterisations were carried out on nanoparticles obtained from at least three independent

batches; results are presented as mean * standard deviation.

2.7 Bone cement preparation

Bone cerent preparation was carried out according toufecturer andS0O5833:2002 (Implants for
surgeryAcrylic resin cemenfsnstructions All the contents of the bone cement were stored at
recommended conditiorad conditioned to room temperatfor 2 hoursbefore mixing.

Thesolid componentgoly-methytmethacrylate (8.8% w/w); BaSQ (10.0% w/w); benzoyl
peroxide(1.9 %w/w) and thdiquid componen{methylmethacrylate (8.5 %w/w) and N,N
dimethylp-toluidine (25% w/w)wereweighed separatelyentamicin sulphate (4 % w/w) or coated

silica nanoparticles (15 % w/w) were added to the solid pkasally, both components were hand



mixed(solid to liquid ratio2.1:1) in apolypropylendoowl with a polypropylene spatula for 1 minute,

before being fled into a cylindrical mold (6 mm diameter and 12mm height). After applying the

cement, the mold was pressed between two steel endplates covered with PTFE film. After 2 hours, the
samples were pushed out of the mould using a steel rod and rough edgssndecedown with

silicon carbide paper (320 grit). Samples were allowed to cure for 24+2 hours at 23°C prior further

experiments.

2.8 Bone cement characterisation

2.8.1 Gentamicin release

Bone cement cylinders were incubated in 3 ml sterile RBI &C.Every day all media was replaced
with fresh sterile PBSGentamicincontained in the release medias quantified thorough
fluorescence spectroscopy usmghthaldialdehyde (OPA)n a black 96 wells plat&’0 m of media
containing antibiotic were mixedith 70 m of iso-propanol and0 i of OPA reagent; after 30 mirt a
room temperature in the datke fluorescencevasdetermined (excitation wavelength = 340 nm and
emission wavelength = 450 nm) with a fluoroscan (FLUOROSstar Optina, BMG Labtech); dsaoflar
known gentamicin concentration were also analysed simultaneously to provide califfation.

All characterisations were carried out on nantiplas obtained from at least three independent

batches; results are presented as mean * standard deviation.

2.8.2 Antimicrobial activity

Clinical isolateqspecies determined throuiCR andcatalogue stragyS. aureusNCIMB 9518, S.
aureusATCC 25923 S.aureusATCC 9144 S. epidermidiATCC 12228, MRSA NCTC 12493%.
pyogeneATCC 12344 E. coliNCTC 14418P. aeruginosd?A01,A. baumanniNCIMB 9214)of
bacteria commonly associated with prosthetic joint infections were stored on BHI Agar plat€s at 4
A loopful of cells was used to inoculat® ml of BHI broththat was themcubated at 37C statically

for 24h. Thebacteria suspension was diluted in fresh sterile BHI broth @0)1&hd used to inoculate

the bone cement release medium after each dagtiiiotic release; in a 96 wells pl&@el of



diluted cels suspension were diluted with 16Dof release buffer. Assessment of bacteria growth was
performedafter incubation for 24 hours at 37 degree on three independent cell cultures and triplicate
release buffers. Results gnesenteds the day associated to the last release medium capable of

preventing bacterial growth.

2.9 Cytocompatibility

Humanosteoblast cellsaos2) ATCC HTB-85 were cultured irRPMI-1640 mediumas previously
described?®

Bone cement samples were sterilised with 70% alcohol and washed three times with sterile PBS prior
to use. Samples were placed in 24 wells plabesaining 2 ml of osteoblast cells suspension prepared

as described abov@steoblasts were incubated with the bone cement at 37 °C in humidified atmosphere

with 5% CQ for up to 21 days changing medium twice a week.

291 MTT

Osteoblast were incubated on theéa@ement samples fardays tha theywere transferred to a clean

24 well plate with 2 ml of fresh medium without red phenol. Osteoblast cells viability was assessed
using the MTT assay (Sigm&JK) as described iRerni et al® Results are presented as the average

and standard deviation of 3 independent bone cement samples.

2.9.2 Osteoblast mineralisation activity (Alizarin Red A)

Osteoblast were incubated the bone cement samples férdayswhenthe medium was removed
from all wells After fixing the cells withglutaraldehyde, lezarin red staiing (ARS)wascarried
according to the procedure described@ammasi et aF® All mineralisation tests were performed in

triplicates

2.9.3 Microscope imaging

Saos?2 cells werecultured on the bone cement samples for 4 ;d&ysrthis timecells were waséd
thoroughly three times in PBSells werethenyxed with 3.7% (w/v) formaldehyde in PBf room
temperaturdor 5 minand permeabilised with 0.1%Triton200at roomtemperature for 5 mirt.hen

cells were stained with 58g/L of tetramethyl rhodamine Bothiocyanateonjugated phalloidin



(SigmaAldrich, St. Louis, MO, USA) for 40 minutes at room temperature, followed by incubation
with 5 mg/l of trihydrochloride Hoechst 33342 (Thermo Fisher Scientific, Eugene, OR, USA) for 10
minutes in the dark. Aftavashing with PBS, samples were mounted and examined using LSM 880
upright confocal laser scanning microscope with Airyscan (Zeiss, Oberkochen, Germany) for
visualization of the stainingith a 63X magnification objectivd’rocessing of the obtained images

wasconducted using ZEN imaging software (Zeiss).

2.10 Material properties of bone cement containing nanocarriers

2.10.1 Bone cement curing time

Rheological measuremeawere performed using a strain controlled rheom&RES (TA
Instrumentsequipped with 8 mndiameter plates.

Analysis was carried oun the linear regime by performirdynamic time sweep tessait constant
frequency(1 rad/secand strain0.1%9. Tess were conducted aontrolled room temperaturgor all

tests, the bone cement solid phase, géhtamicin (2 % w/w or equivalent amount contained in
developed Si nanocarriers), was mixed with the liquid pltasekly with a spatula; the mixture was
deposited onto the lower plate and experimemgestarted as fast as possible. To account for the
time elapsed during mixing and pourirgimer was started at the moment of mixing the liquid with
powdersMeasurement of complex Young modulus and phase angle were taken every 6 s it up to

min.

2.10.2 Water uptake
Bone cement cylinders were weightaeefore being employed in gentamicin release studies and after

each day when the release media was replaced.

2.10.3 Compressive and bending strength

Compressioand bendingestswere undertaken on the Zwick Roell ProLine tatole Z050/2100
materials testing maate according to BS ISO 5833:2002. The compression tests were conducted at
a constant crodsead speed of 20.0 mm/min to produce a curve of displacement against load. For

each specimen, the compressive strength of the bone cement was determined lgythevidirce



applied to cause fracture by the original cresstional area of the cylindé8ending modulus and
bending strength were estimated accordinB$dSO 5833:2002.

Theresults are presented in all caseawrage of fivespecimeng standardleviation

2.10.4 Fracture toughness

Fracture toughness of cement samples determined according t8013586:2000The bone cement
samples were rectangular (Length5+0.1 mmWwidth = 10£0.1 mm an@®epth =3.3+0.1 mm. A sharp

razor bladewas used to create \&-shapednotch of 4.45.5 mm at the centre of the sampl&€he
rectangular samplevas loaded incrementally using a Zwick Roell ProLine tatole Z050/Z2100
materials testing machine (Zwick Testing Machines Ltd., Herefordshire, UK). The fracture toughness
is a threepoint test, where the distance between the rollers is 40mm. The length of the crack was
measured by a Pye Scientific travelling microscope (Pye Scientific, Cambridge, UK), and the width and
length of each sample was measured by a Vernier calliper.

The resultof critical stress intensity and critical energne presenteas meanof five samples.

2.11 Statistical analysis

Thecomparison of the effects of Si nanoparticles on Qacsllsmetabolicactivity (viability and

alizarin Red A assayyereperfamed using ANOVA test

The comparison afanocarriers othe release profiles was carried out fitting a generalised linear
mixed model after logarithmic transformatiohthe gentamicin concentration valuesng the

identity link functiort followed by ANOVA test andT u k eppsb lodest of individual pair of data
sets p<0.05) Multivariate analysis of variance (MANOVA) was carried out to test the antimicrobial
activity of nanocarriers against the commercial formulation, where the multiple dependabiega
were the number of days the growth was prevented, usinglthigést Pairedwise ANOVA
comparison was further performed to determine the impact on individual species.

All statistical analysis was performed usingfRCore Team, 20)2andime4 package®.



3 Results

3.1 Polymer kinetics of hydrolysis

No appreciable reduction of polymer MW accountable to hydrolysis in PBS of both PBAE was

detected for up to 10 daysigure1b).

3.2 Silica nanoparticles properties

3.21 Sze
The silica nanocarriers were spherical and with a diameter of about 50 nm and a Ghstsiiation
(Figure2a and d), the deposition Bfquadruple layers through LbL did not impact the particles

diameter regardless of the PBAE usEj(re2 a, b and c).

3.2.2 Zeta potential

The amino functionalised nanoparticles had a positive ch&igeré2e) of +22 mV; during LbL the
zeta potential of the particles after each layer deposited haesawgmofile. After the deposition of
alginate the particles had negative charge of ab80tmV while after the deposition of gentamicin
the clarge was slightly positive (+4 mV). When any of the PBAdSted POLY1 orPOLY2) were

layered on the nanoparticles surface the zeta potential became +8 mV.
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Figure2. Examples of TEM images (bar equivalent to 500 nm) for uncoated Silica nanoparticles (a)

or after deposition of 5 quadruple layers udt@LY1 (b) andPOLY2 (c); size distribution of
uncoated silica nanocarriers (d). Zeta potential after each deplagi#edn silica nanoparticles for
the first two quadruple layers (g) for POLY1 and* for POLY2 (f) Examples oftiermogransfor
amino functionalized silicaanopatrticles (dashed line) asitica nanoarticles layered with 5

quadruple layers of alginategentamicin- POLY1 (solid line)i alginate or alginaté gentamicini

POLY2 (dashdot line)i alginate.



3.2.3 TGA

The thermograms of the silica nanopatrticles revealed a mass loss with increasing temperature
reaching a plateau at about 7008xy(re 2f); furthermore the amount of deposited layers can be
determined as the difference between the mass loss of the coated and uncoated nanoparticles. TGA
showed that the organic demt (due to LbL deposition) was comparable for the two PBAEs used and

represented approximately 25% w/w of the prepared nanocarriers.

3.3 Gentamicin release

Gentamicin eleasekinetics from the coated nanoparticles was highest at the beginning and
monotonicdly decreased down to O after about 25 days for both polyelectrolytes used; nanoparticles
coated through LbL using POLY1 had an overall higher released and corresponding IBapirey (

3a); the estimated antibiotic loading on the nanocarriers was ~12 and 10% w/w for POLY1 and
POLY?2 respectivelyGentamicin releasitom the bone cement was highest at the b@a the
greatesamount of gentamicin was released from the PMMA bone cement containing the drug in its
pure form Eigure3b) and representing a commercial formulation of antibilaiiten bone cement
However, the release of the antibiotias almosfinished after about-6 days when gentamicin was
simply mixed in the PMMA dough. On the other haiwd the antibiotic was deposited on silica
nanoparticles using the LbL technique &RBIAEs, gentamicin was released from the bone cement
samples for about 25 daysigure3b). WhenPOLY2 was employed as polyelectrolyte, gentamicin
releasavasgreater dring the first 23 days thaPOLY1 but the overall amount of drug releasg¢d

the end of the release period (30 daya¥ greater foPOLY1.

Fitting of the release profile with a mixed effect mo@elble S1yevealed that wheROLY1 or

POLY2 were emplogd gentamicin release kinetics followed a first order mdeigu¢e S} moreover
visual inspection of residual plots did not reveal any obvious deviations from homoscedasticity or
normality Figure S2. On the contrary the commercial formulation releas#ile was not well fitted

by this release model as clearly evident in thesgbtesidualgFigure S2. Moreover, the release

kinetic from Si nanocarriers prepad using?OLY1 waslower than forPOLY2 (p <0.00@4) and both



werelowerthan the commeral formulation (p<0.0001).
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Figure3. Cumulative release of gentami¢iom coated silica nanoparticles (RIMMA bone cement
as % of the initial amount of antibiot{b) when added as pure powder)(or deposited on silica
nancarriers through LbL usinBOLY1 (, ) or POLY2 (g ). Number of days of antimicrobial
activity of the release media of PMMA bone cement containing gentamicin when added as pure
powder A ) or deposited on silica nanocarriers through LbL uBi@g Y1 (A) orPOLY2 (A) as

polyelectrolyte for catalogue bacterial straiosgnd clinical isolates of prosthetic joint infectionf. (

3.4 Antimicrobial activity

The antimicrobial activity of the bone cement was tegbgdnoculating the buffer containing the

released drug ith various bacteria species. The release buffer was changedhizigfore each day

the amount of drug contained was representative of the release kinetic after that certain period of time.
The antibiotic released from the PMMA bone cement matrix dsecemonotonically with increasing

contact time with the buffehence, at some point, it inevitably fell below the minimum inhibitory



concentration for a specific species. The longer thibiatic was released, the longée buffer was
capable of preveaing bacterial growth. For example, if no growth was recdrdehe buffer collected
after 14 days of release but growth was noticed in the buffer collected the following day (after 15
days), it was said that the bone cement was capable of preventgrgwk of the specific species

for 14 days.

The bacterial tested hagecies specific sensitivity to gentamicirable 2 and S), and the bone
cement exhibited antimicrobial activity against all the species tested. The more resistanfrgpecies
the catéogues strains employadas MRSA (only prevented from growing by buffers corresponding
to a release time < 3days) while the more sensitiveSvapidermidishat was inhibited even by a
release buffer collected after 24 d@gjure3c).

A similar pattern (gentamicin deposited on Si through LbL providing extended antimicrobial activity
compared to pure form) was observed also for clinical isolates of prosthetimfettans (PJI),

even though the isolates were genemaltyre resistant to gentamicin than the catalogue strigigsré

3d). Moreover, not antimicrahl activity was observed from bone cement samples containing coated

nanoparticles using only polyelectrolytes.

For each species the release buffer fRIMMA bone cement containing pure gentamgave the
shortest antimicrobial activitipr all bacteriaested (p<0.05) apa&. epidermidifATCC 12228as
revealed by MANOVA and subsequent ANOVA on specific specieshe contrarythe bone cement
containing the antibiotic deposited through LbL udh@LY1 gave the longest antimicrobial effect
(Figure3c andd). MANOVA performed on the antimicrobial outcome of POLY1 and POLY2
nanocarriers added to PMMA bone cement revealedsih@dnocarriers prepared using POLY1
provided an antimicrobialctivity significantly different (p < 0.05) from Si nanocarriers prepared
using POLY2 only for the following specieS:pyogene®ATCC 12344 A. baumanniiNCIMB 9214

E. coliNCTC 10418 P. aeruginosadPA01; K. pneumonia&9294 S.pneumonia®9413 E. coli

59284 P. achess3749



3.5 Bone cement properties

3.5.1 Water uptake

Water uptakdy the bone cement sample was determine Upmonth oftontact with fluid. The
greatest uptake was recorded during the first day of immersion in the ddfgradually the amount

of fluid contained in the samples stabiliseghching a plateaafter about 7 day&-13h%9); no

difference was found between the PMMA bone cement samples containing pure gentamicin or the

silica nanocarriersHjgure4).
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Figure4. Water uptake of PMMA bone cement with added gentamicin as pure pqwgder (

deposited on silica nanocarriers through LbL u$@j_Y1 (s ) or POLY2 (g ) as polyelectrolyte.



3.5.2 Bone cement settling time

Bone cement polymerisation was analysed through rheology, determining the variation of the material
properties with time. For all types of bone cement tested (commercial formulation with gémiami

added Si NP), initial values of the storage modu
the ratio tan delta (Go/ G6) was aboutsHhHapedding
increase after mixing, reaching a final plateau @afiabout 18P a. The | oss modul us (
an initial slow increase, followed by a quick 1o
finally decreasing to a plateau value (abotP#) Figure5) . The corresponding tar
profile exhibited a general decline with a | ocal
time required by the bone cement to cure was chas#regoint of local maximum in tan delta.

Commercial formulation required 8.92 miRigure5d) and the addition of any of the Si NP based

gentamicin delivery systemrmpactonthe curing time of the bone cemeavas not statistically

significant(p > 0.05).
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Figure5. Time dependent rheological measurements during curing for bone cement with added

gentamicin as pure powder (a) or depositegilica nanocarriers through LbL, by using POLY1 (b)



or POLY2 (c) as, poll@andg@cdelak)l(d) Cuang tin@dn minutes
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Figure6. (a) Compressive strength J; (b) bending modulusX ) and bending strengti( and (c)
Critical stress intensityX() and critical energy/() of PMMA bone cement with added gentamicin as

pure powder or deposited on silica nanocarriers through LbL &gl or POLY2.

3.5.3 Mechanical properties

Comparison of compressive and bending properties of the PMMA bone cement with added
nanocarriers againbbne cement with the same amount of gentamicin in powder form did not reveal
any adverse effect of the silica nanopartickigyre6), similarly resistance againsacture

propagation was neaitffected; moreovethese values were matchitige requirementor applicability

as PMMA bone cemenit.

3.5.4 Osteoblast cytocompatibility

Human osteoblast grown on the commerciatidation or on bone cements containing the silica
nanocarriers had the same viability (assessed through MTT) and calcium production (Alizarine Red)
as shown inKigure7). Moreover, the conformation of the actin filaments of Saoslls gravn on

bone cement containing the developed nanocarriers did not differ from that of cells seeded on the

commercial formlation containing gentamicipowder Figure8).
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Figure7. MTT (a) and Alizarin Red Ab) assay of Sae2 (human osteoblgscells grown on PMMA

bone cement containing gentamicin as pure powalof deposited on silica nanocarriers through

LbL usingPOLY1 (") orPOLY2 (A) as polyelectrolyte.



Figure8. Microscopdmages of Saef cells, grown oiPMMA bone cement containing gentamicin as
pure powder (a) or deposited on silica nanocarriers through LbL BEhY1 (b) orPOLY2 (c) as
polyelectrolyte, stained with phalladolin (actin) in red and DAPI in blue exposed. bar represent 10

mm.




































