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ABSTRACT

A 3D-glass-ceramic scaffold for bone tissue engimg with an interconnected macroporous
network of pores was doped with silver ions in ortte confer antibacterial properties. For this

purpose, silver ions were selectively added tosttadfold surfaces through ion-exchange using an
agueous silver nitrate solution. The silver-dopeaffelds were characterized by means of

leaching, in vitro antibacterial, and citotoxiciigsts. In particular, the silver effect was exardine

through a broth dilution test in order to evalu#tte proliferation of bacteria by counting the

colonies forming units. Moreover, cytotoxicity testere carried out to understand the effect of

silver-containing scaffolds on

KEY WORDS: glass-ceramic, scaffold, silver, antibacteriaclompatibility.

INTRODUCTION

In the last few years, the antibiotic prophylaxmsl dhe use of restricted hygienic-sanitary protscol
have remarkably decreased the infections incideNewertheless, infection development after a
surgical implant remains one of the most seriowblems connected to surgery treatment as it can
cause prolonged hospitalization periods, patieseabes, and increased medical costs [1,2]. In
particular, the introduction and the presence ofimplant device within the body is known to
increase the risk of infections [3], moreover inmlassociated infections are often resistant to
antibiotics resultingin the removal of the infectegplant.

Silver is a well known antimicrobial agent and # already used in medical field as silver
sulfadiazine cream for burn treatment, or barrieesding for wounds treatment [4,5]. In
orthopaedics, many research studies have beeedaut to prevent infection on orthopaedic
implants, in particular on fixation devices for @ssynthesis [6—9]. The major risk related to silver
use is its toxicity which could affect all cellspth bacteria and tissue cells. Silver effect igroef

as oligodynamicsince it depends on its concentradiod on cells dimension. For this reason, it is
possible to find a ‘safety range’ of Ag concentrativith a toxic effect for bacteria and a not toxic
one for tissue cells.

Another important issue in the field of orthopasd&the need of synthetic bone substitutes able to
replace the lost bone and to promote a chemicatdntion with the natural bone supporting the
osteointegrationand bone regeneration.

A suitable bone substitute should possess a pdieneogreater than 50-60%, a macrostructure
optimal for cell colonization and proliferation {@mconnected macropores between 100 and 50 mm,

micropores of about 10 mm), and mechanical progersimilar to human bone. Moreover, a



synthetic bone substitute should be preferablylyeasiaped in order to conveniently fit into the
bone defect.

Recently, glasses and glass-ceramics have beealylangestigated as bone replacement materials
for their ability to form in vivo an apatitelayeagable of promoting the osteointegration. Moreover,
glasses and glass-ceramics are interesting matsirale their composition can be tuned in order to
obtain a tailored reactivity in the human body. <8k and glass-ceramics are also able to release
ions supportive for bone mineralization and cantaionspecific crystalline phases (i.e. apatite)
similar to the inorganic phase of human bone.

In this research work, a bioactive glass-ceramiten has been used to realize macroporous 3D-
scaffolds using the polymeric sponge replicatiochtgque [10] and a patented process [11] has
been applied in order to introduce silver ions ba scaffold surfaces, to impart antimicrobial
properties. The final aim consists of realizing BbBactive and antibacterial scaffold.The
increasing phenomenon of bacterial antibiotic tasise development has led to the idea of
introducing silver in glass-ceramic scaffold by meaf ion-exchange process, without altering the
basic material properties. Other metallic ions haed-known antibacterial properties, such as zinc
and copper but silver has been selected since i lggwod antimicrobial effect maintaining a limited
cytotoxicity towards tissue cells. Moreover, seVevarks confirmed the effectiveness of silver
containing devices [7,9]. In a previous work [l scaffold preparation and characterization have
been described, together with the ion-exchangentgab used to introduce silver on the glass-
ceramic superficial layers. The aim of this reskascto investigate the silver release from the 3D-
scaffold, its antibacterial behavior and its biogaribility. Moreover, the effects of a dry hot
sterilization have been evaluated, keeping in vitswpossible effects on the scaffold antimicrobial
ability.

MATERIALSAND METHODS

Scaffold Preparation

The used glass-ceramic has the following molar asttion: 50% SiO2, 18%Ca0O, 9%CaF2,
7%Na20,7%K20,6%P205, and 3%MgO. After melting andnghing, it is characterized by the
presence of fluoroapatite crystals suitable for ébmubstitution and in particular for dentistry
applications. The scaffolds were prepared withpiblgmeric sponge method following a procedure
reported in previous works [10,12]. Briefly, a pafgthane sponge, cut in blocks (1.5x1.5x1.8)em
was impregnated with a slurry containing 35wt% oégared glass-ceramic powders, 6wt% of
polyvinyl alcohol as a binder and the rest diddillgater. The impregnated sponge was thermally

treated at 700°C for 1 h. The sintering temperatuas selectedon the basis of previous thermal



analysis and hot stage microscopy studies. Theirgutascaffolds have been characterized in a
previous work [12] in terms of structure (X-ray &isss), morphology and composition (Scanning
electron microscopy — SEMPhilips 525 M, and enedigpersion spectrometry — EDS), and
mechanical properties. Moreover, the micro and oxporosity degree and interconnection have
been evaluated by means of image analysis (soft@aviemn Leica) and capillary test. The ion-
exchange technique was used in order to confebastgrial properties to the obtained scaffolds.
This process allows the silver introduction onlyoithe external material surface without altering
its characteristics, such as bioactivity and meidahmproperties and was previously applied by the
authors to bulk materials and to glass-ceramiciegsit[11,13,14]. The technique is based on an
exchange between modifier cations of the glassaterand silver ions coming from the exchange
solution. In this work, the treatment was carried i0 an aqueous solution of silver nitrate using a
0.05M silver nitrate solutionmaintained at 378C &dn [12]. A moderate silver concentration and a
low process temperature were selected in ordeimtiv the Ag ions concentration on the scaffold
surface and their diffusion on deeper atomic layémsfact, the increasing of silver solution
concentration and of the temperature process alespectively an enhancement of the Ag
concentration on the material surface and its diffa inside the glass-ceramic. The macro and
microporous structure of scaffolds involves a hggecific surface area which can exchange and
then release Ag ions, so it is crucial to use a ¢tmncentration silver nitrate solution to obtain a
controlled silver release below the toxicity limior this reason and in order to obtain a
homogenous and suitable silver ions distributiolgvatemperature and a prolonged ion-exchange
time was chosen. After the ions exchange, the @daffare rinsed in bi-distilled water in order to
remove residual nitrate solution. The choice of phecessing parameters (solution concentration,
soaking time, and temperature) allowed modulating amount of introduced silver and the
thickness of the exchanged layer. From now ongstlver doped scaffolds will be labeled as Ag-

scaffolds.

Sterilization

Sterilization is a mandatory process for all matisrused in medical applications, but its effect on
materials properties should always been investigai@ce it can produce important clinical
impacts. For this reason, the scaffold sterilizatieas carried out in a furnace at 180°C for 3 h and
afterwards, the scaffolds were tested again tdywérthe silver efficacy was maintained after the
treatment. The sterilized silver doped scaffold ne named S-Ag-scaffolds and they have been
characterized by EDS, SEM, and XRD analyses.



L eaching Tests

To evaluate the silver release, three Ag-scaffaluts three S-Ag-scaffolds were soaked in 30mL of
simulated body fluid (SBF), incubated statically8&fC up to 28 days. SBF is a solution with a pH
of 7.45 that contains a series of powder reagerssolded in bi-distilled water with a precise
procedure proposed by Kokubo [15]; SBF has beeectws in order to simulate the in vivo
conditions. The experiment consisted of 1mL of Sifng picked out from the soaking solution
with a pipette after 3 h, 1, 3, 7, 14, 28 daysa#ksng. The picked liquid has not been replaced by
fresh SBF and the results were calculated consigehie volume decrease over time. An untreated
scaffold was used as control. Furthermore, thres@gdfolds were soaked in 15mL of hydrofluoric
acid (HF) 5 M, to etch the glass-ceramic and tduata the total amount of silver loaded: after 28
days, 2mL of the etching fluid were picked out &oralysis. Due to this operation, the scaffold
collapsed due to theetching effect of HF and all iBgsreleased into the acid medium.All the
spilled solutions were analyzed in a graphite foenatomic absorption spectroscopy (GFAAS
PERKIN ELMER, mod. 4100 ZL) employing a Zeeman-effeackground corrector with an auto-
sampler (mod. AS/71), programmed to dispense 2@futhe sample. Two matrix modifiers have
been employed in order to obtain a higher absarpgignal: Pd(N@). and Mg(NQ), have been
directly added on the graphite tube by means ofatite-sampler. Standard solutions were daily
prepared from AG MERCK standard solution traceaioleSRM from NIST to calibrate the
instrument. The calibration standard solutions w&&® and 50.0 ug/L. The limit of detection was
0.2 pg/L (CV53%). Noticeable data were obtainedumgiL from the instrument. Therefore to
compare data with those of previous works, thelteseere multiplied by the amount of SBF or HF
in which the samples were soaked and divided byé#meple volume (1000niinin order to obtain
measurement unit in pg/nimThe sample volume is calculated without considgtthe porosity
and can be considered as the apparent volume. Mar#ee data in pg/L were divided for the SBF

soaking time multiplied by the sample volume inasrtb extract the release speed values.

Antibacterial Tests

The antibacterial properties were evaluated thrawghmicrobial tests to investigate the adhesion
and proliferation of bacteria. In particular, thestt in broth was used to quantify the bacteria
adhesion on the scaffold surfaces and their pralifen in the culture broth through the count of
bacteria colonies forming units (CFU). The secoynmktof test was the evaluation of broth turbidity
through McFarland index measurements. These testse performed in accordance to NCCLS
standards [16,17] usin§taphylococcus aurestandard stock (ATCC 29213). Bacterial broth was

prepared dissolving a Staphylococcus aureusly@eilidisk in 5mL of brain-heart infusion; after



24 h of incubation at 35°C, 10 pul of suspension ggead on blood-agar plate and incubated for 24
h at 35°C in order to allow the bacterial coloniesgrow. The incubation temperature has been
selected since it allows an optimal bacterial pecdition. Afterwards, some bacterial colonies were
spread in normal saline (0.9% P/V of NaClin distlllwater) to obtain a standard 0.5 McFarland
solution (turbidity has been evaluated by opticetiument at a fixed wavelength —Phoenix 237
Spec BD McFarland). Three Ag-scaffolds, three SsBgffolds and three as done scaffolds
(control) were individually introduced in a tesbaicontaining 5 ml of Mueller Hinton broth and 25
pL of 0.5 McFarland solution, in order to obtaiswspension with a bacteria concentration of about
5x1PCFU/ mL (NCCLS standard). For further control, attibe containing only the broth was
used. All test-tubes were incubated at 35°C anel &4 h the McFarland index of the broth was
measured again by the optical instrument Phoenk @32c BD McFarland in order to verify the
turbidity increaseor decrease of the bacterial susipn. In case of bacteria proliferation,the broth
turbidity will increase leading to a higher McFamtaindex. After the test, the samples were rinsed
in 3mL of normal saline andvortexed in 3mL of nofsaline for 1 min at 50 Hz, in order to
remove the bacteria adhering on the samples surfdloe bacterial broth (S), the solution of
washing (W), and the solution of vortexing (V) wexralyzed in order to count the CFU. In
particular, S and W evaluation allowed quantifythg total bacteria amount considering also the
liquid film surrounding the samples (W), whereae thacteria adhering on the scaffolds surface
were evaluated analyzing the vortexing solution §8rial dilutions of S, W, and V solutions were
carried out to count the CFU and 100 pL of the thistted solutions were spread on a blood-agar
plate. The number of dilution was chosen on thesbafsprevious works [18,19]. The blood-agar
plates were incubated at 35°C and after 24 h, the @ere counted; the obtained number was
multiplied by the dilution factor in order to gétet total number of CFU of the starting solution.

Biocompatibility Tests

The biocompatibility of bulk materials and coatirgfsuntreated and Ag-doped glass-ceramic, used
in this work, has been already discussed in prevpapers [18,19]. A 3D structure is characterized
by a greater surface reactivity due to the preseneelarge number of micro and macropores and
also the difference in material morphology. Forstmeason, cells growth and viability were
evaluated on control scaffolds and S-Ag-scaffoldmg human osteoblast-like MG-63 cells. This
was done in order to evaluate their behavior orDastBucture and to assess the effects of the
introduced silver. Control scaffolds, previously dterilized at 180°C for 3 h, and S-Ag-scaffolds,
all with an apparent volume about 1%mwere placed in multi-wells and soaked in 12mLUMEM

culture medium (Minimum Essential Medium, M5650 r8&) added with 1mM sodium pyruvate,



1% antibiotics and antimycotics solutions, 2mM gtatne, and 10% fetal bovine serum. After 24
h, 90,000 cells were seeded on the scaffolds amdtarzed for 2, 4, 8, 10, and 20 days at 37°C in
an atmosphere containing 5% of £&anhd 95% of air. The medium was changed every 4.daty
the end of each incubation period, several testse wmarried out to evaluate the material
biocompatibility as follows. The culture medium wased to determine the number of floating MG-
63 cells, to measure pH, to assess cellular metahdlivity, and to evaluate the release of lactate
dehydrogenase (LDH), that is an appropriate madfenecrotic death [20]. After removal of
medium, MG-63 cells present outside and inside steffolds were separately trypsinized, and
counted using a Burkerchamber and a light microsctpdistinguish viable and dead cells by the
Trypan blue exclusion test. The control and S-AgHstds colonized by MG-63 cells were used to
evaluate cell morphology by SEM observation: theffetds were rinsed 4 times in PBS and fixed
with 2.5% glutaraldehyde in 0.1M phosphatebuffet, 4, for 30 min at 48°C. Dehydration was
performed with water replacement by a series afiguiaethanol solutions with final dehydration in
absolute ethanol. The determination of calcium daépgroduced by MG-63 was performed on
cells grown onto and inside the scaffolds. Afteypsinization, MG-63 cells grown inside the
scaffolds were fixed in 70% ethanol and washed witibuffered saline (TBS), stained with 1%
alizarin red S solution for 2 min, washed with TB& observed under light microscope. The cell
ability to produce calcium deposits is a cruciatda for the in vivo bone regeneration. Data are
expressed in all cases as mean = S.D. The sigmtiécaf differences between group means was
assessed by variance analysis, followed by the Newiteuls test ( p50.05). Samples references

and tests performed in this work are summarizethinle 1.

RESULTSAND DISCUSSION

Figure 1 shows a 3D-cubic scaffold realized wita golymeric sponge method with a volume of
about 1 cm It can be observed that the scaffold is completdite in color because the burnt-out
the polymeric skeleton and the binder did not lestdues. As reported in a previous work [12],
the chosen thermal treatment led to a glass-cenanaterial containing fluroapatite (already present
in the as poured material) and canasite (JCDD @@%b3) which is a phase characterized by a
high strength and well known biocompatibility [21figure 2(a) and (b) report two SEM
micrographs of the scaffold surface and its cressisn, respectively. As it can be observed, the
scaffold is characterized by open macropores @watlfundred mm and the overall morphology is
quite similar to cancellous bone [22—-24]. The ai#di 3D structure shows a highly interconnected
network of trabecular-like struts and a lot of nogores, distributed homogeneously, both on the

sample surface and along its cross-section, prothiagthis material is suitable for bone grafting



applications. The scaffold porosity has been regbim a previous work [12] and it is about 75%
which is an optimal value for an effective vasciziaion of the scaffold. As it can be observed in
Figure 2(a), many micropores (10-50 mm) are predeatto the removal of the polymeric phase in
a gaseous form. The presence of a bimodal disimibatf the pores size is a very positive feature as
macropores are crucial for cell penetration andratign, while micropores are essential for
nutrient flow and protein adhesion. Micropores also responsible for the high up-take ability of
these scaffolds due to capillary absorption and firesence is essential for a rapid impregnation o
scaffold by the surrounding biological fluids [26]2A porosity of about 60 vol.% is a fundamental
requirement for artificial grafts [21,22], as wal sufficient mechanical competence. For the 3D-
scaffold, a compressive strength of 2 + 0.6MPa wlatsined [12] and considering the fact that,
when implanted in vivo, the integration and regatien processes will involve new bone
apposition, this value can be considered as settisfaThe high and bimodal scaffold porosity and
their compressive strength represent a good bafand®ne grafts if compared to data reported in
literature and in the ISO Standard (ISO 13779-12@0oving that these scaffolds can be proposed
as graft materials. In order to confer antibactguraperties to the scaffolds, they were doped with
silver using the ion-exchange technique [11]. Mesy preliminary study, where only the presence
of silver and an inhibition halo were investigaj&#], the EDS analysis showed the presence of Ag
in the scaffold after the ion-exchange. The Ag ampdetected both on the scaffold surface and on
its cross-section, was 1.7% on the surface and n6fte inner part of the scaffold (about 5mm
depth), respectively; these amounts should be derei only approximate due to the low accuracy
of EDS. In any case, the Ag content is in a rangéchy according to literature [13,14], should
impart an antibacterial behavior without affecteedl vitality. XRD analysis and SEM observations
on S-Ag-scaffolds (not reported) showed that therilstation process did not induce new

crystallization phenomena or morphological modiiimas.

Leaching Tests

The silver release trend is similar to those olatéim the previous works for sintered samples and
coatings [18,19]. Previous data refer only to deagposed surfaces and so they can not be
compared with the present work in which a complBxs&ucture is investigated. When in contact
with an aqueous medium, silver ions will diffuserfr the whole exposed surface leading to a great
amount of Ag release that has to be carefully adletit in order to induce an antibacterial effect,
without affecting the scaffold biocompatibility. &tefore this work was focused on investigating
the Ag release from a porous structure and to ssHes maintenance of the antibacterial

effectiveness after sterilization. HF etching of-#apffolds for 28 days allowed to evaluate the



global amount of loaded silver. The obtained resshowed that about 0.274+0.0018 pgioh
silver was loaded; the observed low standard dewias an evidence of the high reproducibility of
the proposed method. The amount of silver releas&BF from Ag-scaffolds and S-Ag-scaffolds
have been quantified with the GF-AAS technique,lyamag the solution picked out at different
times of soaking in SBF. As it can be observediesils gradually released during the soaking in
SBF and major differences between not sterilizeti starilized samples have not been found either
for the global silver release or its release rateese results are in good accordance with the XRD
and SEM observations on Ag-Scaffolds and S-Ag-stddf As far as Figure 3(a) is concerned, the
observed trend shows a continuous increase witiecego any plateau found for the tested time
frames (up to 28 days). This feature indicates @ahadrtain silver amount remains on the scaffold’s
pore wall surface and would be released at longeest only about 14 wt.% of the loaded silver
wasreleased after 4 weeks and so the remainingr s\noticeable. Futuretests will investigate this
feature and will evaluate the release kineticslémger times. The slope of the observed release
trend (Figure 3(a)) showed that a higher amoursileér is released during the first hours and days
of immersion: 0.010 pg/mduring the first hours, a further 0.010 pg/faithin the first week and

a further 0.010-0.015 pg/niduring the following three weeks. This trend isenesting as, an
important silver release during the first days raftee implant is desirable since, after a surgical
treatment, this time frame is the most critical iffiection development. Subsequently, a slower but
protracted Ag release can be important in ordem&intain an antibacterial effect in the case of

latent infections.

Antibacterial Tests

The antibacterial behavior of the Ag doped scaffolhs assessed by the CFU counts and by the
turbidimetric evaluation of antibacterial activiliylcFarland index). The graph reported in Figure 4
shows the McFarland values obtained for the comtnol for Ag- and S-Ag-scaffolds; the test was
carried out in triplicate. As it can be observeothbAg and S-Ag-scaffolds are able to significantly
limit the S. aureus proliferation and in fact theMarland values of Ag- and S-Ag scaffolds is
noticeable-lower than the control one. The antixd&t feature can be immediately seen by
observing the test-tube containing the differemgl@s that are shown in Figure 5; the liquid in the
test-tubes containing the control scaffold is maorbid than the one in the test-tubes of Ag- and S-
Ag-scaffolds. Due to the low difference in the Mdgad indices, the difference within Ag and S-
Ag-scaffold can not be observed. A more precisentiigation of the bacteria growth and adhesion
on the scaffold surfaces was carried out by udiiegGFU count test. The graphs reported in Figure

6 show the count of CFU proliferated in the bratirgunding the scaffolds (S — 6a), in the liquid



film in direct contact with the samples (W — 6lidahe ones adhered onto the scaffolds (V — 6c).
In each case, the silver presence decreased theribasumber by 2—-3 magnitude orders with
respect to the control scaffolds and thus abol@8%93-Log reduction) of bacterial colonies did not
proliferate. It is assessed that a 2-Log reductiothe CFU count is an index of a bacteriostatic
behavior and thus Ag-scaffolds can be classifiedaaseriostatic [27], but with the present resitlts

is not possible to assess that the Ag-scaffolde laalvactericidal effect. We believe that, during th
first minutes, the released silver amount is nghhenough to prevent the CFU proliferation (the
replication time for Staphylococcus aureus is esti to be about 20 min), but after a few hours,
the total silver released is probably sufficienkiib most of the bacterial colonies. The aim oisth
work was to induce a marked reduction of the bé&ctproliferation and of the related risk of
infection onset: the observed effect satisfied baghuirements. As far as the CFU count is
concerned, significant difference betweenAg-scdfadnd S-Ag-scaffolds was observed for the S
and W solutions. Instead on the V, a differencehenCFU count was observed between Ag and S-
Ag-scaffolds, and the observed CFU number is mioa& an order of magnitude lower for S-Ag-
scaffolds. The test was carried out in triplicatel,aas it can be observed, the bar error is very
narrow: on this basis it can be stated that thdigegion process seems to improve the antibagkeri
effect on the bacteria adherent to the scaffoltihdse results are combined with the observed
release trend reported in Figure 3(a) and in whacklightly lower release of silver was observed
for the S-Ag-scaffolds, it is possible to hypotlzesa different diffusion profile of silver ions the
scaffolds. In fact, the sterilization treatmentcesried out at 1808C for 3 h and thus during this
treatment Ag ions are likely to diffuse towards tieeper layers of the scaffolds due to the presence
of a concentration gradient and the temperatueceffor this reason, the Ag doped layer, in the
sterilized samples will show a less sharp profikel ghe Ag release in SBF will be slower. The
images reported in Figure 7 show the plates witkd@em S (Figure 7(a), W (Figure 7(b)) and V
(Figure 7(c)) of the control scaffold on the lefidaof the S-Ag scaffolds on the right with a didurti

of order of 6. The effect of silver in reducing thacterial colonies adhesion and proliferation is

unqguestionable.

Biocompatibility Tests

The biocompatibility of the used glass-ceramic wested on sintered samples and coatings doped
or not with silver [18,19], but it was not studibdfore on porous materials doped with silver (S-
Ag-scaffold). Thus, cell cultures were necessaryagsess the biological properties of S-Ag-
scaffolds, utilizing the as done scaffolds as ain®ilver effect on cell proliferation was evaledt

by counting the number of cells grown inside antioke the control and S-Ag-scaffolds, and those



floating in the medium. Specifically, cells grownside the scaffold were counted removing the
samples from the multi-wells and treating them witpsin, whereas outside cells were counted
after detaching with trypsin the cells attachedntati-wells. Figure 8 shows that control scaffolds
were able to allow the cell proliferation insidedavutside the scaffold reaching the highest peak of
proliferation at 10 and 8 experimental days, respely. Then, cell proliferation decreased for both
inside and outside cells, with an important differe: the inside cells were all alive, as evidenced
by Trypan blue exclusion test, whereas the outseélle were dead for 4% at 10 days and 20% at 20
days (data not shown). The presence of dead cetside the scaffold was confirmed by the
increased number of cells detached from the moeolayd floating in the medium (Figure 8 SPT).
Therefore, it is possible to hypothesize that tBk#sdnside the scaffold showed an arrest of the
proliferation because of the increased activitpame deposition. Unfortunately, as far as silver is
concerned, the concentrations, usedin this expetah@rotocol, affected cell proliferation inside
and outside the scaffold, detaching the cells ftbexmonolayer already in the first experimental
stages (Figure 8 IN, OUT, SPT). Both cells preseside and outside the scaffold, obtained by
trypsinization, were dead for 60% in comparisonhwtontrol, as determined by Trypan blue
exclusion test (data not shown). This detrimenftédce was likely due to the accumulation of
release of silver in the culture medium until 4 slay treatment. After this time, the medium was
renewed, but the cells were not able to recovdrpreliferation. On the contrary to Trypan blue
exclusion test results, the determination of tlutal® dehydrogenase released from the cells in the
medium, expressed as enzymatic activity per mL efdioom, showed an increase during the
experimental time only in the controls, whereawass not found in the presence of Ag (Table 2).
This feature seems unusual as cells die, but ihitdrature it was described that Ag is an inhibito
of lactate dehydrogenase [28] and this could ber¢ason for the lack of enzymatic activity. The
pH evaluation did not evidence differences in tbetml and S-Ag- scaffolds with exception for 10
days (Figure 9). Alizarin red S staining, that evides calcium deposits, was evaluated on cells
grown in the scaffold to determine the ability ofaM63 cells to synthesize bone. Figure 10 shows
great differences between as done and Ag-scaffidact, cells cultured on control scaffolds were
very active as they induced the deposition of cahcespecially at 20 days, whereas in the presence
of Ag the calcium deposits were very few or everedih. Moreover, the calcium deposits in the
presence of Ag had a smaller size than the onedupeal on the control. This result is in good
accordance with the data concerning cell numbeguréi 11 reports SEM micrographs of cells
cultured on the control and on the S-Ag-scaffoltiglifferent times. The low number of cells
attached on S-Ag-scaffolds was confirmed by SEMeolaion, where it was very difficult to find

attached cells. On the other hand, SEM micrograpleglls cultured on control scaffolds showed a



lot of well spread MG-63 cells with many filopodeidges on the surfaces at all the studied
culturing times. On these bases, it is possiblestade that, at the concentrations used in this
research, Ag is toxic not only for the bacteriat &lso for the cells. The observed cytotoxic effect
could be related to the settings of in vitro tasigt did not simulate the fluid renewal; for this

reason, future experiments should concentrate bettar setting of cells culture experiments that

would take into account the renewal of physiolobfiltads also in the first experimental times.

CONCLUSIONS

3D glass-ceramic scaffolds characterized by anlyigtierconnected structure of large pores and
satisfactory mechanical properties were obtainedutth the sponge replication method. lon
exchange technique permits to dope the 3D-scaffolts a controlled silver quantity. In fact the
Ag-doped scaffolds were able torelease silver ¢ordrolled and prolonged way, up to 1 month, on
the basis of the selected ion-exchange paramétgrgyns were released in greater amount during
the first hours and days which are considered tlstnaritical for infections after a surgical
treatment. The hot dry sterilization process apbtie the Ag-doped scaffolds did not affect the
material ability to release silver and its antileaiel effect; the sterilization treatment seemsydal
slightly increase the bactericidal for the bactémiaontact with the scaffolds. This effect is like
due to Ag diffusion due to the temperature and eotration gradient. Microbiological tests
confirmed the good antibacterial effect of the Asgpdd scaffolds towards Staphylococcus
aureusstock and the doped scaffolds were able hibiinboth the bacteria adhesion and
proliferation. About 99.9% of bacterial coloniesl diot proliferate and adhere both on Ag- and S-
Ag-scaffolds surface. Nevertheless, cell culturststeshowed that the Ag presence negatively
affected osteoblast-like cell proliferation, linmgj cell growth and viability although the total
released silver was well below the toxic limitscélls reduction of 60% has been observed inside
and outside the Ag-doped scaffold, in comparisath wontrol, especially during the first 4 days of
treatment in which the culture medium was not reswwvruture work will focus on scaffolds doped
with lower Ag amounts through a careful optimizatiof the ion-exchange parameters in order to
reach a concentration toxic for bacterial but mttfssue cells. The cell culture experiments will

also be modified to take into account the physiciaigluid renewal.



ACKNOWLEDGMENTS

The authorswouldlike to acknowledge Regione Piemditaly) for fundingthisresearchactivity
(Ricerca Scientifica Applicata 2004 ‘Funzionalizae di materiali vetrosi ad azione antibatterica
per dispositivi di osteosintesi’ and Ricerca Sarat&inalizzata (2006 and2007). The authors wish
to acknowledge the EU Network of Excellenceprojekhowledge-based Multicomponent
Materials for Durable andSafe Performance’ (KMM-N&VIP3-CT-2004-502243). V. Bergo and
P. Spinelli (Traumatology Orthopaedics and Occupati Medicine Department — University of
Turin, Italy) are kindly acknowledged for technisaipport.

REFERENCES

1. Green, G.W. and Wenzel, R.P. Postoperative Wdafettions: A Controlled Study of the
Increased Duration of Hospital Stay and Direct @Gddtlospitalization, Ann. Surg., 1977: 185:
264-268.

2. Whitehouse, J.D., Friedman, N.D., Kirkland, K.Richardson, W.J. and Sexton, D.J. The
Impact of Surgical-Site Infections following OrthelgdicSurgery at a Community Hospital and
a University Hospital, Adverse Quality of Life, Eegs Length of Stay, and Extra Cost, Infect.
Control. Hosp. Epidemiol., 2002: 23: 183-185.

3. Rimondini, L., Fini, M. and Giardino, R. The Mabial Infection of Biomaterials: A Challenge
for Clinicians and Researchers. A Short Reviewph. Biomat. Biomec., 2005: 3: 1-10.

4. Atiyeh, B.S., Costagliola, M., Hayek, S.N. antb® S.A. Effect of Silver on Burn Wound
Infection Control and Healing: Review of LiteratuBurns, 2007: 33: 139-148.

5. Wright, J.B., Hansen, D.L. and Burrel, R.E. T®@emparative Efficacy of Two Antimicrobial
Barrier Dressings: In Vitro Examination of Two Cmited Release of Silver Dressings,
Wounds, 1998: 10: 179-188.

6. Wassal, M.A., Santin, M., Isalberti, C., Cannlsls,and Denyer, M.P. Adhesion of Bacteria to
Stainless Steel and Silver-Coated Orthopedic Eatdfixation Pins, J. Biomed. Mater. Res.,
1997: 36: 325-330.

7. Masse’, A., Bruno, A., Boretti, M., Biasetti,,ACannas, M. and Gallinaro, P. Prevention of Pin
Track Infection in External Fixation with Silver @®dPins: Clinical and Microbiological
Results, J. Biomed. Mat. Res., 2000: 53: 600—604.

8. Gosheger, G., Hardes, J., Ahrens, H. et aleBBoated Megaendoprosthesesin a Rabbit Model:
An Analysis of the Infection Rate and Toxicologicaide Effects, Biomaterials, 2005: 25:
5547-5556.



9. Borsetti, M., Masse’, A., Tobin, E. and Cannds, Silver Coated Biomaterials for External

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Fixation Devices: in Vitro Biocompatibility and Getoxicity, Biomaterials, 2002: 23: 887—
892.

Vitale Brovarone, C., Verne’, E., Robiglio, dt.al. Development of Glass- Ceramic Scaffolds
for Bone Tissue Engineering: Characterization, iRn@tion of Human Osteoblasts, and

Nodule Formation, ActaBiomat., 2007: 2: 199-208.

Di Nunzio, S. and Verng, E. Process for theliction of Silver-Containing Prosthetic Devices,

PCT/EP2005/056391 and WO 2006/058906.

Vitale Brovarone, C., Miola, M., Balagna, Cdavierne’, E. 3D-Glass-Ceramic Scaffolds with
Antibacterial Properties for Bone Grafting, ChengEh, 2008: 137: 129-136.

Di Nunzio, S., Vitale Brovarone, C., Spriano, &b al. Silver Containing Bioactive Glasses
Prepared by Molten Salt-lon Exchange, J. Eur. Ce8am, 2004: 24: 2935-2942.

Verne’, E., Di Nunzio, S., Borsetti, M. et @urface Characterization of Silver-Doped Bioactive
Glass, Biomaterials, 2005: 26/25: 5111-51109.

Kokubo, T. and Takadama, H. How Useful is SBRPredicting in Vivo Bone Bioactivity?
Biomaterials, 2006: 27: 2907-2915.

National Committee for Clinical Laboratory Stand M2-A9 ‘Performance Standards for
Antimicrobial Disk Susceptibility Tests; ApprovedaBdard — Ninth Edition’, 2006.

National Committee for Clinical Laboratory Sdand M7-A6 ‘Methods for Dilution
Antimicrobial Susceptibility Tests for Bacteria tharow Aerobically; Approved Standard —
Sixth Edition’, 2006.

Verne’, E., Ferraris, S., Miola, M. et al. Sydis and Characterization of a Bioactive and
Antibacterial Glass-Ceramic (I): Microstructure,operties, and Biological Behavior, Adv.
Appl. Cer., 2008: 107: 234-244.

Verne’, E., Ferraris, S., Miola, M. et al. Sygdis and Characterization of a Bioactive and
Antibacterial Glass-Ceramic (II): Plasma Spray Gus on Metallic Substrates, Adv. Appl.
Cer., 2008: 107: 245-253.

Kornberg, A. (1955). Lactic Dehydrogenase ofsMe, In: Colowick, S.P. and Kaplan, N.O.
(eds), Methods in Enzymology, New York, Academied®; Vol. 1, p. 441.

Jones, J. and Hench, L.L. Regeneration of TrdheBone using Porous Ceramics, Curr. Opin.
Solid State Mater. Sci., 2003: 7: 301-307.

Karageorgiou, V. and Kaplan, D. Porosity of Bibmaterial Scaffolds and Osteogenesis,

Biomaterials, 2005: 26: 5474-5491.



23.

24,

25.

26.

27.

28.

Feng, Q.L., Wu, J., Chen, G.Q., Cui, F.Z., KMaT. and Kim, J.O. A Mechanistic Study of the
Antibacterial Effect of Silver lons on Eschericluali and Staphylococcus aureus, J. Biomed.
Mater. Res., 2000: 52: 662—668.

Hulbert, S.F., Morrison, S.J. and Klawitted. Jlissue Reaction to Three Ceramics of Porous
and Non-Porous Structures, J. Biomed. Mater. R832: 6: 347-374.

Freyman, M., Yannas, I.V. and Gibson, L.J. @afl Materials as Porous Scaffolds for Tissue
Engineering, Prog. Mater. Sci., 2001: 46: 273-282.

Hench, L.L. and Polak, J.M. Third-GenerationrBedical Materials, Science, 2002: 295: 1014—
1017.

Petersen, P.J., Hal Jones, C. and Bradford, IR .Mitro Antibacterial Activities of Tigecycline
and Comparative Agents by Time-Kill Kinetic StudiesFresh Mueller-Hinton Broth, Diagn.
Microbiol. Infect. Dis., 2007: 59: 347-349.

Manchery, P.M. and Wright, C.E. A Radiotracesld® to Study Metal Interaction with Human
Lactate Dehyrogenaselsoenzymes, J. Protein Ché80; 8: 757—765.



FIGURES

Fig. 1 Image of a 3Dscaffold thermally treated at 700°C for 1h

Fig. 2 SEM micrographs of the-D scaffold surface (a) and cross-section (b)




Fig. 3 Leaching tests: amount of released Ag (a) anddspeAg release (k
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Fig. 4 McFarland indexesfaontrol and Ag, -Ag-scaffolds
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Fig. 5 McFarland index: Tedtibes of control (left), Ag (middle) and-Ag- (right) scaffolds

respectively




Fig. 6 CFU counts in Broth (a), Washing solution (b) adexing solution (c
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Fig. 7 Plates for the CFU evaluation of control ar-Ag-scaffold in the broth (a), in the washi

solution (b) and in the vortexing solution
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Fig. 8 Number of cells present inside the scaffold (INytside the scaffold (OUT) and in t

culture medium (SPT).
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Fig. 9 Evaluation of pH in the culture medium after 28410 and 20 days after seeding the cell

the scaffold.
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Fig. 10 Alizarin red S staining of cells detached from $ieaffolds with trypsin after 2, 4, 8, 10 a
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Fig. 11SEM evaluation of cells present on the scaffoldra®; 4, 8, 10 and 20 days of culi
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TABLES

Tablel: Lactate dehydrogenafeDH) release in culture medium for control scaffaldd S-Ag-

scaffold, after 2, 4, 8, 10 and 20 days of culture.

LDH (nmolesNADH consumed/min/ml medium)

Days 2 4 8 10 20

control 0.061 5.28 59.57 | 30.31 | 146.26

S-Ag-scaffold 0 0 0 0 0
Tablell. Lactate dehydrogenase analysis
L actate dehydrogenase (nmoles NADH consumed/min/ml medium)
DAYS 2 4 8 10 20
Control scaffold 0.061 5.28 59.57 30.31 146.26
S-Ag-scaffold 0 0 0 0.10 0.26




