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Abstract

Two Cu-containing bioactive glasses were prepareticharacterized in order to obtain a detailed
description of chemical, morphological and bioatfivproprieties of potential Cu releasing
systems. The characterization has demonstratedyheadrying the synthesis procedure is possible
to obtain two systems with Cu species in two défer oxidation states and aggregation:
SGCu(ox) — oxidated Cu — (Cu oxidation state +2nbgeneously dispersed in the glass network
matrix andii) SGCu(red) — metallic Cu — (Cu oxidation state @taining nano-particles (5-130
120nm range) mainly present on the glass surfaceintreduction of Cu maintains the bioactivity
of the Cu-containing glasses almost unchanged, cingu a partial delay in the
hydroxyapatite/hydroxy-carbonate apatite (HA/HCA)mation on the glass surface with respect to
the reference glass (free Cu glass). During thexdbnaty test, Cu is released from both Cu-
containing glasses, in particular in the case ef #GCu(red) the presence of Cu nanoparticles

(CuNPs) of diameter in the range 5-10 nm has be&tted in solution.

Keywords: Cu-containing glassesCu nanoparticles (CuNPs); Cu ions; physico-chemical

characterizationin-vitro bioactivity



Introduction

Nowadays, nanotechnology is playing an importane rm the field of biomedicine and
nanoparticles are widely used in both biomedical inlogical applications:>

Metal nanoparticles, due to their conspicuous mloyshemical properties, have received
considerable attention. Particularly A and Au nanoscaled®® particles because of their
attractive optical properties have been widely igtthd One significant approach is to prepare
nanoparticles in the presence of supporting maselilkee aluminium or titanium oxide, polymers,
mesoporous silica and ceramics that can act asl imogts for the immobilization of metallic
nanoparticles'®*?

Despite Au and Ag, the usefulness of Cu as an actéial agent has been known for a long time:
if Cu is deposited on supporting material, theasieg time of Cu can be slowed down for a long
time so that Cu-supported materials will be of gneetential for antibacterial applications™
Especially metal-supported silica materials (suckiica glass and silica thin films) are expedted

be good candidates for antibacterial materials tueheir fine chemical durability and high
antibacterial activity.*®*’ Mesoporous copper-doped silica xerogel with actixéal properties
were synthesized by a sol-gel process and thedestahowed that the antibacterial activity was
related to size and morphogenesis of the nanofestte !

In particular, the introduction of metal nanopdesc(Au, Ag and Cu NPs) onto the glass surface are
very useful, because NPs can directly ac(idactericides (Ag, Cu NPsY: (i) imaging agent§®

4 moreover, they can be used to immobilize, via @atmt linkage, an enzyme/protein and/or a
drug on the glass surface through the formatiosetffassembled monolayers (SAMs), in order to
obtain a stable bio-conjugate systefns.

In 1991 Liet. al *° synthesized some bioactive glasses in ternary-S#D- BOs system by sol-gel
route and found that hydroxyapatite (HA) is depasbitnuch faster on sol-gel bioactive glasses than
on traditional melt derived bioactive glasses. Bkeret lies in the synthesis procedure, which is
performed in agueous environment and then driecstatilized at temperature that does not exceed

1.262” showed that control rate

60C°C. In 2001 molecular biology studies performed bynset. a
of release of ionic dissolution products of bioagetiglasses plays major role in their bioactive
behaviour. Thereafter bioactive glasses were bfahgcated in order to increase their stimulating
effect on osteogenesis, angiogenesis and the piamat antibacterial propertie&® This could be

achieved by doping different trace elements ofdgaal significance in the glass network. Doping
corresponds to the deliberate introduction of eleéatoms, ions, molecules) in a given material
usually to improve its properties. Doping elemeants found at low concentration compared to the
main elements of the materials typically rangirgrfew ppm to few percent. Once again, sol-gel

process appears to be an ideal route for the dmurdoping of materials. The process provides



material with good chemical homogeneity, yieldingterial with homogenous properties. Another
advantage is its high versatility which allows eaayiation of the nature of the doping species and
of their concentratiorf’

Our purpose is to dope bioactive glass with coppet to find the better condition for CuNPs
formation into the glass matrix: this allow us t@pare a biomaterial able to joint the bioactivity
with the possibility of a controlled release of Ganoparticles with antibacterial properties in the
implantation sites. In this paper, the study oflfloactive glasses nanocomposites has been carried
out on two Cu-containing glasses in comparison witke reference sol-gel ternary glass
(15Ca0-5K05-80SiQ). The evolution of copper nanoparticles and agapesgas a function of the
thermal treatment that induces the nucleation oh@uooparticles into aggregates of different size
has been evaluated. A thorough physico-chemicabcherization has been also carried out in order
to obtain a detailed description of these new typésbioactive glasses (containing Cu-
nanoparticles). Moreovems-vitro glasses bioactivity tests were performed in otdezvaluate ions
(Ca, P, Si) and Cu nanopatrticles release as aidunat reaction time in simulated body fluid (SBF)
and the subsequent evolution of glasses structuregithe reaction.



Materials and Methods
Materials
Glasses synthesis

Two glass systems, with theoretical molar compositi5CaO-580s-80SiQ-xCuO (with x=0 and

1; the copper amount is conventionally indicatethim oxidic form CuO), were synthesized using a
sol-gel route. The gels were then treated at 8#8K2thours in flowing N atmosphere (0.3L/min)

to stabilize the glass system (elimination of sntgeand reagents residues) as reported in previous
paper®{The samples are referred to in the following asa®& SGCu(ox), respectively.

Another synthesis route (impregnation) was caroet on the SG glass in order to obtain the
reduction of Cé' ions to Cu nanoparticles. This procedure was dpéchin a previous papet”
briefly, 2 g of SG were soaked for 1 h in 14 miGi(NGs).[3H,O 0.28 M; the obtained blue gel
was aged at 333K and treated at 973K yHN atmosphere for 2 hours and this sample is referred
to as SGCu(red). After thermal treatments at 8A3#-containing powders (SGCu(ox)) were blue
coloured, whereas after calcination at 973K igiHY (0.3L/min) atmosphere (SGCu(red)) were
brown-red coloured. These calcined powders werargtan an agate mortar and sieved in order to
isolate the fraction of particles with<50um.

The glass powders were used to prepare a solulds @latio between glass powder and LIBO
0.1 g : 0.9 g) and after dissolution the solutierese analysed by ICP in order to determine the
experimental concentration of the samplesTable 1 the glasses experimental compositions, in

molar %, are reported. The amount of Cu was comnwagity expressed as CuO molar %.

Methods
Morphological characterization
Specific surface area and porosity measurementsaffsorption at 77K)

Specific surface area (SSA) and porosity were etatliby adsorption of an inert gas)Mt the
temperature of liquid nitrogen (77K) using a Micremtics ASAP 2020 porosimeter. For specific
surface area determination data were analyzedth&BET model (Brunauer, Emmet and Teller).
31 BJH model (Barrett-Joyner-Halend®)was used to analyze mesopores, and ‘t-plot’ stegi
thickness method} was employed to evaluate the presence of micrepore

The accuracy of BET model for SSA determinatioknswn to beper serelatively low (~ 5%),
whereas both instrumental accuracy and reprodugilmf data obtained with modern automatic
gas-volumetric instrumentation are quite high. &weview on those methods, see Gregg and Sing.
34

Before the measurements, all the samples wereassteg at room temperature (RT) for 12 h under

vacuum (Final pressure 1,33Pa).



Transmission electron microscoffiyEM)

High-Resolution Trasmission Electon Microscopy (FIRM) images were obtained with a JEOL
3010-UHR (acceleration potential of 300 kV, Lafdament). The microscope was equipped with
an Oxford INCA X-ray energy dispersive spectromddEDS) with a Pentafet Si(Li) detector.

Samples were “dry” dispersed on lacy carbon Cusgrid

Surface characterization

Infrared Spectroscopy (IR)

Carbon Oxide (CO) adsorption at 77Kinfrared Spectroscopy (IR) can be used for the

identification and characterization of surface $g&cand also to study the adsorption/desorption
features of suitable probe molecul&s®*®

Experiments of CO adsorption at 77Khe samples were inserted in a home-made glasmatal
cell, described elsewheré&® that allows all thermal treatments, gas-solid gotsons and spectral
recordings at 77 K to be carried out in a striatlysitu configuration. All IR spectra were recorded
using a FTIR (Bruker IFS 28 spectrophotometer, goea with both MCT (mercury-cadmium-
teluride)and DTGS (deuterated triglycine sulphate) detefiorshe 4000-400 cihspectral range.
Before CO adsorption, samples were activated aKe@dresence of &for 1h (in order to remove
carbonates species), then the samples were retagidséth purified HO at RT and then outgassed
at 423K for 1h. IR spectra were normalized to bBHEII surface area and sample weight (to the
total surface area exposed).

The roto-vibrational contribution of the gaseous fltase was subtracted from the CO adsorption
spectra®®

KBr pellets:KBr pellets of samples before and after SBF comtaarte prepared by mixing under
controlled conditions (glovebox) 1 mg of eitherrstay powder or filtered reacted powder with 50
mg of specpure KBr. Transmission spectra of KBtgtelwere normally recorded using a DTGS
detector in order to inspect also the lowegion of the 4000-400 chnspectral range and
performing 128 scans for each measurement.

Bioactivity tests

There is a generally-established relationship betwée ability of a given material to form bonds
with living tissues and its ability to grow an apadike layer when soaked in fluids mimicking
human plasma, and for this reason in vitro asseys@mmon and widely employed tools in the
bioactivity study of new candidate implant mateyidh this study, in order to monitor bioactivity,
we used the simulated body fluid (SBF) propose&diuboet. al.*° (an acellular aqueous solution
with an inorganic ion composition almost equal toran plasma).

The bioactivity response of the materials was eaeld in terms of the formation of a HA/HCA

layer on the surface of 250 mg of powdery sam#sr being soaked in 50 mL of SBF at different



times (1, 4, 7 and 14 days) at 310K. The materedsilting coated by a HA/HCA layer were
considered bioactive, whereas if the glass sunfaceined unchanged after the SBF treatment, the
materials have to be considered non bioactive hEurtore, in vitro studies allowed us to compare
for different samples the relative kinetics of theactive response: the shorter the time requioed f
the HA/HCA layer formation, the higher the bioadivof the material.

The HA and/or HCA formation has been monitored bya)} powders diffraction (XRPD) and
Fourier Transformed Infrared (FTIR) spectroscopy.

X-ray powders diffraction (XRPD) diffraction

XRPD (X-ray powders diffraction) patterns were nelsml on a PANalytical X'Pert Pro Brag-
Brentano diffractometer, using Ni-filtered CuoKadiation § = 1.54060 A) with X'Celerator

detector. The patterns were taken over the diffsacingle 2 range = 10-50° and with a time step
of 50 s and a step size of 0.03°.

SBF (simulated body fluid) solution analysis

In view of the ability of these materials to releaSu, the powders, soaked in SBF for different
times (1, 4, 7 and 14 days) were filtered with atMfean membrane filter, pore size 0.4,
diameter = 50mm and then the solutions were andlyge means of ICP (Inductively Coupled
Plasma, Perkin Elmer Optima 4200 DV, USA) for deti@ing Si, Ca, P and Cu content at each
above mentioned time. In order to ensure the camelubilization of the eventually released
CuNPs from the SGCu(red) glass, 5 ml of H{N\Onc. were added to SBF solutions.



Results and Discussion

Synthesis and the preliminary characterizatiornesé glasses were reported in previous papkr.

is possible to summarize that XRD patterns showed the SG and SGCu(ox) samples were
completely amorphous, whereas SGCu(red) glass shtiveediffraction peaks typical of metallic
Cu. Moreover, the presence of Cu metallic partichethe SGCu(red) glass has been confirmed by
scanning electron microscopy (SEM-EDX) images: ¢hdata showed, in the glass matrix, the
presence of aggregates in the range 150-400 nmlyr@nstituted by Cu. Moreover, by UV-Vis
spectra the sample SGCu(red) showed a plasmondttppital of CuNPs at about 580 nm, but this
feature does not exclude the presence of' Gpecies in the glass. In order to clarify the
morphology of metal NPs/glass composite and th@eopxidation state in both the SGCu(red) and
SGCu(ox) samples, a more detailed characterizagiody of the synthesized samples has been
reported joined with the reactivity in simulatedloigical fluids.

Specific surface area (SSA) and porosity data aported inTable 2 These data lead some
interesting information regarding the effectd)athe addition of Cu in the glass composition and
the thermal treatments on the nanostructure (Copeticles aggregation).

First of all, the SSA of the reference SG sampsedun the present work, is higher with respect to
SSA of SG of our previous worR$**4(360 vs 165 rfig) . This is due to the post-synthesis thermal
treatment carried out, in the present case, inatthosphere that allows the better removal of
compounds used during the synthesis procedureh®udntrary, in our previous worR$***the
post-synthesis thermal treatments have been peztbrumder static conditions with a reduced
efficacy of the removal of compounds.

The SSA of the SG exhibits high surface area (36/g)nwhereas the presence of CuO in the
glasses composition seems to cause a decreaséd@9BSand 137 fig in the Cu-glass treated at
873K in N\ (SGCu(ox)) and in the Cu-glass treated at 973K #HN(SGCu(red)), respectively.
Concerning the porosity, the plain SG glass posseb®th micropores and mesopores with a
mesopores average pore width of around 20 A.

The impregnation process and the following therredtment carried out in reduced atmosphere at
973K causes a significant decrease of mesoporasdyan increase of the microporosity. The glass
sintering is likely to startsat 973K: there is a condensation of the surfacgiches with the
formation of Cu surface aggregatesed TEM images, Figure Ic Indeed, the increase of
microporosity is due to the micropores presentdemsihe Cu aggregates. On the contrary, the
decrease of mesopores area with respect to SG @adi($x) is due mainly to the glass sintering
process.

Concerning the SGCu(ox) glass, the introductioi€ofin the glass composition causes a decrease

of the microporosity with respect to the plain Si&@sg (23 vs 43 fflg), whereas the mesopores area



(109 vs 140 1fig) and also the average pores width increase $281\A). In this glass, Cu species
(as Cd") is homogeneously distributed in the glass mafs&e EDS image, Figure 1B no
aggregates are formed and its morphology is quitédas to that of the SG parent glass.

In particular, TEM images and EDS maps obtained for the threesgtaare reported Figure 1. A
typical TEM micrograph of SG glass is reportedrigure 1A as a referenc@ his material appears

to be quite porous, in good agreement with thecetthn coming from B adsorption data:
moreover, as reported in the EDS composition m@as, P and Si species are homogeneously
distributed in the glass particles.

By the inspection of the TEM images obtained far tthe SGCu(ox{(Figure 1B) Cu appears highly
and homogeneously dispersed into/onto the silicaixn®s for the morphology of the amorphous
phase present in the SGCu(ox), it can be obsetvadthe presence of Cu induces almost no
alteration in the typical features ascribable ® phain glass and, as suggested by EDS analyses, al
the elements (included Cu) are homogeneously bliged in the glass matrix.

A TEM image of SGCu(red) glass is reported=igure 1C. This material, as indicated also by N
adsorption data, appears quite porous and the moesef sub-micrometric Cu particles is now
evident: these are characterized by dimensionshénS-130 nm range in diameter and often
gathered in aggregates. This result give a moralddtdescription with respect the morphological
analysis performed by SEM in the past wdtkn fact the conclusion obtained in the above
mentioned work showed Cu nanopatrticles in the rarid&0-400 nm while this study clarified that
the particles put in light by SEM analysis were Agpregates constituted to smaller nanopatrticles
of dimension in the range 5-130 nm. It is likelattboth impregnation procedure and thermal
treatment at 973 K in MH, atmosphere caused the coalescence of the Cu n#ol@sawith the
formation of surface Cu aggregates and the partide trend is consistent with what reported
previously® In this system the surface segregation of Cu nanicfes is evident: they are mainly
composed of Cu, whereas the glass matrix is madef @&, P and Si elements (see EDS maps).
TEM analysis allows also to determine almost dydhe size of each individual nanoparticle: this
is reported inFigure 2, in which the distribution of Cu nanoparticles iretBGCu(red) sample is
ascribable.

Figure 3reports the IR spectra (in the region 2200-208@&tive to the adsorption of CO at 77K on
SG (Section A) SGCu(ox)(Section B)and SGCu(redjSection C)in contact with different CO
amounts. Differential spectra were obtained withpeet to the background spectrum of the glass
out-gassed at 423K (after a preliminary treatméBZ78K and subsequent rehydration with purified
distilled water at RT).

The thermal pre-treatment promoted the desorptfowater molecules from the glasses’ surface,

mostly leaving some coordinatively unsaturated seg.e.cus cations) able to interact with CO,



acting as probe molecule. The activation conditi@pmesent a good compromise between number
of cationic surface sites accessible by CO andneite of surface modification. In this respect,
significant information can be provided by the stuaf the IR spectra of adsorbed CO, as well-
known in the field of surface science applied tteh@geneous catalysts:*® In fact, different ionic
and metallic sites can be differentiated on thasbaboth frequency and stability of their surface
carbonyl species formed after CO adsorption.

By the inspection ofigure 3A, which refers to CO adsorbed at 77K on the SG glassan be
evidenced that, after CO adsorption, it is possiblsingle out only one carbonyl-like component
centred at ~ 2155 cf As far as CO coverage decreagsse curve b-e in Figure 3Ajhe intensity

of the band progressively decreases, indicatingttieinteraction is almost totally reversible. On
the basis of both spectral behaviour and of liteetata**** this band can be attributed to CO
molecules in interaction witbus C&* species, acting as weak Lewis acid sites, asrafsarted for
penta-coordinated Gaat the surface of Ca®

In the case of the SGCu(ox) samfdee Figure 3B)a more complex situation is observable: the ~
2155 cm' band is still present, but, after CO adsorptionther component appears at higher
frequencies. It is located at ~ 2162 tfor high CO pressure, and this band might be altre§ CO
molecules adsorbed on €sites;** as also observed for other Coontaining systems inspecteg
CO adsorption**

Finally, the spectra relative to SGCu(red) CO apison are reported (sdggure 3C). In this case,

a new spectral component, located at ~ 2137, dsnevident. On the basis of its spectral behaviou
and of literature dat#, this band can be ascribable to CO adsorption surtiace Cu metallic sites.
Bioactivity tests

In order to ascertain the possible bioactivity deped by the above mentioned Cu-containing SG
glasses, some tests were carried out after diffen@es (1, 4, 7 and 14 days) of reaction in SBF:
the solutions have been filtered and the resultingd powders have been characterized by means
of both XRD diffraction and FT-IR spectroscopy, wes the SBF solutions have been analyzed by
ICP.

Powders characterization

Figure 4 reports the XRD patterns of the samples before adtet SBF soaking. As previously
reported by Shrugt al.,*” a very weak broad peak at 232°, tentatively assigned to the (211) HA
reflection, was evident in the almost amorphousepatof SG sample, after 1 day of reaction in
SBF. On the contrary, the main peak of HA, centte® ~31.6° was observed in the XRD patterns
of SGCu(ox) only after 4 days of soaking. After dalys of SBF soaking the XRD patterns of SG

and SGCu(ox) glasses exhibited an increase of Hkgmtensity.



SGCu(red) spectra of as synthesised (a.s) sampigesha broad enveloped centered at 22°0in 2
characteristic of a phosphate-silicate based ghask two diffraction peaks corresponding to
metallic Cu (111 and 200, JCPDS 04-0836). ConcgridsCu(red) sample as the soaking time
increases, XRD patterns exhibited a intensity desmeof the two peaks attributed to metallic Cu,
probably due to the release of CUNPs without angezxe of HA/HCA formation.

These data indicate that the presence of Cu ioxiized form causes only a slight delay in the
HA/HCA formation on the glass surface. This dekaynost likely due to competition between?Cu
and C4&" ions in solution for the precipitation of phosphapecies. On the contrary, the presence of
metallic CuNPs in the glass matrix and the higlherrhal treatment temperature seems to inhibit
the HA/HCA deposition on the SGCu(red) sample srfa

Figure 5 reports KBr pellet spectra of samples SG, SGCuénx) SGCu(red)Sections A, B and

C, respectively) as such and after 1, 4, 7 and 14 dagsaking in SBF solution.

Starting from the spectral patterns of the plain @&&s (seé&igure 5, Section A it can be noted
that, within 4 days of reaction, two main effecectme quite eviden{i) the appearance of two
partly resolved peaks centered-&tl1 and~560 cm', typical of HA/HCA formatior® This feature

is clear evidence for the crystallization of Ca-ppioate on the glass surface, in that the evolution
from a single, broad peak 8680 cm' (present in the glasses as such) towards a resdiweblet
has been long recognized as symptomatic of thedtom of a crystalline HA-like phase and thus
of potential bioactivity® (ii) the disappearance of a broad shoulder band cdraer840 cm' and
due to the so-called non-bridging oxygen speciedhe declining intensity of the latter spectral
component is very fast as a function of reactioretand monitors the ions release from the glass to
the contact solution.

In the case of the sample SGCu(okjgire 5, Section B only after 7 days of reaction (see
spectrum d), the two resolved peak typical of HB8Adcrystallization are evident. The presence of
CU* in the glass composition is likely to be respokesifor a slight delay in the HA/HCA
crystallization with respect to the reference @éss.

Concerning the SGCu(red) samplégure 5, Section @, until 14 days of reaction (see spectrum e)
the two resolved peaks centered-611 and~560 cn', typical of HA/HCA formation, are never
clearly evident. The presence of CuNPs might causelay in the HA/HCA formation on the glass
surface, and in this respect, FT-IR spectroscopmase sensitive than XRD to detect even low
amount of surface species. For this reason, a#teddys of SBF reaction, in the case of the
SGCu(red) sample, it is possible to evidence tlesgrce of a small amount of HA/HCA on the
glass surface whereas XRD patterns contain no cidamation for it.

Figure 6 reports the IR spectra (in the region 2200-208@&tive to the adsorption of CO at 77K on
SG-873(Section A) SGCu(ox)Section B)and SGCu(red)Section C)after 14 days of reaction in



SBF in contact with different CO pressures. Diffdr@ spectra were obtained with respect to the
background spectrum of the glass out-gassed at 428&r a preliminary treatment at 673K and
subsequent reydration with purified distilled weteRT).

As for the SG glass reacted 14 days in SBF, Bgaere 6, Section A)after CO adsorption it is
possible to observe a component centred at ~ 2h5Xce to CO molecules in interaction withs
Cd" species, as already reported for the unreacted@swvide infra).

Concerning the SGCu(ox) sample reacted 14 daysBin (See Figure 6, Section B)upon CO
adsorbtion, almost the same spectral featureshesereed.

On the contrary, in the case of the SGCu(rédyure 6, Section C)two components are now
evident: apart the 2155 ¢hcomponent, in common with the other spectral patfmeviously
discussed and ascribed to CO molecules adsorbesl @&t cus sites,** there is a second
component, located at 2134 ¢nihe latter is ascribable, on the basis of itcspebehaviors and
literature datd® to CO interactions with surface Cu metallic spscie

Comparing these spectra with those collected eutireacted samples it is worth noting that:

- in the case of the plain SG glass, after 14 dayseaxtion the intensity of the CO component
centred at ~2152 cfnis decreased by times, clear indication of a desing of availability
of C&" species at the glass surface;

- concerning SGCu(ox), the band located at ~ 2162 (tgpical of CO molecules adsorbed
on CU* sites) has disappeared after 14 days of reactimaning that Cii species have
been leached away as a consequence of the soakKsRf;

- finally, in the case of SGCu(red), there is a gahdecrease of the intensity on both spectral
components after 14 days of reaction. In this c&sespecies (in the form of CuNPs%Cu
are still present after 14 days of reaction.

Solutions analysis

The concentration trends in SBF solution, durirglifoactivity tests, givesome information about
samples solubilization/release and new phases fmman the sample surfaces (precipitation).
Table 2 3 reports the concentrations (in ppm) of the spegresent in solution; conventionally the
concentrations are reported as Si, Ca, P and Gouglh the species present in solution may be
other. The concentrations (ppm), measured aftderdifit times of glasses reaction in SBF, are
reported inTable 3, and the data represent the mean value of foterdiit determinations carried
out on the same sample solution. In order to teet reproducibility of experiments we had
performed two independent replicated experimentsSIGCu(ox) sample after 14 days of SBF
soaking and the concentration differences betwwerreplicated samples were less than 5%.

In the case of the SG sample, the Ca concentraitmeased up to 296 ppm after 1 day soaking, and

then it decreased whereas for the SGCu(ox) sarhpl€& concentration increased (187 ppm) up to



7 days and then it decreased. A different behawas detected for the SGCu(redmple: after 1
day, the Ca concentration increased up to ~140 gt remained quite constant until 14 days of
soaking.

Concerning the SG sample, P concentration increaseke first day of reaction and then it
decreases whereas in the case of both Cu-contagtésgest increases after 1 day and decreases
only after 7 days (SGCu(ox)) and 4 days (SGCu(res¢Table 3). The largest concentration of P
species was detected for SG after 1 day (165 pfon)longer times, it decreases as previously
reported in the case of sol-gel bioactive glasSes.

In this case, the attention has been focused ttrédual in solution. For the SGCu(ox) sample, the
Cu concentration detected in SBF solution was loiveompared with that of the SGCu(red)
system. This can be due to the lower amount of €uhe SGCu(ox) glass with respect to
SGCu(red) (1.1% vs 2.9% respectively, Sexble 1). Moreover, it can be assumed that in the
SGCu(red) system CuNPs can be easily released d®there are located on the glass surface,
whereas in the SGCu(ox) glass the’Cions are present in the glass bulk. Although, @e
concentrations were different, the trend of Cuaséewas the same for the two Cu-containing
systems, in both cases the concentration of Ce#ses up to 7 days and then decreased.

All samples exhibit a sudden increase in Si comedéinh that becomes constant when it reaches the
value of ~60-70 ppm.

It is noteworthy that, for the SGCu(red) sample, toncentration of Gain solution after 1 day is
the lowest detected. This is most likely due to Ithweer concentration of CaO in this system (see
Table 1); moreover, the surface of SGCu(red) samples islgneovered by CuNPs, thus inhibiting
Cd" ions to be released, as they are located in ther ipart of the glass grains. The’Qzend in
solution may also explain the delay in the formatmf HA/HCA layer on the surface of this
sample.

Finally, to verify the nature of Cu (either in theem of nanoparticles and/or as ions) released from
the SGCu(red) sample a precise amount of the S&dfefil solution, after 7 days of reaction, was
spinned, the supernatant removed and the remasalugion was placed on a grid, perfectly dried
and then analyzed by TEM microscogyigure 7 reports a TEM image of what was observed:
nanoparticles with a diameter in the 5-10 nm ra@age,evident; EDS analysis (not reported for the
sake of brevity) revealed that these nanopart@fesessentially made up of Cu and this evidences
the SGCu(red) sample is able to release CuNPs.eTlessullts-are in good agreement with the
indications coming from both IR spectra and XRDtgrais ¢ide infrg confirming the presence of
metallic C\.



Conclusion

Two Cu-containing bioactive glasses were succdgstyhthesized and thoroughly characterized.
In the SGCu(ox) sample, Cu species are presenhenokidized state as €uand they are
homogeneously distributed in the glass matrix. Bioactivity of this material has been verified in
terms of HA/HCA precipitation; if it is compared thithe reference SG glass, only a shghiglay

in HA/HCA formation was detected despite the lowoamt (5 ppm) of Cu released in solution.

The CuNPs containing system is mainly characterigethe presence of metallic nanoparticles (in
the -130-220m range) on the glass surface. In this caseartiwmunt of Cu released is very high, as
the maximum Cu concentration reached was 65 ppra.dBtay in the HA/HCA formation on the
SGCu(red) sample is due to the low relase &f @ms, as indicated by ICP data. By the inspection
of SGCu(red) morphological features, it is possilolesingle out that the glass surface is mainly
covered by CuNPs and €apecies are in the glass bulk.

The presence of Cu metallic nanoparticles confinaetb the glass surface (as confirmed by
TEM/SEM image) suggests this material to be a gmodlidate for the interaction with SH groups
useful for a covalent immobilization of organic malles i.e. drugs, enzymes). As briefly reported
in the Introduction, copper nanoparticles are usedlifferent medical applications particularly as
antibacterial agent but also the presence of Ctaseiranoparticles can be used in binding of
biomolecules to the surface of Cu particles has lrumented?>** For these reasons it is
important verify the presence of Cu metal of"Cspecies on the glasses’ surface. In this paper a
proper control of electronic states of Cu dispersgtin the glass matrix has been obtained through
the sol-gel synthesis and the different post-sysithhermal treatments. Moreover, the presence of

released Cu, as both €or NPs, can direcly act as bactericides in the amipsite.



Figures
Figure 1. TEM images and EDS compositional maps carried outS& glass (Section A),
SGCu(ox) glass (Section B) and SGCu(red) glassti@eC).
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Figure 2. Cu particles size distribution evaluated by TEM gasiin the SGCu(red) glass.
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Figure 3. Absorbance differential IR spectra (in the regi@®@-2080) relative to the adsorption of
CO at 77K on SG (A), SGCu(ox) (B) and SGCu(red) ifCyontact with (a) 50 Torr of CO; (b) 25
Torr of CO; (c) 10 Torr of CO; (d) 5 Torr of CO;)(€ Torr of CO. Differential spectra were
obtained with respect to the background spectrunthef glass out-gassed at 423K (after a

preliminary treatment at 673K and subsequent redtyair with purified distilled water at RT; see

text).
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Figure 4. XRD patterns showing the effect of up to 7 daystiea in SBF solution of glasses SG
(a), SGCu(ox) (b) and SGCu(red) (c) as such arat aftaking in SBF solution.
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Figure 5. FTIR spectra, in the 1800-400 ¢mange, of KBr-pellet specimens, showing the eftdct
up to 7 days reaction in SBF solution of glassed&GSGCu(ox) (B) and SGCu(red) (C) as such
and after soaking in SBF solution: (a) samplesyashesized, (b, ¢, d and e), after 1,4,7 and 14

days of reaction, respectively.
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Figure 6. Absorbance differential IR spectra (in the regi@@@-2080) relative to the adsorption of
CO at 77K on SG (A), SGCu(ox) (B) and SGCu(rgi) after 14 days of reaction in SBF in contact
with (a) 50 Torr of CO; (b) 25 Torr of CO; (c) 1®iT of CO; (d) 5 Torr of CO; (e) 2 Torr of CO.
Differential spectra were obtained with respedhibackground spectrum of the glass outgassed at
423K (after a preliminary treatment at 673K and sagfuent rehydration with purified distilled

water at RT; see text).
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Figure 7. TEM image of centrifugate SBF solution after 7 day$GCu(red) soaking.




Tables

Table 1. Experimental composition in molar% of studied gts

SiO, [%omol] CaO [%omol] ROs [Yomol] CuO [%mol]
SG 79.7+0.8 15105 5.2+0.6
SGCu(ox) 795+ 1.0 14.6 £ 0.5 4.8+0.3 1.1+ 0.1
SGCu(red) 795+1.2 13.0+1.0 4.8+0.3 29+1.7

* std. dev. - the standard deviation was obtaingdndependent determinations on 4 different samplesame
theoretical composition.



Table 2.N,adsorption data on the as-synthesized samples.

t-plot micropore area  BJH pore area (betweer BJH adsorption average
BET (Ny)

Samples i) (between 3.5and5A) () 17 and 3000 A) (M) pore width (N,)
m-/g
(m*g) (m*g) (A)
SG 361 43 109 21
SGCu(ox) 208 23 140 26

SGCu(red) 137 85 12 21




Table 3. Concentration (ppm) of species.std. dev. reported data are an average of four different
determinations on the same sample solution)

Time [Days] ~ Si[ppm]  Ca[ppm] P [ppm]  Cu[ppm]

SBF (t=0) 0 98* 30* 0
1 58 296 165
4 56 290 155
SG 7 58 285 150
14 62 275 140
1 38 181 103 1
4 57 185 100 3
SGCu(ox) 70 187 108 5
14 78 136 60 2
1 49 137 89 38
4 68 145 104 48
SGCu(red) 7 74 137 91 65
14 75 144 82 53

* the theoretical concentration of Ca and P ara®é 31 ppm, respectively
+ std. devwere lower then 4% for Si, Ca, P and Cu
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