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Abstract 

In the field of implantation, the delivery and/or immobilization of biomolecules developing a 

specific action on the bone mineralization process has attracted in the last years much attention. In 

fact, a wide spectrum of enzymes and proteins have been grafted with different methods onto/within 

implanted materials. 

Bioactive glasses and glass–ceramics, due to their tailorable properties in terms of chemical 

composition, reactivity, and easiness of manufacturing, represent good substrates for enzymes 

immobilization. These biomaterials are well known for their peculiar surface reactivity promoting, 

when contacted with real or simulated body fluids, the formation of an hydroxo-apatite and/or 

hydroxy-carbonate apatite layer. 

The aim of the present contribution is to immobilize, via a covalent linkage, an enzyme on the glass 

surface through the formation of self-assembled monolayers (SAMs), in order to obtain a stable bio-

conjugate useful as a material bio-implantable into the human body. 

The innovation of this study resides in the use of a new method of protein immobilization on the 

glass surface. Unlike other works, in which a preliminary silanization process has often been used, 

the introduction of gold nanoparticles (AuNPs) in the glass composition allowed us to exploit the 

easy SAMs formation process on the AuNPs dispersed in the bioactive glass matrix and, 

consequently, to immobilize an enzyme (soybean peroxidase, SBP, in the present case) on the 

SAMs. A thorough characterization of the materials, at different steps of the functionalization 

process, has been also reported, together with in-vitro activity tests of SBP and cytotoxicity tests 

using human osteoblast (MG-63) cells. The results obtained with immobilized SBP have been 

compared with those relative to merely adsorbed SBP. 

Overall, a new bio-conjugate material, able to maintain its activity over time and to decrease the 

oxidative stress when in contact with MG-63 cells, has been obtained. 
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Introduction 

Bone defects can be generated by a variety of events, like tumor resection, periodontal resorption, 

trauma, congenital defects, and arthroplasty revision surgery. [1] Improvements in bone implant 

integration and bone regeneration at surgical sites are still unresolved problems in orthopaedic and 

dental surgery. [2] 

In recent years the research activity has been increasingly directed towards the specific preparation 

of defined biochemical surface properties on implantable biomaterials. [3-4] 

New strategies to provide an appropriate environment for bone regeneration have been investigated. 

The delivery and/or immobilization of biomolecules with a specific action on the bone 

mineralization process has attracted much attention. [5-6] In fact, a wide spectrum of enzymes and 

proteins have been grafted onto or within implanted materials with different methods: (i) 

encapsulation, (ii)  physical adsorption, (iii)  covalent bonding. [5] 

Sol-gel enzyme encapsulation has been one of the first and most popular immobilization techniques 

used so far, [7] because it can prevent the enzyme from unfolding and denaturation. However, 

encapsulation requires careful optimization processes to avoid leaching. Often, the encapsulation 

process causes a strong decrease of the enzyme activity because of the limitations in the substrates 

and products diffusion generated by the incorporation of the enzyme inside the carrier. On the other 

hand, physical adsorption [8] is the simplest method used to immobilize an enzyme onto the carrier 

surface, but the reversibility of this process and the prevalence of electrostatic and hydrophobic 

interactions do not allow a gradual release of biomolecules and can induce conformational changes 

of the native biomolecule structure. Finally, the use of protein coupling agents for the covalent 

immobilization allows to obtain stable and reproducible devices with controlled protein release and 

with limited effects on the structure and properties of the enzyme. [9] In this context, bioactive 

glasses and glass–ceramics, due to their tailorable properties in terms of chemical composition, 

reactivity, and easiness of manufacturing, [10] represent a good substrate for enzymes 

immobilization. These materials are well known for their peculiar surface reactivity: when they are 
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in contact with water or aqueous solutions, as simulated body fluids (SBF), [11] bioactive glasses 

stimulate in vivo the precipitation of a layer of hydroxy-carbonate apatite (HCA) on their surfaces, 

promoting the implant osteointegration. [12] 

The most common approach for the covalent bonding of biomolecules on glasses surface, used 

since the pioneering studies of Weetall et al. [13-14], is the silanization of the ceramic surface with 

a sol–gel precursor, followed by the attachment of a protein coupling agent, such as glutaraldehyde.  

[15] 

Recently, the self-assembly (SA) technique has been widely investigated for the bio-conjugation of 

a wide variety of solid surfaces, especially via the formation of self-assembled monolayers (SAMs). 

[16] SAMs are monomolecular films of surfactants that spontaneously adsorb/chemisorb onto solid 

surfaces (for instance, metals such as gold, silver, copper, titanium, etc., and oxides such as silica). 

The wide range of surfactants that can be used to form such monomolecular systems provides a 

method to functionalize biomaterials that is convenient, versatile, flexible, and simple. In the 

biomedical field, nano-sized supports are receiving growing interest for protein and drug delivery 

applications. [17] Au nanoparticles (AuNPs) have been recently reviewed as highly promising drug 

delivery systems (DDS). [18-19] The ease of functionalization of AuNPs makes them a versatile 

tool in delivery method, with unique chemical and physical properties. Moreover, gold core has 

been demonstrated to be essentially non-toxic and biocompatible, and this makes it an ideal starting 

point for carriers construction. [19] To this purpose, sol-gel bioactive glasses containing AuNPs 

have been synthesized and completely characterized in a previous contribution. [20] 

The sol-gel synthesis methodology yields high surface area materials whereas the glasses 

descending from Bioglass 45S5 discovered by Hench in the 1970s, possess a very low surface area. 

Sol-gel bioactive glasses represent a second generation of bioactive materials thanks to their high 

surface area, interact fast and efficiently with the biological fluids, and allow a rapid growth of 

HCA.; Their composition can deviate dramatically from the Bioglass-45S5 composition, in that sol-

gel glasses are typically sodium-free and can be very rich in silica (up to 80% weight SiO2).  
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The present research work is devoted to immobilize, via a covalent linkage, an enzyme onto the 

glass surface through the formation of SAMs on AuNPs dispersed in the bioactive glass, in order to 

obtain stable bio-conjugates useful as materials bio-implantable into the human body. 

The so-called surgical stress response is a well defined physiological mechanism that involves, 

during and after surgical procedures, the activation of inflammatory, endocrine, metabolic and 

immunologic mediators. [21-22] 

Surgical stress also includes the occurrence of oxidative stress, with production of reactive oxygen 

(ROS) or nitrogen species (RNS) that may overwhelm the defence systems of the organism. It has 

been demonstrated that the administration of antioxidants results in improved organ function, 

shortened convalescence, reduced morbidity and mortality occurring in the surgical stress response. 

[22] The antioxidant defence mechanisms are numerous, and include enzymatic as well as non 

enzymatic mechanisms. Some of the most important antioxidant enzymes are superoxide dismutase 

(SOD), catalase and peroxidases: SOD is able to convert superoxide anions to the less toxic 

hydrogen peroxide, thus reducing the formation of the highly reactive peroxynitrite (ONOO-), 

whereas catalase and peroxidases metabolize H2O2. [21,23] 

Mammalian peroxidases appear to play a role in extracellular defence against pathogens and stress 

by oxidising chloride, bromide or thiocyanate to form hypohalides or hypopseudohalides (i.e. 

hypochlorous acid, hypothiocyanate, etc.) that have strong bactericidal or bacteriostatic action, but 

their reactivity, is non specific and can attack both pathogen and host tissue. [22,24,25] On the 

contrary, plant peroxidases are quite different. In particular, peroxidases belonging to the 

extracellular Class III superfamily have a slightly lower oxidant potential, but are suitable for 

detoxification and scavenging of ROS and RNS. [26-27] Soybean peroxidase (SBP)  possesses high 

stability toward thermal and chemical denaturation that renders it particularly appropriate for 

covalent immobilization. [28-31] 
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For these reasons, in the present study SBP  has been chosen for immobilization on bioactive 

glasses, with the aim of improving the glass bioactivity and decreasing the oxidative stress 

phenomena as a consequence of material implantation. 

To the best of our knowledge, this is the first time that SAMs formation has been exploited to 

obtain an enzyme-support bio-conjugate onto sol-gel bioactive glasses. We will herewith 

demonstrate that this type of technique is easy to use, and allows to obtain stable and reproducible 

devices. 

The innovative aspect of the present contribution resides in the use of a new method for proteins 

immobilization on a glass surface. In fact, unlike other works in which the conventional silanization 

process has been used, [32-33] the introduction of AuNPs in the glass composition should allow to 

exploit the easy process of SAMs formation on AuNPs and, consequently, to immobilize SBP on 

the SAMs. Moreover, a thorough characterization of the functionalized material, isolated at 

different steps of the process, will be reported, together with in-vitro activity tests of SBP as well as 

cytotoxicity tests using osteoblast (MG-63) cells. The results of immobilized SBP will be compared 

with those of merely adsorbed SBP. 
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Materials 

2.1 Glasses synthesis 

As reported in detail elsewhere, [20] two glass systems with molar composition 

15CaO·5P2O5·80SiO2·xAu2O (with x = 0 and 1; the gold  amount is indicated in the conventional 

oxidic form Au2O) were synthesized, using a sol-gel route. The glasses powders were ground in an 

agate mortar and sieved, in order to isolate the fraction of particles with Ø < 50µm. 

The glasses are in the following referred to as SG (x = 0) and SGAu (x = 1), respectively. 

2.2 Enzyme immobilization 

The covalent immobilization of SBP onto SGAu was obtained (see Scheme 1) through the 

sequence: (a) the coating of AuNPs with cysteamine, obtained by selective via-thiol chemisorption, 

and leading to the functionalization of the surface with external reactive amino groups; (b) and (c) 

the successive double conjugation reaction achieved by the bis-aldehyde homobifunctional linker, 

glutaraldehyde, between the external amino groups available onto cysteamine-modified AuNPs and 

SBP, respectively.  

(a) The AuNPs surface was functionalized with cysteamine by dipping 400 mg of SGAu into 25 ml 

of ethanol solution of cysteamine 10 mM under Ar flow in order to remove air traces. After stirring 

for 24 hours at 4°C in a vessel protected from light, the suspension was filtered, washed with 

ethanol and bidistilled water, and dried under gentle nitrogen gas flux. 

(b) 300 mg of cysteamine-modified SGAu (SGAu-C) were added to 10 ml of glutaraldehyde water 

solution (5.8·10-2 M, phosphate buffer 50 mM pH 7.5, PBS) under Ar flow and stirred for 3 hours at 

RT, protected from light.  

(c) The glutaraldehyde conjugated SGAu-C-G was washed many times with PBS and re-suspended 

into 5 ml of SBP solution 1 mg/ml (phosphate buffer 50 mM pH 7.5). The reaction vessel was kept 

at 4°C under stirring for 24 hours, protected from light.  

(d) Hence, the solid phase was filtered and washed many times with the buffer solution. The 

samples of immobilized SBP (SGAu-C-G-SBP) were stored dry at 3°C. 
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The plain impregnation/adsorption of SBP onto the glass surface was achieved by directly dropping 

300 mg of SGAu glass into 5 ml of SBP solution 1 mg/ml. The glass sample was then filtered, 

washed, dried, and stored at 3°C (SGAu-SBP-Ads). 

The amount of enzyme loaded onto SGAu-C-G-SBP was calculated as the difference between the 

enzyme amount in the initial solution (solution 1 mg of SBP per ml of phosphate buffer) and the 

enzyme amount in the filtrate (protein solution after contact with glass and after washing). The 

quantification of the SBP in solution was determined spectroscopically by means of the absorbance 

of Soret band at 403 nm with extinction coefficient ε403nm = 94600 M-1cm-1. [34] All UV-Vis 

measurements were acquired with a UNICAM UV300 Thermospectronic double beam 

spectrometer, equipped with a Peltier cell for temperature control. 

Methods 

2.3 Glasses characterization 

IR spectroscopy. Conventional IR KBr pellets were prepared by mixing the functionalized glass 

samples and KBr at a 1 : 20 ratio. All transmission FTIR spectra of KBr pellets were obtained, in 

the 4000–400 cm−1 spectral range, with a Bruker IFS 28 spectrometer, using a DTGS detector in 

order to inspect the low-υ region down to 400 cm-1, and accumulating for each measurement 128 

scans at 4 cm-1 resolution. 

Elemental analysis. The amount of cysteamine, glutaraldehyde and SBP loaded on the glass was 

estimated by the evaluation of the percent content of N, C, H and S (Elemental Analysis CE 

Instrument, mod. EA1 110). 

Scanning electron microscopy (SEM). The modifications of gel glass surface morphology after the 

different functionalization steps and after in vitro bioactivity tests were evaluated by means of 

environmental scanning electron microscopy (ESEM; FEI Quanta 200, Fei Company, The 

Netherlands), equipped with an energy dispersive spectroscopy (EDS) instrument (INCA 350, 

Oxford Instruments, UK). 
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X-Ray diffraction (XRD). The evolution of crystal phase after bioactivity tests was studied by means 

of a diffractometer (Panalytical X’PertPro, The Netherlands) equipped with Ni-filtered Cu Kα 

radiation, λ = 1.54060 Å, in the 2θ range 10-50° with time step 50 s and scan size 0.03°. 

2.4 Glasses functionalization stability and in vitro bioactivity.  

The stability of the bond formed between the ligands and/or protein and AuNPs was investigated by 

dipping a sample of functionalized SGAu (250 mg) in 15 ml of cells culture medium (MEM, 

Minimum Essential Medium Eagle with Earl’s salts), and monitoring the release of the ligand after 

1 hour, 1 day and 7 days. The release and bioactivity studies were performed by the use of: (i) FTIR 

spectroscopy, (ii)  XRD, and (iii) SEM analysis on the glasses deriving from filtered and washed 

aliquots of the initial suspension. 

2.5 Enzyme activity 

The catalytic activity of SBP was measured using 3-methyl-2-benzothiazolinone hydrazone 

(MBTH) and 3-(dimethylamino)benzoic acid (DMAB) as substrates. In the presence of H2O2, the 

enzyme catalyses the oxidative dehydrogenation of MBTH, which in turn reacts with DMAB to 

give a purple product easily detectable by UV-vis spectroscopy. [35] 

(i) The activity essay was carried out by varying the enzyme concentration between 1.25·10-9 M and 

2.00·10-8 M with 1.20·10-3 M DMAB, 3.73·10-5 M MBTH and 4.9·10-5 M H2O2. The initial reaction 

rates were detected at wavelength λmax = 590 nm, with extinction coefficient ε590 = 47600 M-1 cm-1. 

In the case of immobilized samples, the appropriate concentration of enzyme was obtained 

preparing an initial suspension of 10 mg/ml of SGAu-C-G-SBP, left under stirring for 1 hour before 

measurements, from which an appropriate aliquot was withdrawn and added to the reaction vessel. 

The volume of each aliquot volume was calculated on the basis of the estimated enzyme load. 

(ii)  With the same DMAB/MBTH assay, a discontinuous dosage test was also performed: the 

absorbance of the coloured product was measured after 10 minutes of reaction catalysed by SGAu 

as synthesized, SGAu-C, SGAu-C-G, immobilized SBP (SGAu-C-G-SBP), and adsorbed SBP 

(SGAu-SBP-Ads), at equal concentrations of solid suspensions (1.6 mg SGAu/ml). A further test 
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has been carried out also on free SBP in solution at the same molar concentration of the 

immobilized sample. 

2.6 Cytotoxicity tests 

Cells and reagents 

MG-63 human osteoblast cells (provided by Istituto Zooprofilattico Sperimentale “B. Ubertini”, 

Brescia, Italy) were cultured up to confluence in 35-150 mm diameter Petri dishes with MEM 

supplemented with 2% foetal bovine serum (FBS), penicillin, streptomycin and L-glutamine in a 

humidified atmosphere containing 5% CO2 at 37°C. Before the assays, the confluent cells were 

incubated for 24 hours in the absence or presence of glasses and other reagents, as described in the 

following paragraphs. 

The protein contents of cell monolayers and cell lysates were assessed with the BCA kit from Pierce 

(Rockford, IL). Plastic-ware was from Falcon (Becton Dickinson, Franklin Lakes, NJ). Unless 

otherwise specified, other reagents were purchased from Sigma Aldrich (Milan, Italy). 

Lactate dehydrogenase (LDH) leakage. To check the cytotoxic effect of the different experimental 

conditions described in the Results section, LDH activity was measured on aliquots of culture 

supernatant and in the cell lysate at the end of the 24 hours incubation time in the absence or 

presence of glasses and other reagents, as also described previously. [36] Both intracellular and 

extracellular enzyme activities, measured spectrophotometrically as absorbance variation at 340 nm 

(37°C), were expressed as µmol of reduced nicotinamide adenine dinucleotide (NADH) 

oxidized/min/dish, then extracellular LDH activity was calculated as a percentage of the total 

(intracellular + extracellular) LDH activity in the dish. 

Measurement of malonyldialdehyde (MDA). After 24 hours incubation with bioactive glasses and/or 

other substances, cells were washed with PBS, detached with trypsin/EDTA, and re-suspended in 1 

ml of PBS. The lipid peroxidation was spectrophotometrically detected with a Packard EL340 

microplate reader (Bio-Tek Instruments, Winooski, VT) measuring the intracellular level of MDA, 

the end product derived from the breakdown of polyunsaturated fatty acids and related esters, with 
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the lipid peroxidation assay kit (Oxford Biomedical Research, Oxford, MI), which uses the reaction 

of N-methyl-2-phenylindole with MDA in the presence of hydrochloric acid to yield a stable 

chromophore with maximal absorbance at 586 nm. [37] Intracellular MDA was expressed as 

pmol/mg cellular protein. 

Statistical analysis. All data in text and figures are provided as means ± SE. The results were 

analyzed by a one-way analysis of variance and Tukey's test. P < 0.05 was considered significant. 
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Results and Discussion 

3.1 Glass functionalization and protein immobilization 

In this work, the presence of AuNPs dispersed on the glass surface (see the white particles in the 

inset image of Figure 1, section A and, for a thorough characterization, the work by Lusvardi et al. 

[20]) gives us the possibility to exploit the formation of SAMs on the gold surface, and to 

immobilize thereon the SBP enzyme. For simplicity, in the following we will refer to the samples of 

interest using the abbreviations reported in Table 1. 

Scheme 1 is representative of the three steps involved in the process of SBP covalent 

immobilization: the first step is the coating of AuNPs with cysteamine (step a), the second step is 

the conjugation of glutaraldehyde (step b) and, finally, the third step is the attachment of SBP (step 

c). 

Each step of the functionalization/immobilization process was systematically characterized using 

SEM microscopy, FT-IR spectroscopy, XRD, and elemental analysis.  

- In the first step (step a), in which the functionalization with cysteamine of AuNPs loaded on the 

bioactive glass was attempted, we expected, after contact with cysteamine solution at 4°C, a 

selective via-thiol chemisorption [38] leading to a glass functionalization with external reactive 

amino groups exposed at the surface. By inspection of FT-IR spectra and of elemental analysis data 

obtained after this first functionalization step, the presence of cysteamine on AuNPs dispersed on/in 

the glass matrix could be confirmed, as reported below. 

In sections A and B of Figure 1, the (SEM-EDS) morphological evolution produced after the 

functionalization with cysteamine is reported. Actually, SEM analysis shows that, during the first 

functionalization step, only a slight modification of surface morphology occurred in that, after 

contact with cysteamine, the glass grain edges became a bit smoother. Also the semi-quantitative 

EDS analysis does not evidence a significant modification of the surface chemical composition. 

Section A of Figure 2 reports the KBr IR spectra of the Au-loaded glass as-such [spectrum (a)] and 

after functionalization with cysteamine [spectrum (b)]. For comparison purposes, also the spectrum 



 15 

of pure cysteamine is presented [spectrum (1)]. It can be observed that, after contact, the whole 

complex vibrational envelope of cysteamine is clearly detectable in spectrum (b) of the 

functionalized glass. In particular, the following features can be singled out: (i) a band centred at 

1587 cm-1, ascribable to the –NH2 deformation mode, [39] that would confirm that, after the first 

functionalization step, free amino functionalities are present at the glass surface; (ii)  two bands of 

odd intensity at 1495 and 1325 cm-1, ascribable to coupled –CH2 deformation modes; (iii)  a band at 

1247 cm-1, characteristic of the –CH2-S wagging mode. [39] Overall, these spectral features indicate 

that the first functionalization step proceeded successfully. 

The presence of linked cysteamine on SGAu-C samples is also attested by elemental analysis (see 

Table 2), that allowed us to determine 13.8 mg of cysteamine per gram of glass. 

Figure 3 reports the XRD patterns of all studied samples. Sections A and B of the XRD analysis 

show only sharp reflections attributed to Au crystals (JCPDS 04-0784), [40] and a broad bump (2θ 

≈ 20-25°) due to the amorphous silica-based glassy phase, [41] already present in the starting SGAu 

sample. In agreement with SEM-EDS results, this datum confirms that, in this first reaction step, no 

appreciable morphological/structural changes did occur. 

- In the second step (step b) of the functionalization process, glutaraldehyde was introduced and was 

expected to react with free amino groups (see Scheme 1) of the SGAu-C glass, forming Schiff 

bases. 

Section C of Figure 1 indicates that, also in this reaction step, the (surface) morphology of the 

glass particles changed slightly, whereas the grains surface became covered by rod-like crystals not 

homogeneously distributed (see XRD section C of Figure D) made up of brushite. 

The IR spectra of Figure 2, Section B evidence that the conjugation process has indeed occurred. In 

fact, spectrum (c), relative to the SGAu-C-G sample, clearly shows the presence of a band doublet 

at ∼1672 cm-1, ascribable to the carbonyl stretching vibration of aliphatic aldehydes. Little else 

could be said, from spectrum (c), on the “over-crowded” 1680-1200 cm-1 interval, but the 

differential segment termed (c)-(b) indicates that, in this reaction step, a complex spectral envelope 
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closely corresponding to glutaraldehyde [compare (c)-(b) with spectrum (2)] was introduced in the 

overall 1680-1200 cm-1 spectrum. It is somewhat surprising that the differential segment (c)-(b) 

does not show clear evidence for the consumption of the –NH2 band at ∼1590 cm-1 (it should appear 

in (c)-(b) as a negative or downward contribution to the overall differential bands envelope), and 

this suggests that only a relatively small fraction of the surface –NH2 functionalities did react with 

the aldehyde. 

Also in this case, elemental analysis was carried out on the reacted system, and the presence of 

glutaraldehyde after conjugation was confirmed by the percent increment of C with respect to the 

first functionalization step (see Table 2). Compared to the amount of linked cysteamine previously 

evaluated, the amount of glutaraldehyde corresponding to the observed increment of C is 

approximately only one half, in agreement with what already suggested by IR spectral data. This is 

probably because some of the abundant amino groups of linked cysteamine are inaccessible for the 

reaction with glutaraldehyde, due to steric hindrance. 

The XRD pattern in section C of Figure 3 reveals, besides Au, the presence of brushite crystals 

(CaHPO4·2H2O; JCPDS 09-0077). Note that the typical PO stretching bands analytical of brushite 

(1135, 1081, 989 cm-1) [39,42] cannot be singled out in the IR spectrum (c) of Figure 2B, as they 

lay “on top of” the strong (though not saturating) absorbance signal due to the O-Si-O stretching 

envelope of the silica network, where also intrinsically strong vibrational modes are either not 

visible or appear as weak as background noise (as it is the case also for some sharp 1200-1000 cm-1 

features belonging to glutaraldehyde). 

- The last step (step c) of the functionalization process is the immobilization of SBP on the SGAu-

C-G sample.  

From the inspection of section D of Figure 1 it is clearly evident that this reaction step deeply 

modifies the sample morphology, as the surface of the large starting particles becomes 

homogeneously covered by small rod-like particles (length 2-10 µm). The Ca/P ratio determined by 
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EDS analysis changes significantly from 1.50 in the starting SGAu glass to 1.05 in the SGAu-C-G-

SBP system. The latter ratio is fairly similar to that found in the brushite phase (Ca/P = 1.00). 

Panel C of Figure 2 reports the IR spectra of: the SGAu-C-G sample [spectrum (c)], SBP 

immobilized thereon [spectrum (d)], SBP adsorbed by impregnation on the non-functionalized 

SGAu glass [spectrum (e)], and pure SBP [spectrum (3), inserted for comparison]. In the fingerprint 

region, the spectrum of pure SBP is characterized by two bands of odd intensity, typical of proteins 

polypeptide chain, and usually called Amide I and II, centred at 1667 cm-1 (and ascribable to the 

(C=O) stretching mode of the carbonyl group), and at 1532 cm-1 (due to a combination of N-H and 

C-N stretching vibrations), respectively. Spectrum (d) and, better than that, the differential spectral 

segment termed (d)-(c) (bold line) clearly indicate the presence of two bands, very similar in 

position, shape, and relative intensity to those of the free enzyme and of the enzyme merely 

adsorbed/absorbed on SGAu. The presence of SBP on the surface of the functionalized glass is thus 

confirmed. 

By the use of Elemental Analysis it was not possible to gain any reliable information about this last 

functionalization step, probably as a consequence of the relatively low amount of immobilized SBP. 

The XRD pattern of Figure 3, section D (black line) shows with high intensity the peaks typical of 

the brushite phase. For instance, in the SGAu-C-G-SBP sample, the intensity of the analytical peak 

at 2θ = 11.80° (d=7.52Å, I/I0=100%) is 11360 counts, one order of magnitude higher with respect to 

that of the SGAu-C-G sample (compare with the black trace in Figure 3C). The formation of 

brushite can be attributed to the buffer (PBS) used in the second and third functionalization steps. 

Ca ions, released in solution by the glass dissolution process, [20] rapidly cause the precipitation of 

a Ca-phosphate phase and, in these conditions of high percent content of P, brought about by the 

buffer, the formation of a phase with a low Ca/P ratio is favoured. Brushite is indeed a crystalline 

Ca-phosphate phase with a low Ca/P ratio (1.00), whereas the Ca-phosphate phases commonly 

formed on bioactive glasses soaked in aqueous solutions are tri-calcium phosphate β-Ca3(PO4)2 (β-

TCP Ca/P=1.50) and, above all, hydroxy-apatite Ca5(PO4)3OH (HA; Ca/P=1.67). Brushite is a 
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precursor for the formation of TCP and/or HA, that are commonly regarded as the bioactive phases, 

[43-44] and for this reason the abundant presence of brushite on SGAu-C-G-SBP can be considered 

a favourable condition for the development of bioctivity. [43-44] 

3.2 Glasses functionalization stability, and in-vitro bioactivity  

In order to evaluate the degradation performance of functionalized materials, and the growth 

behaviour of HA (and, possibly, hydroxy-carbonate-apatite, HCA) as a function of soaking time in 

MEM solution, specific XRD, FT-IR, and SEM-EDS analyses were carried out. 

Figure 4 presents the FT-IR spectra of AuNPs-glasses, either as-such (Section A) or after each step 

of the functionalization process (Sections B-D), isolated after 1 hour, 1 day, and 7 days reaction in 

MEM solution. 

In the case of the non-functionalized starting glass SGAu (Figure 4, Section A), the comparison 

between spectra (d) and (a) indicates that, due to the appearance of a well resolved bands doublet at 

611 and 560 cm-1, crystalline phosphate of the HA/HCA type has grown on the glass surface in 7 

days of reaction in MEM. [20] The powder XRD analysis of Figure 3, Section A reveals peaks at 

°2θ values around 26° and 32° that, by matching JCPDS files, are identified as the (002) and (211) 

reflections of HA, respectively (JCPDS 09-0432). [40] In addition to HA peaks, also a peak 

centered at °2θ ≈ 21° (d = 4.16 Å) and characteristic of  SiO2 gel [41]was identified. Also SEM 

analysis shows a significant modification of glass morphology after 7 days of soaking in MEM (see 

Figure 5, section A): after 7 days in MEM (for comparison purpose see Figure 1, section A), the 

glass surface turns out to be covered by aggregates with roundish contours essentially constituted by 

Ca, P and O with a Ca/P ratio = 1.61, fairly similar to that found in HA (Ca/P=1.67). From all these 

data is clearly evident that the SGAu material can be considered as bioactive. 

In the case of the functionalized glass, FT-IR spectra of the systems SGAu-C (Figure 4, Section B), 

SGAu-C-G (Figure 4, Section C), and SGAu-C-G-SBP (Figure 4, Section D) show that: (i) the 

formation of crystalline apatite-like species on the glass surface is, in general terms, delayed. In 

fact, after 7 days of reaction in MEM [spectra (d)], in the case of the samples SGAu-C and SGAu-
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C-G the presence of an amorphous Ca-phosphate species is still evident (broad and un-resolved 

band at ~565 cm-1), whereas in the case of SGAu-C-G-SBP, after 7 days reaction, two bands of very 

low intensity, typical of crystalline HA formation, appear at 611 and 560 cm-1; (ii)  the spectral 

behaviour of the linked organic molecules (i.e., cysteamine, glutaraldehyde, and peroxidase), 

evaluated by glass dissolution in MEM, evidences that, after up to 7 days of treatment, all of the 

organic components successively introduced are still abundantly present on the glass surface, even 

if the spectra in Section C and, even more, Section D suggest that a partial detachment of the 

organic functionality has occurred.  

XRD (Figure 3, Sections B, C, and D) and EDS-SEM data (Figure 5, Sections B, C, and D) seem 

to confirm what suggested by the spectroscopic behaviour: (i) after 7 days of reaction in MEM, the 

SGAu-C sample still presents the same morphology, the same surface composition, and the same 

crystalline phases exhibited before soaking in MEM; (ii)  in the case of the SGAu-C-G sample, 

MEM soaking caused, with contact  time, an increase of the surface amount of brushite crystals (not 

detectable from IR spectra for the reasons already explained above); (iii)  after 7 days of reaction of 

the SGAu-C-G-SBP sample, the amount of brushite phase seems to be far lower with respect to that 

detected on the sample before soaking (decrease/disappearance of XRD reflections typical of the 

brushite phase), while both XRD and EDS analyses (Figures 1, section D, and 5, section D) seem 

to suggest the conversion of brushite into HA (broad XRD peak at °2θ ≈ 32°, and Ca/P ratio varied 

from 1.05 before soaking to 1.53 after MEM soaking). 

Summarizing, it is possible to conclude that the functionalization steps with cysteamine and 

cysteamine + glutaraldehyde inhibit the formation of bioactive HA-like phases, whereas the 

presence of immobilized SBP favours the conversion of brushite (formed during the complex 

functionalization process) in a crystalline HA-like phase, monitoring bioactivity. 

3.3 Enzyme loading and activity  

The amount of SBP loaded on the bioactive glass was evaluated indirectly, using UV-Vis 

spectroscopy, from the difference between the enzyme content in the reaction supernatant and 
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washings. It has been so possible to calculate the enzyme loading on the solid carrier, both in the 

case of the immobilization and impregnation/adsorption procedures. 

As expected, SBP immobilization was influenced by the initial concentration of SBP. In our 

experimental conditions, the best result was a loading of 1.38 mg SBP/g SGAu-C-G, with a 

percentage of immobilized enzyme at 10%, but corresponding to 50% of conjugation yield, as 

calculated on the basis of available aldehyde groups determined through elemental analysis. 

However, protein loading is not the only parameter that characterizes an immobilized enzyme. Both 

the covalent bonding and the adsorption technique could have undesirable consequences on the 

enzymatic activity, in that: - the enzyme covalent binding on the support often leads to little leakage 

of catalytic activity, induced by the attachment of the enzyme in a non-productive conformation that 

can be related to limited accessibility and/or partial distortion of the catalytic site; - the case of 

enzymes adsorption on metallic NPs is driven by electrostatic interactions, that can lead to 

unfolding and inactivation. For this reason, the initial reaction rate by the DMAB/MBTH/H2O2 

system has been measured, at increasing enzyme concentrations, for free SBP and for the SGAu-C-

G-SBP and SGAu-SBP-Ads samples. The results, in terms of initial average rate of the oxidation 

product as a function of enzyme molar concentration, are reported in Figure 6. It is noted that, in all 

cases, the enzyme activity is proportional to the enzyme concentration, even if appreciable are the 

differences in slope. The increasing enzymatic activity as a function of enzyme concentration 

confirms that this immobilization technique minimized diffusion-limiting processes. As for the 

large difference (decrease) of maximum activity observed between free SBP in solution and 

immobilized SBP samples, it is thought to be ascribable to a partial loss of catalytic activity 

affecting the enzyme, after the covalent/adsorption immobilization. 

Retained activities after the two immobilization processes (covalent and adsorption) were calculated 

as the ratio between the slopes of the regression equations obtained for the immobilized samples 

and free enzyme. As evident from Figure 6, the covalent immobilization (SGAu-C-G-SBP) shows 

a definitely higher activity yield (of 21.55%) with respect to the adsorbed sample (SGAu-SBP-Ads; 
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0.82%). The partial loss of activity exhibited by SGAu-C-G-SBP is comparable to that observed for 

SBP immobilized on aminopropyl glass beads (work in progress). As for the drastic decrease in 

activity yield observed for SBP adsorbed onto SGAu, it can be correlated with the direct interaction 

of the enzyme with the metallic surface. 

In order to exclude a potential oxidative activity of the support, a comparison between relative 

activities of all the intermediate samples, representing the various steps of the immobilization 

process, was performed with a discontinuous test (absorbance of the oxidised product, measured at 

590 nm, obtained after 10 minutes of reaction time), at constant solid suspension concentration (1.6 

mg SGAu/ml). The results obtained were then related to the value acquired with free SBP in 

solution, using the same enzymatic concentration of SGAu-C-G-SBP. The results are listed in 

Figure 7 in terms of percentage activity, having taken as 100% the activity of free SBP. The data 

reveal a little oxidative activity for SGAu as-such and for the first functionalized glass specimens, 

that goes from 5.2% for SGAu as-such to 17.2% for SGAu-C and 14.8% for SGAu-C-G. The 

values reported for the functionalized bioactive glasses reveal that the solid support explicates a 

little catalytic activity towards the DMAB/MBTH/H2O2 system. On the other hand, SGAu-C-G-

SBP and adsorbed SBP percentages confirm that most of the contribution is substantially ascribable 

to the enzymatic action, that differs depending on the type of immobilization technique used. These 

data are in good agreement with specific activity results presented above (work in progress), and 

indicate that (especially for the 111.44% of SGAu-C-G-SBP) the support-contribution, although 

minimal, is cumulative to the enzymatic one. 

3.4 Cytotoxicity tests 

To check a possible cytotoxicity of the materials in the different steps of glass functionalization, 

LDH release and MDA production after 24 hours of glasses incubation with MG-63 cells have been 

evaluated. 

The release of LDH in the extracellular medium is a sensitive index of cytotoxicity. [36] It is worth 

noting that, after 24 hours incubation, the AuNPs-containing glass as-such (SGAu) caused a 
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significant increase of LDH leakage at 50 and 100 µg/ml (corresponding to 12.5 µg/cm2 and 25 

µg/cm2, respectively), but not at 25 µg/ml (6.25 µg/cm2) (Figure 8). An increase of LDH release 

was also significant after a 24 hours incubation of the cells with 50 and 100 µg/ml of SGAu-C-G 

sample, and with the only glutaraldehyde at the concentrations of 5 and 10 nM that correspond to 

the amount of glutaraldehyde immobilized onto 50 and 100 µg/ml of glass, respectively. The 

cytotoxic effect caused by the glass SGAu as-such is probably due to the presence, already 

postulated elsewhere, [20] of some residual Aun+ species on the glass surface. When in contact with 

the cells, these species would tend to reduce to Au0, causing an oxidative stress. In the case of 

SGAu-C-G, the free aldehydic termination is likely to be responsible for the cell damage, as 

confirmed by the similar cytotoxic behaviour of free glutaraldehyde. Glutaraldehyde is a commonly 

used crosslinking agent, for example in drug delivery matrices. Its toxicity has been shown to be 

concentration-dependent. [45] Glutaraldehyde can bind to DNA and proteins to form crosslinks 

through the N-terminal groups of nucleotides or amino acids to form molecular adducts. Previous 

studies have found that it is possible to decrease the cytotoxic effects of glutaraldehyde towards N-

terminal groups of proteins and nucleotides by washing the materials with a phosphate buffer 

solution before the contact with cells or by using L-glutamic acid and/or glycine to quench the 

aldehydic groups. [46-48] 

In the case of SBP chemically immobilized or adsorbed on the glass surface, the cytotoxic effect of 

SGAu on the cells was completely abolished. A similar decrease was also detectable in the presence 

of only SBP. In the case of adsorbed SBP, it should be noted that the amount of protein adsorbed on 

the glass (with respect to the amount of immobilized protein) was lower, and that the activity of 

adsorbed protein (see SBP activity data, Figure 6 and Figure 7) was reduced, probably due to the 

conformational changes of the native SBP structure. 

A possible time-dependence of glass cytoxicity has been also evaluated, by incubating the materials 

of interest, at 50 µg/ml, for 3, 6, 24 and 48 hours. At 3 and 6 hours no effect has been detected, 
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whereas at 48 hours an effect at all similar to that found at 24 hours has been measured (data not 

shown for the sake of brevity). 

On the basis of these LDH results, the production of MDA, a main product of the peroxidation of 

cells membrane lipids, has been evaluated after 24 hours of glasses incubation at the same 

concentrations. Also in this case the oxidative stress was detectable only after incubation with the 

same concentrations of SGAu, SGAu functionalized with both cysteamine and glutaraldehyde 

(SGAu-C-G), and with only glutaraldehyde (Figure 9) which produced an increase of LDH 

leakage. 

Cytotoxicity data suggested that SBP immobilization on AuNPs bioactive glasses causes a 

significant reduction of the material cytotoxicity (cell damage and oxidative stress) in contact with 

osteoblast cells. 

 In order to evaluate the response of these materials after the so-called surgical stress involving the 

activation of inflammatory, endocrine, metabolic and immunologic mediators, in vivo tests will be 

performed. The in vivo response will be evaluate using female Swiss alpine sheep models. 

A decrease of oxidative stress after the implantation of SBP functionalized AuNPs bioactive glasses 

with respect to AuNPs glass will be expected. 
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Conclusions 

In this work a new method of covalent enzyme immobilization onto sol-gel bioactive glasses 

surface has been proposed. This approach allows us to obtain stable and reproducible devices to be 

used as implanted biomaterials. In particular, this new bio-conjugate material was shown to be able 

to maintain its bioactivity over time, and to decrease the cell damage and oxidative stress. 

The presence of AuNPs on the material surface turned out to be of vital importance for the 

immobilization/functionalization steps, as well as for the stability of the enzyme (SBP). In fact, 

after 7 days of treatment in solution, all of the organic components introduced during the 

functionalization steps (cysteamine, glutaraldehyde and, eventually, SBP) are still abundantly 

present on the glass surface. 

The covalent immobilization process (SGAu-C-G-SBP) proposed in this work shows an high 

activity yield (of 21.55%), with a significant reduction of the material citotoxicity (cell damage and 

oxidative stress). The presence of SBP on the surface of the (SGAu-C-G-SBP) functionalized glass 

does not seem to influence the glass bioactivity and, in particular, the abundant presence on (SGAu-

C-G-SBP) of brushite, formed during the functionalization steps, can be considered a favourable 

condition for HA/HCA crystallization, symptom of bioactivity. 

What was obtained here, SBP immobilized onto sol-gel bioactive glasses exploiting SAMs 

formation, can be thus regarded as a novel bio-conjugate material, that is easy to use and allows to 

obtain stable and reproducible devices. 
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Figure Captions. 

 

Fig. 1. SEM–EDS analysis of SGAu as such (A), SGAu-C (B), SGAu-C-G (C), and SGAu-C-G-

SBP (D). EDS data report the composition, expressed as atomic %, as a mean of four measurements 

(std. dev. = 0.5%). 

 

Fig. 2. Absorbance FTIR spectra, in the analytical spectral range 1800–400 cm−1, of diluted KBr 

pellets. Section A: SGAu glass as such [spectrum (a)]; SGAu glass functionalized with cysteamine 

[spectrum (b)]; no-gold SG glass functionalized with cysteamine [spectrum (b’)]; the reference 

spectrum of pure cysteamine [spectrum (1)]. Section B: cysteamine-functionalized SGAu glass 

[spectrum (a)]; SGAu glass functionalized with cysteamine + glutaraldehyde [spectrum (c)]; the 

reference spectrum of pure glutaraldehyde [spectrum (2)]. Section C: SGAu glass functionalized 

with cysteamine + glutaraldehyde [spectrum (c)]; SGAu glass functionalized with cysteamine + 

glutaraldehyde + SBP [spectrum (d)]; [spectrum (e)]; the reference spectrum of pure SBP [spectrum 

(3)].  

 

Fig. 3. XRD patterns of the glass carrying AuNPs, isolated after the various steps of the 

functionalization process (as indicated by the sample symbols). In each section, two diffraction 

patterns are reported: one (black-line traces) is relative to the samples as-such (i.e., after the relevant 

functionalization reaction step), and the other (red-line traces) to the same samples after 7 days of 

soaking in MEM solution. (Au: gold; HA: hydroxyapatite; g-SiO2: silica gel; B: brushite). 

 

Fig. 4. Absorbance FTIR spectra, in the analytical spectral range 1800–400 cm−1, of diluted KBr 

pellets of as-such SGAu-glass in the four phases of the functionalization process [red-line spectra 

(a)], and after contact times with MEM solution of 1 hour [spectra (b)], 1 day [spectra (c)], and 7 

days [spectra (d)]. Section A: the starting SGAu glass; Section B: SGAu glass functionalized with 
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cysteamine (SGAu-C); Section C: SGAu glass functionalized with cysteamine and glutaraldehyde 

(SGAu-C-G); Section D: SGAu glass functionalized with cysteamine, glutaraldehyde and SBP 

(SGAu-C-G-SBP).  

 

Fig. 5. SEM–EDS analysis of the starting glass SGAu (A), SGAu-C (B), SGAu-C-G (C) and 

SGAu-C-G-SBP (D), isolated after 7 days of soaking in MEM solution. The reported EDS data 

express the composition as atoms %, and are the average of four measurements (std. dev. = 0.5%). 

 

Fig. 6. Activity essay carried out on free SBP (�), SGAu-C-G-SBP (�), and SGAu-SBP Ads (▼). 

The enzymatic activities were calculated on the basis of the average initial rate of formation of the 

DMAB/MBTH reaction product, and are presented as micromolar concentration of product 

generated per minute (U) as function of enzyme concentration. Each test was carried out with 

1.20·10-3 M DMAB, 3.73·10-5 M MBTH and 4.9·10-5 M H2O2, varying the enzyme concentration 

between 1.25·10-9 M and 2.00·10-8 M. 

 

Fig. 7. Comparison of catalytic activities of all the samples synthesized. The activities of SGAu as 

synthesized (SGAu), cysteamine functionalized SGAu (SGAu-C), glutaraldehyde-cysteamine 

functionalized SGAu (SGAu-C-G), immobilized SBP (SGAu-C-G-SBP), and adsorbed SBP 

(SGAu-SBP-Ads) were measured as the increase in absorbance at 590 min after 10 min of reaction 

time and related with the result obtained with free SBP taken as reference (100%). All the tests were 

carried out with 1.20·10-3 M DMAB, 3.73·10-5 M MBTH and 4.9·10-5 M H2O2 at constant solid 

concentration (1.6 mg SGAu/ml). 

 

Fig. 8. Effect of glass powders on LDH release in the supernatant of MG-63 cells. Cells were 

incubated in the absence (CTRL) or in the presence of cysteamine (Cyst) at the concentrations of 5, 

10 and 20 nM that correspond to the amounts of cysteamine grafted onto 25, 50 and 100 µg of glass 
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respectively, glutaraldehyde (Glut) at the concentrations of 2.5, 5 and 10 nM that correspond to the 

amounts of glutaraldehyde grafted onto 25, 50 and 100 µg of glass respectively, soybean peroxidase 

(SBP) at the concentrations of 1, 2 and 4 pM that correspond to the amounts of SBP grafted onto 

25, 50 and 100 µg of glass respectively, or of one of the following materials: AuNPs-containing 

bioactive glass (SGAu); cysteamine-functionalized glass (SGAu-C); glutaraldehyde-functionalized 

glass (SGAu-C-G); SBP-functionalized glass (SGAu-C-G-SBP); adsorbed SBP on the parent glass 

(SGAu-SBP-Ads) at three different concentrations 25, 50 and 100 µg/ml. 

After a 24 hours incubation, the LDH activity was measured as described in Materials and Methods. 

Extracellular LDH activity was calculated as percentage of total (intracellular + extracellular) LDH 

activity in the dish. Measurements (n = 3) were performed in triplicate, and the data are presented as 

mean values ± SE. Vs CTRL * p < 0.0001. 

 

Fig. 9. Effect of glass powders on intracellular MDA in MG-63 cells. Cells were incubated in the 

absence (CTRL) or presence of cysteamine (Cyst) at the concentrations of 5, 10 and 20 nM that 

correspond to the amounts of cysteamine grafted onto 25, 50 and 100 µg of glass respectively, 

glutaraldehyde (Glut) at the concentrations of 2.5, 5 and 10 nM that correspond to the amounts of 

glutaraldehyde grafted onto 25, 50 and 100 µg of glass respectively or soybean peroxidase (SBP) at 

the concentrations of 1, 2 and 4 pM that correspond to the amounts of SBP grafted onto 25, 50 and 

100 µg of glass respectively or one of the following materials at three different concentrations 25, 

50 and 100 µg/ml: AuNPs-containing bioactive glass (SGAu); cysteamine-functionalized glass 

(SGAu-C); glutaraldehyde-functionalized glass (SGAu-C-G); SBP-functionalized glass (SGAu-C-

G-SBP); adsorbed SBP on glass (SGAu-SBP-Ads). 

After 24 hours the intracellular MDA was measured as described in Materials and Methods. 

Measurement (n = 3) were performed in triplicate, and data are presented as means ± SE. Vs CTRL 

* p < 0.0001. 
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Schemes 

Scheme 1. Schematic representation of the different steps of glass functionalization 
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Tables 

 

Table 1. Samples description, and abbreviations reported in the text. 

 

Samples 

abbreviation 
Samples description 

SGAu Bioactive glass containing gold nanoparticles, as such 

SGAu-C Bioactive glass containing gold nanoparticles functionalized with cysteamine 

SGAu-C-G 
Bioactive glass containing gold nanoparticles functionalized with cysteamine and 

glutaraldehyde 

SGAu-C-G-SBP 
Bioactive glass containing gold nanoparticles functionalized with cysteamine, 

glutaraldehyde and Soybean Peroxidases 

SGAu-SBP-Ads Soybean Peroxidases adsorbed on Bioactive glass containing gold nanoparticles 
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Table 2. Quantification of molecules present  on the glass surface by the use of Elemental Analysis. Each 
value reported (± std.dev.) is the average of three analyses carried out on different samples.  
 

Samples %N %C %H %S mg/gglass 

SGAu 0.00 0.50±0.03 1.00±0.10 0.00 / 

SGAu-C 0.25±0.02 0.95±0.05 1.30±0.12 0.50±0.10 13.8 of cysteamine 

SGAu-C-G 0.23±0.02 1.27±0.05 1.37±0.11 0.45±0.08 
13.8 of cysteamine + 

10.0 of glutaraldehyde 

SGAu-C-G-SBP Not detectable 

SGAu-SBP-Ads Not detactable 
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Fig. 1. SEM–EDS analysis of SGAu as such (A), SGAu-C (B), SGAu-C-G (C), and SGAu-C-G-SBP (D). 
EDS data report the composition, expressed as atomic %, as a mean of four measurements (std. dev. = 0.5%). 
 

A) B) 

C) D) 

 

Au=0.35 Si=17.35 Ca=5.85 P=5.55 O=70.90     
Ca/P=1.05 Si/Ca=2.96 

Au=0.60 Si=20.90 Ca=4.80 P=3.10 O=70.60     
Ca/P=1.55 Si/Ca=4.35 

Au=0.65 Si=18.95 Ca=3.60 P=2.40 O=74.40     
Ca/P=1.50 Si/Ca=5.26 

Au=0.55 Si=20.60 Ca=3.60 P=2.35 O=72.90     
Ca/P=1.53 Si/Ca=5.70 
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Fig. 2. Absorbance FTIR spectra, in the analytical spectral range 1800–400 cm−1, of diluted KBr pellets. 
Section A: SGAu glass as such [spectrum (a)]; SGAu glass functionalized with cysteamine [spectrum (b)]; 
no-gold SG glass functionalized with cysteamine [spectrum (b’)]; the reference spectrum of pure cysteamine 
[spectrum (1)]. Section B: cysteamine-functionalized SGAu glass [spectrum (a)]; SGAu glass functionalized 
with cysteamine + glutaraldehyde [spectrum (c)]; the reference spectrum of pure glutaraldehyde [spectrum 
(2)]. Section C: SGAu glass functionalized with cysteamine + glutaraldehyde [spectrum (c)]; SGAu glass 
functionalized with cysteamine + glutaraldehyde + SBP [spectrum (d)]; [spectrum (e)]; the reference 
spectrum of pure SBP [spectrum (3)].  
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Fig. 3. XRD patterns of the glass carrying AuNPs, isolated after the various steps of the functionalization 
process (as indicated by the sample symbols). In each section, two diffraction patterns are reported: one 
(black-line traces) is relative to the samples as-such (i.e., after the relevant functionalization reaction step), 
and the other (red-line traces) to the same samples after 7 days of soaking in MEM solution. (Au: gold; HA: 
hydroxyapatite; g-SiO2: silica gel; B: brushite). 
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Fig. 4. Absorbance FTIR spectra, in the analytical spectral range 1800–400 cm−1, of diluted KBr pellets of 
as-such SGAu-glass in the four phases of the functionalization process [red-line spectra (a)], and after 
contact times with MEM solution of 1 hour [spectra (b)], 1 day [spectra (c)], and 7 days [spectra (d)]. 
Section A: the starting SGAu glass; Section B: SGAu glass functionalized with cysteamine (SGAu-C); 
Section C: SGAu glass functionalized with cysteamine and glutaraldehyde (SGAu-C-G); Section D: SGAu 
glass functionalized with cysteamine, glutaraldehyde and SBP (SGAu-C-G-SBP).  
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 Fig. 5. SEM–EDS analysis of the starting glass SGAu (A), SGAu-C (B), SGAu-C-G (C) and SGAu-C-G-
SBP (D), isolated after 7 days of soaking in MEM solution. The reported EDS data express the composition 
as atoms %, and are the average of four measurements (std. dev. = 0.5%). 
 

A) B) 

C) D) 

 

 B) 

Au=0.85 Si=5.10 Ca=8.45 P=5.25 O=80.35     
Ca/P=1.61 Si/Ca=0.60 

Au=0.70 Si=20.70 Ca=4.20 P=4.15 O=71.25     
Ca/P=1.01 Si/Ca=4.92 

Au=0.55 Si=22.20 Ca=3.15 P=1.95 O=72.15     
Ca/P=1.62 Si/Ca=7.04 

Au=0.45 Si=22.00 Ca=4.45 P=2.90 O=70.20     
Ca/P=1.53 Si/Ca4.91 
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Fig. 6. Activity essay carried out on free SBP (�), SGAu-C-G-SBP (�), and SGAu-SBP Ads (▼). The 
enzymatic activities were calculated on the basis of the average initial rate of formation of the 
DMAB/MBTH reaction product, and are presented as micromolar concentration of product generated per 
minute (U) as function of enzyme concentration. Each test was carried out with 1.20·10-3 M DMAB, 3.73·10-

5 M MBTH and 4.9·10-5 M H2O2, varying the enzyme concentration between 1.25·10-9 M and 2.00·10-8 M. 
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Fig. 7. Comparison of catalytic activities of all the samples synthesized. The activities of SGAu as 
synthesized (SGAu), cysteamine functionalized SGAu (SGAu-C), glutaraldehyde-cysteamine functionalized 
SGAu (SGAu-C-G), immobilized SBP (SGAu-C-G-SBP), and adsorbed SBP (SGAu-SBP-Ads) were 
measured as the increase in absorbance at 590 min after 10 min of reaction time and related with the result 
obtained with free SBP taken as reference (100%). All the tests were carried out with 1.20·10-3 M DMAB, 
3.73·10-5 M MBTH and 4.9·10-5 M H2O2 at constant solid concentration (1.6 mg SGAu/ml). 
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Fig. 8. Effect of glass powders on LDH release in the supernatant of MG-63 cells. Cells were incubated in 
the absence (CTRL) or in the presence of cysteamine (Cyst) at the concentrations of 5, 10 and 20 nM that 
correspond to the amounts of cysteamine grafted onto 25, 50 and 100 µg of glass respectively, 
glutaraldehyde (Glut) at the concentrations of 2.5, 5 and 10 nM that correspond to the amounts of 
glutaraldehyde grafted onto 25, 50 and 100 µg of glass respectively, soybean peroxidase (SBP) at the 
concentrations of 1, 2 and 4 pM that correspond to the amounts of SBP grafted onto 25, 50 and 100 µg of 
glass respectively, or of one of the following materials: AuNPs-containing bioactive glass (SGAu); 
cysteamine-functionalized glass (SGAu-C); glutaraldehyde-functionalized glass (SGAu-C-G); SBP-
functionalized glass (SGAu-C-G-SBP); adsorbed SBP on the parent glass (SGAu-SBP-Ads) at three 
different concentrations 25, 50 and 100 µg/ml. 
After a 24 hours incubation, the LDH activity was measured as described in Materials and Methods. 
Extracellular LDH activity was calculated as percentage of total (intracellular + extracellular) LDH activity 
in the dish. Measurements (n = 3) were performed in triplicate, and the data are presented as mean values ± 
SE. Vs CTRL * p < 0.0001. 
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Fig. 9. Effect of glass powders on intracellular MDA in MG-63 cells. Cells were incubated in the absence 
(CTRL) or presence of cysteamine (Cyst) at the concentrations of 5, 10 and 20 nM that correspond to the 
amounts of cysteamine grafted onto 25, 50 and 100 µg of glass respectively, glutaraldehyde (Glut) at the 
concentrations of 2.5, 5 and 10 nM that correspond to the amounts of glutaraldehyde grafted onto 25, 50 and 
100 µg of glass respectively or soybean peroxidase (SBP) at the concentrations of 1, 2 and 4 pM that 
correspond to the amounts of SBP grafted onto 25, 50 and 100 µg of glass respectively or one of the 
following materials at three different concentrations 25, 50 and 100 µg/ml: AuNPs-containing bioactive glass 
(SGAu); cysteamine-functionalized glass (SGAu-C); glutaraldehyde-functionalized glass (SGAu-C-G); SBP-
functionalized glass (SGAu-C-G-SBP); adsorbed SBP on glass (SGAu-SBP-Ads). 
After 24 hours the intracellular MDA was measured as described in Materials and Methods. Measurement (n 
= 3) were performed in triplicate, and data are presented as means ± SE. Vs CTRL * p < 0.0001. 
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