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Abstract

Polyphenols are actually achieving an increasing interest due to their potential health benefits, such as
antioxidant, anticancer, antibacterial and bone stimulation abilities. However their poor bioavailability and
stability hamper an effective clinical application as therapeutic principles. The opportunity to couple these
biomolecules with synthetic biomaterials, in order to obtain local delivery at the site of interest, improve
their bioavailability and stability and combine their properties with the ones of the substrate, is a
challenging opportunity for the biomedical research.

A silica based bioactive glass, CEL2, has been successfully coupled with gallic acid and natural polyphenols
extracted from red grape skins and green tea leaves. The effectiveness of grafting has been verified by
means of XPS analyses and the Folin&Ciocalteu tests. In vitro bioactivity has been investigated by soaking
in simulated body fluid (SBF). Surface modification after functionalization and early stage reactivity in SBF
have been studied by means of zeta potential electrokinetic measurements in KCl and SBF. Finally the
antioxidant properties of bare and modified bioactive glasses has been investigated by means of the
evaluation of free radical scavenging activity by Electron Paramagnetic Resonance(EPR)/spin trapping

technique after UV photolysis of H,0, highlighting scavenging activity of the bioactive glass.
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1. Introduction

An increasing interest in natural molecules has been registered in the last years in various application fields
such as functional foods, cosmetics, pharmaceuticals, packaging and medicine due to their potential health
benefits and low toxicity. Moreover, natural molecules can be obtained from wastes of food and
beverages production chains and constitute a challenging approach for a green use of resources.

Among natural molecules, polyphenols obtained high attention because of their antioxidant, anti-
inflammatory, antibacterial, bone stimulating and anticancer properties [1-3]. These molecules have been
widely explored by direct application in in vitro and in vivo studies. The main drawbacks associated to
polyphenols, that limit their effective application in medicine, are their relative low stability (mainly in
neutral and basic media) and poor bioavailability when administered by conventional systemic routes.
However polyphenols are stable in acid environment as the one presents in the initial stage of bone
healing process [4, 5].

Some attempts to couple polyphenols with various materials have been reported in the literature with the
aim to impart the specific properties of the biomolecules to the synthetic surface.

As far as pure polyphenols and model molecules are concerned, two flavonoids (taxifolin and quercetin)
have been covalently immobilized onto titanium substrates [6, 7]; Pyrogallol 2-aminoethane has been used
as model molecule for plant flavonoids for the functionalization of various polymeric, metallic and ceramic
substrates [8]; quercetin and rutin have been coupled with mesoporous silica [9,10]; gallic acid has been
grafted to zein fibers [11], and bioactive glasses were functionalized with chitosan [12-14], dendrimers
[15], Mg/Al layered double hydroxide [16], magnetite and gold nanoparticles [17, 18], soybean peroxidase
[19] and curcumin [20].

Considering polyphenol containing natural extracts, polyphenol coatings on various polymeric, metallic and
ceramic substrates have been obtained from red wine, cacao and green tea extracts, in order to impart
antibacterial and antioxidant properties [21] and apple polyphenols have been encapsulated into B-
cyclodextrin nanosponges [22].

In previous research works, the authors investigated the grafting of gallic acid and polyphenols extracted
from grape skin to bioactive glasses with various reactivity [23, 24] and of gallic acid to a bioactive and
ferrimagnetic glass ceramic [25] exploiting hydroxyl groups exposed on the glass surface without any
coupling/spacer molecule.

In the present work an in-depth study of the grafting of gallic acid, used as model molecule because of its
simple structure, and polyphenols extracted from red grape skin and green tea leaves is reported, focusing
the attention on the functionalization of a bioactive glass (named CEL2) that, in previous researches,
revealed high reactivity and functionalization ability both in bulk and powder form. An optimized grafting

procedure has been developed in order to obtain an effective grafting able to maintain the biomolecule



activity. Polyphenols presence and redox activity have been verified by means of both XPS technique and
Folin&Ciocalteu analysis directly on the glass surface. For the first time, the effect of polyphenols on in

vitro bioactivity and radical scavenging ability has been investigated and reported.

2. Materials and methods

2.1 Samples preparation

The bioactive glass developed and fully characterized in previous works [26-28], was used as substrate in
the present research work, both in bulk and powder form.

The glass was produced by the traditional melt and quenching method and its molar composition is: 45%
Si0,, 3% P,0s, 26% Ca0, 7% MgO, 15% Na,0, 4% K,0, with a 4:1 Na,0/K,0 ratio [26-29].

The glass was obtained by melting the precursors (SiO,, Ca; (PO,),, CaCO;, (MgCO0s),Mg (OH) ,5H,0, Na,CO;
and K,COs3, >99%, Sigma Aldrich) in a platinum crucible at 1500°C for 1 hour. In order to obtain powder
samples, the melted glass was poured in water obtaining a frit. The frit was milled and sieved up to grain
size lower than 20 um. The bulk samples were produced pouring the melted glass on a brass plate, the
bars obtained were annealed in a furnace at 500°C for 13 hours in order to release residual stresses. After
the annealing, the bars were cut with an automatic cutter in pieces 1 mm thick (Struers Accutom 5) and
the slices obtained were polished with SiC abrasive papers (120-4000 grit) in order to achieve
homogeneous surface. Glass slices with total area of 124,63 + 13,88 mm? and 4,68 + 0,03 g weight were
obtained, while the powder samples were composed by 100 mg of glass powder in conformity with

previous works [23, 24].

2.2 Phenol compounds handling

The biomolecules employed for the functionalization of the samples were gallic acid (3, 4, 5-
Trihydroxybenzoic acid, GA), as model molecule, and polyphenols extracted from green tea leaves (TPH) or
red grape skin (GPH) (Table 1).

The green tea leaves (Longjing variety) were imported from Hangzhou, China, dried in oven at 60°C and
ground into very small pieces in a ceramic mortar.

For the conventional solvent extraction [29] a water-ethanol solution (20:80 volume ratio) with a solid-
liquid ratio 1:50 was used. The extraction was conducted at the temperature of 60°C for one hourin a
thermostatic bath. The extraction solution was separated from the tea leaves by filtering and then put into
an incubator at 37°C until total ethanol solution evaporation.

Finally, the extract was collected and re-suspended in double-distilled water and freeze dried. .

Extract of red grape skin was obtained from red grape (Barbera variety) provided by a small-scale producer

in the north-west of Italy (vineyard situated in Vaglio Serra, Asti, Piedmont, Italy).



The fresh grape skins were separated from the others parts of the grape and dried in an oven at 60°C and
then milled in small pieces, as described in [24].
A conventional solvent extraction [30, 31] using a water-ethanol solution (20:80 volume ratio) with a solid-

liquid ratio 1:20 was performed [24], in the same way of the one made for the tea leaves.

2.3 Glass surface activation

Free hydroxyl groups on the surface of the glass are necessary in order to effectively functionalize its
surface [23, 24]. The method of exposition of the —OH groups for CEL2 was previously optimized by the
authors’ research group [27, 28]. In brief, the samples were washed in acetone in an ultrasonic bath for 5
minutes, to remove the surface contaminants, and then washed 3 times for 5 minutes in double-distilled
water in order to expose —OH groups. The samples with the surface activated will be called glass-washed

from now on (Table 1).

2.4 Surface functionalization

Stock solutions of gallic acid and natural extracts were prepared for glass functionalization: 1.0 mg/ml of
GA (GA 97.5-102.5% titration, Sigma Aldrich) in double-distilled water, 1.0 mg/ml of TPH in double distilled
water and 5.0 mg/ml of GPH in double distilled water.

Each sample (glass slices with area 124,63+13,88 mm” and weight 4,68 +0,03 g for bulk samples and 100
mg for powder samples) was put in a holder coated with aluminum foil, in order to avoid UV degradation
of the polyphenols, immediately after the procedure of activation, without drying, covered with 5 ml of the
solution of functionalization and incubated for 3 hours at 37°C. After the incubation the samples were
washed two times in double-distilled water, dried at room temperature and then preserved in the dark.
This protocol of functionalization was developed from previous works of the research group [23, 24]
reducing the time of incubation with the scope of containing the ion release from the bioactive glass, that
could induce an excessive pH increase, and the time of permanence of polyphenols at neutral/basic pH,
reducing the consequent molecules degradation in the absence of a pH-metric buffer.

The samples grafted with polyphenols will be named CEL2+GA, CEL2+TPH and CEL2+GPH (Table 1).

2.5 Photometric analysis

Photometric determinations in the visible spectral region (CARY 500 Varian) were conducted on the
functionalization solution before and after the samples soaking and on the samples themselves using the
Folin&Ciocalteu method [23, 24] in order to evaluate the polyphenols concentration and depletion after
surface grafting. 2 ml of the solution were mixed with 6 ml of double-distilled water and with 0,5 ml of

Folin&Ciocalteu reagent (Folin&Ciocalteu phenol reagent, Sigma Aldrich). After 3 minutes 1,5 ml of 20%



(p/V) Na,COs; solution were added and after 2 h of reaction the photometric measurement was carried out
at 760 nm [23, 24].

A modified Folin&Ciocalteu method was utilized to quantify the polyphenols grafted on the surface of the
samples. The functionalized samples was put into a holder and then covered with 8 ml of water, 0,5 ml of
Folin&Ciocalteu reagent and 1,5 ml of 20% (p/V) Na,CO; solution [25].

To quantify the amount of polyphenols, a standard calibration curve was prepared using solutions with
different concentrations of GA (namely, 0,0025, 0,005, 0,01, 0,02, 0,03 and 0,04 mg/ml) as described in
[23].

For this type of analysis were prepared at least three bulk and three powder samples of CEL2 washed,

CEL2 + GA, CEL2 + GPH and CEL2 + TPH.

2.6 XPS analysis

X-ray Photoelectron Spectroscopy analysis (XPS, PHI 5000 VERSAPROBE, PHYSICAL ELECTRONICS) was
employed to evaluate the presence of the polyphenols on the surface of the samples.

For this analysis one bulk sample per type (CEL2 washed, CEL2+GA, CEL2+GPH and CEL2+TPH) was
analyzed . The chemical composition of the surface was investigated by means of survey spectra and the
chemical state of C and O were further determined by high resolution spectra in order to determine the

presence of chemical groups characteristic of the activated surfaces or of the grafted biomolecules.

2.7 Apatite-forming ability tests

To compare the apatite-forming ability (bioactivity) of glass before and after functionalization, the samples
were soaked in simulated body fluid (SBF) with the composition reported in Table 2 [32, 33]. The samples,
one for each type (CEL2 washed, CEL2+GA, CEL2+GPH and CEL2+TPH), both bulk and powder, were putin a
bottle coated with aluminum foil, for preserving polyphenols degradation by UV, and covered with 25 ml
of SBF. The amount of the SBF used was chosen for the bulk samples according with Kokubo and Takadama
[34] considering both the top and the bottom surfaces. Regarding the powder samples, because of the
difficulty in the determination of the surface area due to the high reactivity of the glass, 25 ml of SBF were
used according with previous works [23, 24]. The samples were incubated at 37°C up to 14 days. Every 3
days a refresh of the solution was made and the pH was measured to control eventual variation of the SBF
pH due to the ionic release from the glass surface. After the soaking in SBF the samples were dried at room
temperature under the hood. The deposition of hydroxyapatite on the surface was analyzed after 7 and 14
days by means of Field Emission Scanning Electron Microscopy equipped with Energy Dispersive
Spectroscopy (FESEM-EDS SUPRATM 40, Zeiss and Merlin Gemini Zeiss).The samples before this analysis

were sputtered coated after the drying with a thin Cr -layer in order to make them conductive.



The samples were also analyzed after 3, 7 and 14 days by means of FTIR (FTIR Alpha, Bruker Optics,
Ettlingen, Germany) on pellets of the samples obtained with KBr (titration 299,0%, Sigma Aldrich) and glass

powders.

2.8 Contact angle measurements

The samples were placed with the washed or functionalized side facing upward on the support of a heating
microscope (Misura®, Expert System Solutions), working at room temperature. A drop (5 pl) of double-
distilled water was deposited with a micropipette on the surface. The water drop images were acquired
with the microscope software and elaborated with Image J (1:47 version) software for the determination
of contact angle.

This analysis was performed four time for each type of functionalization in order to evaluate the variation

of the surface wettability that is induced by the functionalization of the sample.

2.9 Zeta potential measurements

Surface charge of CEL2 samples, before and after functionalization, was determined by means of
electrokinetic measurements (SurPASS, Anton Paar). For this analysis a couple of samples was prepared for
each type (CEL2 washed, CEL2+GA, CEL2+GPH and CEL2+TPH) and four measurements were run on each
couple. The surface zeta potential was determined in function of pH in a 0,001 M KCI electrolyte solution
varying the solution pH by addition of 0,05M HCIl or 0,05M NaOH through the instrument automatic
titration unit. A new couple of samples were employed for measurement in the acid or basic range in order
to avoid artifacts due to surface reactivity in the electrolyte.

In order to monitor the reactivity of bare and functionalized CEL2 samples in Simulated Body Fluid zeta
potential measurements in SBF were performed. The electrolyte solution was prepared by means of drop
by drop addition of SBF to water up to a pH of about 7.5 and a conductivity close to 15 mS/m.
Measurements in SBF were performed without pH titration but they were repeated for 20 cycles (at about
70 min each) in order to monitor early stage surface reactivity of the surfaces in contact with physiological

fluids.

2.10 Evaluation of free radical scavenging activity

The evaluation of free radical scavenging activity was performed for glass powder samples both washed
and functionalized. This analysis was carried out in duplicate through Electron Paramagnetic Resonance
(EPR)/spin trapping technique after UV photolysis of H,0,[35-37].

The glass powder (15 mg) was placed in a quartz cuvette 100 pl of deionized H,0, then, with the
suspension under magnetic stirring, 100 pl of saline buffer 0,5M, 200 ul of DMPO (5,5-Dimethyl-1-
pyrroline-N-oxide) 0,17 M and 100 pl of H,0, 0,002M were added . The suspensions, continuously stirred,



were irradiated with a UV lamp with a cut-off filter at 315 nm in order to cause the photolysis of H,0,
preventing the photo-degradation of DMPO. After 5, 10 and 30 minutes of irradiation aliquots of
suspension (50 ul) were collected and the EPR spectra recorded with an X-band EPR spectrometer
(Miniscope 100, Magnettech, Germany).

The same experiment was carried out on a blank solution without glass powder (positive control).

The intensity of the signal obtained is proportional at the radical present in solution. The signals were
double-integrated and the values obtained expressed as arbitrary units. The EPR/spin trapping data and
figures are provided as mean 1SD. The results were analyzed by Student t-test. P<0,05 was considered

significant.

3. Results and discussion

3.1 Macroscopic observation and pH measurements

The color of the samples changes after the treatment from colorless to brown for GA functionalization, to
yellow for GPH functionalization and to orange for TPH functionalization. A color change can be evidenced
also for the functionalization solutions and is reported in Table 3. The pH values of both the
functionalization and uptake solutions were measured (the term “uptake solutions” refers to the
functionalization solutions after soaking of the samples for the time defined by the protocol) and their
color was observed, as an indication of the possible chemical alterations of the biomolecules. The pH is an
important parameter because the polyphenols are sensitive to its changes and it has been reported that
they begin to degrade at pH values above 7.4 [4].

The starting solutions of functionalization are characterized by a fairly acid pH and during functionalization
an alkalization of the uptake solutions can be observed.

The alkalization of all uptake solutions is due to the CEL2 reactivity in aqueous media. As widely reported in
the literature [38, 39], in an aqueous environment the silica amorphous network of bioactive glasses reacts
with water with consequent breakage of the oxygen bridges and formation of radicals -OH. Furthermore
the ion exchange between the Na* ions of the glass and H;0" of the aqueous solution promotes the
formation of the radicals -OH. Acid solutions, such as those used for the functionalization, increase the ion
exchange phenomenon [27].

The glass powder has greater surface area than the bulk, and this is the reason why a higher ion exchange
in solution can occur, with a consequent higher increase in the solution pH, as reported in Table 3.

In the present work, the functionalization time has been reduced to 3h, compared to the 24h used in
previous reports [23, 24], in order to better control the glass and solution reactivity and avoid molecular
alterations. Moreover shortening of the functionalization time allows to reduce the time of permanence of

the biomolecules at neutral/basic pH reducing the risk of degradation and improving the stability and the



amount of the bonded biomolecules. As far as the bulk samples the values of pH for uptake solutions is
significantly lower than the ones reported in previous papers by the authors [23, 24].

It has been suggested that the pH of the solutions should remain about 7.4 because this is known as the
threshold at which begins the transformation of the catechol groups in quinones, which have a typical dark
coloration [40, 41]. The dark color observed on functionalized samples can be explained with this
phenomenon. The more intense color of the samples functionalized with the GA and of the solutions of
uptake of CEL2 + GA powder is due to the highly sensitivity to pH shift of GA phenols groups. On the other
hand the extracts from grape and tea are composed of different polyphenols not all sensitive to the same

manner to the environment alkalization [4].

3.2 Photometric analyses

The standard calibration curve was obtained measuring the absorbance at 760 nm of standard GA
solutions after the Folin&Ciocalteu reactions, as reported in [23]. The curve obtained has a good linear
relationship and a good coefficient of correlation (R*=0, 9991) and trough the equation derived from this
curve (y=23,97x + 0, 0047 were y is the absorbance at 760 nm end x the concentration) it is possible to
determine the concentration of the polyphenols in GA equivalents [mg/ml]. For GPH and TPH the
concentration is expressed as mg/ml of total polyphenols in the mixture of the natural extracts. Total
polyphenols have been quantified comparing the UV absorbance at 760 nm of the sample and the
calibration curve obtained with standard solutions of gallic acid. The method is based on the assumption
that all the polyphenols react as gallic acid in the Folin&Ciocalteu redox reaction, this is the reason why
their concentration is defined as “gallic acid equivalents”. Really, a concentration is measured on the basis
of a common reactivity. GA, GPH and TPH solutions were analyzed before and after the functionalization
procedure with UV spectrometric measurements after reaction with Folin&Ciocalteu reagent, in order to
compare the concentration of the polyphenols in the starting solutions end their consumption after the
surface grafting.

Figure 1a shows the concentration in GA equivalents units (mg/ml) of polyphenols in solution, before and
after the functionalization. It can be observed that the concentration of polyphenols is significantly
lowered for the uptake solutions with respect to the stock solution. The effect is wider for powder than for
bulk samples. This result is in accordance with the surface grafting of a certain amount of molecules during
the functionalization process, and with previous results by the authors [23, 24].

The larger decrease of the polyphenols in the uptake solution of powder samples can be attributed to the
greater surface area exposed by these samples that may allow to graft a higher amount of polyphenols. It
must be taken into account that the concentration lowering can be in part attributed also to molecular
alterations related to the previously discussed basification of the solutions. For this reason it is extremely

important to evaluate concentration and activity of polyphenols directly onto the material surface.



As described in the materials and methods section and in [25], the Folin&Ciocalteu method has been
adapted in order to evaluate the concentration of polyphenols on the surface of bioactive glasses both in
bulk and powder forms. Results are reported in Figure 1b in GA equivalents units of the biomolecules on
the surface of CEL2 samples functionalized with GA, GPH and TPH. A certain amount of GA, GPH and TPH
has been recorded on both bulk and powder CEL2 samples. This result is significant because it highlights
that polyphenols are present on the material surface and are able to maintain their activity after grafting.
For all the three types of molecules, the concentration of polyphenols is higher on the powder samples
due to their greater surface area. The samples soaked in GPH solution show a lower concentration because
the original functionalization solution contained a lower amount of polyphenols (Figure 1a).

It can be observed that for GA the concentration of the bare solution is close to the nominal one and it
results higher than the one of natural polyphenols (GPH and TPH). This result can be explained considering
that GA is a pure molecule while GPH and TPH are natural extracts and their complex composition is not

fully known. These observations are in accordance with previous results from the authors [23, 24].

3.3 XPS analysis

XPS analysis was performed on bulk samples in order to verify the presence of the polyphenols (by means
of the observation of their characteristic chemical functionalities) on the surface.

Table 4 shows atomic percentages of the elements detected on the surface of CEL2 samples at different
steps of the functionalization process.

A decrease of the percentage of the glass constituents (calcium, sodium, potassium and phosphorus) can
be observed after the functionalization procedure. This phenomenon confirms the ionic exchange between
the glass surface and the solution of functionalization discussed in the paragraph 3.1.

The variation on the percentage of calcium, sodium and potassium for the functionalized samples can be
attributed to the ionic exchange and to the ability of the polyphenols to bind some metal ions. It is known
that GA has great complexing ability for calcium ions [43]. So it is not surprising that, after soaking into the
GA functionalization solution, a higher amount of calcium ions can be released in comparison to sodium
ones. The lower calcium decrease following the functionalization with GPH and TPH can be correlated to
the fact that, in these extracts, GA is not pure, but it is present in lower amounts, since the natural extract
contains a mixture of different polyphenols. In these solutions the sodium and calcium release is more
related to their mobility in the glass network rather than to the complexing ability of the solutions.
Potassium is present in very low amount in the glass, so it is not surprising that in all the solutions it has
been completely released. A significant increase in the carbon content can be observed after GPH and TPH
grafting on CEL2 surface but not after GA grafting. This phenomenon can be explained considering both

the substitution of surface carbonates after functionalization and also the bigger dimension of natural



polyphenols compared to pure GA and consequent higher carbon content. A variation of the percentage
of carbon and oxygen, of which polyphenols are rich, can also be noted.

The simple observation of the chemical elements on the surface is not sufficient to determine the presence
of the biomolecules. In order to detect the specific chemical groups of polyphenols the detailed analyses of
carbon and oxygen regions have been performed and reported in figures 2 and 3 respectively.

The high resolution XPS spectra of carbon region for bare and functionalized CEL2 samples are reported in
Figure 2. As far as the washed sample is concerned (Figure 2(a)) signals at 284,79 eV and 289,25 eV can be
observed. The first signal can be attributed to the hydrocarbon contaminations that are unavoidable for
reactive surfaces [10, 11, 12] and have been already observed by the authors on CEL2 samples [23, 24, 44].
The second signal can be attributed to carbonates, frequently observed on the surface of bioactive glasses
[45] as contaminants and already highlighted by the authors on CEL2 after washings [23, 24]. The signal of
carbonates disappears after the functionalization process with all the considered molecules (Figure 2 (b, c,
d)), as previously observed by the authors [23, 24]. On the other hand, the signal at about 284,8 eV persists
on all the samples after functionalization (Figure 2(b, c, d)). Since the signal highlights the presence of C-C
and C-H bonds, it can be attributed to both surface contamination and also to C-C and C-H bonds in the
polyphenols molecules after their grafting. Their increase on the surface of CEL2+GPH and CEL2+TPH can
be correlated to the increase of the atomic percentage of carbon on the surface of the functionalized
samples with natural polyphenols. After the functionalization two characteristics signals appears on the
surface of CEL2 samples grafted with GA, GPH and TPH: one at about 286 eV and the other at about 288
eV. These signals can be attributed to C-O and C=0 bonds respectively [46] and have been already
observed by the authors on CEL2 modified with polyphenols [23, 24]. C=0 and C-OH bonds are abundant in
polyphenols and can confirm the presence of these molecules on the material surface. Moreover, the peak
of C=0 group can be correlated also with the tendency of GA to oxidize into a quinone form in basic
environment [23].

The high resolution spectra of the oxygen region for bare and functionalized CEL2 samples are reported in
Figure 3. Looking at the washed sample (Figure 3 (a)), three main contributions can be detected: one at
527,93 eV, one at 530,34 eV and the last one at 531,69 eV. They can be attributed to the oxides present in
the composition of the glass, silica and —OH groups respectively [47, 48].

After the functionalization with GA, GPH and TPH the oxygen region still presents three main contributions
(Figure 3(b, c, d)). A moderate shift to higher energies can be underlined for the OH signals after the
functionalization and can be attributed to the higher energy usually associated to OH in phenolic groups
[44]. After functionalization the signals at about 529 eV can be attributed to both oxides and C=0 bonds,
while the one at about 531 eV can be attributed to both silica and C-O bonds, as already observed on CEL2

functionalized with polyphenols [23, 24].



3.4 Apatite-forming ability tests

Bulk and power glass samples were soaked in SBF [32, 33] up to 14 days in order to evaluate their in vitro
apatite-forming ability (bioactivity). Surfaces have been analyzed by means of Field Emission Scanning
Electron Microscopy equipped with Energy Dispersive Spectroscopy and Fourier Transformed InfraRed
Spectroscopy in order to investigate surface reactivity and hydroxyapatite precipitation.

PH measurements during the soaking period indicate values of at about 7.6 for bulk samples and 7.9 for
powder ones. The reported values are included in the physiological tolerability range and evidence a good
ability of SBF to buffer alkalization.

Powder samples were analyzed after 3, 7 and 14 days by means of FTIR and after 7 and 14 days by mean of
Field Emission Scanning Electron Microscopy.

The IR spectra of CEL2 powders (bare/functionalized) at different times of SBF soaking are reported in
Figure 4. The spectra were performed in transmission on pellets of powder samples and KBr and three
acquisitions for each spectrum were made. The presence of hydroxyapatite on samples through IR spectra
is principally shown by a double peak around 600 cm™ and 560 cm™ that are correlated with the bending
vibration of P-O bonds and by the intensification of the peak at 1025 cm™ due to the phosphate stretching
vibration in the apatite structure[49-53]. After 3 days these signals begin to appear only for the samples
functionalized with GA while after 7 days these peaks are clearly present and well defined for
functionalized samples but not for the non-functionalized one. After 14 days hydroxyapatite seems to be
presents in all the tested samples.

FESEM images of CEL2 bulk samples, after different periods in SBF, are reported in figure 5.

A lot of precipitates can be observed on all the surfaces after 7 days of soaking in SBF. EDS reported in
Table 5a confirm the presence of Ca and P in these precipitates and the ratio of this two elements (Table
5b) is comparable with that of stoichiometric Hap (1,67) [54]. However at 7 days the Si signal is still evident
on CEL2 washed samples while it is hindered on functionalized ones. After 14 days of soaking a uniform Ca-
P rich layer can be observed on all the surfaces. These results confirm a faster hydroxyapatite kinetics
deposition for polyphenols functionalized CEL2 samples. It can be also noted a little difference in the HAp
morphology between bare and functionalized CEL2 substrates. This difference is clearly visible in Figure 5,
where the FESEM micrographs of bulk samples are reported. The characteristic “cauliflower-like” structure
can be observed for the non-functionalized samples, while different structures were obtained for the
functionalized samples. A globular structure is shown by the HAp on the samples functionalized with TPH
and it is more visible after 7 days because after 14 the “globes” are grown and are attached one to each
other. The samples functionalized with GPH exhibits a very compact “carpet-like” structure that becomes
thicker after 14 days. The GA functionalization gives to the HAp that grown on the samples a “column-like”

structure that becomes evident after 14 days of soaking.



It has been reported that polyphenols are able to regulate the precipitation and the morphology of HAp
crystals and can participate at the nucleation and at the mineralization process. This can be attributed to
the ability of the phenolic hydroxyls to interact with Ca’*ions and the complex polyphenol-HAp may

connect by means of intermolecular forces [43, 55].

3.5 Contact angle measurements

The mean values of the contact angles and their standard deviations are shown in Figure 6.

For the CEL2 washed sample a contact angle of 8,1 + 0,7 ° was obtained, that is indicative of a highly
wettable surface due to the presence of the hydroxyl groups exposed on the surface [28].

A low contact angle indicates the success of the procedure of surface activation implemented to expose
the hydroxyl groups.

A contact angle of 5,3 £ 0,7 ° has been measured on the sample of CEL2 functionalized with GA,
evidencing, a slight increase of the surface wettability compared to the washed glass. This increase in
wettability is attributable to the hydroxyl groups exposed by the GA [56].

For the samples of CEL2 functionalized with GPH and TPH the following values were obtained: 35,2+ 1,4 °
for the CEL2 + GPH and 37,7 £ 5,1 ° for the CEL2 + TPH.

The samples functionalized with GPH and TPH are less wettable than the sample of CEL2 washed and this
can be explained by the greater complexity of the polyphenols present in these extracts that have longer

alkyl chains and they can expose groups —CH; which reduce the wettability of the surface [8].

3.6 Zeta potential measurements

Zeta potential measurements in function of electrolyte pH are reported in Figure 7 and a summary of the
obtained data in Table 6.

It can be observed that all the surfaces present an isoelectric point in the acidic range and consequently
they are all negatively charged at physiological pH. However, a defined value for the isoelectric point has
been determined only for the washed CEL2 sample. In the other cases surfaces evidenced a strong
reactivity with the solution in the acidic range and it was not possible to reach the 0 values without
artifacts. Looking at the graphs it can be deducted that all the surfaces have an isoelectric point close to 3
and comparable with the one of CEL2 washed and to the one of silica (2,5-3,5) [57-59]. A plateau in the
surface charge can be observed for all the surfaces in the basic range (Figure 7 a). It can be ascribed to the
presence of acidic hydroxyl groups on the surface [60]. The result is consistent with the surface activation
step for the CEL2 washed sample and with polyphenols grafting for CEL2+GA, CEL2+GPH and CEL2+TPH
ones. Moreover, it is in accordance with FTIR and XPS observations discussed in the previous paragraphs.
Looking at the zeta potential measurements in SBF (Figure 7 b), it can be observed that the surface charge

in physiological solution is negative, as previously observed at physiological pH in KCl electrolyte solution.



A moderate increase in the solution pH can be noted after 20 cycles, confirming the reactivity of bare and
modified glasses in contact with aqueous media (ion exchange). This increase is more evident for
CEL2+GPH and CEL2+TPH samples compared to CEL2 washed and CEL2+GA ones. A significant decrease in
the negative surface charge can be observed for all the samples after 20 cycles. This variation is more
evident for CEL2 washed and CEL2+GA samples. The variation of the surface charge through less negative
values can be ascribed to the absorption of positive ions from the solution (mainly Ca®*) during the first
stages of the bioactivity mechanism. This result is in accordance with observations reported in the
literature about the bioactivity mechanism of bioactive glasses [61, 62] and titanium surfaces [63, 64]
investigated by means of zeta potential measurements. Moreover the results confirm the observation of
hydroxyapatite precipitation after longer time soaking on SBF observed by means of FTIR and FESEM

analyses.

3.7 Evaluation of free radical scavenging activity

In order to assess the antioxidant properties of CEL2 before and after the functionalization, the samples
were suspended in a buffered solution in the presence of H,0, and DMPO following the procedure
described in [38]. The suspensions were irradiated with a mercury-xenon lamp (cut off 315_nm) to cause
the photolysis of H,0, with the production of HO. The capability of the bioactive glasses to scavenge HOe
radical was assessed by means of EPR/spin trapping. A solution of H,0, and DMPO without glass powder
subjected at the same irradiation conditions was employed as positive control.

The signal intensities, obtained by double integration of the EPR spectra, are proportional to the
concentration of HOe. Figure 8 reports the average signal intensities £ SD after 5, 10 and 30 minutes of
irradiation of two independent experiments. At each time-point tested the signal recorded with all the
active glass samples was significantly lower than the positive control (*p < 0,05). This result evidenced that
all the tested samples exhibited a remarkable scavenging activity towards the HOe generated by photolysis
of H,0,.

Unexpectedly CEL2 showed an intrinsic scavenging capability even without the presence of antioxidant
molecules at the surface. The chemical mechanism at the basis of this behavior has not been yet clarified
and will be the object of further investigation. As far as inorganic materials are concerned, in the literature
[65, 66] antioxidant capacity has been reported for silica hydride.

The effect of the functionalization was assessed comparing the results obtained with the functionalized
samples and those obtained with CEL2 washed. After 5 minutes of incubation the capability of CEL2 + TPH
to scavenge HOe radicals was slightly, but significantly higher (#p < 0.05) than that exhibited by CEL2
washed. On the other hand no significant differences were detected among CEL2 and the functionalized
samples (CEL2+GA and CEL2+GPH). After 10 and 30 minutes no significant difference among CEL2 and the

functionalized samples were observed. These results indicate that TPH are the only effective polyphenols



to increase the scavenging capability of CEL2 among the molecules tested in these experimental
conditions. The little increment of the bare glass ability of scavenging HO- radicals for samples modified
with natural molecules, confirms the antioxidant activity of polyphenols [68-74]. The lack of antioxidant
activity showed by GA and GPH at each time point tested and by TPH at longer times of irradiation may be

due to their consumption following reaction with HOe or to decomposition due to exposure to UV light.

4. Conclusion

Gallic acid (as model molecule) and natural polyphenols extracted from red grape skins (GPH) and green
tea leaves (TPH) have been successfully grafted to the surface of a bioactive glass (CEL2) without the use of
any synthetic spacer. The presence and activity of the biomolecules on the glass surface have been verified
by means of XPS analyses and the Folin&Ciocalteu test. A faster in vitro bioactivity (ability to induce
hydroxyapatite precipitation in SBF) has been observed for the functionalized bioactive glass. Moreover a
variation of hydroxyapatite shape has been noted varying the grafted biomolecule. Zeta potential
measurements confirmed the surface modification processes after functionalization as well as the surface
reactivity in SBF. Free radical scavenging activity evaluation evidenced for the first time a certain
antioxidant activity of the bare bioactive glass that is improved by the grafting of tea polyphenols.

The investigation of the biological response (healthy/cancer cells and bacteria) to the here described
functionalized bioactive glasses is actually in progress and will be discussed in a future paper.

The results of the present research suggest that bioactive glasses functionalized with natural polyphenols
can be promising materials for bone contact applications in critical situations such as poor bone

quality/quantity, cancer and infections.
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Figures and tables legend

Figure 1: Gallic acid and natural polyphenols amount expressed in GA equivalent for the uptake solutions
(a) and for the samples (b).

Figure 2: XPS high resolution spectra of the carbon region.

Figure 3: XPS high resolution spectra of the oxygen region.

Figure 4: IR spectra of glass powder before and after functionalization with polyphenols after different
times of soaking in SBF.

Figure 5: FESEM micrographs of bulk samples.

Figure 6: Contact angle measurements on samples of CEL2 washed and on CEL2 functionalized with GA,
GPH and TPH.

Figure 7: a) Zeta potential vs pH in 0.05 M KCl, b) Zeta potential vs time in SBF.

Figure 8: Scavenging activity towards HOe generated by photolysis of H202 of buffered suspensions of
CEL2 washed (blue bar), CEL2+GA (red bar), CEL2+GPH (green bar) and CEL2+TPH (violet bar) in the
presence of DMPO as spin trap molecule. The same experiment in the absence of the dust was carried out
as positive control (ctrl +, grey bar). The results are expressed as the mean value + SD of two different

determinations. (vs ctrl+: *p < 0.05; vs CEL2 washed: #p <0.05).

Table 1: Acronyms and brief description of samples.
Table 2: ion concentration of the SBF used for apatite-forming ability tests.
Table 3: pH values of the solutions of functionalization and of uptake.

Table 4: Atomic percentages of elements from XPS survey analyses detected on samples. (Uncertainty of

measurements 0.5-1% at)

Table 5: (a) EDS results of the bulk samples after 7 and 14 days of soaking in SBF. (b) Ca/P ratio of the of

the bulk samples after 7 and 14 days of soaking in SBF. (Uncertainty of measurements 1% at)

Table 6: Zeta potential measurements in KCl and SBF, main results.
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Figure 4
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Figure 6
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Figure 7
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Figure 8
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Tables

Sample acronym

Sample description

GA Gallic acid

GPH Grape polyphenols

TPH Tea polyphenols

CEL2 washed CEL2 washed (acetone and water)
CEL2+GA CEL2 functionalized with gallic acid
CEL2+GPH CEL2 functionalized with grape polyphenols
CEL2+TPH CEL2 functionalized with tea polyphenols




lon concentration in SBF [mM]

Na*

M g2+

C 02+

cr

HCOs

HPO>

so/”

142,0

1,5

2,5

147,8

4,2

1,0

0,5




Solution pH Color of the solution
GA 3.25+0.08 Colorless
GA + CEL2 bulk 4.66+0.17 Colorless
GA + CEL2 pow 8.84£0.15 Colored
GPH 3.89+0.34 Colored
GPH + CEL2 bulk 5.62£0.45 Colored
GPH + CEL2 pow 10.71£0.20 Colored
TPH 4.60 £0.36 Colored
TPH + CEL2 bulk 7.71+£0.18 Colored
TPH + CEL2 pow 9.67 £0.09 Colored




Samples

Elements CEL2
[%at] washed CEL2+GA CEL2+GPH CEL2+TPH

o 50,9 58,2 40,7 28

(o 30,3 26,1 49 67,6

Si 6,6 11,4 2,5 -

Ca 5,4 - 3,7 1,7

Na 4,6 1,1 2,1 1,6
P 1,4 3,3 2,0 0,9
K 0,8 - - -

Mg <0,1 <0,1 <0,1 0,2




(a)

Samples

CEL2 washed CEL2 + GA CEL2 + GPH CEL2 + TPH
Elements 7 days 14days | 7days | 14days | 7days | 14days | 7days | 14 days
(weight %) soaking | soaking | soaking | soaking | soaking | soaking | soaking | soaking
C 7,26 5,76 5,11 4,79 5,42 7,97 9,37 5,14
64,24 54,42 54,62 52,55 58,09 56,05 50,62 54,86
Na 0,64 - - - - - -
Mg 0,93 0,64 0,8 0,8 0,74 0,77 1,94 1,15
Si - - - - - - 4,98 -
P 9,52 12,08 11,37 12,12 11,09 11,37 10,54 12,72
Ca 13,03 21,64 21,76 23,44 18,83 18,54 17,85 21,14
Cr 5,02 4,81 6,33 6,3 5,82 5,31 4,7 4,99
(b) Samples
CEL2 washed CEL2 + GA CEL2 + GPH CEL2 + TPH
7 days 14 days | 7days | 14days | 7days | 14days | 7days | 14 days
soaking | soaking | soaking | soaking | soaking | soaking | soaking | soaking
CA/P ratio 1,3686975|1,791391| 1,913808 | 1,933993]1,697926 | 1,630607 | 1,693548 | 1,66195




Measurements in 0.05 M KCI

Measurements in SBF

Cycle 0 Cycle 20
IEP Z [mV] (pH~7.5) pH Z[mV] pH Z[mV]
CEL2 washed | 3.1210.1 -82126 7.55+£0.00 | -33%5 | 7.66+0.00 | -13%6
CEL2+GA n.d. -70%0 7.51+0.00 | -38+5 | 7.62+0.00 | -10+17
CEL2+GPH n.d. -58+0 7.53+0.00 | -41+1 | 7.79+0.00 | -26%3
CEL2+TPH n.d. -52+1 7.55+0.00 | -42+0 | 7.76+0.00 | -30%2

n.d. = not determined




