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Abstract 

Bioactive glasses are widely studied as biomaterials for bone contact applications. In this research work the 

opportunity to modify the surface of a bioactive glass with polyphenols (gallic acid, and natural polyphenols 

extracted from red grape skin and green tea leaves) has been investigated in order to induce a selective 

anti-tumor activity in vitro. 

The presence of surface grafted molecules has been optically proved by fluorescence microscopy exploiting 

their auto-fluorescence. 

Direct and indirect cytotoxicity assays have been performed with human bone osteosarcoma cells (U2OS) 

and human fetal pre-osteoblasts (hFOB), as well as the quantification of oxygen and nitrogen reactive 

species (RONS) engendered from cells in response to the materials. Finally, the DNA damage of U2OS cells 

upon contact with the bioactive glass has been evaluated in order to verify any selective cytotoxic activity 

of functionalized materials against cancer cells. 

Results showed a selective cytotoxic activity of functionalized bioactive glasses towards osteosarcoma cells 

that was particularly evident when cells were cultivated directly onto glasses surface.  

Moreover, the presence of grafted polyphenols increased the RONS production and induced a permanent 

DNA damage on the U2SOS cells while they promote a certain anti-inflammatory action towards hFOB. 

These preliminary results suggest polyphenols grafted bioactive glasses as promising material for bone 

substitution in cancer treatment. 

 

 

Keywords: bioactive glasses, polyphenols, antioxidants, surface functionalization, antitumor activity 
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1 Introduction 

For many decades the concept of biomaterial has been mainly related to its bio-inertness to minimize the 

formation of fibrous tissue at the interface with the host tissues. This definition has been historically used 

to identify the so called “first generation biomaterials”. When bioactive glasses have been discovered in 

1969, a “second generation biomaterials” have been provided, with the ability to give rise to an interfacial 

bond with the tissues [1]. Today bioactive glasses are widely studied for their bone bonding ability and for 

their versatility, which allow the tailoring of their composition for specific needs (e.g. bone regeneration, 

antibacterial activity, angiogenesis) [2-6]. In the field of guided bone growth, bioactive glasses are proposed 

in different forms (bulk, coatings, particles, granules, 3D scaffolds) and they have been defined as 

osteoinductive materials, being able to provide a bioactive interface that elicits both intracellular and 

extracellular responses, promoting osteogenic stem cells colonization. The “genetic design” of bioactive 

glasses has become one of the most challenging fields of bone tissue engineering through the introduction 

of active ions (Sr, Cu, Fe, B, Zn, etc.) both in the bulk or just on their surface. The aim of this strategy is  to 

stimulate rapid bone regeneration by the controlled release of biologically active ions [2].This innovative 

approach determined the evolution from the concept of tissue replacement to tissue regeneration and 

provided the so called “third generation biomaterials”. Moreover, the surface reactivity of bioactive 

glasses, originally known as the prerequisite to induce the interfacial bonding of the implant with host 

tissues, is now recognized to allow the exposition of reactive hydroxyls groups that can be employed for 

biomolecules grafting, either by direct bonding or with the use of spacer molecules [9-12]. This feature 

allows the introduction on the bioactive surface of a further specific biological bioactivity, i.e. the ability not 

only to regenerate tissues, but also to provide a therapeutic action. 

In this context, an increasing interest for natural molecules, and in particular for polyphenols has been 

reported in the scientific literature, for their antioxidant, anticancer, antibacterial, anti-inflammatory, 

vasoprotective and bone stimulating activities [13-16]. Among their properties, natural polyphenols are 

widely studied for their ability to protect from cancer development [17] and a specific anticancer activity 

has been reported for grape and green tea extracts against various tumor cells [18, 19, 20]. Moreover, a 

selective action against cancer cells, compared to healthy ones, has been reported [21, 22]. It has been 

observed that polyphenols adsorbs on artificial surfaces [23, 24] and the possibility to associate 

polyphenols to various materials has been proposed and explored by some authors in order to stabilize the 

molecules and control their delivery [23-36]. However, few papers consider the opportunity to combine the 

properties of bioactive glasses and polyphenols [9, 10, 11, 12, 37, 38]. 

In previous works [9-12] the authors demonstrated the possibility to graft gallic acid (GA) and polyphenols 

extracted from red grape skin (GPH) and green tea leaves (TPH) to bioactive glasses maintaining their 

activity. In particular, a silica based bioactive glass with pronounced bioactive behavior (named CEL-2) has 
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been surface functionalized with the above mentioned biomolecules and fully characterized in vitro in an 

acellular environment by means of: i) compositional analyses (XPS), ii) redox activity of grafted polyphenols 

(by the Folin&Ciocalteu test), iii) apatite forming ability (by soaking in Simulated Body Fluid, henceforth 

SBF), iv) surface charge and isoelectric point evaluation, and v) wettability and radical scavenging activity 

[9]. 

The aim of the present research work is to verify the ability of CEL-2 glass samples functionalized with GA, 

GPH and TPH to selectively affect the viability of healthy and cancerous osteoblast cells. Since the apatite 

forming ability of the bioactive glass is not reduced, but even enhanced after functionalization, the 

possibility to offer bioactive substrates for the growth of healthy bone cells and, at the same time, to 

reduce the viability of cancerous ones is a promising strategy for the development of innovative bone 

substitutes after tumor resection. 

Finally, as a possible explanation of different cells behavior onto control and functionalized glasses, oxygen 

and nitrogen reactive species (RONS) engendered from cells in response to specimens’ delivered molecules 

were evaluated as well as the DNA damage caused in tumor cells due to reactive species activity. 

 

2 Materials and methods 

2.1 Glass preparation and functionalization 

In the present research work, samples of a silica based bioactive glass CEL-2, with the molar composition 

reported in table 1, were prepared by melt and quenching route in bulk form and used as substrates for the 

surface functionalization. 

 

Table 1: CEL2 bioactive glass molar composition (elements expressed using their oxides as reference 

compounds) 

 SiO2 P2O5 CaO MgO Na2O K2O 

Mol % 45 3 26 7 15 4 

 

 

 

Glass bars were annealed as reported in [9] and cut in slices (2mm thick, area of about 1 cm
2
) which were 

polished by one side with SiC abrasive papers up to 4000 grit. 

Glass samples were washed in acetone (1 time, 5 min) and water (3 times, 5 min) in an ultrasonic bath and 

let dry under a laminar flow cabinet (FASTER CYTOSAFE) in order to expose reactive hydroxyl groups, as 

described in [7-9]. 
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Samples were surface functionalized with gallic acid (GA, 97.5–102.5% titration, Sigma Aldrich) and 

polyphenols extracted from red grape skin (GPH) and green tea leaves (TPH). GPH and TPH are complex 

mixtures of polyphenols obtained from dried red grape skins (Barbera variety, Vaglio Serra (AT), Italy) and 

green tea leaves (Longjing variety, Hangzhou, China)  by conventional solvent extraction in a water-ethanol 

solution (20:80 volume ratio), 1h at 60°C, with a solid-liquid ratio of 1:20 and 1:50 respectively, as described 

in [9].The functionalization process foreseen samples soaking 3h at 37°C in the respective solutions, as 

described in [9]. Direct grafting to the hydroxyl groups exposed on the glass surface can be obtained by this 

procedure, as described in [9]. 

Glass slices were steam sterilized (20 min, 121°C, 1 atm) in autoclave (ASAL 760) before the surface 

modification process. All the functionalization process was carried out under a laminar flow cabinet 

(FASTER CYTOSAFE) previously UV sterilized 20 min. 

2.2 Molecular release evaluation 

Functionalized samples were soaked in 10 ml of ultrapure water at 37°C for 1 and 7 days that were chosen 

as representative for biological experiments starting and ending points. At the end of the soaking period 

both solutions and samples undergone the Folin&Ciocalteu test, as described in [9, 12], characterized by UV 

spectrophotometric determination of the redox activity (related to the amount) of both polyphenols 

released in water and on the glass surface. 

2.3 Fluorescence observation of the biomolecules 

Polyphenols autofluorescence has been previously reported in literature [39]; accordingly, bare and 

functionalized glass specimens were observed by fluorescence microscopy (Leica DM5500 B, Leica 

Microsystems, IL, USA) in order to determine the presence of the biomolecules grafted on the surface. 

Finally, obtained images were analyzed by ImageJ software (3D surface plot, NIH, Bethesda, USA) with the 

aim to determine molecules surface distribution and thickness. 

2.4 Cells 

Cells used for experiments were purchased from the American Type Culture Collection (ATCC, Manassas, 

USA). Human bone osteosarcoma cells U2OS (ATCC HTB-96) and human fetal pre-osteoblasts hFOB (hFOB 

1.19, ATCC CRL-11372) were used for experiments as representative for tumor and non-tumor cells, 

respectively. U2OS cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Sigma) supplemented 

with 10% fetal bovine serum (FBS, SIGMA) and 1% antibiotics (penicillin/streptomycin) while hFOB were 

cultured in DMEM: Ham’s F12 mixture (50:50, Sigma) supplemented with 10% fetal bovine serum, 1% 

antibiotics and 0.3 mg/ml neomycin (G418 salt, Sigma). Cells were cultured at 37°C, 5% CO2 until 80-90% 

confluence, detached with trypsin-EDTA solution (Sigma) and used for experiments. 

2.5 Direct cytotoxicity evaluation 
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Sterile specimens were collected into the wells of a 24 multiwell plate (Nunc Delta, Thermo Fisher 

Scientific) and cells (both U2OS and hFOB) were directly seeded onto each surface in a defined number 

(2x10
4
 cells/specimens). After 1-3-7 days the cells viability was evaluated by the metabolic colorimetric 3-

(4,5-dimethylthiazol-2-Yl)-2,5-diphenyltetrazolium bromide assay (MTT, Sigma); briefly, at each time point 

cells were carefully washed with PBS and the MTT solution (2 mg/ml in fresh medium) was added to all 

specimens. Plate was incubated at 37°C, 5% CO2 for 4 hours in the dark. Then, supernatants were gently 

removed and crystal formazans solved by 300 µl of dimethyl sulfoxyde (DMSO, Sigma); 100 µl were then 

collected, spotted into a 96 multiwell (Nunc Delta, Thermo Fisher Scientific) plate and the optical density 

(o.d.) evaluated at 570nm by spectrophotometer (SpectraCount, Packard Bell). The o.d. of cells cultivated 

onto only-washed glasses was used as control and considered as 100% viability; test specimens o.d. were 

normalized towards controls and expressed as function of them. Experiments were performed in triplicate. 

2.6 Not Direct cytotoxicity evaluation 

Sterile specimens were collected into sterile 50 ml tubes and submerged with 10 ml of fresh medium each 

(10 ml medium / sample). Tubes were stored at 37°C, 5%CO2 and after 1-2-3-5-7 days, 2 ml of supernatant 

was collected from the tubes and used to cultivate cells previously seeded in a defined number (1x10
4
 

cells/well) into a new 48 wells plate. After 24 h cultivation with supernatants, cells viability was evaluated 

by the MTT assay as previously described for the direct assay. Cells cultivated with fresh medium were used 

as control and considered as 100% viability; test specimens o.d. were normalized towards controls and 

expressed as function of them. Experiments were performed in triplicate. 

2.7. RONS evaluation 

In order to quantify oxygen and nitrogen reactive species (RONS) engendered from cells in response to 

specimens’ delivered molecules, cells (either U2OS or hFOB) were cultivated onto bioactive glass specimens 

as prior described in 2.5. After 1-2-3 days cultivation, 100 µl supernatants were collected from each well 

containing specimen, spinned down for 5 minutes at 12000 rpm and stored at -80° until use. Finally, RONS 

were quantified using the OxiSelect™ In Vitro ROS/RNS Assay Kit (Cell Biolabs INC, San Diego, USA) 

following Manufacturer’s instructions. Briefly, 50 µl of supernatants were mixed with 50 µl of Catalyst 

(1:250 in PBS) in each well of a 96-black bottom-well-plate (Sigma) and stored 5 minutes at room 

temperature. Afterwards, 100 µl DCFH stabilized solution were added to each well; DCFH is a non-

fluorescent probe that can be rapidly oxidize by ROS and RNS becoming the highly fluorescent molecule 

DCF. DCF formation was evaluated by spectrophotometer (SpectraCount, Packard Bell) at 530 nm 

wavelength. Finally, fluorescent unites (RFU) were converted in RONS concentration by means of a 

peroxide standard curve. 
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2.8. Apoptosis and DNA damage evaluation 

To test whether biomolecules grafting lead to tumorigenic U2OS cells death by DNA damage, cells were 

cultivated directly onto CEL-2TPH and CEL2 (considered as control) glasses for 3 days as described in 2.5. 

Afterwards, specimens were collected, washed 3 times with PBS and fixed with ImmunoFix (BioOptica, 

Milan, Italy) for 5 minutes, at room temperature. Then, after rinsing carefully specimens with PBS, cells 

were permeabilized 20 minutes with Triton (0.5% in PBS) working on ice. Primary antibodies anti-53BP1 

(Abcamab36823, Cambridge, UK, 1:800 in PBS containing 2 % goat serum and 1 % bovine serum albumin) 

and anti-cyclin B1 (Abcamab181593, Cambridge, UK, 1:250 in PBS containing 2 % goat serum and 1 % 

bovine serum albumin) were then added for 4 hours at room temperature. Finally, specimens were co-

stained with an appropriate secondary antibody (AlexaFluo488, Immunological Science, Rome, Italy, 1:400 

in PBS) and with 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich) to visualize nuclei. Stained bioactive 

glasses were analyzed by fluorescence microscopy (Leica AF 6500; Leica Microsystems, Basel, Switzerland).  

2.9 Statistical analysis of data 

Statistical analysis of data was performed using the Statistical Package for the Social Sciences (SPSS v.20.0, 

IBM, Atlanta, GA, USA). Data were statistically compared by one-way ANOVA, followed by Sheffe’s test for 

post-hoc analysis, in the case of independent samples, and by Friedman’s ANOVA followed by Conover’s 

test, in the case of dependent samples. Two-sample comparisons were done using the Mann-Whitney U 

test.  The significance level was set at p<0.05.  

 

3 Results 

3.1 Biomolecules surface deposition 

Fluorescence images of control (CEL-2), gallic acid (CEL-2 GA) and polyphenols extracted from red grape 

skin (CEL-2 GPH) or green tea leaves (CEL-2 TPH) grafted glasses are reported in Figure 1, upper panel. 
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Figure 1: Fluorescence images of CEL-2, CEL-2 GA, CEL-2 GPH and CEL-2 TPH. Coated specimens showed a 

marked fluorescent signal due to the biomolecules presence (lower panel, stained in red). Accordingly, 3D 

surface analysis revealed a homogeneous and continuous biomolecules distribution presenting a 

comparable thickness (expressed as arbitrary units). Bar scale = 50 µm, magnification 20x. 

 

Bare CEL-2 does not report any signal as no bioactive molecules were grafted onto the surface; on the 

opposite, CEL-2 GA, CEL-2 GPH and CEL-2 TPH show a marked fluorescent signal due to the grafted 

biomolecules. Moreover, fluorescence images were analyzed by 3D software revealing a similar, 

homogeneous and continuous distribution of the biomolecules onto each specimen (lower panel).   

3.2 Molecular release evaluation 

A negligible amount of polyphenols (GA, GPH and TPH) has been detected in the release solutions up to 7 

days. On the other hand a certain amount of polyphenols remains in an active state on the samples surface 

even after 7 days soaking in water at 37°C (0.009±8·10
-5

, 0.002±0.001 and 0.002±2·10
-6

 GA equivalent for 

CEL-2GA, CEL-2GPH and CEL-2TPH respectively). 

3.3 Direct cytotoxicity 

Results of cells cultivated onto specimens’ surface for 1-3-7- days are reported in Figure 2. 

In general, after 1 day of direct cultivation (Figure 2a), no significant differences (p>0.05) have been noticed 

between controls (CEL-2 cnt) and test specimens;  in fact, U2OS and hFOB cells viability is between 96-99% 

in comparison with untreated control. 

After 3 days (Figure 2b) of direct cultivation, a certain selection in term of cells viability can be noticed 

between U2OS and hFOB cells for CEL-2 GA and CEL-2 TPH specimens. Tumor cells viability decreases to 75 
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and 82 % for GA and TPH respectively while safe cells viability remains in a range of 94-99% for all test 

specimens. A significant difference in the viability of U2OS and hFOB cells has been observed for specimens 

functionalized with gallic acid and green tea leaves polyphenols (p<0.05, indicated by * and #, respectively).  

On the opposite, no significant differences have been  noticed for other specimens. 

 

 

Figure 2. Direct cytoxicity evaluation. Cells cultivated directly onto specimens’ surface showed a different 

behavior. In fact, tumorigenic U2OS cells viability was significantly lowered after 3 (b) and 7 (c) days by GA 

and TPH coating in comparison to results obtained for hFOB cells (p<0.05, indicated by * and #, 

respectively). Thus, as shown in (d) and (e), tumorigenic cells viability was significantly decreased in 

comparison with controls when cells were cultivated onto GA and TPH coated glasses (d, p<0.05, indicated 

by * and #, respectively); on the opposite,  safe bone cells viability was never lowered in a significant 

manner in comparison to controls even after 7 days culture (e, p>0.05).  
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After 7 days (Figure 2c) the selective killing activity of the CEL-2 GA and CEL-2 TPH doped specimens lead to 

a viability loss of about 60 and 51% for tumor cells, while hFOB results are still in the range of 82-98%.  

Accordingly, U2OS and hFOB viability comparison is significant for both CEL-2 GA (p<0.05, indicated by *) 

and CEL-2 TPH (p<0.05, indicated by #). 

Finally, in Figure 2 (d) and (e) the single cells viability modification in function of time are presented. 

Interesting, tumorigenic U2OS cells (d) reported a significant viability decrease after 7 days in contact with 

CEL-2 GA (p<0.05, indicated by #) and CEL-2 TPH (p<0.05, indicated by *) in comparison with untreated 

controls; conversely,  hFOB viability is always > 80% thus not presenting any significant differences if 

compared to untreated controls (e, p>0.05). 

 

3.4 Not Direct cytotoxicity 

The viability of cells cultivated with 1, 2, 3, 5 and 7 days specimens’ supernatants is reported in Figure 3.  

 



12 

 

 

Figure 3. Not Direct cytoxicity evaluation. Cells cultivated with 1 (a), 2 (b), 3 (c), 5 (d) and 7 (e) days 

specimens’ surnatants  showed a different behavior as previously noticed for cells cultivated directly onto 

glasses surfaces. In fact, tumorigenic U2OS cells viability was significantly lowered after  5 and 7  days by GA 

and TPH molecules released from glasses’ coating in comparison to results obtained for hFOB cells (p<0.05, 

indicated by * and #, respectively). Thus, as shown in (f) and (g), tumorigenic cells viability was significantly 

decreased in comparison with controls when cells were cultivated with GA and TPH surnatants (f,  p<0.05, 
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indicated by * and #, respectively); on the opposite,  safe bone cells viability was never lowered in a 

significant manner in comparison to controls even after 7 days (g, p>0.05).  

 

Even if no differences can be noticed in the first three days (a-b-c, p>0.05), after 5 (d) and 7 (e) days 

culturing, a significant difference in terms of viability (around 15-20%) has been detected for U2OS cells 

cultivated with CEL-2 GA and CEL-2 TPH supernatants. By comparing hFOB and U2OS cells viability a 

significant difference can be noticed for CEL-2 GA and CEL-2 TPH (p<0.05, indicated by * and #, respectively) 

while no differences have been found for CEL-2 GPH (p>0.05). Accordingly, considering U2OS cells viability 

in comparison with untreated control (f), a significant lowering in terms of viability can be observed after 7 

days for CEL-2 GA and CEL-2 TPH (p<0.05, indicated by * and #, respectively); on the opposite, no difference 

have been found for safe hFOB cells during the 7 days culturing (g, p>0.05) in comparison with controls. 

3.5 RONS evaluation 

Oxygen and nitrogen reactive species (RONS) engendered from cells in response to bare and functionalized 

glasses were evaluated and compared in function of time over 3 days. Results are reported in Figure 4.  

 

 

Figure 4. RONS evaluation after 24 (a) and 72 (b) hours. The presence of coated biomolecules was effective 

in protecting safe hFOB cells form inflammation after 24 and 72 hours in comparison with tumorigenic 

U2OS cells where inflammation due to RONS was not lowered (p<0.05, indicated by *). Moreover, , the 

biomolecules coating was effective in lowering RONS amount (p<0.05, indicated by §) onto nude glasses 

after 24 hours (p<0.05, indicated by §). 

 

After 24 h (Figure 4a), no significant differences were noticed by comparing RONS produced by cells and 

glasses without cells (p>0.05); however, a significant difference can be observed by comparing CEL-2 TPH 

used to cultivate hFOB and U2OS cells: here, a higher RONS signal can be detected for U2OS (p<0.05, 

indicated by*). On the opposite, after 72 h (Figure 4b), more significant differences can be observed; in 

general, the grafting of biomolecules is effective in lowering RONS amount (p<0.05, indicated by §) onto 
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nude glasses. Moreover, when cells are added to test and control glasses, RONS level is higher for U2OS as 

previously noticed after 24 hours (p<0.05, indicated by *)  

3.6 DNA damage evaluation 

In order to evaluate the presence of DNA damage due to the activity of CEL-2 TPH, U2OS cells were 

cultivated for 3 days (2x10
4
 cells/specimen) onto the surface of the functionalized glasses and control nude 

CEL-2 ones. Then, the localization of 53BP1 was evaluated by fluorescence; results are reported in Figure 5 

a. Firstly, by nuclear DAPI staining (blue dye), it is possible to see that U2OS cells are able to form typical 

tumor cells aggregates in nude CEL-2 glasses whereas they are single dispersed into CEL-2 TPH. Second, 

53BP1 signals (green dye) are mostly found inside nuclei (a, indicated by green arrows) rather than in the 

cytoplasm, confirming that a DNA damage occurred. Finally, to tests whether tumor cells were able to 

restore DNA damage occurred, the Cyclin B1 staining was applied (b). Interesting, also Cyclin B1 signals 

were found to be mostly in the nuclei in, thus demonstrating that tumorigenic cells cultivated onto CEL-2 

TPH glasses are not able to restore occurred DNA damage. 
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Figure 5. Biomolecules DNA damage induction. When tumorigenic cells were cultivated onto CEL-2 TPH 

glasses, 53BP1 signal was found to be mostly inside nuclei, thus showing the presence of an occurred DNA 

damage (a, green signals indicated by arrows). Moreover, when the same cells were marked with Cyclin B1, 

signals were again noticed inside nuclei (b, green signals indicated by arrows) suggesting that cells were not 

able to undergo DNA repair. Bar scale = 50 µm, magnification 20x. 
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4 Discussion 

The feasibility of grafting gallic acid and polyphenols extracted from red grape skin and green tea leaves on 

CEL-2 bioactive glass have been previously verified by means of XPS analyses and the Folin&Ciocalteu test  

and showed in our previous work [9]. Here, we further confirmed the presence of the cited biomolecules 

on the glass surface after functionalization by means of fluorescence microscopy exploiting their auto-

fluorescence. The biomolecules appear as homogeneously distributed onto specimens’ surface and they 

are well distinguishable from the bulk glass. Also, the thickness of the functionalized layer results as 

comparable between different types of treatment. Accordingly, the possibility to visualize the presence of 

gallic acid and natural polyphenols on the surface of bioactive glasses by means of their auto-fluorescence 

is reported here for the first time and it could represent a useful tool to investigate polyphenols grafting. 

The release of the grafted molecules from the samples is negligible, but their availability in an active form 

on the glass surface is measurable up to 7 days. This result confirms the possibility to locally administer 

polyphenols from the glass surface to bone tissues in an active state. The in situ administration of 

polyphenols at the interface between the biomaterial and bone, after a surgical resection of a tumor mass, 

could be of interest for its protective effect towards tumor-relapse in synergy with a low dose systemic 

chemotherapy. However, no defined trend can be observed on the various surfaces and it must be taken 

into account that the amount of polyphenols, determined indirectly by the Folin&Ciocalteu method, on the 

surface of the tested materials is affected by the surface alteration upon contact with water based media 

(due to the high surface reactivity of the bioactive glass) and by the pH increase of the water media (again 

associated to the glass reactivity) and the consequent possible alteration of the biomolecules (which are 

highly pH-sensitive). An in depth study of the molecular release from functionalized bioactive glasses of 

different degree of reactivity, in different buffered solutions (e.g. SBF) and of their stability upon storage in 

physiological media for different experimental times should be of interest, but it is out of the scope of the 

present paper and will be investigated in a future work. 

The hypothesized activity of the polyphenols grafted onto bioactive glasses towards bone cancerous cells 

(U2OS) has been investigated by means of their toxicity by the metabolic MTT assay. Moreover, to verify 

whether this activity was targeted or not, same experiments were performed towards healthy bone cells 

(hFOB) to determine any differences in terms of viability. The untreated CEL-2 resulted as in vitro 

cytocompatible confirming our previous findings [40]: glass surface seeded cells viability (both U2OS and 

hFOB) resulted as comparable to the one reported by cells cultivated onto polystyrene wells (< 2 % cells 

viability loss, data not shown). Accordingly, they were considered as control referring to the polyphenols 

grafted glasses. On the contrary, when gallic acid and TPH or GPH were introduced onto the same CEL-2 

glasses, a different trend in cells viability was noticed by comparing U2OS and hFOB results. As reported in 

the results section, in the direct assay certain selective viability reduction for cancerous osteoblast cells has 
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been observed for all functionalized samples after 3 days culture; particular, the growing trend resulted 

GPH<TPH<GA and it was particularly evident after 7 days of incubation. Conversely, the viability reduction 

for cancerous osteoblast cells was less evident in the indirect assay, where only a moderate reduction was 

noticed after 7 days culture. These results might seem in contrast to each other as the same specimens 

were used; however, the explanation of these data could be found in the molecular release assay results. In 

fact, by the Folin&Ciocalteu test it was possible to realize that most of the grafted molecules were still 

present onto glasses surface after 7 days immersion, while only a small amount was released. So, when 

cells were directly seeded onto glasses surface, they were in touch with the higher amount of molecules 

thus undergoing their effect. Conversely, the eluates used for the indirect assay restrained the lower 

amount of molecules thus little affecting cells viability. Regardless differences between direct and indirect 

assays results, these data confirmed the two main goals of this work. The first one is that it was confirmed 

that peculiar property of polyphenols were preserved upon their grafting onto biomaterials leading to the 

hypothesis to use them for the local administration of these molecules through implant surfaces. The 

second important finding is the ability of functionalized surfaces (especially CEL-2GA and CEL-2TPH) to 

selectively affect cancer cells viability preserving the healthy ones. This result is in accordance with the data 

reported in the literature about the selective cytotoxic action of polyphenols against cancer cells [17-22].  

To explain the possible mechanism behind polyphenols toxic activity, oxygen and nitrogen reactive species 

(RONS) were monitored in culture media, in presence or absence of cells upon the introduction of bare CEL-

2 and TPH grafted ones. Tea polyphenols functionalized surfaces have been pre-selected for RONS 

evaluation on the basis of the best results obtained in the direct and indirect viability assay above discussed 

and for their natural origin. This latter aspect is of great interest as the use of natural molecules can 

overcome possible side effects of chemical substances, both on patients and on the environment, and 

promote a sustainable use of resources.  In fact, the here introduced natural extracts can be easily obtained 

from the by-products of the agri-food production chain in large amount. RONS assay results revealed a 

certain amount of reactive species registered in presence of cells without materials that can be ascribed to 

their metabolic activity, as reported in the literature [41]. Similarly, the introduction of bioactive glass 

samples (CEL-2 and CEL-2TPH) induce a certain amount of reactive species in the medium that can be 

correlated with materials surface reactivity and that is close to the one caused by the sole cells, without 

differences between bare and functionalized samples at 24h. On the other hand, after 3 days a marked 

difference between CEL-2 and CEL-2TPH can be registered leading to speculate that tea polyphenols can 

reduce the RONS production in the culture medium. These findings are similar to those previously reported 

by authors [9] where it was evidenced the ability of both CEL-2 and CEL-2TPH to scavenge oxygen radicals 

produced by the photolysis of hydrogen peroxide. Some minor differences can be ascribed to the different 

experimental times considered and to the difference in the test typology and medium.  
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As far as the evaluation of RONS in cell culture is concerned, in presence of bioactive glasses an increase in 

the production of reactive species can be recorded in cancerous cells in presence of CEL-2TPH samples 

while a protective activity and anti-inflammatory effect for the healthy ones was noticed. This result shows 

a sort of selective protective activity towards safe cells due to the biomolecules presence. Conversely, 

tumorigenic cells seem to display high level of inflammation that can be related to the high death ratio 

previously observed with MTT assays. These results are not surprising as the high cancer cells sensitivity 

towards reactive species has been largely demonstrated [18-20, 42-44]. For example, in a recent review, 

Yan et al. proposed that cancer cells tend to express more aquaporins on their cytoplasmic membranes, 

which may cause the H2O2 uptake speed in cancer cells to be faster than in normal cells [45]. Moreover, it’s 

reported in literature that polyphenols, and among them gallic acid, trans-resveratrol (as one of the major 

constituent of grape polyphenols) and catechins (as the most abundant molecules in tea extracts), can 

interfere with different pathways involved in oncogenesis and progression causing the selective apoptosis 

of several types of cancer cells [46-50].  

Finally, we investigated whether polyphenols toxicity was due to a reversible or not DNA damage in U2OS 

cancerous cells. Accordingly, the nuclear localization of 53BP1 in most of the cells cultivated in direct 

contact with CEL-2 TPH specimens confirmed that DNA damage occurred. This genetic harm can be 

probably related to the polyphenols-derived RONS generation as prior debated. Afterwards, by checking a 

further nuclear localization of Cyclin B1 dye, it was possible to speculate that U2OS cells were not able to 

self repair the RONS induced DNA damage thus leading to cells death (as verified also by MTT assay).  

Interesting, DAPI staining preliminary suggested also that cells cultivated onto TPH grafted were not able to 

grown in tight contact to each others as typically occurs for tumour cells; this effect was not visualized in 

control CEL-2 specimens were cells were stained as forming aggregates. However, any speculation 

regarding tumour progression inhibition must be deeply investigated in future works. 

In conclusion, the effect of polyphenols coupled to a bioactive glass on the viability and RONs production of 

healthy and cancerous osteoblast has been reported for the first time in the present paper. 

This is a preliminary confirmation that polyphenols (e.g. gallic acid and green tea extracts) can effectively 

exert a selective cytotoxic action against bone cancer cells upon grafting to the surface of a bioactive glass. 

Moreover, this action can be associated with the production of reactive species in the cancerous cells with 

a consequent selective and not reversible DNA damage. On the other hand an anti-inflammatory action has 

been evidenced on the healthy osteoblast cells. 

Altogether, preliminary results reported in the present paper are extremely encouraging for the 

development of innovative smart bioactive glasses for bone contact applications. 
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Conclusions 

In the present research the in vitro response of healthy (hFOB) and cancerous (U2OS) osteoblast cells to a 

bare and polyphenol-grafted bioactive glass has been investigated. A selective cytotoxic activity of gallic 

acid and tea polyphenol grafted bioactive glass has been evidenced against U2OS particularly in direct 

assay. Bioactive glass functionalized with tea polyphenols was able to induce reactive oxygen and nitrogen 

species (RONS) production in U2OS cells and, on the other hand, to exert a sort of anti-inflammatory action 

for hFOB. Finally, a permanent DNA damage, together with a certain difficulty to form tumor aggregates, 

has been evidenced for U2OS cells cultured on tea polyphenols grafted bioactive glass. 

These results highlight that bioactive glasses functionalized with polyphenols can be extremely promising as 

biomaterials for application in bone substitution for cancer treatment. 
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