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Abstract: Bioactive glasses (BGs) are attractive materials for bone replacement due to their tailorable
chemical composition that is able to promote bone healing and repair. Accordingly, many attempts
have been introduced to further improve BGs’ biological behavior and to protect them from bacterial
infection, which is nowadays the primary reason for implant failure. Polyphenols from natural
products have been proposed as a novel source of antibacterial agents, whereas silver is a well-known
antibacterial agent largely employed due to its broad-ranged activity. Based on these premises,
the surface of a bioactive glass (CEL2) was functionalized with polyphenols extracted from the Egyptian
algae Padina pavonica and enriched with silver nanoparticles (AgNPs) using an in situ reduction
technique only using algae extract. We analyzed the composite’s morphological and physical-chemical
characteristics using FE-SEM, EDS, XPS and Folin–Ciocalteau; all analyses confirmed that both algae
polyphenols and AgNPs were successfully loaded together onto the CEL2 surface. Antibacterial
analysis revealed that the presence of polyphenols and AgNPs significantly reduced the metabolic
activity (>50%) of Staphylococcus aureus biofilm in comparison with bare CEL2 controls. Finally,
we verified the composite’s cytocompatibility with human osteoblasts progenitors that were selected
as representative cells for bone healing advancement.

Keywords: bioactive glass; polyphenols; silver nanoparticles; physico-chemical; antibacterial; cytocompatibility

1. Introduction

Due to the continuous increase in chronic/non-chronic etiologies resulting in different kinds of
bone defects, scientists have aimed to find new strategies to promote bone tissue reconstruction via
self-regenerative stimulation [1–3].
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Bioactive glasses (BGs) are biocompatible materials, currently applied for rapid induction of bone
tissue regeneration due to their tailorable chemical composition that is able to promote bone healing
and repair. This process is promoted by BGs osteoconduction and osteoinduction properties: once a
BG is introduced into the defect, an immediate and continuous dissolution of critical concentrations of
soluble P, Ca, Si, and Na ions stimulates the self-renewal healing of the healthy bone surrounding the
defect [4–6]. In particular, once the BG comes into contact with the physiological environment, it starts
to release Na+ and Ca2+ ions and to exchange H+, thus forming a hydrated silica gel on the surface.
This gel turns into an amorphous CaO-P2O5-SiO2 layer with a continuous consumption of Ca2+ and
PO4

3−, and subsequently crystallizes into a hydroxycarbonate apatite (HCA) layer through constant
incorporation with Ca2+, PO4

3−, OH−, and CO3
2− [7,8]. The growing HCA layer provides an ideal

environment for osteoblasts colonization, proliferation, and differentiation [9,10].
As an attempt to improve the BG outcome, the addition of natural products has been considered

to improve their bioactivity and prevent the surface from bacterial infection. Marine algae have
been proven to have valuable impacts on therapeutics and pharmaceuticals as a natural renewable
material, wealthy in a variety of bioactive compounds [11]. In particular, the algal polysaccharides,
proteins, polyunsaturated fatty acids, pigments, as well as polyphenols, such as flavonoids, can serve
as bioactive bases of novel medical products [12]. Amongst them, Padina pavonica is a famous
species of Egyptian marine algae that demonstrated antioxidant properties due to its polyphenols
content [13,14]. Considering that this particular alga is abundant and inexpensive in Egypt but does
not currently have any application, a possible use for biomedical purposes can be considered for
the improvement of the local economy and for the development of a sustainable use of resources.
Previous literature demonstrated that some algal-derived phytochemicals, including polyphenols and
flavonoids, exhibited antioxidant, anti-inflammatory, as well as broad-range antimicrobial activities [15].
These antioxidant activities rely on the polyphenols’ potential in reducing the production of reactive
oxygen species (ROS) through inhibiting oxidases, decreasing superoxide production, ameliorating the
mitochondrial oxidative process, and inhibiting the formation of oxidized low-density lipoprotein [16].
From an antibacterial point of view, flavonols displayed a remarkable broad-range activity against
several Gram-positive bacteria, such as Staphylococcus aureus as well as Gram-negative bacteria [17].
The above-mentioned antibacterial effect is due to the polyphenols’ antioxidant activity that damages
the cell membrane and causes leakage of the biomolecules into the bacteria cell [18–20].

Another attractive broad-range antibacterial treatment adopted as an alternative to conventional
antibiotics is represented by inorganic metal ions and nanoparticles [21–24]. The principle advantages
of the ions’ use are their broad range activity toward both Gram-positive and Gram-negative bacteria,
as well as their ability to avoid most of the resistance mechanism exploited by pathogens to counteract
drug activity [24]. Amongst the large class of antibacterial metal ions, silver (Ag) is probably the most
used and characterized as its wide range of antibacterial effects has been widely demonstrated [21].
In particular, when a biomaterial surface is coated by silver nanoparticles (AgNPs), these particles
provide better surface contact between Ag and the microorganism. As such, the cell membrane is
impaired, allowing AgNPs to invade the cell causing oxidative stress [25]. As a consequence, DNA
damage, genotoxicity, and chromosomal abnormality occur, thus leading to apoptosis [26].

Based on these premises, in the present work, functionalized BG scaffolds were grafted for
the first time with a combination of Padina pavonica extract and AgNPs using an in situ reduction
technique we previously described [21]. The composite’s surface chemical-physical was characterized
using Folin–Ciocalteau, X-ray photoelectron spectroscopy (XPS), field emission scanning electron
microscopy (FE-SEM), and energy dispersive X-ray (EDS). Then, the antibacterial activity was evaluated
towards a multi-drug resistant biofilm former strain of Staphylococcus aureus by means of metabolic
activity reduction. Finally, the composite’s cytocompatibility was verified towards human osteoblasts
progenitors that were selected as representative of bone cells deputies to drive the self-healing process.
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2. Materials and Methods

2.1. Padina pavonica Macroalgae Selection, Collection, and Storage

Padina pavonica (P. pavonica) macroalgae were collected by hand picking from the Red Sea in
Hurghada, Egypt. Then, healthy algae samples were immediately cleaned of epiphytes and extraneous
matter, and necrotic algae were discarded. Specimens were washed thoroughly with sterile distilled
water, air dried, cut into small pieces, and then strongly pressed in a tissue grinder until obtaining a
fine powder (IKA A 10, IKA®-Werke GmbH & Co. KG, Staufen im Breisgau, Germany).

2.2. Determination of Polyphenols, Carotenoids, and Chlorophylls from P. pavonica Extract

Polyphenols were extracted and characterized from the P. pavonica powder using solvent technique
(95% ethanol, v/v in ultrapure water) and the colorimetric Folin–Ciocalteau method, respectively [27–29].
Briefly, algae powder was added to the ethanol solution in a ratio of 1:50 (w/v); then, the solution was
heated to 60 ◦C for 1 h under continuous stirring (120 rpm). Afterward, the solution was 0.45-µm filtered
to remove unsolved debris and ethanol was fully evaporated into an incubator (60 ◦C, 2 h). Finally,
the obtained extract was resuspended in ultrapure water, freeze-dried (using a Scanvac CoolSafe 4,
from LaboGene, Lillerød, Denmark) and stored at −20 ◦C until use.

Total polyphenol content (TPC) of the powdered algae was determined calorimetrically by the
Folin–Ciocalteau method with slight modifications. Briefly, 0.5 mL of the ethanolic solution was added
to 2.5 mL of 10% Folin–Ciocalteau reagent, previously diluted with distilled water. After 3 min, 2 mL
of 7.5% sodium carbonate solution was added. The mixture was incubated in the dark for 1 h at
room temperature and its absorbance was measured at 765 nm using a UV-Vis spectrophotometer
(Jenway 7205, Cole-Parmer, Staffordshire, UK). A calibration curve was prepared with gallic acid
standard solution at various concentrations (10 to 100 mg/L). The results are expressed as mg gallic acid
equivalent (GAE)/g dry weight (DW). Total carotenoid (C), chlorophyll-a (Chl-a) and chlorophyll-b
(Chl-b) contents of the extracts were determined spectrophotometrically (Jenway 7205, Cole-Parmer,
Staffordshire, UK) according to Sumanta et al. [28].

2.3. Specimen Preparation and Physico-Chemical Characterization

2.3.1. Specimen Preparation

The bioactive glass CEL2, with molar composition of 45% SiO2, 3% P2O5, 26% CaO, 7% MgO, 15%
Na2O, and 4% K2O, was prepared by the melt and quenching route to obtain the bulk form. Glass bars
were then cut into 2-mm-thick slices and polished with SiC abrasive papers up to 4000 grit. Polished
specimens were gently washed with ultrapure water prior to undergoing surface functionalization
following a procedure prior described by Vernè et al. [30,31]. Briefly, specimens were first washed with
acetone in ultrasonic bath for 5 minutes and then with ultrapure water for 5 minutes in ultrasonic bath,
3 times. After this washing step, glasses were functionalized using a 1 mg/mL or 5 mg/mL P. pavonica
polyphenols solution (5 mL/specimen, resuspended in ultrapure water) by soaking technique 3 h at
37 ◦C in the dark. At the end of the soaking step, samples were gently washed twice in ultrapure water
and dried in a laminar flow cabinet.

To achieve in situ reduction of silver nanoparticles (AgNPs) on the surface of functionalized
glasses previously grafted with 1 mg/mL of P. pavonica extract, specimens were soaked 1 h at 37 ◦C in a
0.005 M silver nitrate (AgNO3) aqueous solution in the dark prior to being finally washed in ultrapure
water [21].

2.3.2. Specimens Surface Characterization

The Folin–Ciocalteau test was performed on the functionalized specimens to determine the total
adhered phenol content [32].
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The presence of molecules on the glass surfaces was also investigated also by means of X-ray
photoelectron spectroscopy (XPS; PHI 5000 VersaProbe, Physical Electronics, Chanhassen, MN, USA)
on samples functionalized with the 1 mg/mL solution before and after in situ reduction of AgNPs.
Both survey spectra (for the determination of the chemical composition) and high-resolution spectra
of the most important elements (C, O, and Ag to determine specific functional groups as well as the
chemical state of silver) were acquired.

The precipitation of AgNPs after in situ Ag reduction was investigated by means of FE-SEM
equipped with an EDS camera (FE-SEM-EDS, Supratum 40, Carl Zeiss, Oberkochen, Germany) after
Pt surface sputter coating.

2.4. Antibacterial Evaluation

2.4.1. Strain

The orthopedic-infections-related, multi-drug resistant (MDR) certified biofilm former strain
S. aureus (SA, ATCC 43300, purchased from the American Type Culture Collection, Manassas, MA,
USA) was used to assay the specimens’ antibacterial activity. SA was cultivated into selective blood
agar medium (Sigma Aldrich, Milan, Italy); bacteria were cultivated at 37 ◦C until round colonies
formed on the agar surface. Plates were maintained at 4 ◦C prior to experiments; fresh broth-cultures
were prepared prior to each experiment by dissolving some colonies in 10 mL of Luria Bertani (LB)
broth culture (Sigma Aldrich, Milan, Italy). Finally, bacteria concentration was adjusted until 1 ×
105 cells/mL by diluting in fresh media until the optical density of 0.001 at 600 nm was reached as
determined by a spectrophotometer (Victor, Packard Bell, Lainate, Italy).

2.4.2. Biofilm Formation

Sterile specimens were gently paced into a 12 multi-well plate using sterile tweezers avoiding
any surface damage. Each specimen was submerged with 1 mL of the broth bacteria culture prepared
as described in Section 2.5.1.; the plate was incubated for 90 minutes in agitation (120 rpm) at 37 ◦C
to allow the separation between adherent biofilm cells and non-adherent floating planktonic cells
(separation phase) [33,34]. Afterwards, supernatants containing planktonic cells were removed and
replaced with 1 mL fresh media to cultivated surface-adhered biofilm cells (growth phase). Biofilms
were grown at 37 ◦C for 1 to 3 days prior to evaluations [33,34].

2.4.3. Metabolic Evaluation

At each time-point, bacterial biofilm metabolic activity was evaluated by the colorimetric Alamar
blue assay (alamarBlue®, Life Technologies, Milan, Italy) following the manufacturer’s instructions.
Briefly, specimens were gently moved to a new 12 multi-well plate and washed 3 times with sterile
phosphate buffered saline (PBS, from Sigma, Milan, Italy) to remove non-adherent cells; then, specimens
were submerged with 1 mL of the ready-to use Alamar blue solution and the plate was incubated at
37 ◦C in the dark for 5 h. Finally, 100 µL of supernatant was collected from each well, transferred to a
black-bottom 96-well plate and the fluorescent signal was detected using a spectrophotometer (Victor,
Packard Bell, Lainate, Italy) at a 590 nm wavelength. Results are expressed as relative fluorescence
unit (RFU).

2.5. Cytotoxicity Evaluation

2.5.1. Cells

Human primary osteoblasts progenitors (hFOB 1.19, CRL-11372, ATCC, Manassas, MA, USA) were
selected as test cells to evaluate specimens’ cytocompatibility in vitro. hFOB cells were cultivated in
MEM/F12 mix medium (50:50, Sigma, Milan, Italy) 10% fetal bovine serum (FBS, Sigma), 1% antibiotics,
and 3 mg/mL neomycin (G418 salt, Sigma, Milan, Italy). Cells were cultivated until 80–90% confluence,
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detached with trypsin/ethylene diamine triacetic acid solution (trypsin/EDTA, Sigma, Milan, Italy) and
used for experiments.

2.5.2. Direct Metabolic Evaluation

Cells were cultivated in direct contact with the specimens’ surface to reveal eventual toxic
compounds on the coating [35]. Sterile specimens were gently placed into a 12 multi-well plate using
sterile tweezers, avoiding any surface damage. Then, 2 × 104 cells/specimens were dropwise (100 µL)
seeded directly onto specimens’ surfaces and allowed to adhere for 2 h; afterwards, 1 mL of fresh
medium was gently spotted into each well to fill specimens. Cells were cultivated for 1 to 3 days
onto specimens’ surfaces and viability was evaluated at each time point using the Alamar blue assay
(alamarBlue®, Life Technologies, Milan, Italy) as previously described in Section 2.4.3. Results are
expressed by means of RFU.

2.6. Statistical Analysis of Data

Data were analyzed using SPSS software (v25, IBM, New York, NY, USA) by means of one-way
ANOVA followed by the Tukey’ test as a post hoc analysis. Significance level was set to p < 0.05.

3. Results and Discussion

3.1. Polyphenols, Carotenoids, and Chlorophylls Quantification from P. pavonica Extract

Prior to undergoing CEL2 surface functionalization, the total polyphenol content in P. pavonica
extract was evaluated by means of the Folin–Ciocalteau test to determine whether the selected source
was sufficient to provide an adequate bulk of polyphenols. This step was performed as natural
extracts often differ considerably from each other in terms of polyphenols content due to the different
geographical origin. So, P. pavonica extract was expected to differ from previous sources of polyphenols
we previously proposed [29]. Results confirmed that the selected P. pavonica algae was rich in
polyphenols as the total amount resulted in 75.6 mg GAE/g DW (the polyphenols in the extract have the
same redox activity of a gallic acid solution: 75.6 mg GAE/g in distilled water). By the same analysis,
we determined that the carotenoids amount was quantified in 0.9 µg/g DW and that Chlorophyll b
(Chl-b) was the most abundant pigment in P. pavonica extract (129.6 µg/g DW).

3.2. Specimens’ Physico-Chemical Characterization

After analyzing the chemical features of the raw extract, we functionalized the bioactive CEL2
glass. The success of the entire procedure is based on different parameters that start from the extract
stability that can be affected by pH variations. Accordingly, the pH of the applied P. pavonica solutions
(1 and 5 mg/mL) was evaluated before and after the soaking step; the results are summarized in Table 1.

Table 1. Padina pavonica solutions pH evaluation before (pad) and after (CEL2 + pad) soaking.

Sample pH

pad (1 mg/mL) 6.76
pad (5 mg/mL) 7.44

CEL2 + pad (1 mg/mL) 7.53 (± 0.06)
CEL2 + pad (5 mg/mL) 8.28 (± 0.04)

The starting pH of the P. pavonica solution was close to seven, which is less acidic than that recorded
for other natural extracts such as gallic acid, grape polyphenols, and tea polyphenols that we previously
investigated [29]. A moderate basification was detected after glass soaking due to the ion release from
the glass surface; these variations in pH were less evident than that we previously observed for gallic
acid, grape polyphenols, and tea polyphenols, thus demonstrating a higher stability of the grafting
procedure [29]. A strong shift to a basic environment can favor both a further hydroxylation of the
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glass and the oxidation of catechol groups of phenols to quinone groups [30]. As a further macroscopic
confirmation of the extract stability, no color changes were recorded, nor for solutions, nor for samples
after algae functionalization, thus suggesting that no significant changes in the pH occurred due to
bioactive glass contact.

Once the surface functionalization was completed, the quantification of total polyphenols onto the
CEL2 surface was verified by means of the Folin–Ciocalteau test. The results are reported in Table 2.

Table 2. CEL2 surface polyphenols amount after functionalization.

Sample Polyphenols (GAE mg/mL)

CEL2 + pad (1 mg/mL) 0.001
CEL2 + pad (5 mg/mL) 0.001

As far as functionalized glass samples are concerned, about 0.001 mg/mL GAE was quantified by
the Folin–Ciocalteau test. The Folin–Ciocalteau test is commonly used for the quantification of the
total amount of polyphenols in solutions. We adapted the method [29,32] to solid surfaces. All the
values can be considered as analogous samples of 1 cm2 area and are comparable. Measurements
were recorded on a small set of samples (n = 3) obtaining the same results (this is why standard
deviation is not reported). This value is comparable with that previously obtained by functionalizing
the CEL2 surface with grape skin extracts [29]. However, the final volume of grafted polyphenols
seems to be independent of the concentration of the source solution (1 or 5 mg/mL of freeze-dried
extract in ultrapure water), different from what we previously observed for grape and tea polyphenols.
This difference can be associated with the different typologies of the molecules grafted onto the surface,
which is worthy of further investigations. As the amount of polyphenols grafted on the surface did not
increase the uptake solution concentration, further investigations were performed on glass samples
functionalized with 1 mg/mL of P. pavonica solution.

Different from polyphenols functionalization, surface darkening was evidenced after AgNPs in
situ reduction. As a confirmation of this macroscopic evidence, the atomic percentages of elements
on the surface of bare CEL2, CEL2 + pad 1 mg/mL, and CEL2 + pad 1 mg/mL + Ag obtained by XPS
survey analysis are reported in Table 3.

Table 3. Atomic percentages of elements from XPS survey analyses.

Element CEL2 CEL2 + pad (1 mg/mL) CEL2 + pad (1 mg/mL) + Ag

O 43.3 46.9 35.1
C 36.9 28 41.9
Si 13.5 12 8.0

Na 2.1 2 2.0
Ca 1.8 3.7 3.9
Al 1.4 – –
Mg 0.9 7.5 4.8
Ag – – 3.3

No evident modifications of the chemical composition of the glass were detected after surface
functionalization. This phenomenon can be ascribed to the moderate amount of biomolecules grafted
and to the fact that they mainly constituted of carbon and oxygen, which are already present in the
glass and on its surface due to unavoidable atmospheric contaminations.

The appearance of silver was clearly detected after in situ reduction, confirming the surface
ability to facilitate Ag precipitation; this behavior and the amount of silver are in accordance with
the results we previously obtained on the same glass functionalized with gallic acid, grape, and
tea polyphenols [21]. The high-resolution spectra of carbon and oxygen regions for bare and
P. pavonica-polyphenols-functionalized CEL2 samples are reported in Figure 1.
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(CEL2) and P. pavonica extract grafted (CEL2 + pad (1 mg/mL) CEL2 specimens.

No significant differences were detected between bare (CEL2) and functionalized (CEL2 + pad
1 mg/mL) bioactive glass in the carbon region (Figure 1a,c). An increase in the OH signal was
highlighted in the oxygen region for the functionalized specimens. This increase can be attributed to
the OH groups belonging to polyphenols as previously described [29].

Once AgNPs were introduced into the CEL2 surfaces containing polyphenols, the typical Ag
signal was clearly detected by high resolution spectra as a confirmation of the corrected co-grafting
between P. pavonica polyphenols and AgNPs. The high-resolution spectrum of silver detected on
CEL2 + pad (1 mg/mL) +Ag is reported in Figure 2.
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The main doublet was detected at 367.92–373.92 eV, close to the typical binding energy of
metallic silver [36,37]; these findings are in line to the hypothesis of an in situ reduction induced
on the glass surface by algae polyphenols, in a similar manner as previously observed on bioactive
glasses functionalized with natural polyphenols [33]. Then, a second small doublet was detected at
369.15–375.15, which can be probably associated with the presence of silver clusters [36]. To verify this
hypothesis, FE-SEM images of CEL2 + pad (1 mg/mL) + Ag specimens were collected and reported in
Figure 3.
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Figure 3. FE-SEM observations of CEL2 + pad (1 mg/mL) + Ag. (a) Low magnification overview
of surface; (b–d) Ag precipitates as dendrimeric nanoflowers and holes on the glass surface due to
reaction in the functionalization media (higher magnification).

Looking at the images, a uniform distribution of precipitates was observed all over the surface
(Figure 3a). Their morphologies are similar and can be defined as dendrimeric nanoflowers (Figure 3b–d)
with dimensions varying around 400–800 nm. It is possible to speculate that they are derived from
nanometric particles aggregation as previously suggested by the presence of silver clusters detected
by XPS. Some holes were also observed on the surface and can be ascribed to the surface reaction
of the glass (ion release and partial dissolution associated with the bioactivity mechanisms) in the
functionalization media.

As a further confirmation of this hypothesis, EDS analyses (Figure 4) confirmed that observed
precipitates were mainly constituted of silver. Silver signals were only detected within the precipitates
whereas no other signals were observed when analyzing other surface areas. This result is in accordance
with the metallic nature of silver, which selectively precipitates in metallic form due to the reducing
action of surface grafted polyphenols on Ag ions within the solution.



Coatings 2019, 9, 394 9 of 15

Figure 4. EDS analyses on CEL2 + pad (1 mg/mL) + Ag.

3.3. Antibacterial Evaluation

The results concerning antibacterial activity obtained by contaminating doped and control
specimens directly in contact with 1 × 105 cells/mL Staphylococcus aureus suspension are reported in
Figure 5. Here, we selected a certified multi-drug resistant strain (ATCC 43300) to test specimens’
antibacterial performance towards bacteria resistant to conventional drug treatments.

The use of polyphenols from P. pavonica extract only (1 mg/mL, named CEL2 + pad) was not
sufficient to determine a significant decrease in bacteria metabolism (p > 0.05) at each tested time-points
in comparison with untreated CEL2 controls. Conversely, when silver nanoparticles (1 mg/mL, labelled
CEL2 + pad + Ag) were coupled with the algae extract, a strong significant decrease was observed after
24 (Figure 5a) and 48 (Figure 5b) h, whereas the effect decreased after 72 h (Figure 5c), probably due to
the limited amount of antibacterial compounds still available for release. The amounts of grafted
Ag ions and polyphenols are not unlimited and thus the efficacy is strongly related to the release
period. So, our hypothesis is that once all the polyphenols and the Ag ions are completely delivered
into the medium, their effects conclude and the bacteria that survived until that moment started to
proliferate again. This behavior is analogous to that we previously observed for bioactive glasses
functionalized with grape and tea polyphenols—the presence of the polyphenols alone is not able to
induce a strong antibacterial behavior but the in situ reduction of silver nanoparticles significantly
increases this activity.
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The P. pavonica polyphenols extract + AgNPs combination was here tested to improve the
antibacterial properties of the bioactive CEL2 glass for the first time, to the best of our knowledge.
The obtained results are encouraging because the combined effect of these two antibacterial agents was
effective at significantly reducing S. aureus viability onto bioactive glasses. The hypothesis at the base of
this combination was related to the possibility of coupling different broad-range antibacterial activities
derivates from a natural compound and a broad range antibacterial metal in terms of nanoparticles.

Ag is known to be effective towards a large class of both Gram-positive and Gram-negative
strains due to its ability to anchor to the bacterial cell membrane by electrostatic reaction; as such,
bacteria die due to the irreversible membrane damage [38,39]. Ag was demonstrated to be able to
trigger the formation of free ROS that leads to a strong increase in the microenvironment oxidative
stress. This condition causes unrepairable damage to bacteria by directly targeting their DNA, thus
irreversibly stopping the replication cycle, causing bacterial death [38,39].

Differently, the role of polyphenols in counteracting bacterial infection is less understood. The more
accredited hypothesis is related to the possibility that polyphenols can link bacteria membrane
phospholipids [40,41]; once this interaction occurs, the integrity of the membrane lipid bilayer is
irredeemably compromised, thus leading to an increase in permeability, a loss of membrane fluidity,
and an impairment of ions inside/outside transportation [40,41]. All these conditions are not compatible
with correct metabolism, thus leading to bacteria death.
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Figure 5. Specimens’ antibacterial activity in direct contact with S. aureus biofilm for (a) 24, (b) 48, and (c)
72 h. The doping with algae extract only (CEL2 + pad) was not effective at decreasing bacteria viability
(p > 0.05) in comparison with untreated controls (CEL2). The introduction of silver in combination
with extract (CEL2 + pad + Ag) produced a decrease in bacteria metabolism that was significant
after 24 and 48 h of cultivation (c, p < 0.05, indicated by the §) in comparison to both CEL2 and
CEL2 + pad. The effect decreased after 72 h, probably due to saturation. Bars represent means and
standard deviations; data are expressed as RFU.
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According to this evidence, despite a more evident role of silver in comparison with polyphenols,
we hypothesize that the obtained results are due to a combined activity that potentially irreversibly
damages the bacteria membrane. This effect seems to be attractive, as it is not dependent on the
Gram-positive or negative classification of the strain; moreover, it involves so many pathways
(oxidative stress, DNA replication, membrane integrity, and ions trafficking) that bacteria may not
easily develop resistance to all these mechanisms, thus making the treatment probably effective toward
most bacterial strains.

From the materials point of view, the presence of polyphenols can have a double effect on the
surface modification: acting as reducing agents to catalyze the precipitation of antibacterial silver
nanoparticles and, imparting other properties to the surface specific to polyphenols (e.g., antioxidant,
anti-inflammatory, bone stimulating, and anti-cancer) to make the surface multifunctional.

3.4. Cytocompatibility Evaluation

The results obtained by seeding cells directly in contact with doped and control specimens are
shown in Figure 6. In general, the doping realized with algae extract only (1 mg/mL, called CEL2 + pad)
did not have any toxic effect on the bioactive glass as results were comparable with controls (CEL2) at
each time point (p > 0.05). Differently, the combination of the extract and silver nanoparticles (1 mg/mL,
called CEL2 + pad + Ag) produced a decrease in cell viability that was evident, in particular, after
three days’ cultivation (Figure 6c). The results are significant in comparison with both CEL2 control
and CEL2 + pad (p < 0.05, indicated by §). Accordingly, looking at the cell metabolism as a function of
time (Figure 6d), values were increasing for CEL2 and CEL2 + pad specimens, thus prompting us to
hypothesize that cell number increased during the experimental time-points. Conversely, results from
CEL2 + pad + Ag showed a stationary plateau phase between 24 and 48 h and a slight decrease from
48 to 72 h (Figure 6c).

The obtained results can generally be considered as being in agreement with previous literature.
The bare CEL2 bioactive glasses were considered as a control due to their well-known cytocompatibility
towards osteoblasts. They can be considered as superior in terms of bioactivity in comparison with
glass based on the SiO2–CaO–Na2O–Al2O3 system (named SCNA) that were previously applied
to test polyphenols and silver antibacterial properties [29]. They were shown to be affective in
supporting primary osteoblasts colonization and proliferation through their ordered mesoporous
channels configuration that permits proper transportation of nutrients as well as released ions [7–9].
The subsequently formed HCA layer serves as an ideal environment for the osteoblast’s growth, thus
promoting bone self-healing [7–9].

The introduction of polyphenols from P. pavonica algae extract did not decrease cells metabolism,
thus demonstrating cytocompatibility. Besides their recognized antibacterial activity, polyphenols are
known to be effective at free radicals scavenging [42–45]. In cell cultures, they can directly interact
with cell cytoskeletons through the phenolic hydroxyl groups [42–44]. Due to this tight interaction,
polyphenols seem to be effective at protecting cells from damage due to oxidative stress, thus supporting
proliferation [46].

However, when the algae extract was coupled with silver nanoparticles, we detected a significant
increase in specimens’ cytotoxicity. As the extract itself is not toxic as previously debated, we speculate
that this toxic effect can be attributed mainly to the silver (Ag). Ag is known to be a potential toxic
element for cells [47–50]; it can trigger the formation of ROS by preventing intracellular antioxidants
and cause DNA damage that results in cell death [47,48]. This mechanism can be initiated by the
Ag uptake by the cellular clathrin-dependent endocytosis and micropinocytosis; as a consequence,
physiological impairment can be achieved due to the ROS increase [49,50].

Another explanation of Ag potential toxicity is due to the employment of AgNPs [51–55]. Due to
their nano-size, AgNPs can easily interact with cellular organelles, producing a lack of functioning due
to direct contact or accumulation [51–55].
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4. Conclusions

The combined polyphenols from P. pavonica algae and silver nanoparticles (AgNPs) surface doping
of bioactive glasses CEL2 was successfully achieved using an in situ reduction technique. The specimens’
chemical-physical analysis confirmed that both polyphenols and AgNPs were homogeneously spread
onto the glass surface. The obtained composites showed a strong ability to prevent S. aureus biofilm
contamination due to a combined activity mainly targeted toward the bacteria membrane. However,
a certain specimen toxicity was observed toward human progenitor cells.

The proposed procedure for surface modification allows the tailoring of the silver content, so in
the future, the amount of silver should be reduced to balance antibacterial activity and biocompatibility.
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