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ABSTRACT

We report a new chemical method for the functionalization of Mg-hydroxyapatite (Mg-HA) scaffold with Ag
nanoparticles (Ag NPs) integrating in one step both the synthesis of the Ag NPs and their nano-structuring into
the HA matrix (Ag-Mg-HA scaffold). This method exploits a green photochemical synthesis and allows the direct
growth of Ag NPs on the Mg-HA surface. The surface structure of Ag-Mg-HA scaffold, investigated by scanning
electron microscopy, shows no significant changes in the morphology upon Ag NPs incorporation. The presence
of Ag was confirmed by EDX analysis. TEM and spectroscopic investigations show Ag NPs spherical shaped with
a mean diameter of about 20 nm exhibiting the typical plasmon absorption band with maximum at 420 nm. The
antibacterial properties of Ag-Mg-HA scaffolds were tested against two bacterial strains, Escherichia coli (E. coli)
and Staphylococcus aureus (S. aureus). The results show excellent antibacterial properties achieving up to 99%
and 100% reduction of colonies for both bacteria cultures after 24 h of incubation and 100% of reduction after
48 h of incubation. The cytotoxicity of Ag-Mg-HA was also in deep investigated assessing both cell proliferation
and differentiation using hADSCs (human Adipose Derived Stem Cells) and testing data point at 0, 7, 14 and
24 days. The results show cytotoxic effect with cell proliferation decreasing up to 90% at 24 days and osteogenic
differentiation inhibition. The observed cytotoxicity can be probable ascribed to the oxidative stress by ROS.
Indeed, considering the effectiveness of the nanofunctionalization method and the excellent antibacterial
properties showed by the Ag-Mg-HA scaffold, future works will be devoted to create nanofunctionalized scaffold
satisfying both antimicrobial and osteo-regenerative properties.

1. Introduction

[6,7]. However, this material fundamentally lacks of antibacterial
property that is one of the unmet clinical needs in bone scaffolds and

There are growing research interests on multifunctional innovative
nanomaterials exhibiting antibacterial properties for bone tissue repair
[1-5]. In this context, nanoscale materials play a key role providing
new functionalities to biomaterial interacting with biological systems.

In bone regeneration, one of the most studied biomaterial is hy-
droxyapatite (HA), a calcium-phosphate ceramic (Ca;¢(PO4)s(OH),)
exhibiting excellent biocompatibility, osteoconductivity, good cell ad-
hesiveness, excellent biodegradability and non-inflammatory properties

prosthetic coatings. The maintenance of bacteria-resistance, especially
towards to the common pathogens present at surgical sites, represents a
significant progress in the bone regeneration materials and bioactive
coatings. Infections are events that can occur when the scaffold or the
prosthesis are implanted in an environment rich of nutrients and fa-
vorable to bacteria proliferation. Therefore, the patient should be pro-
tected from infections as a result of both primary (up to 2% percentage
of risk) and revision prosthetic implantations (greater than 10%). In the
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last case, the risk of infection is significantly higher, if the cause of the
revision is the outbreak of a primary infection that must be eradicated.

Infections in implanted scaffolds and endoprostheses are mostly
caused by Staphylococcus aureus (S. aureus), Pseudomonas aeruginosa (P.
aeruginosa) or Escherichia coli (E. coli) due to their high virulence and an
increase of antibiotic resistances. These events induce highly in-
flammatory processes leading to bone destruction and implant loss
[8,9]. Actually, the presence of the artificial surface of the implant fa-
vors the formation of bacterial biofilm making it more resistant to the
immune system and antibiotic treatment [10]. It has been proven that
treatments of bone infections with antibiotics offer poor results when
not combined with eradication of residual bacteria from the surgical
site [11,12]. Orthopedic implant infections are notoriously difficult to
treat with antibiotics. Therefore, prevention and eventually eradication
of residual bacteria from the surgical site is fundamental for the success
of the implant.

In this context, new material design strategies based on nanos-
tructured antibacterial coating offer unique properties of high specific
surface area and topographies mimicking the microstructures of natural
tissue with antibacterial properties at the same time [13]. Innovative
nanomaterials exhibiting antibacterial properties for bone tissue repair
are widely reported in literature including micro and nanostructured
titania [14], titanium surface modification with Ag-, Sr- and Si micro-
calcium phosphate coating [15] and red phosphorus/IR780/arginine-
glycine-aspartic acid-cysteine coating on titanium implant [16],
fluoridated hydroxyapatite coatings [17,18] and calcium phosphate
coatings on metallic implant [19]. Ag has been extensively studied
because of its well know antimicrobial activities, against both gram-
positive and gram-negative bacteria [20] and minimal bacterial re-
sistance [21]. Additionally, Ag is an inorganic material and then it is
not affected by degradation processes typical of organic molecules. For
these reasons, it can be considered as one of the best material for an-
tibacterial activity and has been widely used in several applicative
fields including clinical and medical usage, personal care products,
domestic, agriculture and industrial products [22]. Nanotechnology has
improved physical, chemical and biological properties of Ag by trans-
forming it into silver nanoparticles (Ag NPs). Several researchers stu-
died the Ag-NPs antibacterial mechanism and their effect on osteo-
genic-related cells. An extensively review on antibacterial effect of Ag-
NPs was published by Qing and coworkers [23 and reference therein].
They studied the effect of NPs concentration and dimension into the
antibacterial property and cytotoxicity suggesting that Ag-NPs <10 ug/
mL is a safe dose for osteogenesis-related cells. Castiglioni et al. [24]
showed that Ag NPs cause cytotoxicity in different cell types in a dose-
dependent manner. Khalandi et al. [25] in their review reported that
Ag-NPs are able to anchor themselves to the bacterial cells wall and
infiltrate them causing cell death. Recent evidences suggested that the
released silver ions (Ag*) from Ag NPs have a key role for the anti-
bacterial activity [26]. Moreover, Pal et al. published the effect of NPs
concentration and shape on antibacterial properties, finding 50 ug of
spherical shape NPs completely inhibits the grown of E. coli prolifera-
tion [27]. Martinez-Castanon et al. have investigated the antibacterial
activity of Ag-NPs with dimension from 7 to 30 nm finding that the
antibacterial effect decreases with an increase of the particle size [28].
Therefore, several are the parameters modulating the Ag-NPs properties
towards the living cells offering a stimulating field of research.

The use of Ag NPs coating on scaffold and prosthesis can be a po-
tential valuable strategy to be used to prevent infections in orthopedic
application [29]. On that, both the method of Ag-NPs synthesis and the
way of functionalization of the scaffold matrix play a key role in de-
termining the final properties of the implantable system. The conven-
tional methods reported in literature are mainly based on: i) bottom-up
approach consisting on the loading of pre-formed Ag NPs on scaffold
surface, resulting on unstable Ag decoration [30] and ii) in-situ Ag NPs
formation mediated by reducing agents [31]. Versace et al. reported an
alternative radical method for the in-situ formation of Ag NPs on
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microfibrous scaffold surface. They demonstrated the formation of a
radical species on surface, which induces the Ag reduction. But this
method is limited to the reactive surface able to form a radical species
[32]. Therefore, all the state of art approaches includes several execu-
tive steps using organic agents with negative impact on both the pro-
duction cost and the environment [33]. Therefore, the development of
new nanofunctionalization methodologies of bone scaffold overcoming
the above reported limitations represents an important challenge for
regenerative biomaterials.

In the light of the above considerations, in this study we report a
new chemical method for the functionalization of Mg-HA scaffold with
Ag NPs, integrating in one step both the synthesis of the Ag NPs and
their integration into the HA matrix. This method uses a green photo-
chemical synthetic approach that has been already proved to be ap-
pealing for various technological applications [34,35]. It is based on the
reduction of Ag-acetylacetonate (Ag(acac)) precursor mediated by
UV-Vis light offering the advantages of in-situ growth of Ag NPs on
substrate surface without the need of reducing agents. The obtained
nanofunctionalized scaffold (Ag-Mg-HA scaffold) has been fully struc-
turally characterized and in deep investigated towards (i) the anti-
bacterial properties against two bacterial strains E. coli and S. aureus
and (ii) cytotoxicity using hADSC cells.

2. Experimental
2.1. Chemicals

All chemicals were obtained from commercial sources at the highest
possible purity and were used as received. All solvents used were
spectrophotometric grade. Milli-Q-grade water was used in all pre-
parations.

2.2. HA-based scaffold structure and Ag nano-functionalization

HA-based scaffolds have been provided by Fin-Ceramica Faenza SpA
(Faenza-Italy) and produced according to the process described in
[36,37]. In brief, they consist in cylindrical shapes (8 mm diameter,
5 mm high) with a structure made of a mineralized blend of type I
collagen (30%) and Mg-HA (70%), mimicking the bone extracellular
matrix (ECM). The scaffolds were manufactured through a bio-inspired
procedure, incorporating equine type-I collagen with bioactive Mg-
doped hydroxyapatite (Mg-HA) nano-crystals and stabilizing the whole
structure by an extremely reactive bis-epoxy (1,4-butanediol diglycidyl
ether, BDDGE). The developed process leads to a very good combina-
tion between collagen (atelo-collagen isolated from equine tendon) and
co-precipitated Mg-HA nanoparticles. Finally, the whole structure was
freeze-dried with a controlled freezing and heating ramp from 25 °C to
—35 °C and from —35 °C to 25 °C. The process was carried out over a
period of 25 h under vacuum conditions (P = 0.29 mbar) and then
samples were gamma-sterilized at 25 kGy.

The surface morphological and microstructural analyses of the HA-
based scaffold was carried out by scanning electron microscopy (SEM)
performed with a SEM EVO MA 10 (Carl Zeiss AG, Oberkochen,
Germany) operated at 20 kV, exploiting the secondary electron signal
(SE mode). The samples were sputter-coated with gold prior to ex-
amination.

Ag-Mg-HA was prepared dipping HA-based scaffold in 10 mL of
Silver acetylacetonate (Ag(acac)) deaerated aqueous solution (con-
centration 4.5 mg/100 mL) in quartz tools. Then 100 L of acetone was
added to the reaction. After degassing with Ar for 15 min, the reaction
was irradiated with 4 UV lamps (254 nm, 16 W) for 5 min. The yel-
lowish Ag-Mg-HA scaffold was rinsed with deionized water and dried
by Nitrogen flow.

Transmission Electron Microscopy (TEM) analysis was assessed
using the bright field in conventional parallel beam (CTEM) mode (BF).
A JEOL JEM-2010 equipped with a 30-mm? window energy-dispersive
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X-rays (EDX) spectrometer was used. UV-Vis absorption spectra were
recorded with a Jasco V-560 spectrophotometer and a homemade
photoreactor equipped with UV lamps (4 lamps, 16 W at 254 nm) was
used for irradiation.

2.3. Invitro antibacterial procedure

S. aureus ATCC29213 and E. coli ATCC19138 were purchased from
American Type Culture Collection (LGC Promochem, Milan, Italy) and
cultured in Tryptone Soya Broth (TSB, Sigma-Aldrich, Milan, Italy) and
Luria-Bertani Broth (LB, Sigma-Aldrich, Milan, Italy), respectively. All
bacteria strains were maintained in 20% glycerol stocks at —80 °C. Ag-
Mg-HA scaffolds were decontaminated by exposition to UV-light for
12 h.

Bactericidal activity was evaluated using a semi-exponential bac-
teria culture [38]. Briefly, a colony of S. aureus and E. coli from the
overnight cultures in Tryptone Soya Agar (TSA) and Luria-Bertani Agar
(LA), respectively, were inoculated in the corresponding medium, TSB
and LB, and incubated for 6-8 h at 37 °C with 150 rpm speed shaking.
After incubation period, bacteria were harvested by centrifugation and
resulting pellet resuspended in Phosphate Saline Buffer (PBS), for two
times. A final concentration of approximately 2.5 x 10° bacteria per
mL was resuspended in TSB or LB.

Each bacteria suspension was aliquoted in 24-well plates (1 mL/
well), containing pre-decontaminated scaffolds, and incubated under
gentle shaking (100 rpm, orbital shaker KS-15, Edmund Biihler GmbH)
at 37 °C. As positive control (CTR+) of normal bacterial growth, one
well was evaluated without the scaffold.

Evaluation of the bactericidal effects were determined by Colony
Forming Units (CFU) assay, comparing growths of bacteria tester strain
in presence and absence of the scaffold after 24 and 48 h of incubation
times. Specifically, 100 pL of bacterial suspension were serially diluted
in 900 pL of PBS. From each dilution, 100 pl were spread on solid
medium and incubated overnight at 37 °C. After incubation, colonies in
the range 30-300 were considered to determine the number of CFU,
which was calculated as follows:

CFU = (number of colonies)/(volume (0.1 ml)xdilution factor)

Number of adherent bacteria on the scaffold surface was also
evaluated. Specifically, scaffolds after 24 and 48 h of incubation times,
were aseptically removed, placed in a glass tube containing 1 mL of PBS
and subjected to sonication in an ultrasonic bath (frequency 35 kHz) for
60 s. The detached bacteria were detected using the CFU assay, as de-
scribed above. Simultaneously to CFU assay, Live/Dead BacLight bac-
terial viability kit was also performed. The procedure consists in the
following: 6 L of dye pre-mixed of SYTO 9 and propidium iodide (at
1:1 ratio) were added to 200 pl of culture from each condition and
incubated for 15 min at 37 °C [39]. Then, the samples were visualized
using a Leica DMRE epifluorescence microscope with Leica C Plan 63 x
objective, using a BP 515-560 nm excitation filter in combination with
a LP 590 nm suppression filter.

2.4. Invitro study with hADSC

2.4.1. Cell culture

hADSC line used in this study was purchased from Thermo Fisher
Scientific (NYSE: TMO) and cultured in MesenPRO RSTM medium
(Thermo Fisher Scientific, NYSE: TMO) up to 70-80% confluence. The
hADSCs at the second passage (P2) were used for the following ex-
periments.

2.4.2. hADSCs cell adhesion and viability on Ag-Mg-HA scaffolds

1 x 10° hADSCs suspended in 50 pL of MesenPRO RSTM medium
were slowly drop seeded onto the scaffold in 24-well culture plates and
incubated at 37 °C for 4 h. Successively, the growth medium was added
and the day after (day 0) replaced with StemPro™ osteogenesis
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differentiation medium (Thermo Fisher Scientific, NYSE: TMO). The
osteogenic differentiation medium was completely replaced twice a
week and hADSCs- Ag-Mg-HA scaffolds cultured for 24 days. hADSCs
adhesion on Ag-Mg-HA scaffolds was evaluated by haematoxylin and
eosin (H&E) staining. For H&E staining, hADSCs-Ag-Mg-HA scaffolds
were fixed in 4% PFA, dehydrated, embedded in paraffin and cut into
5 um-thick sections. Sections were mounted on slides and after de-
paraffinization and rehydration, stained as described previously [40].

The cell viability of hADSCs on Ag-Mg-HA scaffolds was determined
using DAPI staining. Briefly, for DAPI staining, hADSCs-Ag-Mg-HA
scaffolds were fixed in 4% PFA, dehydrated, embedded in paraffin and
cut into 5 um-thick sections. After, the sections were permeabilized in
0.3% Triton X-100 for 10 min, washed in PBS and the nuclei stained
with 4’,6-diamidino-2-phenylindole (DAPI) (1:5000) in PBS for 5 min.
Finally, slides were mounted in fluorescent mounting medium
(Permafluor, Thermo Scientific, Waltham, Massachusetts, USA), ac-
quired using a Leica DMI4000B fluorescence microscope (three digital
images/scaffold) and the nuclei counted by Fiji Image J recognition
software.

2.5. hADSCs osteogenic differentiation on Ag-Mg-HA scaffolds

The extracellular matrix (ECM) mineralization of hADSCs cultured
on Ag-Mg-HA scaffolds was tested by Alizarin Red staining. Alizarin
Red S solution (Panreac, Castellar del Valles, Barcellona, Spain) was
prepared according to the manufacturer protocol, added to the sections
and incubated for 5 min. After, the sections were washed several times
to remove the staining solution surplus and finally mounted. The
stained sections were acquired by using a Leica DMI 4000B microscope
(Leica Microsystems Srl, Milano, Italy) and optical density quantified
using Fiji Image J software (three sections/scaffold).

2.6. Statistical analysis

Data were analyzed either as raw data or as mean =+ standard error
(SE), as appropriate. Differences between several time points of
hADSCs- Ag-Mg-HA scaffolds were evaluated by using one-way ANOVA
with post-hoc Holm test, where appropriate. p < 0.05 was considered
to be significant.

3. Results and discussion
3.1. Ag-Mg-HA scaffolds preparation and characterization

The Ag-nanofunctionalized HA scaffold (Ag-Mg-HA) was prepared
using a photochemical method based on reduction of Ag(acac) pre-
cursor dissolved in a water solution induced by ketyl radical formed by
a photosensitizer upon UV-light absorption. A scheme of reaction steps
isreported in Fig. 1A. More in details, the acetone photosensitizer forms
via Norrish type I reaction a ketyl radical upon 254 nm light absorption
(reaction 1). This radical (ns typical lifetime [41]) reacts with Ag(acac)
in solution inducing the formation of colloidal Ag® NPs and acaH by-
product (reaction 2). The mechanism of Ag NPs formation on the
scaffold surface is probably driven by the formation of a coordination
complex between the hydroxyl group (OH) present on Mg-HA surface
with the Ag center of Ag(acac) precursor to form a bis-coordinated Ag
complexes at the Mg-HA surface. The surface Ag-complex reacts with
the ketyl radical present in the solution inducing the grown of Ag® NPs
at surface (reaction 3). This mechanism is well supported by previous
studies carried out on the formation of Ag NPs in aqueous media driven
by light [42,43].

The SEM analysis performed on untreated Mg-HA (Fig. 1B) and Ag-
Mg-HA scaffold (Fig. 1C) indicates that the surface morphology does
not undergo chemical changes by the photochemical treatment. The
effectiveness of Ag nanofunctionalization is also illustrated by the
photos reported in the inset of Fig. 1B and C clearly showing that the
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Fig. 1. A) Schematic reaction steps of the Mg-HA nano-functionalization with Ag NPs: Norrish-I type reaction for ketyl radical formation (reaction 1), Ag NPs
formation in water solution (reaction 2) and Ag NPs formation at HA surface (reaction 3); B) SEM image of untreated Mg-HA; C) SEM image of Ag-Mg-HA The Insets

are representative photos of Mg-HA and Ag-Mg-HA scaffolds.

untreated scaffold has a white color, while the Ag-Mg-HA scaffold ex-
hibits a yellowish color according to the Ag NPs plasmon absorption
(vide infra). The presence of Ag NPs was confirmed by EDX measure-
ments showing the Ag cluster diagnostic peaks at 3.15 = 0.15 keV and
P and Ca species peaks collected at 2.0 * 0.1 keV and
3.85 = 0.15 keV respectively. The EDX analysis gives an estimation of
about 550 pg/scaffold of Ag NPs.

Further physico-chemical characterization allowed gaining insight
into the Ag NPs formed during nanofunctionalization. In particular,
TEM investigation carried out on colloidal Ag formed on the surfactant
water solution shows the formation of NPs with diameters of about
20 nm (Fig. 2A). The UV-Vis spectrum confirms the effective Ag NPs
formation showing a diagnostic plasmon band centered at 420 nm
(Fig. 2B).

The effectiveness of our nanofunctionalization of our light-driven
method was also supported by additional experiments. We observed an
ineffective Ag decoration of Mg-HA surface upon dipping of untreated
Mg-HA samples on preformed Ag NPs solution (formed via our photo-
chemical method) for the same reaction time (3 min) used in the pre-
paration of the Ag-Mg-HA scaffold or longer (10 min). In all these cases
the EDX inspection on the dipped Mg-HA scaffolds shows negligible
signals for Ag peaks. These finding clearly indicate that the Ag nano-
functionalization obtained with the photochemical method here pre-
sented occurs via a fast in-situ grown of Ag-NPs on the whole Mg-HA

surface and it is not the result of a simple Ag NPs absorption. All the
above reported data are in agreement with the presence of Ag NPs
(20 nm in size) perming the whole scaffold surface.

3.2. In-vitro antibacterial study

The antibacterial properties of the Ag-Mg-HA scaffolds were firstly
tested in suspension against two bacterial strains, E. coli and S. aureus.
Fig. 3 shows the results obtained after 24 and 48 h of bacteria in-
cubation on Ag-Mg-HA scaffold.

Both bacteria showed a similar viability reduction in presence of
functionalized Ag-Mg-HA scaffolds. In fact, S. aureus and E. coli cultures
in the presence of Ag-Mg-HA scaffolds exhibited 3.57 + 1.5 x 10°and
42 = 1 x 10° CFU/mL, respectively. These values are about 6
logarithms lower than the control (cultures without Ag-Mg-HA scaf-
fold), values that are 2.2 * 0.6 x 10°and 3.4 * 1.1 x 10° CFU/mL
for S. aureus and E. coli, respectively. Similar results were obtained by
evaluating adherent bacteria on scaffold surface after 24 and 48 h, re-
spectively. More in details, we observed 6.1 = 2.2 x 10% CFU/ml for
S. aureus and 1.3 + 0.4 x 10° CFU/ml for E. coli after 24 h, whereas
no colonies were found after 48 h of incubation for both bacteria
(Fig. 4A). Results were in agreement with the Live/Dead staining
(Fig. 4B). It can be noticed that for both bacteria Ag-Mg-HA scaffold
drastically reduced the number of live cells as highlighted by the red
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Absorbance

(A)

Fig. 2. A) Representative TEM image of Ag NPs; B) Ag NPs optical plasmon absorption spectrum on media reaction.

fluorescence due to dead cells (propidium iodide). On the contrary, the
un-treated HA scaffold does not affect the bacterial viability showing
high presence of live cells (green fluorescence due to Syto 9). Table 1
summarizes the above discussed antibacterial data collected for both
methods (in suspension and in adhesion).

These data correspond to 99% and 100% reduction of colonies for
both bacteria cultures after 24 h of incubation and 100% of reduction
after 48 h of incubation.

Since bacteria were suspended freely in bulk liquids before sticking
to surfaces, they occupy one of the three regions of fluids: (1) bulk
liquid, in which the cells do not undergo bactericidal effects from the
specimen surface; (2) bulk liquid near the surface, where the cells can
experience the bactericidal effects of the surface; and (3) constraint
near the surface, in which the cells undergo to bactericidal effects, due
to presence of Ag* ions. Our experiments were carried out at low speed
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shaking and consequently, during incubation time, bacterial cultures
were almost uniformly put in contact with the functionalized surface of
specimens. Results at 24 h still showed presence of live bacteria in
suspension, although significantly reduced. This finding could indicate
that some bacteria had no interaction with the sample surface. On the
other hand, live adherent bacteria, although in contact with surface and
consequently more subjects to bactericidal effects, were also present.
This suggests that bactericidal effects require long contact time to
killing all bacteria, as showed by the results after 48 h.

In term of bactericidal mechanism, literature studies indicate pos-
sible pathways. Since bacteria cellular membrane has negative charge,
essentially due to presence of phosphate and carboxyl groups, positive
charge ions, such as Ag™ are attracted on its surface [44]. The resulting
electrostatic interactions can cause physical changes in the cellular
membrane, damaging itself and promoting the ion infiltration inside
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Fig. 3. Number of S. aureus ATCC29213 and E. coli ATCC19138 colonies after 24 and 48 h of incubation in presence/absence of Ag-Mg-HA. The values were obtained
from the mean of three replicates and the error bars represent standard deviation.
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Fig. 4. (A) Number of S. aureus ATCC29213 and E. coli ATCC19138 colonies adhered to HA and Ag-Mg-HA after 24 and 48 h. The values were obtained from the
mean of three replicates and the error bars represent standard deviation; (B) Live/Dead staining images of S. aureus ATCC29213 and E. coli ATCC19138 on HA and

Ag-Mg-HA scaffolds.

Table 1

Number of S. aureus ATCC29213 and E. coli ATCC19138 colonies after 24 and 48 h of incubation on HA and Ag-Mg-HA for both “in suspension” and “in adhesion”

cultures.

In suspension

In adhesion

0h 24 h 48 h 24h 48 h

S. aureus ATCC 29213

HA (2.8 * 0.7)10° (2.2 = 0.6)10° (4.2 + 0.8)10'° (1.4 = 0.7)107 (3.6 = 0.9)107
Ag-Mg-HA (31 = 0.9)10° (3.57 + 1.5)10° No CFU (6.1 = 2.2)10° No CFU

E. coli ATCC 29213

HA (3.8 = 0.8)10° 3.4 = 1.1)10° (5.3 + 0.9)10'° (6.4 = 1.0)107 (8.2 + 1.1)107
Ag-Mg-HA (25 = 0.910° 4.2 = 1D10° No CFU 1.3 = 0.910° No CFU

The values were obtained from the mean of three replicates.

cell [45]. Intracellularly, Ag* can cause protein denaturation, mainly
those of the ribosomes, and/or high levels of reactive oxygen species
(ROS). The latter, when in excess, inhibit cellular respiration, damage
lipids and nucleic acids, also leading to an apoptosis-like response
[23,46].

These encouraging bactericide properties exhibited by Ag-Mg-HA
scaffolds stimulate us to further in deep investigations on the specific
antibacterial mechanism acting in the Ag-Mg-HA and testing against

additional bacteria strains causing orthopedic infections (i.e. P. aerugi-
nosa).

3.3. In-vitro human adipose stem cells study
In order to investigate the cytotoxicity of the Ag-Mg-HA scaffolds

with the host cells we seeded hADSCs on Ag-nanofunctionalized scaf-
folds and assessed their ability to adhere, penetrate and grow within
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Fig. 5. A) hADSCs osteogenic differentiation schematic representation. B) Representative images of Ag nanofunctionalized scaffold sections, stained with H&E, after
0, 7, 14 and 24 days in osteogenic medium. a) Ag-Mg-HA scaffold at day 0 (D0), b) Ag-Mg-HA scaffold at day 7 (D7), c) Ag-Mg-HA scaffold at day 14 (D14), and d)
Ag-Mg-HA scaffold at day 24 (D24); magnification 10 X and scale bars 100 pm. a’~d") Images representing the magnifications of the rectangle indicated above. Scale

bars: 50 pum.

them. Specifically, we cultured hADSCs cells in osteogenic medium for
24 days and performed H&E and DAPI staining's at four different dif-
ferentiation time points (day 0, 7, 14 and 24). H&E results are reported
in Fig. 5. Data indicated that hADSCs adhere and grow on the surfaces
of scaffolds, showing a normal morphology and phenotype, but from
dayO to day24 the cell amount that populate the scaffolds decreases
significantly.

To further investigate this result, we performed a quantitative
measurement of cell number using DAPI stain. The data reported in
Fig. 6 (first line of Fig. 6A and blue bars in Fig. 6B) confirm the findings
obtained from H&E staining. It can be noted that the cell amount on day
7 is about 1.6-fold of that on day O (24 h after cells seeding). After
14 days of culture the cell number decreases almost 3.8-fold than day 0
and 2.3-fold than day 7. Finally, on day 24 the cell amount is reduced
by 11.5, 7.14 and 3.04-fold compared to day 0, 7 and 14 respectively
(p < 0.01). These data indicate that the Ag-Mg-HA scaffolds are toxic
to hADSCs being unable to offer a biocompatible environment for
hADSCs to propagate and grow.

To complete our cytotoxic investigation, we cultured the scaffolds
with hADSC cells in presence of osteogenic differentiation medium and
analyzing the Ag-Mg-HA scaffolds by Alizarin Red S (AR) staining at
several time points (D0-D24). Fig. 6 (second line of Fig. 6A and orange
bars in Fig. 6B) show that, at all the analyzed time points, the presence of
calcium deposits is very low, although can be noted an increase at day 7
which decreases over time until it returns to the level of day 0. This was
quantitatively confirmed by the measurements of the AR optical den-
sities (orange bars in Fig. 6B). Data show that even if after 7 days there
is an increasing of cell differentiation of 4-folds respect to the starting
point (0 day), this value decreases to 2-folds after 14 days and basically
reaches the starting value after 24 days. This finding shows that Ag NPs
inhibits the cell differentiation inducing a cytotoxic effect.

Table 2 summarizes the above discussed data related to both cell
proliferation (DAPI staining) and differentiation (AR staining) after
0-24 days.

The observed cytotoxicity can be probable ascribed to the oxidative
stress by ROS, as already reported in previous in-vitro studies on human
cell lines [47,48]. Even if ROS are necessary for preserving normal
physiological processes, an excess can lead to oxidative stress, disrup-
tion of ATP synthesis, antioxidant defense capacity damage, DNA da-
mage and finally apoptosis [49]. Therefore, ROS interrupt the cellular
respiratory chain and provoke cells dead. This process has been also
observed in the bacteria cells (see above).

Together with cell dead mechanisms induced by Ag, another im-
portant aspect to be considered for the cytotoxicity observed in the Ag-
Mg-HA scaffold regards the physiochemical properties of Ag-NPs (i.e.
size, shape, concentration, and interaction with a biological system).
These have been proved to imprint the specific cytotoxic effects to the
material integrating the Ag-NPs [50].

Therefore, we can reasonably conclude that both (i) the cell dead
mechanisms induced by Ag-NPs and (ii) their concentration play a key
role in the observed cytotoxicity.

4. Conclusions

In this paper, we have presented a new chemical approach for nano-
functionalization of Mg-hydroxyapatite (Mg-HA) scaffold with Ag NPs.
It bases on a photochemical generation of ketyl radicals (Norrish type I
reaction) as reducing agent of an Ag precursor (Ag (acac)). The method
is fast (3 min), green (water solvent) and, most importantly, allow the
direct grown of Ag-NPs direct on the whole Mg-HA scaffold without
change the morphology of the pristine HA scaffold. The size of the
grown Ag NPs was observed to be about 20 nm. The nanofunctionalized
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Fig. 6. A) DAPI and Alizarin Red staining after 24 days of osteogenic differentiation on Ag nanofunctionalized scaffolds. Representative images of Ag nano-
functionalized scaffold sections, after 0, 7, 14 and 24 days. a) Ag-Mg-HA scaffold at day 0 (D0), b) Ag-Mg-HA scaffold at day 7 (D7), ¢) Ag-Mg-HA scaffold at day 14
(D14), and d) Ag-Mg-HA scaffold at day 24 (D24); scale bars 250 and 100 pm respectively. In Alizarin Red, the red arrows indicate the calcium deposits. B) Cell count
of the DAPI positive nuclei/section and Optical densities quantification of Alizarin Red images. (Mean and standard deviation obtained on 3 sections/scaffold.)
ANOVA test p value is indicated (p < 0.0001) and ** (p < 0.01) shows significant differences between the different time points as reported by the Holm post-hoc
test. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Cell proliferation and differentiation after 0-24 days for Ag-Mg-HA.

Ag-Mg-HA Cell proliferation (DAPI) (no cells/field)
DO D7 D14 D24
566 + 65 552 + 41 150 = 71 50 + 18
Cell differentiation (AR) (LogOD)
DO D7 D14 D24

0.08 + 0.005 0.47 = 0.05 0.27 * 0.05 0.08 + 0.01

The values were obtained from the mean of three replicates.

Ag-Mg-HA scaffold exhibited excellent antibacterial properties against
E. coli and S. aureus, with a reduction of CFU/mL up to 99% for E. coli
and 100% for S. aureus after 24 h and 100% reduction after 48 h of
incubation. The scaffold cytotoxicity was also in deep investigated.
Results show cell proliferation decreasing up to 90% at 24 days and
osteogenic differentiation inhibition. These data can be attributed to
specific bactericidal and cytotoxic mechanism from Ag nanostructure.

On that, literature studies describe several pathways involving Ag™
release, ROS generation and NPs interaction with cells as function of
dimensions, concentration and shape. Up to date, the bactericidal and
cytotoxic mechanism of Ag-NP is not definitely identified. Therefore, in
the light of that, due to the effectiveness of the nanofunctionalization
method and the excellent antibacterial properties showed by the Ag-
Mg-HA scaffold, our future works will be devoted to investigate the
specific mechanism of toxicity of Ag NPs grown by the photochemical
method towards hADSCs and the effect on the Ag-NPs concentration
into the scaffold on both antibacterial properties and cytotoxicity. On
that, an important point to be considered is that the respiratory chain
on bacteria occurs in the cellular membrane, while in human eukaryotic
cells it takes place in the mitochondria. This then significantly affects
local concentration of Ag on the “killing site” (cell membrane for bac-
teria and mitochondria for human cell). Therefore, by playing with the
Ag-NPs concentration into the scaffold and optimizing it, we will target
the final goal to obtain nanofunctionalized scaffold satisfying both
antimicrobial and osteoregenerative properties.
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