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ARTICLE INFO ABSTRACT

Keywords: Multi-functionalization of calcium phosphates to get delivery systems of therapeutic agents is gaining increasing
Apatite nanoparticles relevance for the development of functional biomaterials aimed to solve problems related to disorders of the
p-lactams

muscolo-skeletal system. In this regard, we functionalized Strontium substituted hydroxyapatite (StHA) with
some f-lactam integrin agonists to develop materials with enhanced properties in promoting cell adhesion and
activation of intracellular signaling as well as in counteracting abnormal bone resorption. For this purpose, we
selected two monocyclic p-lactams on the basis of their activities towards specific integrins on promoting cell
adhesion and signalling. The amount of f-lactams loaded on SrHA could be modulated on changing the polarity
of the loading solution, from 3.5-24 wt% for compound 1 and from 3.2-8.4 wt% for compound 2. Studies on the
release of the f-lactams from the functionalized SrHA in aqueous medium showed an initial burst followed by a
steady-release that ensures a small but constant amount of the compounds over time. The new composites were
fully characterized. Co-culture of human primary mesenchymal stem cells (hMSC) and human primary osteoclast
(OC) demonstrated that the presence of f-lactams on SrHA favors hMSC adhesion and viability, as well as dif-
ferentiation towards osteoblastic lineage. Moreover, the p-lactams were found to enhance the inhibitory role of

Delivery vehicle
Biomedical applications
Osteoinduction

Cell adhesion

Strontium on osteoclast viability and differentiation.

1. Introduction

The biomedical demand of new materials able to substitute and/or
repair damaged biological tissues is growing up continuously. Most
biomaterials employed to solve problems related to disorders of the
muscolo-skeletal system are based on calcium orthophosphates (CaPs),
and in particular on hydroxyapatite (HA), which is the most similar to
bone inorganic phase. Recently, the interest toward this class of com-
pounds has stimulated a number of studies aimed at improving their
already good biological performances through functionalization with
specific additives, including ions, polyelectrolytes and drugs [1,2]. Ac-
cording to the literature [3], the highest number of studies on HA
functionalization with inorganic ions has been performed on Strontium.
The trend of interest toward this ion has been continuously increasing
because of its influence on bone cells. Sr ion is known to counteract
abnormal bone resorption by promoting osteoblast proliferation and
differentiation and inhibiting osteoclast activity [4,5], being effective
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also when incorporated into HA [6-11]. Further specific activities to-
wards bone cells can be achieved through multi-functionalization of the
calcium phosphate [1,12,13].

To improve tissue/bone regeneration, the efficacy of cell adhesion
and differentiation should be enhanced, and in this aspect, integrins
could represent an important cellular target [14]. Integrins are trans-
membrane receptors composed by two protein chains a and f, which
upon binding to specific ligands could regulate cell-cell and
cell-extracellular matrix interactions. Integrins mediate important
cellular events such as adhesion, migration, differentiation, growth, and
survival [15,16].

In mammals, 24 different ap heterodimers have been recognized and
some heterodimers are important mediators of bone-cells function [17].
In osteoclasts, for instance, integrin o, f3 is essential for the attachment
to matrix proteins of bone and for cell spreading necessary for the
bone-resorbing activity [18]. Other integrins might also be involved in
osteoclast attachment and function, such as the oyfs and those with f;
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Fig. 1. Compounds 1 and 2 evaluated in this study. The agonist activity of the
two p-lactams is reported as EC50 values obtained in cell adhesion test medi-
ated by integrins [34b]. Calculated logP (CLogP) values were obtained with
ChemDraw 15.0 program.

and B2 chains. In addition, also osteoblasts express some integrins able to
control their differentiation and fate [19]. One is integrin asp;, which
upon interaction with fibronectin activates pre-osteoblasts to adhere to
the extracellular matrix (ECM) and to differentiate into mature osteo-
blasts [20]. On the contrary, signalling disruption by f; integrins results
in skeletal defects, and impairment of this signalling in mature osteo-
blasts decreases osteoblast activity, bone formation and bone mass in
growing mice [20,21]. Interestingly, the individual components of asf;
integrin heterodimer are upregulated in osteoblasts by several anabolic
factors, including oestrogens [22], with an implication in the osteo-
blastogenesis [23].

Biomaterials for bone regeneration should exhibit high cell adhesion
to retain effectively anchorage-dependent osteo-progenitors, such as
human bone marrow-derived mesenchymal stem cells (MSCs). More-
over, it has been demonstrated that an adequate number of osteo-
progenitors is a requisite for an efficient bone repair [24]. MSCs ex-
press high levels of several integrin classes [25-27], in particular,
integrin os is required for MSC osteogenic differentiation [28], and
overexpression of integrin a4 has been reported to increase the
bone-homing of MSCs [29]. Thus, a therapy for bone regeneration could
be directed toward integrin receptors on MSCs with a better adhesion to
the bone surface [17].

As an alternative to those proteins that are natural ligands of integ-
rins, some cell adhesion peptides containing specific amino acid se-
quences, such as the RGD tripeptide (Gly-Arg-Asp), were used to
functionalize biomaterials for improving tissue integration of artificial
implants [30]. In particular, RGD-containing peptides have been shown
to augment osteoblasts adhesion to coated surface [31]. The hexapep-
tide GRGDSP (Gly-Arg-Gly-Asp-Ser-Pro) is another example that
demonstrated adhesion activity both in vitro and in vivo in various
osteoblastic cells [32]. However, the use of a RGD motif has two main
issues: i) mimetic peptides may act as partial agonists as well as
competitive antagonists of integrins, displaying, in vivo, interactions or
competition with endogenous processes [32]; ii) the RGD motif can bind
to multiple integrin classes, so that the specificity and selectivity of cell
activation could be highly limited [33].

Previous studies provided a series of new p-lactam-based molecules
able to modulate cell adhesion on targeting different integrins, mainly
leukocyte- and RGD-binding integrins such as a4p1, orf2 03, 0Ps, oPe,
aspPi, and agpPs [34]. Some of the molecules acted as agonists, promoting
cell adhesion and activation of intracellular signalling, others resulted
antagonists inhibiting integrin-dependent processes. The structure of the
new ligands was designed with the p-lactam ring as a conformational
restriction motif that could gain a favourable alignment on the receptor,
and molecularly suited for integrin affinity and selectivity.

Functionalization of hydroxyapatite with p-lactam agonists could
produce new functional materials with a cell-targeted specificity
because of their integrin selectivity. In this paper, we loaded f-lactam
integrin agonists onto Strontium substituted hydroxyapatite (SrHA) in
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Table 1
Effects of medium on loading of p-lactams 1 and 2 on SrHA.".
Entry Compound Solvent Polarity index (PT)" Loading
(mg) (0.6 mL) (Wt%)"
1 10 CH3CN 5.8 9.0
2 1(10) H,0/CH3CN 1:3 6.9 5.3
3 1(10) H,0/ CH3CN 1:1 8 9.6
4 1(20) H,0/ CH3CN 1:1 8 24.0
5 1(6) H,0/ CH3CN 1:1 8 6.2
6 1(3) H,0/ CH3CN 1:1 8 3.5
7 1(10) Hy0/ CH3CN 3:1 9.1 129
8 1(10) H,0/ CH3CN 10:1 9.8 14.4
9 2(10) H,0/ CH3CN 1:5 6.5 8.4
10¢ 2(10) H,0/ CH3CN 1:5 6.5 4.4
11 2(30) H,0/ CH3CN 1:5 6.5 8.1
12 2(10) H,0/ CH3CN 1:1 8 4.5
13° 2(5) H,0/ CH3CN 2:1 8.7 3.2
14° 2(10) H,0 10.2 4.2

 Loading conditions: compound, SrHA (60 mg), solvent (0.6 mL), time (4 h),
room temperature.

b P of mixtures was calculated from the Snyder polarity indexes of H,O and
acetonitrile. [ref. 37].

¢ The loaded amount of compounds was evaluated by TGA analysis.

4 Loading at 70 °C.

¢ Loading overnight.

order to get innovative materials able to couple the promotion of cell
adhesion and activation of intracellular signalling by p-lactam integrin
agonists with the beneficial influence of Strontium ion on osteointe-
gration and bone regeneration.

To this aim, two monocyclic f-lactams 1 and 2 (Fig. 1) were selected
on the basis of their activities in cell adhesion tests [34]34b,35]. Com-
pound 1 is a selective agonist of a4f; integrin with a potency at a
nanomolar level and a quite lipophilic character (ClogP = 1.26),
whereas 2 has a certain hydrophilicity (ClogP = -0.24) and a wider
activity toward integrins ayps,5 and osf;. Then Sr-HA functionalized
with the two agonist ligands were realized for the first time, and fully
characterized. In order to demonstrate their potential effectiveness for
biomedical applications, biological tests and release of the ligands from
the materials were also investigated.

2. Materials and methods
2.1. Synthesis of Sr-hydroxyapatite (StHA)

SrHA crystals were prepared under nitrogen atmosphere using 50 mL
of solution containing Ca(NO3),-4H,0 and Sr(NOs), with Sr/(Ca + Sr)
molar ratio of 0.1. The total concentration of [Ca2+] + [Sr2+] was 1.08
M. The solution was adjusted to pH 10 with NH4OH, then heated at 90
°C. Afterwards 50 mL of 0.65 M (NH4),HPO4 was added dropwise under
stirring. The resulting slurry was kept at 90 °C for 5 h, then the pre-
cipitate was isolated by centrifugation (10,000 rpm, 10 min), washed
twice with distilled water, and air-dried at 37 °C.

2.2. Synthesis of p-lactams 1 and 2

Compounds 1 and 2 were synthesized according to an optimized
multi-step procedure (Fig. S1) [34b]. Structures of the compounds were
assessed by 'H NMR, purities resulted to be > 95 % by HPLC-UV
analyses.

The stabilities of compounds 1 and 2 in buffered water solutions at
pH = 7.4 and in physiological solution at 30 °C were studied by HPLC-
UV analysis at 254 nm (please see Supporting Information Fig. S2).

2.3. p-Lactams loading on STHA

B-Lactams 1 and 2 were loaded on SrHA as follows: the p-lactam (10
mg) was diluted in a 10 mL flask in the appropriate HO/MeCN mixture
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(0.6 mL) (see Table 1), then SrHA nanoparticles (60 mg) were added at
room temperature (or 70 °C, Table 1). After selected time (Table 1) the
mixture was centrifuged for 5 min. at 1200 rpm. Then, the solid phase
was dried at 48 °C for 48 h, and maintained in desiccator (CaCl,) for 24 h
before the analyses. Determination of the quantity of the p-lactams
loaded on SrHA was assessed by thermogravimetric analysis (TGA) on
the dried samples and data were reported in Table 1.

The samples are indicated as SfHAY-X, where Y indicate the two
different p-lactam compounds (1 and 2) and X their amount expressed as
wt%.

2.4. Release studies

The in vitro release profiles of f-lactams 1 and 2 from the corre-
sponding SrHA samples were evaluated at 37 °C in triplicate by HPLC-
UV analysis, using linear calibration curves obtained at 254 nm. Data
were reported as mean values + standard deviations. Release studies
were performed on samples with a compound loading of 12.9 and 6.2 wt
% for SrHA1, and of 8.4 and 4.2 wt% for STHA2. Measurement were
performed at selected times on the supernatant, which was separated
and substituted with fresh solution (refresh). Results were expressed as
cumulative release in mol% (of the total loaded amount) over the refresh
number and over the time (Supplementary Information).

2.5. Characterization methods

The samples StHA1-12.9 and SrHA2-8.4 were analysed to get ATR-
FTIR spectra with Alpha FT IR Bruker spectrometer with ATR dia-
mond module at single reflection, with a resolution of 4 cm™! and 32
scans in the scan range 4000-450 cm L. The background spectrum was
collected before the acquisition of each sample spectrum. HPLC-MS
analyses were obtained with an HP1100 instrument Agilent Technolo-
gies (ZOBRAX-Eclipse XDB-C8 column, H,O/CH3CN, 0.4 mL/min, from
30 to 80 % of CH3CN in 8 min, 80 % of CH3CN until 25 min) integrated
with a MSD1100single-quadrupole mass spectrometer (full scan mode,
m/z 50-2600, scan time 0.1 s, positive ion mode, ESI spray voltage 4500
V, N2 35 psi, drying gas flow 11.5 mL/min, fragmentor voltage 20 V. 'H
NMR spectra were recorded with an INOVA 400 instrument with a 5 mm
probe, as CDCl3 or d-4 methanol solutions.

Powder X-ray diffraction patterns were recorded from 10 to 60 26°
with a step size of 0.1° and time/step of 100 s (PANalytical-X’Pert PRO
powder diffractometer equipped with a fast X’Celerator detector,. =
0.154 nm, 40 mA, 40 kV).

For Transmission Electron Microscopy (Philips CM-100) in-
vestigations, a small amount of powder was dispersed in ethanol and
submitted to ultrasonication.

Ca and Sr contents in the solid products were monitored by ion
cromatography (Dionex ICS-90). Powders were previously dissolved in
0.1 M HCL

Thermogravimetric analysis was carried out heating under air stream
from 40.0 °C at 10.0 °C/min in a TGA7 Perkin Elmer instrument.

2.6. In vitro tests

Biological tests were performed on samples of StHA functionalized
with p-lactam compounds 1 or 2 (Y) in different percentage (X). Samples
were prepared by pressing 40 mg of STHAY-X powder into cylindrical
molds using a standard evacuable pellet die (Hellma). The obtained disk-
shaped samples (diameter =6 mm, height = 1.5 mm) were sterilized by
gamma irradiation (25 kGy).

2.6.1. In vitro co-culture model

The in vitro model was performed culturing together primary oste-
oclast derived from mononucleated blood cells (OC), and primary
mesenchymal stem cells derived from bone marrow (hMSC, ATCC), both
from human origin.
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Osteoclast precursors were isolated from mononuclear cells of pe-
ripheral blood of healthy donor (Ethic Committee approval n.191/
2019/Sper/IOR, prot. VIRTOS). Briefly, a volume of peripheral blood,
diluted 1:1 with pre-warmed PBS, was carefully layered on an equal
volume of Histopaquel077, to separate the mononuclear cells from the
other elements of blood by density gradient centrifugation (600 g, room
temperature, 30 min). The mononuclear cells at the interface PBS/His-
topaque were collected after centrifugation, washed twice in PBS, and
seeded on the bottom of 24-wells plates (4 x 10° cells/well) using the
culture medium (DMEM, Sigma, UK) supplemented with osteoclasto-
genic factors (macrophage colony-stimulating factor, MCSF, 25 ng/mL,
and receptor activator for kB factor ligand, RANKL, 30 ng/mL, DMEM-
0OCQ). The plate was maintained for 7 days in standard condition (37 °C
+ 0.5 temperature, 5% CO; + 0.2, 95 % humidity), to differentiate in
osteoclasts (OC).

A culture of hMSC was expanded in their basal medium. After
counting, cells were seeded on material samples (4 x 10* cells/sample)
prepared with different concentrations of p-lactams (SrHA1-3.5, SrHA1-
6.2, SrHA2-3.2, SrHA2-4.2), and on SrHA without lactams as reference
group. Samples with cells were co-cultured in the same wells with OC, as
showed in Fig. S3, for 14 days. Final medium was a mixture of osteo-
genic differentiation medium (StemPro Gibco, Termofisher, USA) and
DMEM-OC.

Additional control groups with only cells (CTR-hMSC and CTR-OC
cultures) were prepared to verify regular cell proliferation and differ-
entiation, regardless of material presence.

2.6.2. Cell viability and adhesion

Cell viability was tested by Alamar blue dye (Cell Viability Reagent,
LIFE Technologies Corp., Oregon, USA). Samples with hMSC were
transferred in new empty wells to evaluate hMSC separately from OC,
both at 7 and at 14 days of co-culture. The reagent, which was added
1:10 reagent/medium to each well and incubated for further 4 h at 37
°C, contains a redox indicator that modify the color from blue to pink
according to the increasing number of living cells.

Cell colonization of samples was observed after DAPI staining (Sigma
Aldrich, Steinheim, Germany), performed on hMSC adherent to material
samples, according to manufacturer’s instructions. Briefly, after pas-
sages in PBS, 4% paraformaldehyde, 0.5 % Triton X-100, and DAPI so-
lution, nuclei of cells on samples were observed in fluorescence by
inverted microscope (Eclipse TiU, NIKON Europe BV, NITAL SpA, Milan,
Italy) equipped with a digital camera.

2.6.3. Cell differentiation and morphology

The evaluation of osteoclast differentiation was performed using
TRAP (Tartrate-resistant acid phosphatase) staining (TRAP kit, SIGMA,
Buchs, Switzerland), following manufacturer’s instructions, on control
culture after 4 weeks of culture, and on cells cultured with hMSC, alone
or in presence of materials, after 10 days of co-culture.

TRAP staining develops red colour in positive cells, allowing to
evaluate osteoclastogenesis. The number of TRAP positive cells, typi-
cally showing 3 or more nuclei each positive cell, were counted in 10
fields under the microscope by a semiautomatic software (NIS-Elements
AR 4.30.01). Results are given as percentage, considering OC control
culture as 100 %.

Moreover, osteoclast morphology was evaluated by Phalloidin /
DAPI staining according to manufacturer’s instructions, and observed by
a computerized image analysis system (Kontron KS 300 software, Kon-
tron Electronic GmbH, Eching bei Munchen, Germany).

FITC-conjugate phalloidin solution shows cytoskeleton and it is
useful to visualize cell shape and adhesion onto material surface.

Random samples of materials cultured with hMSC were treated for
scanning electron microscopy (SEM) at the end of experimental time and
examinated with a Hitachi S-2400 instrument operating at 15 kV.
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Fig. 2. X-ray diffraction pattern (a) and TEM image (b) of SrHA nanocrystals.

2.6.4. gPCR

gPCR technique was used to evaluate most common markers of co-
cultured hMSC and OC to assess gene expression of cell differentiation
and activity. Total RNA was extracted from samples cultured with ma-
terials and controls (only cells) both at 7 and 14 days by PureLink RNA
Mini Kit (Life Technologies, Carlsbad, CA, USA) and samples were
reverse transcribed with SuperScriptVILO c¢DNA Synthesis Kit (Life
Technologies, Carlsbad, CA, USA), following the manufacturer in-
structions. Semi-quantitative polymerase chain reaction (PCR) analysis
was performed for each sample in duplicate in a LightCycler 2.0 In-
strument (Roche Diagnostics GmbH, Manheim, Germany) using Quan-
tiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany) and gene-specific
primers (Table S1). After melting curve analysis to check for amplicon
specificity, the threshold cycle was determined for each sample and
relative gene expression was calculated using the 2 *2CT tmethod. For
each gene, expression levels were normalized to GAPDH (Glyceralde-
hyde 3-phosphate dehydrogenase, Invitrogen, CA, USA) using SrHA
reference group for each experimental time as calibrator.

Statistical analysis: Statistical evaluation of data was performed using
the software package SPSS/PC + Statistics TM 23.0 (SPSS Inc., Chicago,
IL USA). The results presented are the mean of six independent values.
Data are reported as mean =+ standard deviations (SD) at a significance
level of p < 0.05. After having verified normal or not distribution and
homogeneity of variance, a post-hoc test was applied.

3. Results and discussion

Among the series of integrin ligands previously synthesized [34], 1
and 2 were selected for this study on the basis of their integrin speci-
ficity, agonism, and lipophilicity/hydrophilicity character. According to
this aspect, the N-substituent on the lactam ring confers a specific
behaviour: compound 1 with the o-tolylurea is quite lipophilic as indi-
cated by its ClogP, whereas 2 with a p-aminobenzyl moiety is more
hydrophilic (Fig. 1).

As mentioned above, Strontium substituted hydroxyapatite (SrHA)
was chosen because the beneficial influence of Sr ion on osteointegration
and bone regeneration. The synthesized SrHA was characterized by the
powder X-ray diffraction pattern (Fig. 2) that showed the characteristic
peaks of hydroxyapatite shifted towards smaller angles, in agreement
with greater lattice parameters. Indeed, the values of the calculated
lattice parameters (a = 9.453 (3) A, ¢ = 6.903(4) A) indicated an
enlargement of the unit cell in comparison to that characteristic of pure
HA (PDF: 9-432) coherently with a partial substitution of Sr ion to Ca
ion into the hydroxyapatite structure. Moreover, STHA nanocrystals,
which contain about 7.5 + 0.2 at% of Strontium (calculated with respect
to total cations), displayed a plate-like shape with mean dimensions of
about 150 nm x 30 nm.

3.1. Loading conditions

The loading of p-lactams 1 and 2 on SrHA nanocrystals was screened
in Hy0 or HyO/acetonitrile mixtures to evaluate the medium effect on
the loading. Acetonitrile was chosen as co-solvent upon the good results
obtained in a previous study with antibacterial N-methylthio-p-lactams
loaded on hydroxyapatite nanocrystals [36]. The influence of the com-
pound concentration and on the polar character of the loading solution
[37] was also explored (Table 1).

The amount (wt%) of p-lactams loaded on SrHA was evaluated
through TGA analysis on dried samples. Examples of TGA plots are re-
ported in Fig. S4. When the loading was carried out in acetonitrile, a
good uptake from the solution was observed (9 wt%, Table 1 entry 1),
the loading in water alone, instead, was hindered by the insolubility of 1.
The polarity of the medium polarity was varied through variation of the
composition of the HyO/acetonitrile mixtures at constant concentration
(0.063 M). Data in Table 1 showed that the loading amount of com-
pound 1 increased as the polarity raised (Table 1 entries 2, 3, 7 and 8),
from 5.3 wt% in HpO/CH3sCN = 1:3 (PI = 6.9) to 14.4 wt% in H0/
CH3CN =10:1 (PI = 9.8). This could be rationalized considering that the
molecule 1 is quite apolar (ClogP = 1.26) with high affinity to aceto-
nitrile, so that the adsorption of compound 1 on SrHA was more fav-
oured from a water enriched solution. Compound 1 is hydrophobic and
its solvation in acetonitrile is destabilized by an increase of water
amount in the loading solution, which promotes its adsorption on StHA
[38]. Moreover, in H,O/CH3CN 1:1 mixture the loaded wt% of 1 is
proportional to the p-lactam concentration, resulting higher on
increasing the amount of the compound in the starting solution (Table 1
entries 3-6). In particular, charging 20 mg of 1 per 0.6 mL of the 1:1
solvent mixture gave the highest loading amount, 24 wt% (Table 1 entry
4.

Conversely, STHA2 composites settled around a medium-low loading
(3.2-8.4 %) that decreased on increasing the solvent polarity (Table 1
entries 9, 12, and 13). To notice, the lowest value of loaded p-lactam (3.2
wt% Table 1 entry 13) arose from a half content of p-lactam 2 in an
enriched water solution, balanced by a prolonged loading time (over-
night). Compound 2 is more polar and hydrophilic (CLogP = -0.24) than
1, and hence it tends to be better distributed in solutions at higher water
content than to be adsorbed on SrHA. Neither tripling concentration
(Table 1, entry 11), nor increasing of the loading temperature (70 °C,
Table 1, entry 10) enhanced loading. The absorption in HyO alone gave a
loading of 4.2 % (Table 1, entry 14), even if conducted overnight,
whereas the experiment in acetonitrile alone was not feasible due to the
insolubility of 2 in this solvent.

As a general comment on the loading, the two p-lactam compounds 1
and 2 were adsorbed on SrHA as a function of their partition between the
solid phase and the loading solution: SrHA in fact competes with the
solvent for the recruitment of f-lactam compounds, which in turn de-
pends on the polarity of the compound and of the loading solution.
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3.2. Characterization of SrHA composites with the $-lactams

The new B-lactam-functionalized StHA composites were character-
ized by ATR-FTIR spectroscopy that shed light on the interactions be-
tween B-lactams 1-2 and hydroxyapatite. Infrared spectra of StHA1-12.9
in comparison with compound 1 alone, and SrHA2-8.4 in comparison
with compound 2 alone are reported in Fig. S5. IR spectra of STHA
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< 0.05, **p < 0.005, ***p < 0.0005).
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composites display the O—H stretching and bending modes of hy-
droxyapatite at 3572 and 630 cm ! respectively, the strong bands due to
phosphate absorption at 550-630 and 900—1100 cm™?, together with
the bands of the f-lactam compounds (full spectra in Supplementary
Information, Fig. S6 and S7). Fig. S5 reports a selected range of ATR-
FTIR spectra (2000—400 cm ™)) for a better comparison between the
SrHA composites and the compounds alone. Compound 1 showed three
C=O0 stretching bands at 1761 (p-lactam), 1715 (COOH), and 1695 cm’!
(urea). In the composite SrHA1 the band corresponding to the C=0
stretching of the COOH was no longer observed, as well as the band at
1309 cm™! relative to the CO stretching of the carboxylic acid dimer.
Conversely, two new intense bands appeared in the composite: one at
1570 cm™ (near the ureidic amide band 11 at 1551 cm’l), and another at
1440 cm™ that could be both attributed to the asymmetric and sym-
metric stretching of a carboxylate anion, respectively. This analysis
supported the hypothesis that f-lactam 1 could have been absorbed onto
the SrHA as a carboxylate anion through ionic interactions with Sr?* or
Ca%*. Moreover, since we detected a gap between the two bands of the
carboxylate anion minor than 200 cm’l, in our case Av = 130, it could
be formulated a hypothesis of a monodentate coordination of the
carboxylate on the apatite [39]. In compound 2 the three C=0 bands
were observed at 1773 (f-lactam), 1703 (COOH), and 1658 em’! (urea),
respectively, whereas in the composite STHA2 only the C=0 of the urea
slightly moves to 1680 cm ™. This could account for a less tendency of 2
to form a carboxylate anion upon the adsorption on SrHA if compared to
compound 1, maybe because 2 could establish interactions between the
ammonium cation residue and the negatively charged phosphate groups
on SrHA surface. The consistency of the -lactam C—=O stretching in pure
compounds with those in Sr-HA composites provides strong evidence of
the integrity of B-lactam compounds upon adsorption on Sr-HA.

3.3. Release studies from SrHA1 and SrHA2 composites

The in vitro release of p-lactams 1 and 2 from the SrHA composites at
different wt% loading was determined through HPLC-UV analysis on
supernatant solutions after each refresh (Fig. 3). Two aqueous solutions
were analysed: a saline solution and a phosphate buffered solution at pH
= 7.4 as models for physiological conditions. At first, it was observed
that a new release occurred just after refreshing the aqueous solution,
thus the release was determined as cumulative amount over the refresh
number.

The release of both compounds in the aqueous media showed an
initial burst followed by a steady concentration-dependent profile.
Higher concentrations in the SrHA-p-lactam composite released higher
amounts of compounds, except for StHA1-12.9 that has a cumulative
release similar to SrHA2-8.4 in physiological solution. A further
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peculiarity of SrHA1-12.9 in saline solution regards its more gradual
release over time than the other composites; a steady concentration-
dependent profile is indeed gained at the fourth refresh, compared to
the second in the other StHA-B-lactams. Generally, for compound 1 the
saline solution allowed slightly slower release from SrHA1 compared to
the phosphate buffer. For compound 2 instead, the release rates are
comparable in both aqueous solutions. Noteworthy, compounds 1 and 2
were not completely released from the composites, thus significant
amounts of the f-lactams remained adsorbed on SrHA allowing a
persistent bioactivity over time. Only SrHA1-3.5 %, the lowest loaded
concentration of compound 1, released all the adsorbed compounds
(release over time in Supplementary Material, Figs. S8 and S9).

Structural, morphological and chemical investigations of the samples
after f-lactams release indicate no significant modifications. After
release, the crystals appear just a bit fractured in comparison with
pristine powders, as shown in the TEM images of two typical samples
reported in Fig. S10. In agreement, the diffraction peaks present in the X-
ray patterns of the same samples (Fig. S10) appear just slightly broader
than those reported in Fig. 2. Furthermore, the results of chemical
analysis showed no significant variation of Strontium content.

3.4. In vitro tests

Some selected samples of SrHA functionalized with different con-
tents of f-lactam integrin agonists were submitted to in vitro cell tests.
Low content samples in p-lactams were selected to avoid interfering
toxicity effects, and a co-culture model of human primary mesenchymal
stem cells (hMSC) and human primary osteoclasts (OC) were chosen in
order to investigate the influence of the functionalized materials on
hMSC adhesion, viability and differentiation, as well as on OC viability
and activity.

3.4.1. Osteoblast and osteoclast viability

hMSC proliferated regularly in control wells as well as in those with
the functionalized materials. Considering CTR-hMSC as 100 % of
viability, samples reached higher values of viability when co-cultured on
SrHA, SrHA1-3.5 and SrHA2-3.2 at both 7 and 14 days, and on StHA1-
6.2 and SrHA2-4.2 at 14 days (Fig. 4a). Moreover, hMSC viability was
significantly higher on SrHA1-3.5 than on SrHA (7 and 14 days). The
data showed that in comparison with CTR-hMSC, cells grown onto the
new biomaterials demonstrated a significant enhancement of prolifer-
ation. In particular, it was observed a greater hMSC viability on those
functionalized SrHA materials with a lower content of p-lactams.

Moreover, cell adhesion was evaluated by DAPIL: onto all bio-
materials, cells nuclei (DAPI staining) appeared well defined and
covered the surface, suggesting that cells colonized all samples
(Fig. S11). Results were in line with viability data obtained by Alamar
Blue test and demonstrated that all samples promote cell adhesion and
proliferation. In agreement, SEM images show that cells are rich of
filopodia and well attached and spread on samples SrHA1-3.5 and
SrHA2-3.2 (Fig. S12).

All these observations agree to what is known about integrins: these
transmembrane proteins, by binding extracellular matrix residues, are
able to trigger a number of cellular events aimed to enhance cell pro-
liferation, migration and differentiation [40]. The link between cell and
matrix represents an important signal for the growth of
anchorage-dependent cells, allowing cell survival with respect to
apoptosis [41]. An interesting study by Di Benedetto et al. described
expression and localization of single integrin subunits av and $3 in
mesenchymal cells differentiating toward osteoblasts: both subunits
progressively increased upon the time and reorganized their distribution
on cellular membrane [42].

Furthermore, a4p1, avp3, avp5 bind osteopontin (OPN), so eliciting
the already cited functions of adhesion, survival, and migration [43].
The observed response of hMSCs in term of viability, proliferation and
adhesion indicates a correct stimulation of the aforementioned integrins
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Fig. 5. Gene expression of common markers CTSK and ACP5 of osteoclast
differentiation by qPCR, after 7 (light bars) and 14 (dark bars) days. Results
were normalized to GAPDH expression and data are given as fold change
relative to the reference group (SrHA), considered as 1. Results are the mean
(+/- sd) of six replicates. Statistical analysis (Scheffe post hoc test) is reported
in the figure (*p < 0.05, **p < 0.005, ***p < 0.0005).

CTSK 7 days: ***CTR-OC vs all; ***SrHA vs StHA1-3.5, StHA1-6.2, StHA2-3.2;
*SrHA1-6.2, StHA2-3.2 vs StHA1-3.5, SrHA2-4.2; 14 days: ***CTR-OC vs all;
***SrHA vs StHA1-3.5, StHA2-4.2) ***SrHA1-6.2 vs STHA1-3.5, StHA2-4.2; **
SrHA2-3.2 vs StHA1-3.5, StHA2-4.2.

ACP5 - 7 days: ***CTR-OC vs all; ***SrHA vs SrHA1-3.5, SrHA1-6.2; ***SrHA1-
6.2 vs SrHA1-3.5, SrHA2-3.2, SrHA2-4.2; * SrHA2-3.2 vs SrHA1-3.5; ***
SrHA2-4.2 vs SrHA1-3.5; 14 days: ***CTR-OC vs all; **SrHA vs SrHA2-3.2;
***SrHA vs StHA1-3.5; *** SrHA1-6.2, StHA2-4.2 vs StHA1-3.5, StHA2-3.2; *
SrHA2-3.2 vs SrHA1-3.5, SrHA1-3.5.

carried out by these f-lactams, which represent their agonists. This
strategy, similar to the functionalization of biomaterial surfaces with
ECM proteins, could improve the bone reconstruction, also by inducing
the expression of membrane receptors on the involved cells [42].

All samples, as expected, exhibited lower viability of OC than CTR-
OC, both at 7 and at 14 days of culture (Fig. 4b). The values recorded
for StHA1-6.2, StHA2-3.2 (7 and 14 days), and SrHA2-4.2 (14 days)
were also lower than that of SrHA. These data not only confirm the
inhibiting effect of Sr on osteoclasts viability [7,8], but also indicate that
this effect is enhanced by the presence of the functionalizing molecules.

3.4.2. Osteoclast differentiation

Osteoclast of CTR group (CTR-OC) were stained with Phalloidin /
DAPI after 3 weeks of culture. Images in Fig. S13a show the formation of
large multinucleated cells (fluorescent green, nuclei blue). After further
7 days, TRAP staining (Fig. S13b) confirmed that the isolated mono-
nucleated cells have fused forming polynucleated purple TRAP positive
cells, characteristics of differentiated osteoclasts. At the end of experi-
mental time, also co-cultured cells of different groups, with or without
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Fig. 6. Gene expression of common markers of osteoblast differentiation RUNX2, ALPL, COL1A1, and BGLAP by qPCR, after 7 (light bars) and 14 (dark bars) days.
Results were normalized to GAPDH expression and data are given as fold change relative to the reference group (SrHA), considered as 1. Results are the mean (+/- sd)
of six replicates. Statistical analysis is reported in the figure (*p < 0.05, **p < 0.005, ***p < 0.0005).

RUNX2 - 7 days: ***CTR-hMSC, SrHA vs StHA1-6.2, SrHA2-3.2, StHA2-4.2; *** StHA1-6.2 vs. StHA1-3.5; ** SrHA2-3.2, StHA2-4.2 vs SrHA1-3.5; 14 days: ***CTR-
hMSC vs. StHA1-6.2, SrHA2-3.2; **SrHA vs SrHA1-6.2; ***SrHA vs StHA2-3.2; *** SrHA2-3.2 vs SrHA1-3.5, StHA2-4.2; ** SrHA2-3.2 vs SrHA1-6.2).

ALPL - 7 days: ***CTR-hMSC vs StHA1-6.2, StHA2-3.2, StHA2-4.2; **SrHA vs StHA2-4.2; ***SrHA vs CTR-hMSC, StHA1-3.5, StHA2-3.2; *** SrHA1-6.2 vs StHA1-
3.5; *** SrHA2-3.2 vs SrHA1-3.5, StHA1-6.2, SrHA2-4.2; *** SrHA2-4.2 vs SrHA1-3.5, SrHA1-6.2; 14 days: *hMSC vs SrHA, SrHA1-6.2, StHA2-4.2; **hMSC vs
SrHA2-3.2.

COL1A1 - 7 days: ***CTR-hMSC vs all; ***SrHA vs StHA1-3.5, StHA1-6.2, StHA2-3.2, StHA2-4.2; ***SrHA1-6.2) vs StHA1-3.5; * SrHA2-3.2 vs SrHA1-3.5, StHA1-
6.2; *** SrHA2-4.2 vs StHA1-3.5, SrHA1-6.2, SrHA2-3.2; 14 days: ***CTR-hMSC vs SrHA, SrHA1-3.5, StHA1-6.2, StHA2-3.2; ***SrHA vs SrHA1-3.5, StHA2-3.2,
SrHA2-4.2; *** SrHA1-3.5, STHA2-3.2 vs StHA1-6.2, StHA2-4.2.

BGLAP - 7 days: ***CTR-hMSC vs all; ***SrHA, StHA1-6.2, StHA2-4.2 vs StHA2-3.2; 14 days: ***CTR-hMSC vs all; ***SrHA, StHA2-4.2 vs StHA1-3.5, StHA1-6.2; **

SrHA2-3.2 vs SrHA1-3.5, SrHA1-6.2.

biomaterials, were stained with TRAP. Results are shown in Fig. S13c.
When compared to CTR-OC group, considered as 100 %, all other groups
(reference SrHA and different p-lactam-composite groups) showed
significantly lower percentage (p < 0.0005) of TRAP positive cells, as a
direct effect of Sr presence in the samples.

3.4.3. gPCR

The most common genes for osteoclast and osteoblast differentiation
and activity were analyzed to assess the effects of biomaterials on co-
cultured cells behavior. All results were normalized to GAPDH expres-
sion and data are given as fold change relative to the reference group
(SrHA), considered as 1.

The effect on osteoclast differentiation of mononucleated cells was
studied comparing Cathepsin K (CTSK) and Acid phosphatase 5 (ACP5)
gene expression in CTR-OC, SrHA and p-lactam-SrHA groups. CTSK is
highly expressed in osteoclast and contribute to bone resorption with
degradation of type I collagen [44]. ACP5 that encodes for TRAP, under
the stimulation of RANKL affects different pathways related to bone
resorption and osteoclast activity [45]. Both CTSK and ACP5 were

highly expressed in CTR-OC, whereas they were significantly reduced in
SrHA already at 7 days, with no changes at 14 days, confirming the
inhibiting effect of Strontium on osteoclast differentiation (Fig. 5). The
effects of Sr on the osteoclasts’ activity have been known from several
years: anti-osteoporotic drugs, such as strontium ranelate, are used to
improve the clinical conditions in osteoporosis, accelerate the bone
fracture healing, and improve the implant fixation and osseointegration
[46,47].

The level of activation of the two genes were also significantly lower
on p-lactam functionalized samples than on CTR-OC; moreover, the
values of CTSK in SrHA1-3.5 and SrHA2-4.2, and of ACP5 in StHA1-3.5
and SrHA2-3.2, were even significantly lower than on SrHA.

Osteoblastic differentiation of hMSC was investigated through
evaluation of the gene expression of Runt-related transcription factor 2
(RUNX2). RUNX2 is a transcriptional factor that induces mesenchymal
stem cell toward osteoblast lineage and its expression is upregulated in
immature osteoblasts [48]. The evaluation of RUNX2 in SrHA and
CTR-hMSC groups showed that Sr did not influence hMSC differentia-
tion toward osteoblastic lineage. Indeed, no differences in RUNX2 gene
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expression were found between SrHA and CTR-hMSC, both at 7
(1.00+4/-0.10 and 1.035+/-0.09 respectively) and at 14 (1.005+/-0.15
and 0.86+/-0.10 respectively) days. On the contrary, the comparison
between the results obtained on f-lactam functionalized samples and on
SrHA demonstrated that all the different formulations positively influ-
enced RUNX2 expression, even if with different statistical significance
(Fig. 6).

Osteoblastic activity was also investigated through analysis of
further representative genes, such as ALPL, COLL1Al, and BGLAP,
which encodes for alkaline phosphatase (ALP), type I collagen (COLL1)
and osteocalcin (OSTC), respectively. ALP is an early marker of differ-
entiation, COLL1 is the major constituent of the extracellular bone
matrix and OSTC is one of the most abundant non-collagen proteins
produced by differentiated osteoblasts.

The results indicate that all the samples promote ALPL expression. In
particular, ALPL expression on SrHA was significantly greater than on
CTR-hMSC. Moreover, all the functionalized samples, with the only
exception of STHA1-3.5, displayed significantly higher ALPL than StHA
at 7 days, whereas at 14 days the values for all the functionalized groups
were not statistically different from SrHA.

COL1A1 expression showed lower levels on StHA group than on
CTR-hMSC both at 7 and 14 days. However, results of all p-lactam
functionalized groups were significantly higher in comparison with
SrHA at 7 days, and the value measured on SrHA2-4.2 was also signif-
icantly higher than on CTR-hMSC. At 14 days COL1A1 expression on all
functionalized materials was greater or not significantly different than
on SrHA, with SrHA1-3.5 and SrHA2-3.2, exhibiting even higher values
than CTR-hMSC.

BGLAP also was lower on StHA when compared to CTR-hMSC (7 and
14 days). The results obtained on functionalized materials were similar
to those on SrHA, with the exception of a lower BGLAP expression on
SrHA2-3.2 at 7 days and on SrHA1-3.5 and SrHA1-6.2 at 14 days
(Fig. 6).

It can be concluded that the presence of f—lactams on functionalized
samples positively influenced gene expression, which generally reached
levels of activation higher than or equal to the reference StHA group.

4. Conclusions

Multifunctionalized materials were obtained by loading p-lactam
integrin agonists on Strontium substituted hydroxyapatite. The amount
of p-lactam compounds onto Sr-hydroxyapatite could be modulated
through variation in the polarity of the loading solution. After an initial
burst, the release of both p-lactams in aqueous solution reached a steady
state, maintaining a significant local concentration over time.

The results of in vitro tests showed that functionalized samples
promoted adhesion and enhanced the viability of human mesenchymal
stem cells. Regarding the effect of f-lactams on mesenchymal stem cells
differentiation into osteoblastic lineage, results showed that after 14
days of co-culture, mesenchymal stem cells were directed to osteoblast
differentiation, as stated by Runt-related transcription factor 2 (RUNX2)
activation, which reached higher levels than control and reference
groups. The higher expression of alkaline phosphatase ALPL and
collagen type I alpha 1 chain (COL1Al), and the lower levels of bone
gamma-carboxyglutamate protein (BGLAP) in comparison to control
and/or reference group suggested that cells after 14 days were in the
first phases of differentiation. Moreover, the presence of p-lactam
integrin agonists enhanced the inhibiting influence of Sr-hydroxyapatite
on osteoclast viability and activity, but at the same time the Sr ion
contributed to supporting osteogenic differentiation of hMSCs [49],
suggesting that these multi-functionalized materials can be employed
locally to promote osteointegration and counteract abnormal bone loss.
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